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ABSTRACT
N Xuorlassified)

A brief descrufum of the theory amd operation of
a Luneberg lent us made based on previous work of
W. J. Toulis of tte 3uvy Electronics Laboratory.
Construction feaunges are descrived whxch alliw the
fabrication of a kas for underwaver 3coustic use af
low frequencics. The lens 1s a lightweight spherical
array of flattened tliow tubing, properly spaced to
control the commessic.lity (hence, wviex of refrac-
ton) throughout e leas. A model 5 {eel 1n diameter
to be girdled by a Ty of omnidirectional hydrophooes
has been construtiet at NRL for use wnth 2 proposed
airborne sonar sssaem. A number of bram patterns
e shown. The giswrtivity can be increased by using
directional hydropniass. The tests reseal that reflec-
ticas from the ¢purs glue used in construct:on lowered
the lens performam». There is 2 need for additional

. work with the Luntwrg lens concepn R
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Acoustye Laneberg lens and one of the hydraphones to he
attached to the Fiberglas Lands
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AN ACOUSTIC LUNEBERG LENS FOR
LOW-FREQUENCY SONAR USE
[Unclasnified Titie)

N TRODUCTION

Previous attempts have been made to focus sound waves with spherical lenses for sonar
usie, but they were restricted to small size and, consequently, high frequenctes (> 20 ke),
Usually they were thin-wailed spheres filled with a fluid {>.g., CCl,) having a sound velocity
lower than that of water. This uniform index of refraction causes an inherent broad focal
region because of spherical aberration. Temperature changes usually will deteriorate
performance.

Luneberg (1) has shown by ray theory that point focusing can be obtained with a spher-
ical lens having an index cf refrzction that varies with radius in a special manner. The
theory of the Luncberg lens is relatively old, but the work to perfect one has only recently
reached a sta; ¢ where a practical model has been developed that could be used {n the field
of underwater acoustics. Such a lens has many attractive features for low-frequency sonar
use in that it provides relatively narrow pre-lormed beams in 2 manner touch stmpler than
with conventional methads. The work reported nn here is the result of an investigatioa of
acoustic lenses for airborne sunar (lens and hydrophones to be dropped into the water from
a helicopte> or an alrship). In the intended application, the acoustically pre-formed beams
simplify the electronics and are well suited to optimiim signal processing, while structually
the lens can be made lightweight and hasn: eritical dimensions or tolerances. A Low
Frequency Active Somar System, designated LOMASS-1I], has heen designed around the
acoustic lens.* -

THEORY AND OPERATION OF THE LENS

The following s 2 brie{ description of the theory and operation of the lens. For &
complete explanation one should examine the reports on this subject (2.3) written by
W.J. Toulis of the Navy Electronjcs Laboratory, who has perfected the above mentioned
praciical model.

A group of hydrophones {s arrangid in a circle about a sphere of special core material
(see {rontispiece). The output {rom each hydrophone is 2 beam assoclated with that hydro-
phone. Lens operation depends on the core material having an index of refraction u (hence
snound velonity) which varies with radius r ag

alr) Va- (r7a)*

where a {8 Yi.e ridius of the lens, Thls is t.he l.uneberg eGuvation for locuslng to a point.

As shown in Fig. 1. a sound ray entering the lens nar:llel to the axis is bent toward the
axis by the action of the core and em» 1zes frm e oposite side at the axis. A bundle of
sound rays having the diameter of the lens will ¢~ focused to 3 point on the opposite face

of the lens. By placing 3 hydroptl.one at this point a gain ts achieved, and {or the main

lobe 2 beam pattern is formed similar to that +f a circular piston having the same diameter
as the lens.

.A final NRL Report {Confidential) on 1LOMASS systems 18 to be published
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, ! The itndex of refraction i varied by making the com-
te @ 4 0 e vy pressihibity of the hquid a functien of radius, Toulis's
' sy beonc method of doing this i to form a spherically shaped array
: of retatively thin walled tubing that has tween deformed to 8
Y 4 flat ellipitical section leav ne a small atr gap inside the
@ ta tubie and the tube ends have been sealed, This flattened
4 tubing. called compliant tubing. has & compressibility of
' L constant value at low frequencies, a compressibility that
-

ts independent of depth at sea as long as the elastic Limit
, of the material is not exceeded, and a resonance deter.nined
AP by 1its dimensions and mechanical properties,

Ces eome The relation between tube spacing and compressibility
is determined by making a planar array of tubes somewhat
like 2 venetian blind and subjecting 1t o the action of plane

- o sound waves, Tube orientation to the sound beam is not

s I . significant. It is found, for example, that 4 curtain of a

L‘. . given size and type of tubes with a center-to center spacing

. of 3/4 in. has aresonant{iequency{very large index of

e refraction) of about 12 ke, and below this frequency the

' . tndex falls rapidly such that from 6 ke tu 2 ke the index {8

AR almost constant, being 2.0 at 6 ke and 1.0 at 2 ke, A spacing
arway srrsscon of 1.3/4 Un. glves an index of about 1.2 at 2 ke, and spaclngs
between 3/4 in, and 1-3/4 in, give indexes between 1.2 and

Fig. )} - Ray diagram of the ) 0 a1 2 ke. Because the index dues not change rapidly with

lens operationand tneundex- g 0,0ncy, operation with compliant tubes is possible over

;Jc‘;::d““mn profile of the a range of frequencies.

N

DEVELOPMENT OF THE NRL LENT

Since simple and lLightweight structures are of puramount importance in directional
airburme sonar systems, the lens lends ftself readily to this application. fts abifity to
focus sound simultaneousty from all directions without rotation s desiirable from an oper-
ational standpoint; the ease and simplicity of beam formation compared to conventional
methals i3 desirable from a sonar system point of view.

The Naval Research Laboratory has constructed and experimented with a lens to be
used with an experimental helicopter-burne or airship-borne sonar system operating
near 2 kc. An assessory projector is needed to complete the transducer system, since
the lens cannot be used for transmitting, except for low intenstties, without runningy into
cavitation limitations at the individual hydraphones. In the helicopter application a lue
projector which will transmit omnidirectionally would te suspended below the lens, while
on reception the hydrophone cutputs would be scanied siequentially, Little or no loss is
incurred on reception if the autputs are rectified and integrated before being scanned at
2 rate dependent on recelvey bhandwidth and the integration time constant,

CONSTRUCTION
The NRL made] uses 3/8-1n. aluminum tubing of two wall thicknd sses, 0.022'and
0.028 1n., to be formed into compliant tubes. When flattened the tubes are 5/8 in, wide

with am atr gap of abut 0,025 in. An air gap wider or narvower {even 2 limited pumbes
o calapied poigts) over small sections is allowed. LCompliant rings are used instead of

CONFIDENTIAL
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rody except at the center, where atrajght tubes are wied becaase of the difficulty of
making small rings. To ubtain the destred index-of - refractras tanction the lens is bullt
with a number of concentric stells, Each shell comsisty of comxliant rings separated by
a distance that gives the shell the required index at the shell radms actording to the
Lunclierg equation (Table 1 and Fig. 2).

Conseguently, this ty pe of rasiruction causes Tadle )
the index of refraction to vary ia Hinite steps ratvey Toag Spacing for Each Shell
than continuously ax regquired by the Lunetwerg equa-
tion. A Atep-by-step comprumise 18 allowed, how - I Radiat ’ Tube wall
ever, i the shell-to-shell ur step distances are soall { Dutince Spacing | Thi :ncs
compared with a wavelength and, arntrarily, a atep i o Sheil ‘ p‘: tl &
distance of /10 or 3 in, a1 2 ke 1s chusen (o give a o fm) o (tn.) (in.)
rufficient puminr of refractive {nde X Increnm.ents to be
Approximate a conyinuoys variation. To attawn a large ‘ 1.9 1.98 0.022
lens diameter many steps are needed, and in the case 3.96 1.98 0.022
describedaere 13 ateps are usedfor 2 60-1n.-diameter 598 2.02 0.022
lens, .00 21.05 0.022

100 2.10 0.022

Since the ray intensity falls off rapidly for rays ! 1.3 2.18 0.022
near 90 degrees from the axis, the lens .5 cut dowm T I4 .25 0.022
or truncated at the top and bottom to jower the ver- !ies .37 0.022
tical height 10 50 1n. Even with thas reduction 1n size i 109 2.54 0.022
sume 1400 feet of aluminum tubing is used. 121 il 0.022

bR} 2.04 0.028

Figure 3 ghows the leas partially constructed ! 158 2.48 0.028

with the stratght center tubes mounted irside a free- s 3.00 0.028

flooding cylindrical tube of Fitwrglas, The compliat

rings are supported by six Fiberglas ribs cemented

1o the center Fiberglas tube, Eachk rib is made up of

C-shaped scgmenis, corresnading 10 the shell-to- .
shell separation, and the edtes J each segment are amtchied © position the compliant tabe
rings. As cach segment 18 cemented In position eack uf W rings 1s also glued to the seg-
ment 1o prevent the ring {from mechanically vibrating aga:nst e rib. Figure 4 and the
frontisptece show the completed lems with two Fiberglay bands for mounting the hydrophones.
The lens 18 suspended by means of 3 circular plate altached t the cernter portion of the top
member. Without hydrophones the lens weight 1s around 149 pounds, and with hydrophones
the expected weight will be about 250 pounds.
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Fig. ¥ - Lene partially construc ted
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Fig. 4 - View of compicted
lens showing the circular
support plate
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RESULTS

Figures 3 thr agh 8 are the lons beam pattern resclts over Be msable frequency
range for a simple omnidirectional hydrophane, Comment a3%wat Bie high back response
will be made later. Comiparison of these patierns with the patiers obtained [rom a circular
piston would show the main beam similarity. Figure 9 ashows lems gaia and illustrates the
broad frequency capabilities of the lens. In gencral. 1t can be saad tat this len: could be
used for frequencies below 4 ko, But below about 1.8 ke the dirextivity 1s too low 10 be
considered useful. Abuve 4.0 k¢ the lens gain dropas sharply e »ase the compliant tube
spacing becomes large with respect 1o the 2 710 criteria mentymed eartlier. From these
two limitations, then, the conclusion 15 mad» that the usable portron s from 1.8 ke 20 4.9 ke.

r o — - —

\
’ ]
/
COm T Ty St v
- ~\len ’
b e el
Fig. % - Lens beam patte~n at 1.86 ke Fig. 6 - Leas beam pattern ot 2.3 k¢
with omnidirectional hydrophone
f -
1
Fig. 7 - Lens beam pattern at 3.0 ke Fig. 8 - Lenn beam pattern at 4.0 k¢
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Fig- ¥ - Lens front and Lack reaponse to show

the lens gain

Ccemparisons of Figs 10 and 11 with Fig. 6 will show the degener ation that will occur
if the Lunebery variation in the index of refraction is altered by objrcts which upset the
controlied comyressibility. Ficuses 10 and 11 are patteras which result ahen fish are
aresent 1o between the compliant tubes. A fine mesh net, which did not trap air and thus
change the compressibility. spread over the lens would prevent this fyom happening in

field use.

e

PR —)

Fig. 10 - Leva beamr. pat-
terr at 2.} ¥ wmrern there
were fieh in 1he lere

Fig- 11 - lens bean, pat-
tern at 2 ) ky when treve
- were fish in the lers
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Mention was made of the high back responce, The ratio of frunt senpunne 10 back
Fesponse for the lens, which iy what ix important, should e of the order of 18 db, whereas
the gesults Rive only 11 ar 12 db. Same experiments were performed W deter mine the
reaton for the loss, An interesting comparison can be made with Fig 12 and the lower
trace of Fig. ¥ Both are plots of receving respunse versus frequency, but the hydrophone
of Fig. 1215 mounted midway taetween two of the Fiberglas rits . while the hydroghone of
Fig 18 mounted at the vdyee of ane of the 1Ly, Nothing unusual s noticed with the edge-
mounted result, Lot there 1s a noticeable pattern 1o the mid-mounted result of Fig. 12, This
curve stows 2 cyclic vanation in response that can b generalized as a periodsc phase
addition and cancellation effoct due to refiections within the lens. Periodic cancellations
veeur 4t 2,2 ke, 2.7 ke, 3.3 xe, 3.8 ke, and 4.6 kc,

Thene results andicate that the rib strue-
ture acts as a corner reflector, Previous to
lens construction, some tests were perfor med
to determire the acoustic qualities of Fiber-
klas, No detrimental eftects were noticed.

I

|

1]

i

So the reflections must be blamed on the too t ‘ / L :
Literal use of epaxy cement ysed to fasten : I

the lens meminer tigether. The deleterious $ "\ t J
clfects of epoxy, due to trapped air pockets, \ ' \}

are fast becomiing kacwn tp transdocer per- o | A WA

sonnel, Bowever. this was not kaowa at the l .

tume of lens construction. Because of the : ~ -
methad of construction, it would 1 equire total o

disassembly and complete recunstruction to " .
remove the epory from the lens, and In the

prucess some of the compliant rings would

surely be damdged beyond repair.

e e e ——— -

Fig. 12 . Bace reaponee with frequency
when hydrophone ‘s mounted midway
Letween nitie

Some tmprovement in the {ront-to-back
rativ can be ot Jained by using directional
hydrophunes. Methds of doing this plus thelr
results witn, the lens are shown in Figs. 13
through 16, Tu get the result of Fig. 13 a
30 x 30 in comipliant wWhing batfle or refles-
tor s plazed a quarter wavelength away from .
the hydrophone an order to anerease the wanted response looking toward the lens as well as
to docrease the unwanted response (back response of the hydrophione ) looking away from
the lens. This micthad Bas the nerous fault of trterfering with the hydrophones mounted oa
the other side of the lens, since it not only prevents sound rays from entering the lens but
also disrupts normal lens focusing action.

The remaining three directional hydrophone results (Figs. 142, 152, and 162) are obtained
for arrays of omadirectional hydrophones whose outputs are added in combmmations, some-
tumes after a syttable phase shift, A drawing next to each resuitant lens beamw pattern
nlustrates the eaperimenta! configuration uted along with a schematic representation of
the phase shift performed and the manner of signal additional. Fullowing each lens pattern
15 the pattern of the parucular array used, 10 show the direction of the array by itself
(Figs. 14b, 15b, and 16L).

The arrays used are by no means ¢ .mplete ur the ! :et choices available but merely
serve to 1llustrate that the lens pattern can be improved by using nimpie directional
hydrophones. However, a word of cavtion is in order W regard to sone of the directional

CONFIDENTIAL
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¥Fig. 1Y - Lens bram pattern
with ommdirectional hvdro-
phoae and 30 x 30 1a. batfle

—— L e LI T

(a) With lens’ (b)) Without lens

Fig. 14 - Deam pattern with a A /4 decdiet hydruphone array at 2.3 ke

arrays tried. In most cases they increase the uverail diameter of the finished lens. The

end-fize-array methad requires four hydrophoses per beam, which would r=suit «n a very
large aumber of hydrophones for a lens having a sizable number of beams, and the result-
ing size and complexity may be too distracting.

A}, of the foregoing discussion has in miad beam formation for the normal sonar
-operation of detection. For information withis the beam it is necessary to be able to
wolawn phase tnfarmatian This phase informatraa for high bearing resoiution within e
beam can be oblained from the lens by comoariag the phase of two adjzcent hydrophones.,
The positich of the target 1s determined by this phase tnformation. Figure 17 is a plot of
exp-rimental results showing phase difference wath respect to mechanical rotation for
three condiions of hydrophone separation. Os fhas same {igure is ains showa the theorctical

CONFIDENTIAL
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phase difference, under the 12-1n.-separation condition, for the two hydrophones without
the lens. The lens phase difference appears to be quite nonlinear, but in the usable portion

(twtueen the 3-db.-down points) the error s small. Perhaps this could be corrected by
mudifications in the display.
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{a) With lena {(b) Without lens

Fig. 1% - Lens be s pattern wath 4-hydrophone end-fire arsay at 2.3 ke
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(a) With lens {b) ¥Without lens

Fig. 16 - Lens beam patterr with 4.hydrophone array at 2.3 ke
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PHARE WFPERINCE 10861

12° SeramaTOn
2%,
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Fig. 17 - Phase relationship between two
adracent elements ar 2.3 ke

CONCLUSIONS

As a simple and Lightweight structute having the ability to focus sound simulizpeously
from all directions without mechanical rotation, the compliant-tube Luncberg lens shows
Kreat promise as a receiving transducer for a directional sonar system. Its ease and sim-
plicity of beam formativa. when compared to conventional methods, 1s impressive, Due to
the nature of compliant tubes, lens operation is permitted over a range of {requencies,

FURTHER PROGRAM

To countinue further tests with the lens it is necessar:' to construct a new one in such
2 manner that the troublesome reflections caused by the epoxy cement can be eliminated,
It is considered too umpractical to repair the present lens. One suggested method for
improvement 1 to replace the Fiberglas wiih aluminum so that the ribs and compliant
tubes can be fastened together, by welding or soldering, in such a3 fashion that the acoustic
properties of the compliant tubes are preserved and at the same time the tubes are held
in position with o interference from trapped air pockets in the structure.

CONFIDENTIAL
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Much work could be done to determine hetter directional hydrophone arrays to improve
lens pertormance, Additiomal experiments should e performed to obtain improved bearing
resolution beyond what has been outlined here, One item that has been barely touched upon
i8 the handling capabilities of the lens, Little has teen done toward determining the abtlity
of the lens 1o withstand the sudden shock of being dropped into the water and dragged about
or other types of rough handling that are typical of operating conditions, Such tests should
await 2 mare complete Cotermination of acoustic performance, Improved lens performance
can be obtained only through such develupment programs.

A prugram should Le inltiated to tnclude the items mentioned above, {f for no other

reason than completeness, to finish a developr :nt that is only partially complete and one
that shows much promise fur tmproved sonar performance.,
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