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A summary of activities in the research program is given below.

The purpose of this research program is to improve the operation of high
resolution sonar systems such as those used by the Navy for ocean bottom searches• and navigation. The novel approach being followed in this investigation is the
substitution of a solid plate lens for both the conventional transducer array
and the electronic signal processors employed in current multi-beam sonar systems.

Two significant results of this substitution are anticipated: (1) the
time required to obtain detailed acoustical images of underwater objects or regions
of the bottom will he greatly reduced, and (2) the external dimensions of the sonar
system required to obtain a given resolution will be decreased, possibly by an
order of magnitude. These results are derived in reference (2).

Objectives of this research program are to experimentally verify the new
solid plate lens sonar system design principles discussed in reference (2) and
to provide design knowledge for incorporating the solid plate lens into shadow-
graph sonar systems. Design knowledge is understood to include procedures for
manufacturing the plate lens and experimental data on its performance.

Five technical problems associated with the solid plate lens sonar system
design are currently under investigation by a staff of seven researchers, and
are identified below.

(1) Coupling of Sound and Plate Waves One component of a solid plate lens
is a large flat plate. A part of the plate is immersed in the sea. Sound waves,
scattered by objects in the sea, are detected in the solid plate lens sonar
system by transverse plate waves which are produced when the waterborne sound
waves come into contact C'couple") with the immersed portion of the plate. A

* theoretical analysis of the coupling mechanism between sound and plate waves is
being conducted to determine the conditions of optimum coupling.
lens(2) Materials Survey Materials to be used in the construction of the plate
lens are beingselected by a review of the literature and by experimental tests.

(3) Focusing/Acoustical Processing of Plate Waves Waves propagating on
the plate are focused by changing their velocity of propagation in appropriate
regions of the plate to form a (one-dimensional) acoustical image of objects in
the sea in much the same way as a (cylinder) lens focuses light waves. (In a
sonar system, the second dimension of an image can be oftained by time resolution.)
This "acoustical processing" of the wave is equivalent functionally to the elec-
tronic processing performed in current sonar systems, but it erables the solid
plate lens sonar system to rrocess data significantly faster than currently
available electronic processors. (For details see reference (2).) A preliminary
laboratorv model of a solid plate lens has been constructed and several experi-
mental methods of measuring the motions of the plate associated with plate waves
are being employed to investigate the focusing of the waves.

(4) Acousto-Ontic Image Conversion The acoustical image formed on the plate
must be converted into an optical imape hy some method which does not significantlv
degrade the imoge resolution. While conducting a theoretical analysis of the
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various image conversion methods proposed in refeience (2), a new type of acousto-
optic image convertor design particularly suited fnr the application was found.
The new design is described in Enclosure (1). A high intensity continuous wave
laser and a specially fabricated confocal optical interference filter, which
have recently been obtained, are being used to experimentally test the new image
convertor. In addition to its application in solid plate lens sonar systems,
the new acousto-optic image convertor has advantages over currently employed methods
for measuring the vibrations of underwater sound transducers. Thia second appli-
cation will be discussed in an invited paper to be presented to the Acousticalf Society this fall.

_(5) Visual Detection Problem Reviw The operation of a solid plate lens
sonar system is sufficiently different from current high-resolution, multi-beam
sonar systems to warrant a review of its function in the total visual detection
problem. Such a review will assist in determining the best way to adapt the
solid plate lens sonar system to the operational requirements of the Navy and of
other groups concerned with undersea exploration and development. The review
will also assist in determining the implications of the new system design to
the Department of Defense by identifying those applications where its particular
'advantages have the greatest practical significance. This review of the
problem of visual detection of underwater objects is being initiated by an
extensive literature search, an experimental comparison of acoustical and optical
imaging techniques, and discussiors with other investigators actively involved
with the problem.

Sincerely,

J. A. Clark, Ph.D.
Principal Investigator

cc: Dr. Frank Andrews
Electrical Fngineering
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Imaging Through a Confocal Optical Interference Filter

by

J. A. Clark

The Catholic University of America

Washington, D. C. 20017

Uniteld States of America

ABSTRACT

The problem of spatial and temporal filtering of an image by a

spherical mirror type of optical interference filter is formulated. Im-

"provements over current optical filter designs by 103 in the temporal

resolution of optical images appear feasible. Applications--including

velocity, temperature and turbulence distribution measurements and acousto-

optic image conversion--are discussed.



'1'
• ~INMltDUL'rION ..

A spherical mirror type of optical interference filter is proposed. (An

", "optical filter" is understood to be a device through whica- both spatial and

Sterprc7r Y,,formation passes, as distinguished from a "spectral filter" which

-ias -only t:e 'ral information about a bsim of light). It will be shown that

precisei:, .- focal optical interference filter operates spatially asla low

ppss filter and should achieve at least three orders of magnitude higher

tew'..:.->al resolving power than an optical interference filter of the plane

parallel mirror type which is designed to resolve the same number of spatial

resolution elements. It will also be shown that by varying the mirror

spacing slightly from the confocal distance, the optical interference filter

operates spatially as a tuneable bandpass ijiter and that such operation

has the following advantages over low pass operation: (1) permits dark field

imaging, (2) substantially increases spatial resolving capacity in cases

where images are characterized by a narrow range of spatial frequencies, and

- (3) selectively enhances the contrast of details in an image according to

detail size, in addition to terporally filtering the image.

A spectral filter whidc employed sphev'ical mirrors in a confocal arrange-

ment as a Fabry-Perot interferometer was first proposed and demonstrated by

Connes1. He showed that the light gathering ability (etendue) and alignment

tolerances were significantly greater for the confocal mirror F-P interfero-

meter than for the plane-parallel mirror design. Jackson2 eployed a confocal

C F-P interferometer to observe line structure with an atomic beam and obtained

7spectral resolving powers of S x 10 . Other theoretical and bxperimental

studi ,s of the ope.:tion of confocal spectral interference filters have since

been reported 3 7 . However, to the author's kmowledge, 'there has been no

'-I-



previous discussiou 'in the literature of a confocal mirror interference filter

design which permits the viewing of temporally filtered optical images.

In this paper, a brief formulation of the' problem of combined spatial and

temporal filtering of an image will be- given for the case of image transmission

through a confocal 'mirror cavity. Design formulae will be derived, a numerical

example of practical spatial and temporal resolution capacities will be presented,

and spveral':potential applications will be discussed.

IMAGE PROJECrION ,

The principal advantage of the confocal mirror design over plane parallel

mirror designs for forming temporally filtered images is that the images pro-

duced'by multiple reflections in the confocal cavity are all accurately super-

posed, while chose produked in a plane-parallel cavity are not. This advantage

caft be demonstrated by considering the optical interference filter designs

' " illustrated in Fig. 1. A real image at location L in the confocal mirror case

'(Fig. IA) is projected to just four other locations (LI, L2 , L , L4 ) by an

infinite series of successive reflections at the mirrors. This filter response

is in marked contrast to the plane-parallel case (Fig. IB) ihere each successive

reflection of an extenCed field image produces an irage at a new location. The

improvement in-optical filtering which results from this important advantage

of the confocal design can be derived from relations betiqeen design and image

parameters.

DESIGN AND IMAGE PAR.*TERS

The mirror d&sign in a confocal optical interference filter (Fig. 2) is

characterized by four parameters: the mirror radius (r), the mirror separation

(r + c) which may deviate slightly (IEIII00 <A , the wavelength of light) from

* the precise confocal distance (r), the partial-mirror reflectivity (R) and the

mirror aperture diamoter (A). The operation of a confocal cptical filter

[ -.2-
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is characterized by six image parameters associated with the intensity distri-

bution of the filtered image or their corresponding Fraunhofer diffraction

patterns: the resonant temporal frequencies (vr), the temporal resolution band-

width (Avm), the free spectral range (Avf), the diameter of the smallest resolv-

able details (D.)), the diameter of the field of view (Dv) and the diameter of

-,' the largest resolvable details (DL) (which is less than Dv for the case of

spatial bandpass filtering). It is also convenient to define the instrumental

finesse, F = Avf/Avm and the spatial resolving capacity (or maximum number of

resolvable details), N = (DV/D 2

TDIPORAL FILTERING Q{ARACTERISTICS

Hercher 5 has reviewed both theoretical and experimental means of deter-

mining the instrumental finesse (F) of a spherical mirror Fabry-Perot interfero-

meter and has shown that F is determined by the re+lectivity (R) if the mirror

surface figure is sufficiently small. For high reflectivities the following

approximate relation holdsS:

F = w/2(l - R) (1)

The transmitted intensity distribution (It) produced at image location L

by a coherent illuminating beam of initial intensity Io at image location L

as sh(on in Fig. 2A, is found by adding the series of waves transmitted to L1

by multiply-reflected waves in the mirror cavity. If absorption at the mirrors

is neglected, the sum of this infinite series can be shown to be 8 :

SIt _ C(ll2) IoC)
t 2 2(2)

2F 2  2

where 6 is the phase difference between two successive transmitted waves. The

initial wave intensity I° is divided by one-half to accoufit for waves trmrnsmitted

to location L3.

3



The phase difference (6) is a function of the wavelength (x) or frequency

S(v) and the path length difference (d) between tlo successive waves transmit-ted

to LI: 6 = 2rd/'. z 2nvd/c, where c is the velocity of light. For the case of

paraxial rays1 : d = 4Cr + e) and therefore the phase difference is:

6 = 8v(r + e)Ic

The temporal filtering characteristics Cur, avf, 6vm) are parameters of

the normalized transmitted intensity distribution (It/Io) which is determined

by the mirror parameters (r, c and R or F) through Eqs. 1, 2, and 3. The reso-

nant temporal frequencies (v r) occur whenever Eq. 2 attains its maximum value

(it 1/2 Io); i.e., whenever 6 = 2m; (n, an integer). Hence from Eq. 3:

yr = nc/4(r + -) (4)

The free spectral range C(Af) corresponds to the bandwidth between tw'o successive

resonant frequencies. Therefore:

A~f = c/4(r + e) (5)

If the frequency v z:vr, Eq. 2 can be replaced by the approximate relation:

(1/2) Io
=I (6)it + 8F(r + c) V)2

S~C

where Av is a small frequency shift from one of the resonant frequencies (vr).

The temporal bandcidth (avm) of the optical filter can be determined by noting

that the transmitted intensity as given by Eq. 6 falls to one-half its maximum

value if C8F(r + £)tv'/c) = 1. Therefore:

tvm = 2Av' = c/4F(r + c) (7)

SPATIAL FILTERING QHARACrEPJSTICS

A coherently illuminated object modulates the incident light beam, as

shown schematically in Fig. 2B. One effect of this modulation is the formation
30

of a Fratinhiofcr diffraction pattern of the ir:ame" it tie second nirror plane

I -4-
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��,(M 2 ) where the point source illumination is focused. The intensity of the

diffraction pattern (I*) can be determined as a function of the diffraction

angle (a) defined in Fig. 2B.

The diffraction pattern is spatially filtered by the confocal optical

interference filter and therefore the detail size in the filtered image is

limited to sone range (Ds to DL). Spatial filtering occurs because spherical

aberrations associated with the mirrors produce deviations in the phase

difference (6 ) from the value for paraxial rays (6) given by Eq. 3. Connes

analyzed the phase differences associated with non-paraxial ray propagation

through a confocal mirror systemI. The phase difference for non-paraxial

rays can be specified approximately as:

2 2 2c(p2 + P2)
6 = 2E. ( . + ") +6 (8)

r2

where P1 and P2 are the distances of the ray from the optical axis at the

first and second mirror planes, respectively. For the special case of rays

parallel to the optical axis (Pl = P2 = p), Eq. 8 can be simplified to:

wiere a 2p/r in the small angle approximation, as can be noted from Fig. 2B.

If the input diffraction pattern intensity (I*o) (that is, the light intensity

*which would be observed at plane M2 if the mirror., were removed from the optical

system) is uniform, the output diffraction pattern intensity (I*a) is:

[0
*(10)

i I*a) = 2F 2 2 61.
! 1- sin (72)

Parameters of the intensity distribution (I*() can be determined as

follows: a central diffraction angle (c) is defined ns the value of a for which

5-s



a(61]/aa = 0. By Fermat's principle, this is the zone of best focusing6 . It

is also the zone where the largest range of detail size is passed by the optical

filter. From this relation and Eq. 9 we obtain:

ac '-Wr (11)

The phrase difference (6c) at ac is from Eqs. 9 and 11:

ac - (2w1/X) (d - 4e2/r) (12)

If the intensity (I*)) is a maximum at ac, then it falls to 1/2 intensity at

the cutoff angles (a,., a-) which occur when:

6+ = (21r/X)(d- 4c2/r ± A/F) (13)

From Eqs. 9 and 13, the cutoff angles are foimd to occur at:

*a+= 71C6-xr)- + 4 F (14)

C. is restricted to real values.) The spatial filtering characteristics (Ds, DL)

are determined by the cutoff angles. The diameter of the smallest resolvable

detail (Ds) is given by the Airy disk formula 8 :

1Ds - .22x/z (15)

Similarly, the diameter of the largest resolvable detail (DL) is:

DL= 1.22X/Zcz (16)

The diameter of the field of view -D ) for images located at (L0 - L4 ) is:

D = A/2 (17)

where A is the diameter of the first mirror aperture as can be shoin by drawing

the chief ray through the optical system (Fig. 2B). However, the transmitted

images will then overlap. To avoid overlapping, either the field of view can

be A-educed to one-half its area by a light stop as shoun in Fig. 2A or, if no

polarization information is contained in the image, polarization filters can be

inserted as shown in Fig. 2B.

"-6-



SPATIAL RESOLVING CAPACITY

The spherical mirror optical interference filter operates as a lo% pass

spatial filter (in addition to its bandpass temporal filtering operation) if

the mirror spacing is precisely confocal (e = 0). The central diffraction angle

is then zero (Eq. 11) and the diameter of the, first mirror aperture (A)

" which just admits rays having a diffraction angle equal to or less than a+

byEq. 14:

-A = ra+ = 2(Xr3!F)

The spatial resolving capacity (N) for low, pass operation is obtained from Eqs.

15, 17 and 18:.

N = (DV/Ds) 2 . 16r/(1.22) 2 XF (19)

For comparison, the temporal xkesolutlon bandwidth of a plane parallel
* 5-

* optical interference filter is'AvM = c/2dF, where d is the minror separation.

* The product F-Dv is typically limited by figure and alignrent inaccuracies°to

F'Dv = 1 meter. It can be shown that the minimum resolvable diampter (D.) is

limited by the successive image separations discussed earlier in this paper to

"Ds = 2 AXFd. The spatial resolving capacity of the pl ane pirallel mirror design

is therefore:

N = 1/4XF~d : (20)

Eqs. 19 and 20 demonstrate an important characteristic of 'the confocal

design: for constant finesse, the.spatial resolving capacity of a confocal

optical interference filter increases as the mirror separation and radii (r)

(and hence the temporal resolving power v/Avm (see :Eq. 7)).are increased.

However, the spatial resolving capacity of a plane parallel mirror interferometer

decreases as the mirror separation (d) is increased. Connes noted; a similar'

result regarding the entendue of a 'confocal spectral interference filterA.

7 -
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The spatial resolving capacity of a spherical mirror optical interference'

filter can also be increased by decreasing t'he mirror spacing and therefore. .; I

increasing the upper cutoff angle (a+; Eq. 14).. The presence of a lower cutoff

angle ,(z.) indicates that the low spatial frequency coiponents of the image

spectrum are filtered out, with the resulting effects noted in, the ihtroduction.

EXX'IPLES A'ND APPLICATIQN\S

The spatial resolving capacity: of a confocal optical interference filter

operating at a wavelength of..5 x 10-6 m and having a mirror spacing of 1/4 m

and: a finesse of 300 is predicted by Ea. 19 t9 be 17,900 resolution elernents.

The temporal resolution banduldth (Eq. 7) of this filter is 1 MiZ and the tempo-

1m- resolving power is 6 x 108. The mirror separati6n of a plane parallel

optical interference f~ilter having the dame spatial resolving capacity as thL

bonfocal desi6n and a typical finesse of 25 is 1.8 nm and therefore the tempo-

ral bandwidth is 3,300 MHZ ahd'the Unmx. "al resolving power is 1.8 x 10

The cdnfocal optical interference filter should find applications in the

measurement of spectral distributions in the images of luminous bodies 11 and

of phenomena relatedi to dopller shifts and doppler broadening such as velocity
12-15

distrl.buticns associated with plate ,and surface vibrations-, temperatuie
t 16

distributions6 ,and turbulence distributions. It can 91so foreseeably be

appliqd to improve optical images degradled by' tranm•ssion through a scattering

medium. It should prove especially useful as an acousto-optic image conversion

device' when the ac, jstic image is formed bv !a vibroting'surface becauce of its

high sensitivity, its large data rAte capacity (associated with N) and its

unique ability amongst acousto-optic image conversion devices 'to both spatially

and temporally filter out noise. , ,,

!8
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OPTICAL INTERFERENCE FILTERS ILLUSTRATING. THE FORMATION
OF THE MULTIPLE IlA11,GES WIIICH A".RE SUPERPOSED IN (A) BUT
SEPIRA[fI'- D IN (').
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FIG. 2 SCHEMATIC DIAGRAM OF A CONFOCAL OPTICAL INTERFERENCE
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