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A sumary 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 ccean 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.

A S I ST
. " s R~ 4

Two significant results of this substitution are anticipated: (1) the
time required to ohtain 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).

-
PN A Y

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 leas into shadow-
. graph sonar systems. Design knowledge is understood to include procedures for

manufacturing the plate lens and experimental data cn its performance.

L e e
R

Five technical problems associated with the solid plate lens sonar svstem
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
y 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 came into contact ('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.

m s

(2) Materials Survey Materials to be used in the construction of the plate
lens are being selected by a review of the literature and by experimental tests.

ey A g TR
e e L]

(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 he ohtained by time resolution.)
This '"acoustical processing' of the wave is equivalent functionally to the elec-
tronic processing performed in current sonar systems, but it erahles the solid
plate lens sonar system to nrocess data significantly faster than currently
availahle electronic processors. (For details see reference (2).) A preliminarv
lahoratorvy model of a solid plate lens has heen constructed and several exveri-
mental methods of measuring the motions of the plate associated with plate waves
are being employed to investigate the focusing of the waves.

e

(4) ‘Acousto-Optic Image Conversion The acoustical image formed on the plate
must be converted into an ontical image hy some method which does not significantlv
degrade the imzge resolution. While conducting a theoretical analysis of the
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various image conversion methods proposed in reference (2), a new tvpe of acousto-
optic image convertor design particularly suited for 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 ohtained, are heing 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 emploved methods
for measuring the vibrations of underwater sound transducers. This second appli-

cation will be discussed in an invited paper to be presented to the Acoustical
Society this fall.

R AR )

(5) Visual Detection Problem Review The operation of a solid plate lens
: sonar system 1s 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 cf 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 discussions with other investigators actively involved
with the problem.

Sincerely,

S /=T

J. A. Clark, Ph.D.
Principal Investigator
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‘provements over current optical filter designs by 103 in the temporal

Imaging Through a Confocal Optical Interference Filter

by

J. A, Clark

The Catholic University of America
Washington, D. C. 20017
United States of America

-—

ABSTRACT

The problem of spatial and temporal :t"ilte'ring of an image by a

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

resolution of optical images appear feasible. Applications--including
velocity, temperature and turbulence distribution measurements and acousto-

optic image conversion--are discussed.
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INTRODUCTION

A spherical m.rror type of optical intcrference filter is proposed. (An
"optical filter" is understood to be a device through which both spatial and

“emperal yoformation passes, as distinguished from a "spectral filter" which

~ives mly re ceral infoermation about a bcam of light). It will be shown that

. precise! . .~focal optical interference filter operates spatially as'a low

prss filter and should achieve at least three orders of magnitude higher :
temr ~val 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 thgt by varying the mirror
spacing slightly from the confocal distance, the optical intei'ference filter
oprrates spatially as a tuneable bandpass tiiter and that such Operatmn

has the following advantages over low pass operation: (1) pemmits dark field
:unagmg, (2) substantially increases spatial resolving ca'pacity in cases
where images are characterized by a narrow range of spatial frequem.:ies, and
(3) selectively enhances the contrast of details in an image according to

detail size, in addition to temporally filtering the image.

A spectral filter which employed sphevical mirrors in a confocal arrange- .

ment es a Fabry:Perot interferometer was first proposed and démonstrated by

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

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

meter than for the plane-parallel mirror decign. Jackson® employed a confocal

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

spectral resolving powers of 5 x 107. Other theoretical and experimental

studi s of the ope.-ation of confocal specfral interference filters have since
been reportedSJ. However, to the author's knowledge, 1there has been no

-1-
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previous discussion 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

AP § AR P N TR RS,

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

g

example of practical spatial and temporal resolution capacities will be presented,
Lo and several ‘potential apélicafi'ons will be discussed.

- IMAGE PROJECTION |

. 'i'he prinéipal advantage of the confocal mirror design over plane parallel

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

‘ ' duced by multiple reflections in the confocal -.ca.vity are all accurately super-

- posed, while chose lprodu'ced in a p:‘t_ane-parallel cavity are not. This advantage

cah be démonstrated by considering the optical interference filter designs

i illustrated in Fig. 1. A real ixﬁage at location L; in the confocal mirror case
‘(Fig. 1A) is prnjected to just four other locations (Ll, LZ’ L, L4) by an
; .

infinite series of successive rei-‘lectiohs at the mirrors. This filter response
is in marked contrast to the plane-parallel case (Fig. 1B) where each successive
reflectlon of an extenced field image produces an irage at a new location. The
improvement m‘opucal filtering which results from this important advantage

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

parameters.

AR g ey

DESIGN AND IMAGE PARAMETERS

t

The mirror dbsignsin a confocal optical interference filter (Fig. 2) is
" characterized by four parameters: the mirror radius (r), the mirror separation
(r + €) vhich may deviate slightly (|} /100 < 1, the wavelength of light) from

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

mirror aperture diameter (A). The operation of a confocal cptical filter
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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
pattems: the resonant temporal frequencies (v,), the temporal resolution band-

width (4v;), the free spectral range (Avf) » the diameter of the smallest resolv-
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able details (Ds), the diameter of the field of view (D,) and the diameter of
the largest resolvable details (Dy) (which is less than D, for the case of

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

PR TS PO N

finesse, F = Avg/Av and the'spatial resolving capacity (or maximum number of
; resolvable details), N = (DV/DS)Z.

; TEMPORAL FILTERING CHARACTERISTICS

Hercher® has reviewed both theovretical 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 reflectivity (R) if the mirror

surface figure is sufficiently small. For high reflectivities the following
approximate relation holdsS:

F=1/2(1 - R) . 1)
: The transmitted intensity distribution (I) produced at image location L0
‘ by a coherent illuminating beam of initial intensity I, at image location Ly

as shown in Pig. 2A, is found by adding the series of waves transmitted to L;

B T

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

is neglected, the sum of this infinite series can be shown to be8:

i 1= /2%
t

, 2 2
: 1- &sin

)

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

jnitial wave intensity Io is divided by one-half to accourt for waves transritted

to location L3.

T~ |
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The phase difference (&) is a function of the wavelength (A) or frequency
(v) and the path length difference (d) between two successive waves transmitted
to L1: § = 2rd/’ = 2nvd/c, where c is the velocity of light. For the case of
paraxial raysl: d = 4(r + ¢) and therefore the phase difference is:

§ = 8v(r + ¢)/c .

The temporal filtering characteristics ("r’ avg, Avm) are parameters of
the normalized transmitted intensity distribution (I;/I) which is determined
by the mirror parameters (r, € and R or F) through Egs. 1, 2, and 3. The reso-
nant temporal frequencies (vr) occur 1cﬁenever Eq. 2 attains its maximum value
(Iy = 1/2 1,); i.e., whenever § = 2m; (n, an integer). Hence from Eq. 3:

v, = nc/4(r + ¢) o @
The free spectral range (Avg) corresponds to the bandwidth between two successive
resonant frequencies. Therefore:

tvg = c/d(r + €) (%)

If the frequency v = vy Eq. 2 can be replaced by the approximate relation:

1/2) 1
R

1+ (BE@*E)y rre w?

(6)

where Av is a small frequency shift from one of the resonant frequencies (vr).
The temporal bandwidth (nvm) of the optical filter can be detemmined by noting
that the transmitted intensity as given by Eq. 6 falls to one-half its maximum
value if'(BF(r + g)av'/c) = 1. Therefore:

dvp = 28v' = c/AF(r + €) (7)
SPATIAL FILTERING CHARACTERISTICS

A coherently illuminated object modulates the incident light beam, as
shown schematically in Fig, 2B. 0ne effect of this modulation is the formation
of a Fraunhofer diffraction pattern of the ir:ngcp, 10 at the second nirror plane

-4 -
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(4,) where the point source illumination is focused. The intensilty of the
diffraction pattern (I*) can be detemmined as a function of the diffraction
angle (a) defined in Fig. 2B.

The diffraction pattern is spatially fil.tered by the confocal optical

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

Laaatidns
© mammnaesyITt qgiﬂﬁwﬁwﬁm’r R
e - SR C =,

o b A = S L T R B b i

limited to some range (D to D). Spatial filtering occurs because spherical

.

aberrations associated with the mirrors produce deviations in the phase

Loy TeeEN Y

difference ($,) from the value for paraxial rays (§) given by Eq. 3. Connes
analyzed the phase differences associated with non-paraxial ray propagation
"through a confocal mirror syste 1. The phase difference for non-paraxial

i rays can be specified approximately as:

22 2 Z
51 = 27 (___p]_pz + __—_Ze(pl v pz_)) + § )
A3 ré

where py and p, 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 (py = o2 = 0), Eq. 8 can be simplified to:

R

6 = Z%'- (9-;%+ eaz) + 8§ ' 9

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

Ree—

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

which would be observed at plane M, if the mirrors were removed from the optical

et L

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

I*
I*(a) = o 20 > 61 (10)
t 1- () sin (3)

Paraneters of the intensity distribution (I*(c)) can be detemined as

follows: a central diffraction angle ( ac) is defined as the value of a for which

-5 -
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3(8;)/3a = 0. By Fermat's principle, this is the zome of best focusing®. It

3 is also the zone where the largest range of detail size is passed by the optical
: filter. From this relation and Eq. 9 we cbtain:

a. = + /-8¢/r . (11)

T T ey

The phrase difference (.) at a is from Egs. 9 and 11:
3 5. = (21/2) (d - 4e%/7) (12)
a3 If the intensity (I*

(a)) is a maximm at «., then it falls to 1/2 intensity at

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

6 = (21/N(d - 4c¥/r + WP (13)
P From Eqs. 9 and 13, the cutoff angles are found to occur at:
' ta, = /-(8e/T) * 7151/1-1: 4

(a_ is restricted to real values.) The spatial filtering characteristics (Dg, D)

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

detail (D) is given by the Airy disk formula®:

Dy = 1.22)/2a, (15)
Similarly, the diameter of the largest resolvable detail (Dj) is:
Dy, = 1.22)/2a_ (16)
. The diameter of the field of view (D ) for images located at (L, - L4) is:
1 D = A2 : (17)

where A is the diameter of the first mirror aperture as can be shown by drawing
the chief ray through the optical system (Fig. 2B). However, the transmitted
images will then overlap. To avoid overlapping, eithér the field of view can
be reduced to one-half its area by a light stop as shown in Fig. 2A or, if no
polarization information is contained in the image, polarization filterscan be

inserted as shown in Fig. 2B.

-6 -
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SPATIAL RESOLVING CAPACITY '

The spherical mirror optical interferenee filter -operates as a low péss
spatial filter (in addition to its barlldpass temperal tiltering operation) if
the mirror spacing is precisely confocal (e 2 0). The central diffraction angle
(a ) is then zero (Eq. 11) and the diameter of the f1rst mlrror aperture {A)

which just admits rays having a diffraction angle equall to or less than o, i%

by Eq. 14: ' ' o
A= 1o, = 200R)M* n | ' as)

The spatial resolving capacity (N) for low, pass operation is obtained from Egs. .
15, 17 and 18:

N = (D /D)% = 16r/(1.22)2AF

¢ )
For comparison, the temporal resolution bandwidt'h o|f a plane paralllel .
optical interference filter is'av, = c/2dF, whers d is the mirror sepa:ration.
The product F-D, is typically limited b) flgure and alignment mac:cv.xracnesS to
F- DV = 1 meter. It can be shown that the mm.mum resolvable d1ampter (Dg) is
limited by the successive image separatmns d1§cussed earher in this paper to

D, = 2 /AFd. The spatial resolv.ing.capaci'ty of the plane parallel mlrror design

- is therefore:

N = 1/42F°d _ ' . : ' (20)

Eqs. 19 and 20 demonstrete an important chara\cteristi;: of 'the confocal
design: for corstant finesse, the spatial resolving eapacity of a confocal |
optical interference filter increases as the mirror separation and radii (r) ;
(and hence the temporal resolving poter v/svy, (sce ‘Eq: 7)) are 1ncreased
Hovever, 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 filter!.
) ° [

-7.
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‘The spatial resolving capac:ity of a spherical mirror opticai interference
filter can'also be incréased by decreasing the mlrror spacing ahd therefore ’
mcreasmg the upper cutoff angle (u+, Eq. 14) The presence of a lower cutoff
angle (e.) indicates that the low spatial frequency ccmponents 'of the 1mage
spectrum ‘are f11tered out, with the resulting effects notefl in, the introduction.

EXA;\IPLES 'AND APPLICATIONS = s ' !
; .

'l'he spatial resolv:m capacn:y of a confocal 0pt1ca1 interference filter

-6

operating at a wavelength of .5 x.10°° m and ha\rmg a mirror spacing of 1/4m

and, a finésse of 300 1s preJ1cted by Ea. 13 to be 17,900 resolution elements
The temporal resolution bandw1dth CEq 7) of th1s filter 1s 1 MiZ and the tempo-
ral resolvmg power is 6 x 168. The mirror separatlon of a plane parallel
optical ’interfer&ee filter havmg the Same spatial resolving capacity'as the
confocal design and,a typ1ca1 f1nesse5 of 25 is 1.8 mm and therefore the tenpo-
ral bandwidth is 3,300 I\HZ .and’ the tempe “al resolvmg power is 1.8 x 10

The confocal optical interference fllter should find apphcatlons, in the

1 '
measurement of spectral distributions ir the images of luminous bodies11 and

of phenomena relatedl to doppler shifts and doppler broadenmg such as velocity

distributions associated with plate and surface v1brat10n512;'15, temperature

16

distributions™, and turbulence distributions. It can also foreseeably be

! . .
applied to improve optical images degraded by transmission through a scattering
medium, It should prove especia}lv useful as an acousto-ootic image conversion

device when the ac xst:.c image is formed bv:a vibrating'surface becauss of its
|

high sen51t1v1ty, its large data rate capamtv (associated with N) and its

umque ablhty amongst acousto optic image conversion'devices to both spatially

and temporally filter out noise. ‘ W N

Ji.




WY TR TSR ey v T

T T T

R

[l sadacd e al S

a;’.
&n
i
;
1
1
£
£
L
g.
&

[ L W

e R R R et 3 AN 3 PR W RS S

G iy —EATTY P Tl AT TR T TN R S TYRRTRTY T T TR e T T T T T T T TR e T v e e e

The author would like to express his appreciation to F. A, Andrews,
C. Ravitsky, M. Lasky and H. Fitzpatrick for their continuous encouragement,
anG to C. R. Munerlyn of Tiopel, Inc., for several suggestions that have been

included in this paper. The figures were drawn by C. Y. Kim and the typing
done by M. E. Patterson.

i



B e+

References
1. P. Connes, Rev. Opt. 35, (1956) 37 and J. Phys. Radium 19 (1958) 262.
2. D. A. Jackson, Proc. Roy. Soc., London Series, A263 (1961) 289.

3. G. D. Boyd and J. P. Gordon, Bell System Tech. J., 40, (1961) 489.
E ; 4. R. L. Fork, D. R. Herriott and H. Kogelnik, Applied Optics, 3 (1964) 1471.
' 5. M. Hercher, Applied Optics, 7 (1968) 951.

R. Johnson, Applied Optics, 7 (1968) 1061.
7. C. R. Mmnerlyn and J. W. Balliett, 9 (1970) 2535.

RO BT bl b ot
[,
L]
()
L]

8. F. A. Jenkins and H. E. White, Fundamentals of Optics, McGraw-Hill, New York,
B 1957.

9. J. W, Goodman, Introduction to Fourier Optics, McGraw-Hill, New York, 1968.

§ 10. 5. A. Clark, A. J. Durelli and V. J. Parks, Journ. Strain Anal. 6 (1971) 134.
11. J. V. Ramsay, Applied Optics 8 (1969) 569.

o A

12. J. A. Clark, A. J. Durelli and V. J. Parks, Journ. Appl. Mech. 35 (1968) 747.
13. A. J. Durelli, J. A. Clark and A. Kochev, Journ. Strain Anal. 4 (19A9) 297.
J. A. Clark and A. J. Durelli, Joumn. Appl. Mech. 37 (1970) 331.

PP ——
=t
-
»

15. J. A. Clark and A. J. Durelli, Journ. Sound and Vibration 14 (1971) 421.
16. P. B. Hayes and R. G. Roble, Appl. Optics, 10 (1971) 193.

[P AR ey




-~ Chabhily AT T TR BRI T A TRIAT AR T AT B TR TRSTT e o 0 = TeERT RTERLAYTRLOTARTE T R T e TR T AT TR AT TR AT Ay T e e nenmRee e e 0 TR R T B

Superposed Superposed

. reflected - . transmitted
Initial images images
image -1 L
\ — 4
L -1 L.3
o ' S
-\~ L
o =rf2 —eb— Y oty
lens  Spherical mirror  Lenss

(A) CONFOCAL OPTICAL INTERFERENCE FILTER

-~d-

Tnitial
.image
Separated
transmitted

L
‘ images

-0

Separated LZ: \ 71// \ tl/
reflected T .
images Ly \ /i& ﬁ/ 'LB

- ~

~ : 5
?/ N/ r .
Plane-parallel

Lens mirrors Lens

(B) PLANE-PARALLEL OPTICAL INTERFERENCE FILTER

-

VAV

/

duced from o
%.e‘:: oavai\ab\c copY-

FIG. | SCHEMATIC DIAGRAM OF (A) CONFOCAL AND (B) PLANE-PARALLEL
OPTICAL INTERFERENCE FILTERS ILLUSTRATING THE FORMATION
OF THE MULTIPLE IMAGES WHICH ARE SUPERPOSED IN (A) BUT
SENARATED Iw (D),




A R B el bl AT TR S AR T TR T T A L T e R TN e e o
e - Ty TR T RE TEET ATETET TR AT TR R TR, S Eherdh o it dh S el B =t A £ Ml AT AT A M AT
SR TS T RO TR T vy T R A paiil e i

E E:A) Initial
intensity

Transmittec
3 intensity

& Source -
2
i
g f AN WLt
E Fieldstop  Lens  Spherical D'g&fg'on Lens
. mirrors L ”
:  Imageof  Vertical w:t(? rafcliu t(‘r )‘t‘ (R ‘Horizontal
B} second polarization ~ nd retlectivities (R) ‘polarization
P /aperture /filter M M. 7 / filter
g 1 2 %
g I 5 rg; / Chief ray
3 E 0 4 ~_ v

i Chief ray

N

Diffraction !

plane / f Vertical
/ , polarization
Horizontal Aperture filter
- polarization diameter g;g;°;’v“,‘;.‘:’b|ﬁ°é“opy:°

filter . . (A

FIG. 2 SCHEMATIC DIAGRAM OF A CONFOCAL OPTICAL INTERFERENCE
FILTER INCORPORATED INTO A COHERENT IMAGING SYSTEM

» ILLUSTRATING (A) THE PATH OF AN UNSCATTERED SOURCE BEAM

; AND (B) THE RAY PATHS ASSOCIATED WITH SCATTERING BY ONE

SPATIAL FREQUENCY CORIPONENT OF AN ILLUISINATED ORJECT.

Ddd




