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INTRODUCTION

The level referred to herein is a geoid or plane
perpendicular to the force of gravity at any point in
an existing gravitational field. This study was under-—
taken to establish the feasibility of using the inter-
ference effects within an optical wedge, one side of
which is a liquid surface, to determine the exactness
to which this geocid can be approached. It is a new
application of established physical laws toward effect-
ing an absolute measurement. ‘

When properly illuminated, an optical wedge spawns
visible interference phenomena. Such a wedge is formed
by an optical flat suspended a small distance abo%e a
liquid surface and canted slightly so that the planes
containing the liquid and flat surfaces are not parallel.
Since a small area of a liquid surface forms the partial
surface of a geoid, the interference phenomena resulting
from the wedge will be indicative of the wedge angle
existing between the surface of the flat and the geoid.
These interference phenomena will alsc indicate the
direction of the wedge angle.

The characteristics of these interference phenomena
are determined by the characteristics of the source of

illumination, by the surfaces forming the optical wedge,



by the wedge composition (glass, water, air, ete.) and
by the angle magnitude and direction. This study inves-
tigates the characteristics of théiinterference pheno-
mena resulting fxcm épecific materials used as the
source, surfaces and wedge composition in an effort to
test the feasibility of using these characteristics to
establish an object's degree of deviation from level.
The purpose is to determine if a more practical, sensi-

tive, accurate and readily autcmated leveling device,

than-presently—exists, can be developed.



LITERATURE SURVEY

Existing Levels

Most devices used today to determine the degree of
level are spirit or bubble levels. They are not neces-
sarily used to determine the degree of level but are
used to set a device (telescope, theodolite, alidade or
other object) as level as possible. They consist of a
tube or spherical topped container filled with a liquid
except for an air space or bubble which rises %o the top
of the container, the top being that opposite the foxrce
of gravity. fThus, with proper calibration, this device
can be useé to determine the level or degree of level.

The greatest causes of inaccuracies are dissimilar
thermal expansion of components and adhesion of ligquid
to container, The first causes the bubble to change
size, thus calibration is lost; the second causes the
bubble not to move as the container is tilted. The
accuracy is proportional to the radius of the top of
the container; the limit or maximum determinable angle
is inversely proportional to the radius. Thus, com-
promises are made to meet specific requirements.

Another device is the auto-c¢ollimator type level.

This level relies on reflections of images from two
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surfaces and the alignment or superposition of these
images. One surface (for instance, a liquid or a pendu-
lous mirror or optical flat) is initially level and
naturally maintains its position. The other surface is
then adjusted or leveled by superimposition of the
reflected images. The images can be projected slits,
apertures, crosshairs, and so on. This device has
greater inherent accuracy but not necessarily greater
sensitivity than the bubble device. However, its sensi-
tivity and ultimate accuracy are governed by the laws
of reflection and refraction which are rather severe
limitations when compared with the limiting factors of
the device proPésed herein.

Both general types of levels described above have
" many refinements to alieviate or eliminate the difficul-
ties mentioned. A further discussion may be found in a
book by Marting.

Both types rely on the human eye for determinations.
They would be difficult, if not impossible, to automate.
Determination of the level to less than one second with
devices of reasonable dimensions would be stretching the
imagination. These factors led to the feasibility study

undertaken herein.



Proposal
The object of this study is to test the feasibility

of a proposal of using an optical wedge in the determi-
nation of the degree of level. One surface of the wedge
will be a suitable ligquid, the other a circular optical
flat. (This wedge is illustrated in Figure l.) The
interference phenomena formed within a perfect optical
wedge (i.e., the two surfaces considered to be geometric
planes) when illuminated with collimated light are
equally spaced parallel fringes. However, the surface
of the liquid forms a partial sphere, the radius of which
equals that of the earth. This causes the ends of the
paraliel fringes to bend in toward the middle as they
follow contours of equidistant separation., Likewise,
the glass flat causes a similar effect because it sags.
A theoretical and experimental discussion of this is
found in an article by Emersons. It will be apparent,
as the discussion progresses, that both of these effects
can be neglected. Because of the meéhod of readout, the
lack of parallelism of the fringes does not affect
accuracy or sensitivity.

The intersection of the planes of the two wedge
surfaces runs parallel to the fringes, thus the direc-

tion of the wedge angle can be éasily determined. As
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the wedge angle decreases, the distance between the
parallel fringes increases, thus theré are fewer fringes
per given area; as the angle increases, the distance
decreases, thus there are more fringes per given area.
.As the apex of the wedge angle changes direction, the
fringes change orientation so as to indicate the direc-
tion of the apex as noted above. A mathematical treat-
ment of the interference phenomena follows.

These parallel fringes follow contours of equi-
distgnt separation as noted above. Illumination of
any spot on a particular contour spawns similar inter-
ference phenomena. A fringe existing within this spot
would extend across the wedge if the wedge were wholly
illuminated. If the 5pot)is sufficiently small with
respect to the fringe #idth, the intensity of the inter-
ference phenomena within the spot varies similarly to
that of Figure 2 as the spot crosses the fringes. Thus,
scanning the sufficiently small spot about the periphery
of the flat yields the same information as illumination
of the whole flat would yiela,

The spot of illumination amounts to a shaft of
visible radiation, in this proposal, a laser. Moét

treatments in the literature, for example, Oppenheimlo,



use broad sources, thus the fringes are localized near
the wedge surfaces and are visible in widely varying
directiohs. The fringes formed by the laser or shaft
of collimated radiation are visible only within the
reflected shaft as when intertepted by a detector,
' usually the eye. A broad source creates'scattering at
the wedge, allowing the fringes to be wvisible from vari-
ous directions, but there is little scattering of a
laser beam as it strikes a clean, smooth glass surface.
The use of a laser beam instead of a broad source makes
possible a treatment that is somewhat more simple. The
interference phe?omena are not localized at oxr about the
optical wedge, but ére what this author would call
“standing"” the full length of the shaft of reflected
light. In other words,'the whole length of the reflected
beam exhibits interference phenomena that exist at the
point of illuminatiog in the wedge. Regardless of the
poin; of interception of the beam, the detector registers
the same interference phenomena, if all else is maintained
unchanged.

The term "reflected light" used above is an impor-
tant descriptive term, for it is the reflected beams and

concomitant interference phenomena that this proposal



uses. The reflection from the lower oxr flat surface of
the optical flat interferes with the reflection from the
surface of the liquid. Refer to Figure 1 for illustra~
tion. In this Figure, Re and Rl represent the intensi-
ties of the reflected beams. The wedge angle ¢ is
highly exaggerated to show, detail. I., the transmitted
beam intensity has little if any detectable interference
phenomena imposed upon it. Multiple-beam interferometry
is needed to c¢reate wvisible interference phenomena by
transmission, which in turn requires' the wedge surfaces
to be highly rxeflective, Since the ligquid and flat sur-
faces have reflectivities of about 4 percent, only the
reflected beams exhibit highly visible interferénce.

It is desired to have Rf as near}y equal to Ry as possi-
ble, so that when the t;o beams are 180 degrees out of
phase equivalent to any integral of l/zléavelength SUur=
face separation, complete destructive intexrference
occurs resulting in zero light iﬁfénsity, as indicated
in Figure 2.

The interference phencomena registered by the
detector can be derived using the Dopplex effect. The
reflection from the liquid surface, the frequency of
which does not vary with time, can be considered

the local oscillator. The reflection from the f£lat
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varies in freguency as the point of illumination on the
flat surface recedes and proceeds'as the flat is scanned
These two reflections are heterodyned on the detector
surface yielding the resultant signal. However, since
the apparent velocity of the flat surface is consider-
ably less than that in the criteria derived by Burgess4
to make a Doppler treatment mandatory, this author will
use a regular interference treatment.

Since the reflectivities of the flat and liquid
surfaces are so low (4 percent), for a good approxima-
tion the interference phenomena ;an be considered to be
created by two beam division of amplitude type inter-
ferencel. From Figure 1, Rf and Rl are the intensities
of the two beams, then from Born‘and Wolfz, with only a

change in nomenclature, the resultant intensity I from

the interference of Rf and Rl is

I=2ZR.+ R

£ L

+ 2fRle cos § (1)
where 6 is the phase angle between the electric vectors
of the two beams. Equation 1 is obviously a maximum

when ¢ equals even multiples of » and is a minimum when

§ equals odd multiples of w., When R equals R,, Equa-

l!
tion 1 reduces to

I = 4R 0032(6/2). (2)

e bl



Equation 2 is used to describe the intensity variation
of the reflected beams as shown in Figure 2. It will
be insured that Re does not vary greatly from R,; thus,
Egquation 2 is approximately egual to Eguation 1. The
use of Equation 2 is desirxed so that later sensitivity

calculation will be simplified. In Equagion 2, the

2m2h
Ao

whexre n is the.index of refraction of the material

argument of the cosine obviously equals ( + 7)

within the wedge (in this case air ~ n &~ 1), 2 is the

¢
vacuum wavelength of the incident radiation, h is the
surface separation and 7 accounts for the 180 degree

phase shift upon yreflection from the air-liquid inter-

face. Thus,

cos?(6/2) = cos?(2IR2h . Loy o sin2(ATohy |
Therefore, Equation 2 evolves. to
I = 4R, sin” (27h/A ) (3)

where the value of n equal to 1 has been used, Eqgua-

tion 3 in conjunction with Figure 3 shows that for I to

be a maximum, h equals E%, (k Z Z)A,(k Z A)A, - e ey

where k refers to the order of the interference and in
this case can equal any one of the possible numbers
(a, 3,5, 7, «..). In Figure 3, L is the fringe separa-

tion and 6 is the wedge angle or "level angle”. To
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reiterate, it is this angle, the angular amount that
the flat is off level, that can be determined by the
fringe count over a given area of the flat.

Consideration is now given to the method of scanning
the beam about the periphery of the flat. The method
used in this study is that illustrated in Figures 4 and
10 (refer to tabulaééd components of the Figures in
Table 1) where all mirrors are of the front surfaced
totally reflecting type. The laser beam is reflected
downward perpendicular to the liguid surface by mirror

M;. It is reflected horizontally by M, and again down-

2
M, are stationary with respect to each other and both

ward perpendicular to the liquid surface by M;. M, and

rotate together about the center line formed by the beam
between mirrors My and ﬁz. Upen reflection from the
flat and liquid surfaces the two resulting beams nearly
retrace this path, but are reflected at a slight angle
and bypass Ml and strike a detector mounted above Ml'
The cause and means of accomplishing this will be dis-~
cussed later.

The reflections from the front surface mirrors
create another interesting phenomenon, that of ellip-

tically polarized light. The net result will not affect

the resulis of this study to any detectable extent.
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A brief explanation will follow to verify the fact that
the interference phenomena that are used in this study
are not affected by elliptically polarized light.

Ellip;ically polarized light is considered composed
of two components polarized perpendicular to each other.
In most treatments of polarization by rgflection, for
example, Ditchburns, the components are desighnated as
perpendicular or parallel to the plane of incidence.
Likewise,lhere A,; indicates the perpendicular coﬁponent_
and A, indicates the parallel component. The reflec-
tion coefficient and the phasal relationship of the two
reflected components varies as the angle of iﬁcidence,
Since the angle of incidence is 45 degrees for all the
mirrors used in this study, these two qualities remain
constgnt.

Refer;ing to Figure 4, as Mz and M3 rotate, A, and
A, vary sinusoidily at the rate of rotation. Each go,
through zero to a maximum and back. For instance, wﬁen
M, and M3 are positioned as shown and the electric vec-
tor of the laser beam is in the plane of the paper, Ay
is maximum and A; is zero. With n/2 radians of rotatiom
of'M, and Mgy, the opposite is true. According to Born
and Wolf3r the phasal difference of the two components

upon reflection at 45 degrees for a typical metal is
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about 7 radians per reflection. There are four reflec-
tions of concern; the initial reflections from M2 and M3
and the reflections from M, and M, of the beam as the
incident path is retraced by the reflections from the
surfaces of the flat and liquid. The reflection from
M, is inconsequential bec§use adjustment of the laser
can be made to cause all the incident radiation to be
either Aj or A; with respect to M. Again, from Born
and Wolf% the phase angle between components after four
reflections from a typical metal is about /2 radians.
This would yie%d circularly pélariZed light if 2 egualed
A, . But A, equ?ls A; only four times every rotation
of M, and M; and the phase angle is only approximately
equal to n/2 radians. Thus, elliptically polarized
light results with the eccentricity of the ellipse vary-
ing between zero and one along with the axis of the
ellipse rotating.

%Components of light polarized at 90 degrees with
respect to each other, as with elliptically polarized
light, cannot interfere with each othexr. Thus, any
interference that occurs must result from the interfex-
ence within each componeﬁt, This is indeed what happens.
Each component can be considered a separate laser beam

and all the descriptive equations derived earlier remain

valid.
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The detector used is a silicon diode. It has an
efficiency of about 12 pexrcent. A discussion of opera-
tion and characteristics of a silicon diode is found in
Van Der Ziell4.

A laser is used in this study for several reasons.
It is a highly moncchromatic, collimated and intense
beam, These three characteristics are desirable in this
study. There is no practical way of creating a beam,
from conventional sodium or mercury sources, having the
characteristics of a lasex beam., The filtering for as
narrow a spectral width would be impossible. The losses
in the filtering, focusing and collimating optics would
make intensity simulation a task impossibly difficult,

Coherence length is commonly defined by the
equation

Al = c/Av (4)
where Al is coherence length, c is speed of light and Av
is band width or line width. Because of the high mono-
chromaticity of a laser beam, Av is extremely small and
Al is in terms of meters rather than millimeters or
centimeters as with conventional sources. Interference
phenomena cannot occur if the difference in path length
between the two interfering beams exceeds the coherence

length. Also, the fringe visibility varies inversely
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with the fraction (diffexence in path length)/(coherence
length) when the fraction is less than 1, otherwise the
visibility is zero, This means that with a laser source
separation %f the liquid and f£lat surfaces can be theo=
retically of the order of meters with little or no loss
in visibility. In addition, this allows the system to
be more rugged, the greater possiéle surface separation
means that the liguid is less likely to contact and wet
the flat surface, thus making the system inoperative.
Also, the intensity of the laser used is sufficient to
allow the use of a gilicon diode for éetection, ocbviat-
ing the need of a photomultiplier and associated power
supply.

To increase the limits on the maximum detectable
angle, it is proposed that a lens be used. It‘will be
placed in the laser beam and have a focal léngth such
that. the beam will be focused to a pbint between the
liquid and flat surfaces. Since the size of the point
of focus is smaller than the original beam, fringes
closer together can be resolved. Thus, a greater off-
level angle can be resoived and determined. The"inclu-
sion of this lens presents another problem, point
sources separated in depth and their concomitant intexr-

ference phenomena, which will be discussed later.

-15-



Mathematical Treatments

The following discussion involves theory, the rec-
ognition of affecting variables and other considerations
that must be made. The author thinks that this discus-
sion can best be accomplished by mathematical treatments,
some of which are rigorous, some not so rigorous. The
result will be an introduction to all the considerations
that must be made along with the mathematics that will
give some indication of the means of treating these
considerations. All necessary dimensions used will be
taken from the experimentzl setup. Since some of the
dimensions are o?ly approximate, the results of calcu-
lations are only approximate also, but the idea is to
present theory and obtain usable answers in one opera-
tion.

{a) The Wedge

The object is to determine the magnitude of the
offnzevel angle, 0, in Figure 3 via the fringe separa-
tion L. The distance, L, will be determined by dividing
the scan diameter by one~half the number of frxinges
within the scan since the fringes are counted twice for
each complete revolution. Figures 3 and 4 will be used
for reference and explanation. For all values of 0,

(all of which will be less than 5 degrees as shall be
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proven presently) a linear relationship can be assumed
to exist between 0 and L.

From Figure 3 it is seen that the vertical differ-
ential of the flat.between fringes is A/2. Therefore,
0 equals (A/2)/L radians where A is wavelength of source
of illumination (6328 angstroms). As I approaches
infinity, @ approaches zero. In other words, if there
are no fringes across the flat, ¢ equals 0 and the flat
is absolutely level. When L is less than infinity, ©
equals 6.52/L: sec where L 1is in centimeters or 6 equals
6.52N/2D where N equals the number of fringes per scan
revolution; D is the scan diameter and equals 9.8 centi-
meters from the experimental setup. A plot of this
equation will provide quick inte;pretation of the off-
level anglé when the numbexr of fringe; are known. Two
points are needed for the plot. One is easily obtained;
when N equals zero, ¢ equals zero. The other can be
obtained by assuming a number of fringes, for instance
80; @ equals 26.6 gec. This plot, shown in Figure 5,
will be used to interpret experimental data.

{(b) Maximum Sensitivity and Accuracy

With less than one fringe, the angle @ must be
determined by measuring the variation in change in

intensity across the flat. The relationship between

wy=



angle and intensity is not linear as is evident in
Figure 2. It is apparent that maximum sensitivity
occurs at separation of odd integrals of A/8. That
is, maximum change of intensity occurs for a given
change in surface separation {refgr again to Figure 2).
Therefore, to determine the absolute level with the
greatest accuracy, the surface sepération must approach
an odd integral of A/8 over the entire area of the flat
as the condition of level is approached.

To determine the change in intensity with change
in surface separation, Equation 3 is diffeientiated
with respect to h., Thus,

167R

ar _ £ . .27h 27h
i = o sin( AO) cos{ AO). (5}

Rearrangihg and dividing by Equation 3,

AL _ 4g coS(th/RO)

T 7 X, SEIa(zmh/x,) “P (6)

and, since sinLZnh/Ao) equals cos(2wh/10), when h equals

odd integrals of AO/B

Al 4

—
renadi—]

I

=

Ah (7)

|

>~

0
where I0 equals 1/2 maximum intensity. Assume a 10 pex-

cent variation in intensity to be discernible. Then Ah
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would be 5.04 x 10”7 centimeters. Assuming this varia-
tion was detected as the flat was scanned, this would
give 6 equal to 1.06 x 1072 sec. 1In this "best® case
analysis, the 1.06 x 1072 sec is both the accuracy and
sensitivity. Of course only at wedge surface separa-
tions of odd integrals of A/8 can this accuracy and
sengitivity be realized. These separations can be
effected by varying the index of refraction of the
medium (air) within the wedge, i.e., by evacuating it,
or by piezo-electrically displacing the liquid, thus
raising or lowering the surface.

As the cond%tion of level is approached and there
is no discernible signal resulting from a scan around
the flat, the optical path length is varied by /2 by
a method suggested above. From Figure 2 it is seen
that this will provide calibration and a ready deter-
mination of (1/2)I maximum (the operation point). OF
cougée, continual check will be needed to correct for
changes caused by temperature variations and other
effects. The later method suggested above was to be
tried in this study. Difficulties arose, as discussed
in the Discussion of Results section, which prevented

this accuracy and sensitivity detexmination.,
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{c) Two Sources Separa%ed in Depth

The converging beam, upon striking the £lat and
liquid surface, will begin diverging as it passes the
focal poin£ of the lens. The diverging reflections
will form two point sources, one real and one imaginary,
separated in depth as shown in Figure 6. The point
sources will radiate within the same solid angle as the
solid angle of incidence. Two point sources, both
temporally and spatially coherent, separated in depth
will yield interference fringes much like Newton's
éings on a viewing surface. The two sources formed by
the reflections.meet these coherence requirements; thus
the detector aperture must be limited to exclude the
first circular fringe formed as a result of a A/2 diffexr-
ential from the central fringe. If not limited, the
ocircular fringes on the detector surface will expand or
collapse as the flat and liguid surface separation is
varied., This will yield an integrated signal resultant
of zero. Equations for calculation of the radius of the
first fringe can easily be obtained from Figure 7. Thus;
tvo equations with two unknowns are:

%2 + a2 N (a+ k + A/2)° (8)

x* + (atb)? ¥ (atbik)? (9)
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where a eguals the distance from the nearest source to
the detector (approximately 38 cm), b equals the dis-
tance between, or depth of, the sources (approximately
3 cm), x equals the radius of the first fringe of the
A/2 differential and Xk is a slack variable. Solving and
neglecting second order terms yields x approximately
egual to 1.8 mm. Since the diverging beam diameter is
approximately egual to 1.3 mm at the detector and the
radius of the first out of phase fringe is approximately
equal to 1.8 mm, neither the first nor succeeding fringes
are formed, thus it is not necessary to limit the detec-
tor aperture.

(d) Maximum Detectable Angle

Since the signal will not be affected by the inter-
ference phenomena resulting from soufces separated in
depth, it is apparent that the maximum deteétable off-
level angle will be determined by other considerations.
One is the amount of beam cverlap upon the detector sur-
face necessary to provide a signal. This in turn
depends upon the detector characteristics and the elec-
tronic circuitry., If the detector sees a high impedence
load, there will be little electrical "loading". Theo-
retically if the load were of infinite impedence, Dbeam

overlap to provide energy of the order of a photon for
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each beam within the overlap areas would be sufficient,
that is, i1f the efficiency of the detector approached
unity. More realistic apprailsal would hint at allowing
at least 1/2 beam diameter as minimum overlap. %Then,
from Figure 8, the maximum value of 0 is approximately
equal to (a/2)/2d equals 212 sec where © equals maximum
detectable off-level angle. -For the fringes represent-
ing this angle -to be resolved, the maximum beam diameter
at the flat and liquid surfaces should not exceed
one~half the separation of the fringes. By simple tri-
angulation and the use of geometrical optics and of
Figure 6, the be?m diameter at either surface, if the
focal point of lens is centered between the two, is
approximately 4.0 x 107> cm:

However, the minimum spot size or diameter to which
a laser can be focused is ¢f where ¢ is the beam diver-
gence and f is the focal length of the lens. The value
of ;’can be determined by

¢ = 1.227/a {10)

where X is the wavelength of the radiation and a is the
beam diameter., For the laser used, ¢ is less than

7 x 10™% radians. Thus, D, the minimum spot diameter,

can be sald to be less than 0.027 cm in diameter. This
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also means that the diameter of the beam at the surface
of the liquid must be greater than 0.027 cm.

The fringe separation must therefore be at least
0.054 cm for the fringes to be resolved. This separa-
tion corresponds to an angle 0 of 240 sec, the maximum
detectable angle. Thus, the fringes that represent an
angle of 212 seconds derived from beam overlap consid-
erations can be resolvéd and 212 seconds stands as the
maxinum detectable off-level, because an angle of 240
seconds would cause less than one-half beam diameter
overlap.

However, later calculations will change this
result, A device is incorporated (a wedge) which
causes a lateral displagement of Rf from Rl as illus-
trated in Figure 9. This lateral displacement is about
0.037 cm, a figure derived later. It is always in one
direction, so that in this direction the maximom detect-
able angle is limited further. Referring to Figure 8§,

if Ry is displaced from R_ at the flat surface as illus-

£

trated in Figure 9, © must be less in order to maintain

one-~half beam diameter overlap of R, and Rgze 0f course,

1
this is in one direction. The maximum detectable angle
due to overlap considerations will increase and exceed
the 240 seconds as the direction of the off-level changes

by 180 degrees.
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A limit is now calculated which is valid in any
direction. From an earlier equation, 0 is approxi-
mately equai to (a/2)/2d, The numerator now must be
replaced by (a/2)-0.037, which equals 0.028 'cm, the
linear distance at the detector that, in addition to
the initial displacement of 0.037 cm, will provide
one-half beam diameter overlap. Thus, © is approxi-
mately egual to 74 seconds, the maximum detectable
off-level angle,

(e) 'The Reflection From the Upper Surface of

the Flat

The problem to be treated here resulted from
experimental difficulties. It was originally assumed
that an anti-reflective coating on the upper surface
of the f£lat would elimiéate this refléction, thus
Q}iminating the interference phenomena assoclated with
the reflections from thebupper and lower f£lat surface.
Early experimental data proved this not to be the case
and led to the following calculations.

Magnesium fluoride was used as an anti-reflective
coating. This material lowered the reflectivity of the
upper surface of the flat to about 1 percent. With the
4 percent reflectivity from the liguid and lower sur-

face, the ratio of the thyee is l:4:4. With the aid of
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Equation 1, it can readily be shown that the variation
in amplitude of intensity resulting from the interfer-
ence of the reflections from the upper and lower flat
surfaces is 50 percent of that of the lower flat and
liguid surfaces. This would make the ultimate sensi-
tivity and accuracy previously calculate§ uncbtainable
and any signal difficult to interpret., Further lowering
the reflectivity of the upper flat surface would be
highly desirable. One manufacturer8 stated that 0.1
percent reflectivity was probably impossible to obtain
or measure and it would furnish a 0.5 percent anti-
reflective coating. With this reflectivity, the ratio
of variation in ;ntensity of the two signals is 35 per-
cent. These figures led to revised thinking and a new
technique.

A wedge is used to replace the nearly parallel
surface flat. The lower surface of the wedge and the.
liquf& are still used to provide the desired reflec-
tances, Rg and R;. The reflectance from the upper sur-
face is directed to the side as shown in Figure 9. Rf
and R, are also directed to the gide by refraction and

reflection. They are also displaced with respect to

each other.
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The location of the detector will now be determined.
It is obviously not in line with the incident beam but
to the side to intercept the reflected beams. Referring
to Figure 9, ¢ is 0.025 radians. Assuming the wedge
to have an index of refracticn of 1.5, it can be shown
that o egquals ¢ (refer to Appendix A). The linear
distance corresponding to ¢ OF the incident beam from
the reflected beams R, and Ry in the plane of the
detector is ¢2d where d is the distance from the wedge
to the detector. Thus, ¢2d equals 0.95 cm. The lateral
displacement of R. and Ry from I, is negligible. Thus,
the 0.95 om disblacement allows Rg and Rl to bypass My
of Figure 4 as previously mentioned. The reflection
from the upper surface of the wedge need not be consi-~
dered further, for it is reflected in the opposite
direction. The detector can be positioned to be missed
easily by it.

The displacement of Rf'and Ry with respect to each
other will affect the maximum detectable angle as pre-
viously calculated. Bf simple trigonometric relation=-
ships, it can be shown that the displacement is less
than ¢lh (refer to Appendix A) where,¢1 and h are
identified in Figure 9. The gquantity ¢4 b2 equals 0.037

cm. This value was used in previous calculations.
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EXPERIMENTAL PROCEDURE

Eguipment

Vibrations were a problem in this study, as they
are with nearly all interferometric studies. Vibrations
probably affected the final design of the experimental
apparatus more than any othex consideration. The ori-
ginal though was to have the entire apparatus as a
single unit and portable except for the lack of a
handle. However, this idea was abandoned because
vibrations from within the apparatus itself disrupted
the liguid surface. This led to the separation of the
flat and liquid surfaces from the rotating structure
resulting in a final setup as pictured in Figure 10,

A tabulation of the various cémponents of the experi-
mental equipment as depicted in Figure 10 follows in
Table 1.

In the continuing discussion, parenthetic symbols
following certain items will help the reader locate them
in Figure 10, e.g., (10u) indicates the oscilloscope
in Figure 10. Note that some items tabulated are also
found.in Figure 4.

A cross~like séructure (L0h) of 3/4-inch aluminum

was;used to support the laser (10b), rotation gear (10r)



TABLE I

TABULATION OF COMPONENTS OF EXPERIMENTAL
EQUIPMENT AS DEPICTED IN FPIGURE 10

Synibol Item
Filter for laser powexr supply
Laser
Lens

Trigger (scope) signal amplifier
Adijusting screw for orienting flat
Optical flat-wedge

Ligquid container

Supporting cross

Front surface mirror (M, of Figure 4)
Front surface mirroxr (M2 of Figure 4)
Camera .

Detector for triggering signal

Front surface mirror (M, of Figure 4)
Detector for level signal

Triggexr lamp power supply

Bridge forxr support

Adjusting screw for orienting cross
Rotation gear

Drive motor idler

Shim plate

Scope

Drive xrim

dpghHOQUODOBE YU FAMDLQDTD

and?detector (10n). Three feet with adjusting screws
(10g) were beneath the cross; they were 120 degrees
apart and equidistant from the center of rotation of the
rotation gear., These feet were used to adjust the beam
leaving the rotation gear to be pezpendicular to the
liguid surface (within 10g). The laser was set on one
arm of the cross on kinematic mounts, so that when
returned from use elsewhere in éhe laboratory it could
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be positioned exactly as before to maintain alignment.
The rubber feet on the laser were replaced with the
mounts.' The parts of the ﬁount attached to the cross
were positioned so that the laser beam passed across the
center of rotation., The alignment was done by eyve,
sighting along the beam and a line drawn on the cross
intersecting the center of rotationm.

The laser was a Spectra Physics model 130 with 0.3
milliwatt output. The output had a wavelength of 6328
angstroms and a divergence of less than 0.7 milliradian.
The laser had dc excitation, but the filtering compo-
nents, encased in epoxy, were inadequate to eliminate
the rectified 60 cycle ripple. An external L-C filter
(10a) was bulilt to further decrease this ripple., It was
found that this filter decreased the magnitude of the
60 cycle ripple present on the beam by a factor of
approximately 10,

A simple mount attached to the cross was used to
position the lens {10c) in front of the laser. The lens
was one of a set of optician's lenses, all of which had
the power measured in diopters. A diopter is 1/f where
£ ig the focal length in meters. The f value needed was
approximately 50 cm; therefore, D was approximately
equal to 2.0. This particular power was available.
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All the mirrors were front surface totally reflec-
tive type. The two rotating mirrors M, (L0j) and M,
{(101) of Figure 4 were Edmund Scientific Stock Number
30286 aluminized with a protective overcoating. Ml (10m)
was made in this laboratory using Edmund Scientific war
surplus flat glass. Gold rather than aluminum was used
as the coating material, not so much because of its
higher reflectivity at 6328 angstroms but because of the
gold crucible set up in the vacuum system at the time of
coating. Cleaning consisted of an acetone bath, an
Alconox scap bath, a distilleﬁ;ﬂater rinse, a dry nitro-
gen drying and a 100 degree C oven bake. Depésition was

5

at 5. x 10 ° torr.

Mirror M, (note Figure 4} was mounted over an

1
aperture in a flat piece of aluminum. The aluminum and,
thus, the mirror were adjustable by three spring loaded
6-32 screws separated by 90 degrees. The spring loading
was provided by pieces of neoprene rubber. The mirror
was attached so that, it just adequately intercepted the
laser beam and reflected it downward, thus leaving the
reaminder of the aperture clear for the returning
reflections to strike the detector by bypassing the

mixror M, as discussed in the Literature Survey. M, and

the detector were supported above the rotation gear by a
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bridge (10p). Ml was held at 45 degrees by two 1/4-inch
aluminum bars cut at 45 degrees and attached to the
bridge. A threaded rod screwed into the bridge sup-
ported a threaded aluminum strip to which the detectorxr
was attached. A lock nut was used for locking the
detector in place, othexwise it could be swung aside

for -alignment purposes (refer to Figure 10).

The detector employed was an International Recti-
fier silicon solaxr cell number SC 510E9 with a peak
spectral response at about 0.8 micron. The response
was down to about 80 percent at 6328 angstroms. (Other
specific curves axe illustrated on the Engineering Data
sheets7.) The detector was used as a photovoltaic cell.

The rotation gear glOrf consisted of a bearing,
cuter race housing and drive rim (1l0v), drive motor,
shim plate (10t) and mirrors, M, and M. The mirrors
M, a?d Mé were attached to solid triangular shaped
blocks with holes cut in the block supporting Mgy so that
the laser beam was not obstructed as it passed through
the block, struck M3 and wag reflected downward to the
flat, Mirror Mé,and its support block are readily dis-
cernible in Figure 10. Thesge two support blocks were
adjustable by three neoprene spring loaded 4-40 screws

separated by 90 degrees (4-40 screws were used because
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of their finer adjustment capabilities).

Mirrors M, and M and support blocks were mounted
via the adjusting screws to a 1/8-inch aluminum shim
plate (10t) which was attachad to the outer bearing
race housing and drive rim {(10r). All of this mecha-
nism was rotated with a drive motor. The drive motor
was a rubber shock mounted phonograph motor with idlex
(10s). The idler contacted and rotated the drive rim
at about 60 rpm.

The bearing was,a deep groove Conrad type taken
from a war surplus aerial camera. Since there was
little weight involved and thus a small thrust force,
this bearing provided adegquate support as well as a
rotation foundation. The inner race of the bearing
was attached to the croés and centered over a hole in
the cross. The size of the hole was such that it would
not obstruct the sweepincg laser beam.

The wedge (10f) was created in this laboratory.
It consisted of an Unertl Optical Co. optical flat, a
liquid £fill and a piece of Edmund Scientific Co. glass
plate. The optical flat was 6-inch diameter, 3/4~inch
thick crown glass with both surfaces flat to one wave
mercury green light and parallel by less than 30 sec of

arc. A 5-inch diameter pilece of flat glass was cut from
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a 3mm thick rectangu}ar piece of Edmund Scientific Co.
Stock #60425, This was centered over the optical flat
and one edge shimmed up with a 1/8-inch thick shim.
This provided a wedge between the upper surface of the
flat glass and the lower surface of the optical flat of
0.025 radian. The shim was 1/8 x 1/4 x 3/16 inch with
a tapped fill hole in the 1/8 x 1/4 inch side. The flat
glass was secured in place ovexr the optical flat with an
adhesive sealant, Dow Corning Corp. Silastic RIV 732,
applied around the periphery. The result was a liquid
container with the sides being the flat glass and opti-
cal 'flat. Sguibb mineral o0il was used as the liquid
£i11) to provide an optical continuum. There was little
if any reflection at the glass-oll interface, since the
index of refraction of the three elements was nearly
equal, about 1.55 at the sodium D lines. That the
raflection was low is evident from the following formula:
ng-n_) 2
R= ———es (11)
(n0+ns)

where R is the reflectivity at the intexface, ng is
index of refraction of the substrate and ng, is index of
refraction of the incident medium. With the human eye,
no reflection was visible from one interface, and only

an intermittent sparkle from the other. According to
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Strongla,the quantum efficiency of the human eye is

about 10 percent at 5100 angstroms, comparable with the
best detectors. The 12 perxcent efficient silicon diode
registered this interface reflection, but the interfer-
ence resulting from this reflection was negligibly small.

The optical wedge was secured in a metal frame with
a cork force fit. The frame was attached to 1/4-inch
triangular piece of aluminum with adjusting screws (1l0e),
35.8 cm apart at each corner. Also attached to this
aluminum triangle was the liguid container (l0g). It
was a 9~inch glass cake dish, sandblasted over the
bottom to provide a diffuse surface. XKrylon flat black
paint was sprayed over the bottom to further limit any
reflectivity.

The liquid had to have a high viscosity to resist
wave motion on its surface, as a result of vibratidns.
It also had to have an index of refraction near that of
the optical flat to provide the proper reflection, Rf
approximately equal to Rl' Squibb mineral oil was
again found satisfactory for this pﬁrpose (its limita-
tions will be discussed in the Discussion of Results).

The optical wedge assembly was placed on a separate
table from the one supporting the cross and rotation
gear as shown in Figure 10. This placement was

~34=



necessary because the rotating structure vibrated the
table upon which it sat and conseguently caused distur-
bances in the surface of the minexal oil. The adjust-
ing screws (IOef located 120 degrées and 35.8 cm apart,
were used to tilt the complete assembly. Of course,
the liquid surface within remained stationary with
respect to the earth as the assembly titled. Thus, any
magnitude and direction of off-level angle could be

created instantly with movement of the adjusting screws.

Alignment

The initial alignment was accomplished by position-
ing the laser as previously described (refer to Figures
4 and 10). M, was adjusted so that the beam struck the
shim plate in the center of rotation. A front surface
mirror was placed upon the shim plate. When alignment
was accomplished, the reflected beam retraced its inci-
dent path exactly during rotation of the shim plate.
Shims were placed between the shim p1§te and the ocuter
race housing and drive rim to insure that the shim plate
was perpendicular to the incident beam during rotation.

M, and the shim plate were adjusted concurrently while

1
insuring that the laser beam remained centered on the

center of rotation until the reflected beam retraced its
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incident path. M, was then fixed in position. A right
angle prism with hypotenuse and side aluminized was
placed alﬁminized side down and clea? side towarxrd M2 at
the position of My, M, was adjusted until the incident
and reflected beams between M2 and the prism were in a
plane above and parallel to the plane of the shim plate.
Thus, M, was aligned and M; was then fixed in position,.
A mirror was placed over the hole in the shim plate
below M, to reflect the beam back to M,. M, was then
adjisted until the reflected beam retraced its incident
path. Ligquid was then 'placed below and the feet on the
Cross were adjnstgd so that the reflected beam retraced
its incident path. The optical wedge and mineral oil
containexr assembly was then put in place. Thus, align-

ment was secured.

Data

The data consist of polaroid pictures of oscillo-
graphs. Interpretation of this data is easy with the
use of Figure 5. Each cycle in the pictures corresponds
to the laser beam crossing a fr}nge. The number of peaks
or fractions thereof were counted and with the aid of
Figure 5, the angular separation in seconds of the opti-

cal flat from level was determined. It must be

-36~-



remembered that as the beam scanned its circle, it
scanned parallel with the fringes twice each revolution,
This accounted for the points of minimum freguency or
nulls and the points of maximum freguency.

The nulls indicated the direction of the fringes
and, thus, the direction of off-level angle. To be
meaningful, the oscilloscope sweep had to begin at the
same spatial peoint or time in the beam scan. The direc-
tion of the off-level angle céuld be reckoned with
respect to this point. To accomplish this, a Chicago
Miniature lamp number 112 in series with a one ohm
resistor and powered with a 1.5 volt dry cell (10o0)
was mounted beneath the rim of the outer race housing
and drive rim. Once each revolution its light shone
through a small hole in the drive rim and illuminated
an International Rectifier silicon solar cell (101) of
the S0 510E series mounted on the underside of the
mirroxr Ml supporting bridge. The output of this silicon
chip was fed to a McGohm model 102 P.A. amplifier (10d)
which had previously had a voltage divider network added
to provide bias, thus, cell operation as a photoelectric
cell ox photodiode, though this was probably not neces-
sary with the present signal. The output of this ampli-

fier was sufficient to trigger the oscilloscope which
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regquirxed an exceedingly high trigger level. The oscillo-
scope (10u) was a dﬁal—beam Tektronics type 502A with a
Polaroid camera mount, Tektronics C-19, and camera {10k).
It had a frequency response down to dc which readily
allowed recording of the data, all of which were below
100 cps.

All data were viewed two or three times to insure
duplication. Typical data are shown in Figurss 11 and
12, Bach subfigure, unless otherwise noted, has one
set of numbers followed by another set. First is the
off-level angle interpreted from Figu&e 5, followed by
the direction of the off-level angle or intersection of
the planes of the oil and flat, referenced to the begin-
ning of the scope sweep as zero degrees., Of course this 2
later figure could be + 180 deqrees. A discussion on
this wil; follow in the Discussion of Results.

The oscllloscope horizontal s&eep rate was 0.2
sec/em for all the pictures unless otherwise noted. The
vertical sensitivity was 0.l mv/cm for most of the pic-
tures, though it was 0.2 mv/cm for some. The laser's
continued loss of power while the data wexe being taken
caused the shift to 0.1 mv/cm sensitivity to maintain a

similar vertical deflection. The output of the laser



Just before completion was down to 0.02 milliwatt from
the rated 0.3mw.

This oscilloscopic horizontal sweep rate permitted
about 1.8 laser beam revolutions and concomitant inter-
ference phenomena to be registered on the oscillegraphs.
This means there are 13.1 degrees of revolution corre-
sponding to each small division on the horizontal scale.
Assuming the nulls can be read to a half division, the
direction of the off-level angle can thus be read to
about +7 degrees. Fringe count will be to 1/2 fringe
corresponding to off-level angle accuracy of less than
+0.2 sec, magnit?de—wise.

Figure 1lla shows the signal from the optical flat
only as received from the manufacturer. From the figure,
it is determined that tﬁere are between seven and eight
fringes per revolution, say 7-1/2; thus, the sides are
non-parallel by 2.5 sec. Figure 11b shows the signal
from4the opticallflat after it was transformed into an
optical wedge as described previously. This signal was
the result at the detector of the reflection from the
lower surface of the optical flat and the reflection
from the oil-glass interface at the top of the flat.

The fact that this signal exists shows that the indices

of refraction of the optical flat and oil were not
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exactly equal; Again this signal indicates that the
optical flat was itself a wedge of 2.5 sec, It should
be noted that the signal from the rectified 60 cycle

of the laser powex sﬁpply superimposed upon the laser
beam as mentioned in the Literature Survey was of

about the same amplitude as the before~m§ntioned signal.
The level of both was about 0.05mv, well below the
signal that was to indicate the level as can be verified
in Figure llc. TFigure llc is expanded on the horizontal
scale with a sweep rate of 0.l sec¢/cm to show detail and
a{low a count. The following subfigures of Figures 11l
and 12, except l2e and 12f, are self-explanatory with
thg alid of previous comments,

It should bBe noticed how the vertical deflection
increased with decreasihg off-level angles, This was
caused by the loading effect on the detector. Aas the
reflected beams, Re and Ry of Figure 1, overlapped to
a greater extent because of a smaller off-level angle,
the interference phenomena on the detector caused a
larger ac signal.

The magnitude and direction of the off-level angles
can be readily detexmined down to about 2.5 sec of arc.
With smaller angles, difficulties arise as are evidenced

in Figures l12e and 12f£f., Further information on these
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difficulties will appear in the Discussion of Results.
The off-level angle can be determined still by the
number of fringes per revolution. Howeyer, the direc-
tion cannot be-determined consistently., The nulls are
evident in Figure 1l2f however, and thus the direction of
the angle can be determined. TFigure 12f concludes the
data. The specimens shown are quite representative and
are only a sampling of the various angles and directions

created and displayed on the oscilloscope.
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DISCUSSION OF RESULTS

The results were as expected. No electrical noise
as such was visible in the signal. Of course, noise
might have been evident if the 60 cycle ripple had been
completely removed. In any event, the noise level
would not have obscured the signal. From the data, it
can be determined that a 10 percent intensity wvariation
at the steepest part of the curves could be discerned
above the noise~level. This would make the value of
the maximum sensitivity for out of level detection of

1.06 x 10”2

sec, calculated in the Literature Survey,
valid.

The difficulties evident in Figures l2e and 12f
can be attributed to the‘instability of the building.
The laboratory floor was continuously shifting and
tilting by a few seconds of arc. This was verified
visually. The whole of the flat was illuminated with
an expanded collimated laser beam and fringes formed
over the whole wedge area. These were viewed by cap-
turing the reflected beam with a large diameter lens
and placing the eye at the focal point. The flat was
adjusted to be as parallel to the liquid surface as
possible. The fringes were seen to "sgquirm" continu-
cusly. They increased in number, decreased and changed
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orientation. The movement of a person about the lab-
oratory caused an increased "squirming". The periods

of the shifting were smaller than the period of the
scan. Thus, an adjusted angle, for example, two seconds,
would be increased, decreased and/or changed in orienta-
tion during a scan as the laboratory floor tilted, Of
course the smaller the adjusted angle, the greater the
effect of the tilting laboratory floor. For example,

1 seccnd adjusted angle would change orientation by 45
degrees if the laboratory floor tilted 1 second in a
direction 90 degrees from the direction of the adjusted
angle. With greater adjusted angles, the floor tilt

had less effect,

The above was an unsuspected realization from the
study. Objects or struétures cannot be leveled to the
ultimate capabilities of this device unless they behave
levelly. Needless to say, the above encountered diffi-
culty prevented any ultimate accuracy determination,
but an extrapolation can be made.

However, at this point something must be said
about the quality of the optical flat. It is flat to
less than one wavelength mercury green (manufacturer's
specifications). This is the 5461 angstrom line, equal

to 5.46 x 10_5 cm. The "non-flatness" of this optical
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flat would céuse a varliation in signal intensity of
almost three complete fringes. Obviously the optical
flat was flat to far less than 5.46 x 10“5 cm. Or, at
least, it was "flattexr" in the area of the scan circum-
ference. It should be noted that the non-parallelism of
the sides of the optical flat were also far less than
the guaranteed 30 seconds. At any rate the irreqular~
ities of the thical flat would prevent any angular
determinations of the order of 10“2 seconds of arc as
suggested in the Literature Survey. It would also make
angular determinations less éccurate than indicated by
the data. The principles involved make this fact imma~
terizl in a feasibility study.

Optical flats 5 inches in diameter can be readily
cbtained commercially, flat to ILO'-6 inch. Optical flats
"flatter" than this are a rarity, but can be obtained.

The 10-6

inch would cause a change in intensity at the
steepest part of the curve in Figure 2 of about 25 pex-
cent of the maximum intensity. Double this "noise"
value, 50 percent change in intensity would be the mini-
mum discernible. This corresponds to a minimum detect-
able angle of about 0.1 second.

The question arises, can the flat be mapped?

Theoretically, yes, but practically, no. The support
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structure is too unstable, heat currents cause the table
to tilt and the whole building sways. A person walking
down a corridor outside the laboratory will tilt the
laboratory floox by as much as 10 seconds, and walking
from the corridor to a position beside the experimental
setup will tilt the laboratory floor by as much as 25
seconds. However, a recent investigation12 indicates
that this mapping can be done. A somewhat different
setup but similar principles were used with good resulis.
The results indicate that the ultimate sensitivity as
theorized in this gtudy is obtainable,

of courég, Fn optical flat could be mapped for
irregularities and these irregularities compensated
electronically so that only the signal resulting from
angular separation of wédge surfaces‘remained. In any
event there are possibilities for obtaining an optical
flat that is effectively a plane, thus not limiting the
sen;itivity of the device in any manner.

as the off-level aqgle decreases, the interference
phenomena indicate that a closer and ¢loser examination
0f the wedge surfaces is made. But at angles larger
than about 3 seconds, the interference of the wedge
predominates over that caused by irregularities in the

wedge surfaces and criterion for measuring set forth
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earlier remains valid. The observed upper limit of
detectable angle approached 40 seconds. This was less
than the 74 seconds maximum detectable angle calculatea
in the Literature Survey. The probable reason for the
40 second limit was the consideration of inadequate
beam overlap. The 74 seconds were obtained by assuming
1/2 beam diameter overlap. Referring to Figure 8 and
the equation for maximum detectable angle, o={{a/2)-
0.037)/2d4, it can be seen that ¢ equal to 40 seconds
required approximately a 60 pexcent beam diameter over~
lap. The 60 percent overlap yielded the minimum detect-
able interference phenomena corresponding to the maxi-
mum 40 second angle., This was not unreasonable, consi-
dering the irregularities in the interfering wave fronts
caused by the multiple reflections from imperfect sur-
faces.

The direction of the angle cannot be determined with
great accuracy however. At best the accuracy is + 7
degrees, and it has a 50 percent probability of being
+ 180 degrees also. The 180 degree uncertalnty can be
eliminated quickly. The wedge angle can be varied in
the assumed directicon. More fringes will appear if the
angle increases and, depending on whether the edge of
the flat was raised or lowered, will determine the
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direction., However, this accuracy in deterxrmining the
direction is as_accﬁrate as any existing device to the
author's knowledge. If any object is being leveled, it
can be caused to approach the level so closely as to
make the direction of the off-level angle meaningless.
Prompted by the data contained herein and the results of
Roeslerlz, the author believes that angles of the ordexr
of 1072 seconds of arc can be determined.

From the Literature Survey, the effects of
variables such as the diameter of the optical flat and
scan and the wavelength of illuminating radiation are
obvious. Othexr changes in the system that would aéfect
the appearance of the data would be to make the wedge
surfaces highly reflective creating multiple beam inter-..
ference. For instance; one couwld aluminize the flat and
use mercury for the liguid. Vibration surface waves in
the mercury could be controlled with an overlay of oil
which could also be used as the wedge composition. The
result would be sharper{ better defined fringes than are
the cosine squared fringes. The particular advantage,
if any, of this method is not obvious to the author at
this time,

Following is a discussion of a possible means of

autemating or closing the control loop on the device;
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a method to make it sclf-seeking of the level. Two of
the three adjusting screws on the optical wedge assembly
discussed in the experimental procedure used to vary the
off-level angles for data recording are replaced by a
stack of piezo-electric crystalsll. The other adjusting
screw remains as a pivot point. The off-level angle is
then controlled by the voltage applied to the piezo-
electric crystals. The nullé which indicate direction
are detected by means of RC circuits. The time constant
is such that the capacitor will not discharge to a set
level indicating a null except at the nulls where the
pulses are spaced far enough apart time-wise. Of course,
the time constan; will have to be varied with the number
of fringes. A scan is made; both a count and null recog-
nition are made., Of thé two stacks of control crystals,
the one nearest a ﬁull is expanded é set increment to
raise the flat on that side. Another scan is made to
allow the system to equllibrate. Then another count and
null recognition are made. If the count is greatex than
before, the null location is ignored and the previously
expanded crystal is contracted by two increments. If the
count is less, again the crystal nearest a nuil is ex-
panded. This procedure is continued until the count is
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When the count is zero, another procedure is used
to further level the flat. While a count is continued
for each revolution to insure that it remains zero, a
sampling of the intensity of the interference phenomena
is taken as the scan crosses each crystal stack and
pivot. The intensity over the two stacks is compared
with that over the pivot and the stacks are adjusted
accoxrdingly. Thus, the device will seek the level
automatically to the degree of accuracy desired.

The object to be leveled, of course, has an initial
known position with ;espect to éhe optical flat, the
voltages applied to the crystals then represent the
amount of feedback reguired to reposition the object
to cause it to be level. /

Another possible aﬁplication of this device,
modified somewhat but using the same principles, would
involve alignment procedures over laboratory distances.
The great coherence length of the laser could make this
feasible providing the laboratory atmosphere is not too
turbulent. O0f course, mirrors or optical flats would
provide the reflective surfaces instead of the liquid

and optical flat used herein.



CONCLUSIONS

The optical interference level described in thisg
study was found to possess the following capabilities
and characteristics:

(1) sensitivity was detexmined to be +0.01

seconds of arc.

(2) The minimum off-level angle was not

obtained (see Discussion of Results).

The nulls indicated the direction of

the off-level angle to within + 7 degrees.

(3) The maximum dynamic range was 40 seconds

of arc.
These measurements are absolute (no calibration neceg-
sary}. These capabilities make this device unexcelled
for determining the measure of level, to the author's
knowledgé. However, the ultimate capabilities of this
device were not realized, due to deficiencies in optical

components and instability of the floor of the labora-

tory.
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APPENDIX® A

The following relationships utilized in the body
of this Thesis will be derived from and applicable to
Figure 9. The relationship of ¢y to ¢4 and the laterakl
displacement of Rf from Ry will be determined.

First, the relationship of ¢ to ¢i. Utilizing
Figure 9 and the laws of refraction at small angles
associated with the incident ray I,

@2 = el/ng, (1)
where ng is the index of refraétion of the substrate or
glass wedge. The index of refraction of the incident
medium (air) is assumed equal to 1. Also

0y = 9170,. (2)
With reference to ray ﬁf and again the laws of refrac-
tion at small angles,

(93+91)ng = 0% 4y. (3)
Substituting the value of 0, from Eguation 1 into
Equation 2 and the value of 0, from Equation 3 into
Eguation 4 yields,

((elwel/ng)+elJng = el+¢2

$, = 291(ng—l). (4)
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From the fact that @Lequals 9y and the assumption
that ng equals 1.5
= 4y ()

Secondly, from Figure 9,

d = 9411. {6)

Again from the laws of refraction at small angles,
94 = 03 ng. (7)
Utilizing Equations 1 and 2 and substituting the value

. 0f 04 for Equaticn 7 into Eguation 6 yields,

Again, from the fact that $1 equals 81 and the assump-
tion that ng equals 1.5,
d = ¢;h (.5). {(9)

From Equation 9 and Figure 9, it is obvious that the
lateral displacement of R. from Ry is less than 24,

which of course is less than 0.

._53-.



Surface of
Optical Flat

Surface of Liquid

ILLUSTRATICN OF ORIGIN OF INTERFLRING RAYS Rf AND Ry IN AN
QPTICAL WEDGE

FLGURE 1

Iy [
Lipght
Intensity T

MY
4 4
I5h
0 ) ) L
0 N4 N2 N4 Do

Surface Separation

LIGNT INTENSITY VERSUS SURFACE SEPARATION IN AN OPTICAL WEDGE

FIGURE 2



Intensity
Maxima

{fringes on circular flat as seen from above)

Surface of
Cptical Flat

——a—*T

(k4 )N/ 4

- 1 (k+2)N/4
P h kN4 - ! Surface
- 6 4 1 !7 ¥ of Liquid

LOCATIONS OF INTLRFLRENCE MAXIMA WITIHIN AN OPTICAL WEDGE

FIGURE 3



r———-2-Detector

i
™ i N M

Laser lens

o mm ==K &
Ve Mﬁ
- Center of
Rotation

Surface of Cptical
Flat

_~~ Surface cf Liquid

bt e e g d e s e e e e e

DIAGRAM OF EXPERIMENTAL SLTUP

FIGURE &



Off~level
Angle in
Seconds

32

28

24

20

16

12

! 1 1 1 1 L. (] 1 ]

8 16 24 32 40 438 56 64 72
Number of Fringes Per Revolution
PLOT OF WEDCQE ANCLE VERSUS NUMBLCR OF FRINGES PLR REVOLUTION
FIGURE 5

80

8&



Incident Wave Front

Real Point Source

Pl S
I BuElast o

} " Surface of Liquid
]
\/
¥~—"2— Imaginary Point Source

ILLUSTRATION OF FORMATION OF POINT SOURCES SEPARATED IN DEPTH

FIGURE ©

Point Scurces

P S

Wave Front —S>
> -7 Surface of
N2 Detector

ILLUSTRATION OF TIIE RADIUS OF THE FIRST FRINGE RESULTING
FROM TWO POINT SOURCES SEPARATED IN DEPTH

FIGURE 7



1/2 Beam Diameter Overlap
as Seen by Detector

a -
‘lgw-
2
%~ Surface of

; . Detector
it 29
d
f
Reflected ¢;“
Beans (Rf & Rl)
Surface of
] ~g‘-““‘"“*~—~hh //L/LlQUid

1 =
Surface of
Optical Flat

ILLUSTRATION OF OVERLAP OF REFLECTED BLALS
FROM SURFACES OF LIQUID AND OPTICAL TFLAT

FIGURE 8



Surface of
Flat Glass

Surface of
Optical Flat

v Surface of Liquid

ILLUSTRATION OF ISOLATION OF Ry AND Ry FROM OTHER
REFLECTIONS BY USE OF WEDGL OF ANGLE ¢

FIGURE 9



o e

L
W

ol Furmi i

PICTURE OF EXPERIMENTAL SETUP

FIGURE 10

NOT REPRODUCIBLE




Angle: 2,5 sec Angle: 2.5 sec

(a) : (b)

T
T,

Angle: 30.2 sec Angle: 21,2 sec

Direction: 135° . Direction: 145° 5

(e) (d)

| f
3 %%qé"
fngle: 15,5 sec _ Angle: 7.4 sec
Direction: 30° : Direction: 128°
(e) (£)

OSCILLOGRAPHIC DEPICTIONS OF CFF-LEVEL ANGLES

FIGURE 11

NOT REPRODUCIBLE




4 sec

6
ction: 40°

6.5 sec
Direction: 130°

Angle:

Angle:
Dire

(b)

(a)

4.5 sec

165°

(d)

5 sec

&
Direction: 175°

Angle:
Direction:

(e)

Angle

1,3 sec

Angle:

Aagle: 1.8 sec

Direction: ——-

Direction: 120°

(£)

(e)

OSCILLOGRAPHIC DEPICTIONS OF OFF~LEVEL ANGLES

FIGURE 12



