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ABSTRACT\ mrbssifted]

A britf de-s.r.,nam of the theory ad operation of
a Lurwberg len as msde based on pre,,v~s work of
W.J. Toulits ofU* vA Electronics Laboratory.
C(%)struction feares. are described wUIcb all.w the
fabrication of a Wi.s tr underwater -coustuc use at
low frequencu-s. T1I lens Is a lightwetqtt spherical
array of fla11•,twd t.i-low tubing, properly spaced to
control the com is.,t:.lity (hence. utlex ci retrac-
tion)a throughnul m* Lens. A model S feet it diameter
to be girdled by a rmg rA omnidrectiontal hydroph*oors
has been construt•- at NRL for use with a proposed
airborne sonar s-*ýtm. A number of beam patterns
;..e shown. The ,%-•tvity can be increased by using
directional hydrcuM-Aws. The tests reseal Mat reflec-
ticns from tht. evpL* CLue ubed in construct:oc lowered
the lens perforiuaz,.. There is a t'eed for additional
work with the LAmntwrl lens cnmcep•

is P GLE1 STATUS

" This a afinal aeport on one phase oa the problem.

AUTHORIZATIONR

r" ProecUN.et 443-002, and NR 443-000,
N :.•Task NR 443-008

BuAcr Irublem No. EL-602

¶ Manuscript subr ni t May 6. 1958
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AN ACOUSTIC LUNEBERG LENS VOR
LGW-FREQUENCY SONAR USE

[Unclassified Tm.e

1: rRODUCTIOK

Previous attempts have been made to focus sound wave• with spherical lenses for sonar
use, but they were restricted to small size and, consequently, high frequencies ('> 20 kc).
Usually they were thin-walled spheres filled with a fluid (v.g., CC14 ) having a sound velocity
lower than that 4A water. This uniform index of refraction causes an inherent broad focal
region because. A spherical aberration. Temperature changeb usually will detCri rate
performance.

Luneberg ýI) has showti by ray theory that point focusing can be obtained with a spher-
ical lens having an tidex rf refraction that varies with radius in a special manner. The
theot y of the Lunberg lens Is relativly old, but the work to perfect one has only recently
reached a staie where a practical model has been developed that could be used in the field
of underwater acoustics. Such a lens has many attractive features for low-frequency sonar
use in that it provides relatively narrow pre-formed beams in a manner much simpler than
with conventional methods. The work reported tin here is the result of an investigation of
acoustic lenses for airborne sonar (lens and hydr,3phones to be dropped into the water from
a helicopte: or an airship). In tOe intended app'lcation, the acoustically pre-formed beams
simplify the electronics and are welt suited to opunmim signal processing, while struCtually
the lens can be made lightweight and hash In;-ttical dimensions or tolerancet. A Low
Frequency Active Somar System, designated LOMASS-Ill, has been designed around the
acoustic lens.*

THEORY AND OPERATION OF TfIE LZIM

The following is a brief description of the theory atd operation of the ltns. For It
complete explanation we should examine the reports on this subject (2.3) written by
W.J. Toulls od the Navy Electronics Laborztory, who has perfected the above mentioned
praclical model.

A group of hydrophones I%; arra.-td in a circle about a sphere of special core material
(see frontispiece). The output from each hydrophone is a beam associated with that hydro-
phone. Lens operation depends on the rore material having an index of refraction u (hence
sound velocity) which varies with radius r as

(r) 41 (/a)"

where a is .le r;•dlus -A the lens. This is the Luneberg equation for focusing to a point.
As shown in Fig. i. a sound ray entering the len, narallel to the axis Is bent toward the
axis by the action of the core and etm.rges f )m U;e opo'osite .sidi- at the axis. A bundle of
sound rays having the diameter of the lens will i.. focused to a point on the opposite face
of the lens. By placing a hydropt.one at this point a gain is achieved, and for the main
lobe a beam pattern is formed similar to that f a circular piston having the same diameter
as the lens.

A final N•RL Repurl lConfideniaali oan 1.OMASS systemns is lo be, published
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The Index of refraction i-, variedl ty "baking the corn-
..9q 0 4 4 1 * p.'ss.liiliy 44 It.. liquid a l.fllio-n tot radius. Toulls's

methiod of doing thisý IN tit torm a sp~o'ticAlly shape'd array
tit rel~tively thin walled tubing that has liven delf'rmed to a

A 40fiat ellipitical section leav n.. a sm.all air g;ip Inside! the
4 ~tube- And the tube- ends havu ime.n stialed, This flattened

1,01 iuiing. calldcot(mplhtianlt tutaini. his a comflpre'ssibility o(

4 L constant value at low Irequencir~s. a comp~jressib~ility that
, is indepenident of depth at sea a-, long As the elastic limitI ~ of the' material Is not exceeaded and a ritsonance deter.nined

* ~by its dimensions aind mechanical propwtes-t-.

-~ '-'r& -~-The relation betwe-en tube ,,pacing and compresaibility
is determined I)y making a planar array of tubies %omcwha!
like~ a venetian blind and :subjecting it ito the action (A plane

0 seund waves. Tube' orientation it) the sound beani Is not
---------- I -- significant. It is found, for example. that a curtain (A a

* given size and type of tubes. with a cente-r-to center tipacing
of 3/4 in.as reoat-f& qiency Ivery large index of

refacton)of bou 12kcandbel~wthis frequency U
index fails rapidly such that from 6 kc tu 2 kc the index is

,' almo!;t constant, being 2.0 at 6 ke and 1.0 at 2 kc. A %pit. ng
-' ~* - v* 'of 1-3/4 In. gives an index of aboust 1.2 at 2 kcc. And spacings

between 3/4 in. and 1-3/4 in, give indexes between 1.2 and
- iop. I - Ray diaararn al the' 1.0 at 2 kc. Because the index does not change rapidly with

ien aoperation And tre I Fde'e- frequency, operation with compliant tubes is possible ouver
of-vqftaAcon Profile' .4 the'

]trvisa range of frequeciaces.

DEVELOPM-ENT OF THE NRL L E WE

Since simple and lightweight structures are of piramount importance in directional
airboirm soniar sysems, the lens tends itself readily to this application. Its ability to
locus so~und simultarA-ously from all directions without rotaioii is desirable from an oper-
ationral standpoint; the ease and simplicity of beam formiation comipared to conventional
mnethods is desirable from a sonar system point (A view.

TIhe Naval Research Laboratory has constructted And experimente'd with a lenn to be
used bith an experimental helicopter-borine or airship-borne sonar systemn operating
n-ar 2 kc. An assessory projector is needed to coimplete the transducer system, since
ttw lens, cannot be used for transmitting. exce'ept fur low intensities, without runnln.: Into
cavit.ation limitatilon at the individual hydrfiphoner.. In the helicopter 2ppli.Aation a llias'
pr~rojeclor whicu. will transmit omnnidirectionally would be suspended Loelow the lens., while
mjp reception the hydrophone outpuits would be scanned :.ecquenti-aliy. Little or no loss is

incurred on reception if the outputs are rectified and integrAted beore being scanned ait
a irate dependent on receiver tbandwidth and the integration time constant.

CONS5TRUCTOK01

The ?4RL model uses 3/8-in, aluminum tubing Of two wall thickni ssepe, 0.022'and
0.024 w.. tot be formod into compliant tubes. When flattened the tubes. are 5/8i in. wide
with an air gap o(A akwjut 0.025 in. An air gap wider -)r nAritower tevin a limited Punumer
(A cofr(A.;ed poirits) over small tiections is allowed. ComphiAnt rings are used Ins-tead of

CONFIDENTIAL
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rud4 except at the renter, %'h.rc htraigimI tubep ar*e waed Wbroas rA Vt~e diff icutlty of
niakIng sniall rings%. Too obtain Ohe de%sred Index- cI- rarstwm. zictaiwt the lens is built
with a nunitter oif comen~triou shell%. Each shell commsits of orAMattant rins separiated by
a diSQ'Ancr Mo.t give-, the shell the requIrod Indest at the shell radmas according to tle
L~unclserg equation (T'Able I and rig. 2).

Conistquontly.V this IV ypo 4 ruitetruciaon caus" Table I
the index ofd reirndason to v.ary In finite step'% rallwit ftft Spacing for Each Shell
thAn co~ntinuo~usly as req-ulred by Ilse Lunettwrg t"&a
tion. A ctpts'sl i .niprornisir is allowed, how - R.Adial Tb 'l

4-eif the btlltohhl 01 ,p ditne ar sc STubie Wallne
co-Ismisred with a %La~rl4ngth and, arbitrarily, a Atep 't S?-el SaigThcns

(listAnt4r of A /10osr 3 in. at 2 m is ehusen to glvv a 11M (in..)
sufficient nurnticr oif retIrACtIVinde mE:ncremoetu to
apIproxiniate a co'ntinuous variation. To attain a Lan~ 1.9 1.V8 0.022
lenis dianieter many steps artL neerded, and in the cAse, 3-96 1.98 0.022
diescrAwxd~ere 13 i-teps are uasedfur a 6O-in.-diameter f5.98s 2.02 0.022
lens. I100 2.05 0.022

10.0 2.10 0.022
Since the ray intensity falsallno rapidly for- rays j 2.1 2.16 0.022

near 90 degreept from t he axis, the lens Is cut do" 14.3 2.2i 0.022
oSr truncated at the t-p and btattom to lower tie Ttr- i.$1. 2.37 0.022
Ural heighst to 50 in. Even with this reduction Iii siret 16.s 2. 1*4 0.022
sonie 1400 feet tif Aluminumn tubing to used. *21.4 ýL- 0.022

23.68 2.04 0.,028
F~gure 3:itahowto the lvins pa rtitalIIy constrvcsed 21I.8 2.40 0.028

with the straight center' tubes nwmojdcd Irside a free- Z21.6 3.00 10.028
flouMikrig tu...V-4 Fioereflas. The cotnpLaat
rings are szupported by m I x Fibeajgla rib-- come-tted
to the center Fiberglas tube. Lack rib is nade upa %A
C-shaped aegnien'ts. correov-wdinkg to the shell--tA-
shell separation, andi th. ed te 41 each segment atre emArtheo tj poeition the compliant tuabe
rings. As each segment is ceawated in position each of ctl' r-.aj. is also glued to the seg-
merit to prevent the ring from nsechartically viba-mtarg XA=a01 Me rib. Figure 4 and the
frontispiece show the completed kI with two faborrClAa. ban,& for mountjng the hydrophones.
The lens Is suspended by means of a circular plate attartted tý- the renter portion of the top
member. Withou*. hydrophones tOw lens weight is aavzind 14%) pounds, and with hydrophones
the expected weight will be about 250 pounds.

Ftit. ~~~ ~* *. .t<-ecin iwa

*0- 4. ot 9 L
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RESULTS

Figures 5 Ihr ju 6 are the ktnit bearn pollero resuth o,'er C% vsiable freque"w
range for a Fimple omrnidireetional hydropihcrn. Comment &IAnt .e cm hgh back respocwts
will be mnade later. Cumparition (A these rutt~cfn with the paiiem *tAirked from a circ~uliir
piston would show tht main beamn zinilArity. Figure 9 shows. 14inm gairn anid Iltustrates thbt
broaid frequency cap~tillitie (A the lens. Iln general. it can be s~as m~At this len.' could I!V-
us4ed for frequencies. telc.w 4 kc. But bricow about 1.8 kc the dirwicfl'ity L% too low to be
conflsldf'r(4 ujefuI. Above 4.0 kc the len% gain drope. bitarply to'amsr the compliant tube
sp~cing twrornez large with r455W'fct t,, t'e )/10 criteria mrnin.WA4 earlier. From theseC
twoj llinitoAiuns. then, the concllusion is niadA' tha! the usable pwlt.jm Ls froam 1.8 kc to 4.3 1kc.

I -K

_il _ _ Ken bempttrn* 10lc i.IILvi wmpivi t40
CONMENTIAL tI~US~CF gQ _ _
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Fig- " - Liii. fr•. tn ba"d tAC lCaPUrIS to GhW
the lens puin

Ccniarir.cpv5 (A Fig' 1(' and 11 with FAK. 6 will show the degeneration that will occur

if tim Luneberg vartato, in V'ie inchX of rt-(ractaiop v% altertd by o•te'ts whtch ulps•et the

contrliled compressibiliat. Figures 10 and 11 art. patterns, which re..ult shen fish are

;present in between the cormpliant tube.'. A fiks. msth nel. which did not trap air and thus

change the compressibility. tprezaa over the lens would orevent this froa happening In

field use.

I V.

Flta . 10 -. .t b•d.r. 1-t- .I I - L.- k . ;.t-

ivrrE At 2.3 ui( = ý.vi ýnAt 2 1 kq -!ýrr tnvr-
weer. fiol in ttw :•.-. 4 %rvi fish it, the Irei

CONFIDENTIAL
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Utentlemn wa% miade j-1 thr high beack rcP-pvnsc. The' ratio oof front Ic4~eto Ue,-ki
rtespionse' lvor the' l-n', vbhie h Is wteot It, inileiKrnta. htehepld leqe (A the oatdur (A 16 db, whiberA~
tar results give' oprily Iie I o~ 1 die. S'enir vitivrlnee'nts we're peueertnae-d tea drt-ervtiar the
rce'-en for the los~s. An interesting ( ecilrepris'n can IK- imode ' Akth Flgit and Vie " lower
trace 44 rig. U. Both 4r~r I' IfI roe'cavin. resleeense' %,rsu% fre'quency. but the hydrojahone

efFig. 12 Is% moeunted nad~oAy teetIwean two tit the' File-rglAh rite'.. wthile the hydrv~ahone (A

Fi %meunte'dAt theedc tdg ti lne' ofit1.;- ribs . Noething unusual 1% neetaurd with the edge-

cu,.e'- sI'eew% a rcy Ill toAriation iIn re'sponsr tWAt cin kw- ge'ntraltse-d as a ie-ritidsoc phas.e
.elditaeon end cancellitieoe elf# ct duce too ref le ticenN within the Icrai. 1"eriodic caare'llatikns
rt-cur At 2,.2 kc. 2.1 kc. 3.3 Kc. 3.2 kc. and 4.6 kc.

The sir rit-ult' indicate that the' rib %truec -

Itire Arts as a coirnot-r rotflectcor. Previoums to
Ite'll C'era'.ructi-,n. some- tests were lverfdea med
tee de'tcrair'e' the act-u'tic q.Alttie's eat Fiber-
gles,. NIP de-trimecntaol effects we're nittictel.d
Sol the. rtefl- let ie et mu~at be lila ed onr thelC tO
I awi aAI use' cof e-Iio) It emenet use4d toe Listenf
thee-1l-n% moneteer ieege'the'r The' de'leterious
rffect,. eef ceecAy. die' tee treiploed Air petwiltts. K\ If I
Are last tNveelnitniz knf %n ije trAn.%djcer per- ,-Je
seanhel. Heawver . t.i% wa.. noet kreeew-I at the e

timer(i telln% ceenstructionr. itecaust' of the
nelethd (of ((enstrutlii'eICit vuiould I e'quire total '

di'ea'senietely and ceenaplotie' ret onstructktoee to
renicevc the t'pii'ý fromn the' Ivns, and In the-
proce'ss stome' of thee compliant rings would
asuritly be dAniAKed beY'xAd repair.

Soeare Imroviaementel in ther front-to-back Il'ei t 1. P'aco t !C*jflle e.i -11 freqienty
,iihen tuydru;eteerer a ne oue et d meid-cy

ratio can be ut A i neel icy using directional ibertvre rt
hydropheeeecs. Mertfihds (it doing this plus t~heir
result.% wite, the lens are shoewn In Figs. 13
throeugh 16. Tea get the, r ot %uIt (if Flit. 13 a

* 30 x 30 In ronijetiant tutbing baffle 'Jr ref lec-
toar 1spi% e a quarter WAVCle'n~'h away from
thet hydrophieeee in eerde'r II tee-crvase' the- wanted rIiefspos lexkctnig vow~ard the lenrs as well as
tee de'crease the unwante-d resla'ense (1ia~ck rq--Iceense' of the- hydropaiewino- ltoollng away from

* thee lens. This nee'rfeeee ha% the ixeriou'. Iault of ir~te'rfe'ring with the, hydropeinaeaae mouented an
thee other side oif ther len:. sincee it noet only perev~ent!, seeunej ray% from e-nrotri-rAg the leens but
Also disrujits' normal le-ns ftocusing action.

The renmaining three directleerel hydreeiheene' results (Figs. l4j. ISA.And 162) are Ot~tained
fear arrayi oft oreanider-ctian.Al hydroeelahnes wheaso (outputs are added in combirations. somne-
tenw~s alter a SejIta.rble h,e'- shaft. A drawing next Ie- each re.%ulUntilens bteAn pattern
nIlustrates the' expe'rinientil ceenflizurAttan u'.ed along waith a schemaitic representation of
the' ihant shill pwferlinred aind the eacenner of signal aelditacenAl. Foelloewing ejorh lorril pattern
Is the, pattern eaf the particular Array used, to %how the direction ofl the array by itself
(Figs. l4b. 15b. and l6b).

The' arrays u.-ed art by fle neAcas C ~Mplle' oar tie. I '.-t rtholres AVA0AIal- tbut merely

lierve- to illustrate that the lensN pi)ttt-rn can be, Imaprove'd by using --.ampie darectitoiewe
hydropeitnes. Hieaeve-r. A word of c.aution Is in oarder ti, regard 1% 5oc~e of the directional

CONFIDENTIAL
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Fig. I - LensI btm patte m
4 "%f ix owmmdirctscial hviro-

pk p~mand10a 10is. battle

I /

',-n

' 1I

(a) With Was* (b) Withost tens

Fig. 14 - Deamn pattern wtth a k14 4 brdr.phone array at Z.3 kc

arrays tried. tn most cases they increase the mrerail diameter of the finLnhed lens. The
erd-fire-array method requires four hyde h= per beam. which would rsult tn n very
IartM umt,•er of hydrophones for a lens havuig a sizable number of beams, and die rsult-
utC size and complexity may be too dlstracuar.

Al of the foregoing discusslon has In mind bram formation for the mormal sonar
-o~wratioa tit de•ection. For information withL! 11 beam It Is necessary to be able to
4Akuw phlase irefirmation This phase tnformatlka for high bearing re-solution withba UAe
beam can be obtained from the lens by comoarac th phase of two ad)acent hydrophones.
Te peititn of the Urget ts determiriwd by this phase iormation. Figure 17 is a plot 01
exz.rimental results shwing phase differevwe with lrs"ect to mechanical rotation for
three c€ondittocs of hydrophn•e separat|l.c Om same figure is alsn shown the theor.ttcal

CONFIDENTIAL
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pha'~e difference, under the 12-In...t..parati43n cotidition, for the two hydroilhoncu without
trIn.Ttw lens iphase diffeer~i'ce appjxars Ifo be quite nonlinear. but in the uhabte purtiom

(I-tten the 3-db..Ietwn potnui) the error is small. Perhapti thlis cuold be correcte by
vnudIthrAtkcML% in the~ display.

so*

(A) With lens (b) Without lens

Fig. 16 -..-ra b. .ut patterr %it 4-hydruphone n-ae array at 23 ki

C~hSVI)ENTIA
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-t________
Fig. 17 Phaste relationship between two

d.c.acent elements at Z.3 kc

CONCLUSIOMS

As a simple and lhhtweight Sttructute having the ability to focus sound simullzneously
from al directs•tr, withlt mechanical rotation, the compliant-tube Luneberg lens shown

gre3t promise as a receiting transducer for a directi(mal sonar system. Its ea." and aim-
plicity of beam formatirn. when compare-d to conventional methds. is impressive. Due to
the nature of compliant tubes, lenrs operation is permitted over a range of frequencies.

FURTHER PROGRAM

To continue further tests with the lerns it is necessar." to construct a new one in such
a manner that the troublesome reflections caused by the epoxy cement can be eliminated.
it ts co)nidered too ti.practical to repair the present lens. One suggested method for
improvement is to replace the Fiberglas wlih aluminum so that the rite; and compliant
tubes can be fastened togethe-. by welding or soldering, in such a fas.hiot that the acoustic
properties of the compliant tubes are preserved and at the same time the tubes are held
in position with no interference from trapped air pockets in the structure.

CONFIDENTIAL
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MIoch work could 1w done to determine twtter dlrectio•r.al hydrophone arrays to Improv
lens lierlformance., Additinal exp -rimentLs should tie l.rformed to ottain improved bearing
resolution tw.yond what has be.e.n outlined her.. One item that has tb.,.n barely touched upon
is the handling capat,ilities of the lehn,. Little tiha, ia(n dfm, toward determinlng the ahility
of the lens Io withstand the sudden shock of beitng droppe.d into the water -nd dragged about
or other types of rouKh handling that are typical of opwrating conditions. Such tests should
await a miore complete tCotrmination of acoustic f•'rformance. Improved lens performance
can bte obtained only through such development programs.

A program should Le initiated to include the items mentioned abx)ve, if for no other
rea.ion than c(imple:.eness., to finish a developr ?nt that Ls only partially complete and one
that shows much promise for improved sonar performance.
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SE OR SELL ANY PATENTED INVENTION THAT MAY IN ANY WAY BE RELATED THERETO.
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UNITED STATES GOVERNMENT

memorandum
7103/115

DATE: 24 October 1996

FROM: Burton G. Hurdle (Code 7103)

SU•n•Cr: REVIEW OF REF. (a) FOR DECLASSIFICATION

TO: Code 1221.1

VIA: Code 7100

REF: (a) NRL Confidential Report #5154 by J.J. Yagelowich, July 16, 1958 (U)

1. Reference (a) describes the construction and testing of a 5-foot diameter
Luneberg lens, a lightweight receiving transducer for low frequency acoustic
reception.

2. This technology is an old and currently well-known technique. The transducer
discussed is no longer in existence.

3. Based on the above, it is recommended that reference (a) be declassified with no
restrictions.

BURTON G. HURDLE
Acoustics Division

CONCUR:

EDWARD R. FRANCHI Date
Superintendent
Acoustics Division

OPTIONAL FORM NO. 19
(REV). 1-60)
GSA FPMR(41 CFR) 101-11.6
5010-114


