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‘The Twentieth Anniversary Meeting

YResearch is the effort of the minel to comprehend velanonships which no one has previously
kntown, and in jts finest exemplifications it is practical as well as theeretical; trending nlways toward
worthwhile relatiomships, demanding common sense as well as uncomnen ability, —flarald De

Forest Arnold,

Inscription in the foyer of Arnold Awditoriem

at Bell Telephona Laboratories, Murray Iill, New Jersey,

*Phe Auniversary meeting fulfilled all expeetations in heing
successfu] and interesting, There was n record-breaking at-
tenclance, which furnished opportunitics for renewal of friend-
ships among members, with many discussions of problems
among various groups,”” Thus wrote Editor Watson in our
July 1939 issue in describing the Tenth Anniversary meeting
held in the Hotel Penusylvania in New York, bue the states
ment s equally applicable to che Twenticth Anniversary
meeting held in the Hotel Statler in New York, Just as this
is the sape hotel under a different name, the Aconstical
Society I8 the same virile organization under the leadership of
different officern, except Wallace Waterfall, who has served
with distinction as Secretary for the full twenty.year period,
‘The reglstratlon for our Twenticth Anniversiry meeting
totaled 417 aa compared with 200 at the Tenth Anniversary
meeting. Our membership now totals abont 1400 as compared
with 700 ten yuears nga.

‘The theme of the meeting was Aconstics and Man, the
papers being elassified according o Nunetion in the following
calegoriea: Acoustiea fn Communication; Acoustics i the
Arts; Aconstics in Comfort and Safety; and Acoystics in Re-
search, Invited papers on these subjects were presented in
addition to the contributed papers,

A (ounders' luncheon was atiended by a considerable frac-
tion of those far-sceing members who twenty yeirs ago as-
sembled on the roof of the Bell Telephane Laboratories at
463 West Street for o photograpl alter having completed the
plana for the grganization of the Acowsceal Society of Ameriea,
This group was photographed again at the recent luncheon,
20 yours older, 20 db wiser (see the [nllowing two pages).
These founders could be identified at the recent meetiag by
thelr white carnations and justifiable air of pride,

Since the Society got ju starcat the Bell Telephone Lidwesa-
tories, it was apprapriale that Friday should be spent in &
tour of the beautifl new Bell Telephone Laboratories at
Murray Hill, New Jersey, Hall of the day was spent in visiting
vorinus portions of the laboratory devoted to acoustical res
seitrell, while the other half conuisted in o series of demon-
dtrstion fecinres dn the Arnold Apditorivenn, These demons
strittiony, listed in the program at the end of this issuo, were
executed with that beauty and flontish which is seldom scen
except at the Bell Laboratories, Far instance, we all know
that sownd will travel around eurves fnside of o tbe, bue
Winsten E. Kock showed sound following aronnd a curve
along the autside of & rod covered with disks abont the size
a peany and about a hall-inch apaet.

Follawing the dinner, Dr, Harvey Fletcher, first prosident
ol the Society, was presented with a Certificaiw of Honorary
Mentherahip following remarks by his one-time sudent, De,
Vern Q. andsen (see page 223). This was Tfollowed by divers
tissement conducted by e society's memorist and court
jeseer, I'ae Norvis, whe outlined the many advances in icots.
tics nucle during the twenty years that he has been a member,
starting with the open window it of sound alsorption and
ending with the vastly improved modern sound recordiog
systems which now require three turntalile speeds instead of
the ene which formerly sufficed.

To Progeam Chairman [larold Bueris-Meyer and his un-
usually lurgre Prograny Cormitlee, wi express onr apprecii-
tion for armnging teis memerable occasion, My we specalate
o the sianas of acoustical scienoe an the occasions of Gty one
lstrivelredth or one thousandth anniversares?
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Presentation of Certificate
of Honorary Membership
to
Doctor Harvey Fletcher
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Harvey Fletcher

Remarks of Dr, Vern O, Knudsen on the Oceasion of the Presentation of the Certificate of Honorary
Membership tn De. Fletcher at the Acoustieal Society Dinner on May 6, 1940,

H:\RVEY FLETCHER, distinguished scientist
and engineer, trail-blazing investigator of the
nature of speech and hearing, was born of pioncer
parents in Provo, Utal, September 11, 1884,

Dr. Fletcher acquired ac an early age the art of
fishing—and in no mean degree! The native trout
in mountain streams can usually see, hear, or
otherwise sense the unwary angler, but they don't
sense Uncle Harvey until they are on the hook!
Once, when returning to canp, he had not only his
creel—n  Culifornia orange crate—bulging with
trout, but, hung from his shoulder, a coyote that
had threatened violence, and over which Harvey,
with the aid of his hunting knife, had won 2
decision,

Dr. Fleteher reccived his R.8. degree at the
Brigham Young University in 1907, and his h.D,
at the University of Chicago in 1911, Since then,
honorary degrees have been conferred upoan him by
Columhia University, Case Institute of ‘l'echnology,

Ifenyon College, Stevens Institute of Technology,
and the University of Uah,

From 1911 until 1916 Dr. Fletcher was Professor
of Physics at B.Y.U.; in fact, he was the stafl’ of
the Department-—and for gowl measure he taught
courses in Dilferential Eqguations, Vector Analysis,
and Theology. All of the lower and division physics,
and most of the upper division mathematics that
Carl Eyring, Wayne Hales, and l=among many
others—Ilearned at B.Y. UL, were tanght by Harvey
Fleteher, I we learned too little, it was not because
Fleteher spreadt his teaching too wide and thin, He
was a profound and proficient teacher in such
diverse courses as Eleetron Physics, Kinetic Theory,
Electricity and Magnetism, Spectroscopy, and
Thermodynamics, In order 1o carry lis teaching
load of much more than 20 hoaurs n week, supple.
mented with an active research program and with
extra-curricular services to Boy Scouts and a
variety of other civic and church organizations, it
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becane necessary for D, Fletcher to schedule his
first class at 6:45 At

In 1916, he joincd the research stall that later
became the Bell Telephone Laboratories. His con-
tributions and leadership in acoustienl research
during the ensuing thirty-three years are so well
and so highly appreciated by the members of this
Society iis to make trite any remarks of mine
tonight about his researches in acoustics, Most of
his published works, beginning with his doctoral
dissertation on A Verification of the Theory of
Brownian Movements and o Direet Determination
of the Value of NIE for Gaseous Jonization,'* and
continuing through an epochal series of scientific
papers denling with loudness, auditory masking,
speech, musie, and theories of hearing, bear the
most distinguished of all hall marks—a dask band
around the edges of the pages—a band that will
become even mare conspicuous as succeeding gen-
erations of scholars leave their finger marks on
these honored patges.

Dr, Fletcher has received many scientific honars.
I already have referred to the honorary degrees
that have been conlerred upon him, But that is not
all, He is o member of the National Academy of
Seiences, howorary memlber of the American Oto-
logical Saciety, and a recipient of the Louis Edward
Levy medal, Hewas President of the Utah Academy
of Scienee in 1915-16, of the American Society for
the Hard of Hearing in 1929-30, and of the Amer-
ican Physical Society in 1945, But he is best kpown
to this audience as the first President of the
Aconstical Seeiety of America—and in the minds
ane hearts of the members of this Seciety he is, |
am confident, its first and moest distinguished
member.

hys, Rev, 33, 81-110 (1911).
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Professor Wallace C. Sahine, 1868-1919, pioneer of
the science of architectural acousties.
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Letter of Appreciation of the Work of Professor Wallace C. Sabine

16 June 1949

Mrs. Wallace C. Sabine
348 Marclborough Street
Boston, Massachusetts

[Dear Mrs. Sabine:

The Acoustica] Society of Amterica, an the aeca-
sion of its Twentieth Anniversary, wishes to extend
cordinl greetings to you in honor of the great con-
tributions of Wallace Clement Sabine to the science
of acoustics,

The pioncering work of Professor Sabine laid the
foundations for important scientific and engineering
advauces in the design of auditorivms for better
learing of specch and music, Out of his achieve-
ments have come results of great significance to

several arts and professions, His name is recognized
in architecture, music, conununications and public
health, as well as in many industeial fields. Mankind
has benefitted from his teachings which led to the
control of notse amnd the enhancement of musical
sotnds in rooms, The formation of our Society
twenty yoars ago was inspired in large measure by
widespread applications of the principles of acous-
tics which were first formulnted by Professor Sabine.

This formal expression of our sentiment was read
to the members of the Seciety at their Twentieth
Anniversary banquet, 6 May 1949, and was en-
corsed by a unanimous rising vote, The memaory
of Professor Sahine will always live as a guide and
inspiration toe all who pursue the field of acoustics.

Very sincercly yours,
Richard H. Bolt
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Yeorn O. Knudsen

COUSTICS has long been a servant of comfort

and safety. “I'he mere mention of musical
instruments, telephony, radio, hearing aids, noise
abatement, sound-insulation, toom acoustics, and
psycho-acoustics reminds us of the diverse and
impartant contributions ncoustics has made to hu-
man comfort. Similarly, @ relerence to the whistle,
the siren, and the fog-horn will remind us of ad-
vanees in salety that come [rom acoustical research
and technology. Often the need for improvement
of these safety devices has led o significant funda-
mental research., Thus, the researches of John
Tyndall, Joseph Henry, and Louis V. King on the
propagation of sound in the atmosphere stemmed
from the need for better and safer signaling between
ships in fog,

I have no novel scientifie discovery to report to
this Socicty today, Furthermare, ! shall make no
attempt to review or praise what this Society has
done in hehall of human comfort and safety, lor
which neglect [ might be rightly blamed on this
felicitous occasion of the Society's Twentieth Anni-
versary, | shall attempt, rather, to make a plea,
supported by relevant data and by references to
actual accomplishments in certain Europein coun-
tries, for quiet surroundings where people live,
work, or seck refuge from the din of heme me-
chanicus,

1 shall begin by referring to a chart of sound

VOLUAKE 21, NUMBER 4 JUuLy, 1H9

Acoustics in Comfort and Safety

Vern O, Knupskn
University of Califarnia, Los Anpeles, California
(Recelved May 11, 19249)

levels of common noises, including many that
trespass beyomd all reasonable bounds of comiort or
even safety. (See Fig. 1.) Some of these data are
from published reports and charts; others are
stlected from an extensive series of measurements
I made with the new poclet-size Scott meter which
i carried with nte on a recent tour of Europe and a
motaer trip from New York to Savannah to Los
Angeles,

Most of the sound levels in Fig, 1 are "spot”
or “short-time average' readings, and no attempts
were made to determine Ylong-time averages™ or
standard deviations. The standard deviations are
glven for a few types of location, namely for resi-
dences, offices, stores, and factories; these were
obtained by Sceacord of Bell Telephone Labora-
torics, and are based on several thousand spot
readings,!

The level of 94 dby given for the Paris Metro
(subway) is the average value in cight different
first elass cars traveling at normal operating speeds,
The actual readings in the different cars ranged
from 86 to 100 db,

The level of 102 db for the Lexington Avenue
bus—the greatest traffic noise encountered during
& recent reconniissance of New York—was taken
on the sidewalk at an estimated distance of 12 feet
from the bus, which was accelerating toward its

10, I, Seacord, _] Avous, Soe, Am, 12, 183-187 (1940),
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maximum  specd.  During  comparative lulls in
traffic at this site, the level dropped 1o 80 dh.

The level of 65 dh in the 4th loor hote! ropm in
Dallas, Texas, was measured during the passing of
strect cars, which was oceurring about 10 pereent
of the time from 6:00 a,m. until midnight, The
window was open about 12 inches during these
measuremertts, Levels in the room ranged from 63
to 68 db for different street cars, dropped to 50 diy
during traffic lulls, but momnted to 72 db for o
passing truck and to 78 dly for a passing airplane,

Although the average sound level of the noise in
the ninth lloor guest room in one of New York's
most exclusive hotels was only 54 db (with window
open 2 inches), the level execeded 65 db 49 times
during the hour from midnight to 1:00 an.;
furthermore, and contrary to popular opinion and
the assurances of the room clerk at this hotel, there
is nearly as much traffic noise in the fourteenth
floor rooms as in the ninth or even fourth—the
average sound level on the fourth floor was enly
3 db preater than that on the ninth floor, and there
was no obsgrvable difference between the average
levels on the ningly and fourtcenth floors,

The valve-type toilet, which roared to 88 db at
cuach flushing, was in a modern hotel in the Seuth,
recommended by a well known travel authority.
Furthermore, the “sonnd-insulation” of the walls
of the bathreom was so poor that the sound level
in an adjacent guest room was 64 db.

The 118 db level in the eleetrical substation,
which had been augmented to this high level by
conversion from 50- to 60-cyele operation, was so
great that it was regarded as a health hazard, The
men who worked in the station compliined of
tenmporary deafiness, tinnitus, dizziness, and other
vestibular symptoms, Some of the men maintained
that they could not hear ordinary conversation for
several hours after a day’s exposure to the noise.
I experienced a temporary tinnitus in my left ear
alter a two-hour exposure, and was aware of a loss
of hearing for two or three hours alter leaving the
hoise.

It is interesting to compare these existing typlcal
sound levels of Fig, 1 with a table of Acceptable
Sound Levels for different types of rooms which
Dr, Cyril Harris and I are proposing in 2 baok now
in press, Acanstical Design in drchitecinre (see
Table 1), These proposed levels aré based un
objective as well as subjective findings in rooms
that are free from complaints or even acclaimed as
highly satislactory, The levels are somewhat lower
than the comparable mean values reporteed by
Sencord,! and are much lower than most of the
selected ones given in Fig, 1,

Suppose it is required to provide residential rooms
having an ambient noise level of not mere than
40 db at a site such as 44th and Lexington Avenue,

New York, where the noise level from the husses
may reach levels of 102 db at a distance of 12 feet,
Suppose, further, that the minimum distance from
the busses to the rooms in question is 48 leet, at
which dlistance the noise level has been reduced 12
dhb, that is, to 90 db, which is assumed to be the
magimum level of neise ncident upen the resi-
dentinl vooms. Then the reduction in sound level
that must be provided by the combined effects of
the insulation of the walls and the absorption of the
interior of ench room is 90-40, or 30 db. This would
require costly construction, with few or no windows,
and almast certainly ne open windaows. Practically,
it would he much mare feasible to establish traffie
regulations that wouhl reduce existing traffic noise
by about 10 db. A moderate amount of acoustical
designing and gadgetry, including some suitable
sownd flters, would saffice 1o reduce 1his traffic
noise at least 10 dh, Incidentally, the sound level
of automobile horns could then be reduced 10 db,
at least for city driving, without loss of signal to
noise ratio, which would contribute greatly to the
abatenient of one of our most annoying noise
nuisances, With such a reduction in the ambient
traffic noise, the problan of constructing rooms so
that the noise levels in these rooms would not
exceed the peceplable values listed in Table 1!
waoull be greatly simplified and could be solved
practically at reasonable cost,

The levels proposed in “Table 11 arce realized, or
even bettered, in most huildings recently completed
in- several European states, In most of  these
countries, traflic noise, even in the largest cities, is
of the erder of 10 db less than it is in our large
citiva, But even so, building layouts and acoustical
designing in these foreign countries are establishing
high standards of neise eontrol and sound insula-
tion, Sweden has heen notably progressive in these
matters, especially in the construction of scheols,
hospitals and apartment houses. Slums and sub-
standard housing do not exist in Sweden's urban
communities—they have been replaced by modern,
attractive, soutdd-pronfed buildings.

Ifigure 2 shows the layout of rooms in an apart-
ment house at Finnboda, Nuacka, Sweden, which
incorporates many commendable fentures of acous-
tical design, Note the separation and ingulation
between the bedroom of one apartment and the
living room of the adjacent one; the separation
between the two bedroomts and Letween the pwo
living rooms in adjpining aparements; the heavy
party walls (solicd brick}, especially between ad-
jacent bathrooms, which provide a sound-insulation
of at least 30 db; the use of the hall as a “sound
lack;' and many ather apparent features of sound
planning for the control of noise, The entranee
tloors are of solid panel constrpetion and they (it
tightly in their frames so that threshold cracks are
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Fi6. 1. Chart of sound levels of common noises,

eliminated, All floors above the ground level are of
“floating" construction, on concrete slabs, so that
impact sounds as well as air-borne sounds are
thoroughly insulated, | recently visited several
apartments of this gencral design in Sweden, and
was most favorably impressed with the splendid
results architects and builders have obtained in
providing quict homes, even in the low cost projects,
The Swedes, Danes, Norwegians, Dutch, and

British are creating examples of good sound-
insulation in their apartment houses that we can
well emulate,

The effective control of noise in the buildings
recently constructed in these countrics is no acci-
dent, [t is deliberately planned; indeed it must be
in order to meet the high standards of their building
codes, Thus, the Swedish Code specifies that
“ildings eontaining dwelling and working rooms
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shall be construeted according Lo directions given
by the Building Authority for providing adequate
sound insulation.” The directions stipulate the
upper limits of sound levels that will he tolerated
in different types of buildings, and describe ways
and means for attaining the required standards, A
first edition of the Swedish Buiiding Code appeared
in 1946, and the second edition will appear abant
June, 1949, according to Dr, Ove Brand, who is one

of the acoustical engineers engaged in the prepara- -

tion of the new code, and to whom [ am indebted
for Fig, (2) and related materia) concerning sound-
insulation in the buildings of Sweden, Table [ gives
the minimum scund-insulatien, in db, that muse
be provided between rooms in hospitals, schools,

. dwellings, ete,

The new Swedish code will further specily that
the sound level in certain rooms resulting from the
transmission of sound into such rooms from rooms
in adjacent aparements or buildings shall not excecd
the following values: (n) in very noisy districts (to
be designated by the Authority), 35 db in hospitals,
40 db in residential and school buildings, and 45 db
in office and business bulldings; (b) in very quict
districts, 25 db in hospitals, 30 db in homes and
school huildings, and 35 db in office and business
buildings, These propesed levels are somewhat
lower than those Dr. Harris and | are proposing
(sce Table 1}, especially for hospitals, but also for
other buildings in quict districts, The Swedish
ratings, the code states, are (or continuons noises
and not for peak sounds of short duration, such as
result from the banging of doors, signals, ete.

Methods for measuring sound levels and the
insulation of air-borne sounds are fairly satisfactory,
although much remains to be done in perfecting
present day sound level meters; methods for meas-
uring impact sounds are less sntisfactory, but
techniques for providing adequate insulation of
such impacts are well known and practiced in most
European countries. Acoustical engineers in Great
Britain and the Scandinavian countries are coopor-
ating in devising suitable standardg and technigues
of measurement for the centrol of impaet sounds,
A progress report on this enterprise was reported
to this Saciety a year ago by Dr. Jordan of Copen-
hagen,?

I have referred to the accomplishments of our
nssociates across the Atlantic because | believe it
will help us to go and do likewise. The problems of
neise nbatement and sound insulation in buildings
have not received the attention they deserve in
this country. The work of the Noise Abatement
Commission of New York City, with the publication
in 1930 of its hook City Neise, was a good seart,
The National Noeise Abatement Commission also

1Vilhelmy L, Jordan, J. Acous, Soe. Am, 20, 395 (1948) {ab-
sract anly),

teserves Mvorable mention for its management of
yvearly campidgns among our major eities, The
efforts of these orgaizations hive been beneficial, -
but mueh remains 1o he done,

It may not he the role of this Society to sponsor
regulatory legislation for the control of city noise
and of sound insulation in buildings, T'he provision
ol appropriazte regulations s complicited by the
extstence ol some 2000 huilding coiles in the United
States, mostly eity or county eoxdles. Local action
probably is the required approach. Many of us
can help our own comntunities undertnke the
necessary action. And we should not, as individuals
or as i Society, shirk onr respansibility in con-
tributing the technical information on which proper
regulatory codes should he based.

As one example of the type of technical informa-
tion we should exploit, 1 refer to the findings of
Dr, Steinberg, published in City Nofsed Steinberg
found that at a distanee of 23 feet the levels of 33
tifferent automaobile horns, which had heen sub-
mitted to the New York Noise Abatement Com-
mission by the manufacturers of the horns, varied
from 72 to 102 db. Further tests of these horns,
subjective as well as objective, indicated that, "In
order Lo override the maximum street noise found
in New Yark, the levels of the sounds emitted by
awtomobile horns should he of the order of 88 to
93 db as measured with the noise meter for a
reference distance of 23 {eet between horn and
microphone.” Fourteen of the 33 horns tested
exceeded (his range of levels, and only five fell
helow it No doubt Steinberg's results influenced
favorably the subsequent design of horns and their
use by the various manufacturers of automobiles,
and we know some automobile compinies continued
acoustical investigations of the problem, But many
of us also knaw from recent sample measurenents
we have made of the sound levels of automobile

LIVING Roaw
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F16, 2, Plan showing layout of rooms in one end of an
aparunent house, Finnhoda, Nacka, Sweden, planned for
quiet living.

3§, C, Steinbergr, City Noidse, pp. 161=187 (1930),
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Inaulation far Bupact Sonds
Tnantatlon for — Flour-Celling Cunulrl{:lluﬁ aft
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Type of Buliding Adr-Borpe Soind Concpto

Hospitals 48 «h 60 db A8 db
Dwellings A8 b 55 Ul 46 dls
Schools 44 il 504b bt dlly
Office Buiklings 40 db 30 dh 12 db

Tanws IL* Acceplable average nolse levels,

Radio, recording, and tefevision studies 25 10 30 &b
Music rooms 3 1o 35
Legitimate theatres Mt 35
Hospitals 35 1o 40
Apartments, hotels, homes Jiwds
Motion ploture theatres, anditoriums A3 tn 0
Churches 3510410
Classrooms, teetire rooms | 35040
Canference reoms, snull oflices 331045
Court rooms A0 ta 45
Privaite offices 40 to 45
Librarica 4 16 45
Large public offices, hanls, stores, ete, 48 10 53
Restaurants 50 to 55
Factories 45 10 80

* The levels glven in this table are "weighted,” Le., they are the levels
ineinred with o stpidard ponned-feve] meter Wcorpoatlag a A0 db (re-
aquiency-weighting network,

Jhoras that today many exceed the level suggested

by Dr. Steinberg's study, Tt would be helplul to
repent the investigation made 20 years ago, and
extend it to truecks, motor coaches, stroet cors,
airplanes, and other offending sources of noise, It
is encotraging to note that the Armour Research
Foundation, cooperating with the Greater Chicago
Noise Reduction Council, is making a survey of
eity noise in Chicago. With the instrumentation
and nieasuring techniques now avallable, such
surveys and investigations can be helpful in ac least
three ways: (1) they provide technical data which,
when properly compiled, can be used for the reduc-
tion of noise amang the worst offenders; (2) they
arouse a too-indifferent public to the need for
codes to control naise; and (3) they furnish indis-
pensable data far the setting up of restrictive codes
which will be in the best public interest,

Even with the data now available it is possible
to draft codes for a reasonable reduction of traflic
noige ; for the insulation of air-horne and solid-borne
noises in apartment houses, hotels, and hospitals;
for the protection of the public against unnecessary
and disturbing noise from such places as recreation
centers, sub-stations, airports, [actories, and prov-
ing grounds; and for the protection of workers
exposed to noises that are hazards to healch,

Several cities in the United States have cades for
the regulation of noise, but they fail o specify
quantitatively the nojse levels that constitute violn-
tions. For cxample, the ordinance for Beverly
Hills, California, declares that it is a nuisance and
“unlawful for anyone to muke, or cause, or permit

KNUTDISEN

to be made, any unusual, loud, penetrating, boister-
ous, or unnecessary noise or disturbanee or commao-
ton." And in similar non-quantitative language,
the ordinance proceeds to prohibic a large variety
ol domestie, business, and industrial sounds if they
can he "heard distineddy'' on property ather than
that from which they emanate, The Los Angeles
cade requires that steam shovels, engines, and other
mechanical apparatus used for excavaling, breaking
of pavement, demolishing of buildings, he equipped
with mufllers of approved design. Sound-proofing is
reqnired for certain places of amusement; vehicles
used for vending, soliciting, or advertising can
make use of horns, bells, and musical instruments
for such purposes only at certain hours during the
day, and provided the sounds from such equipment
are of such volume and character as do nat Yharass
or annoy persons of reasonable sensibilities.”” The
New York League for Less Noise, in a neat pan-
phlet bearing the title *'Less Noise—More Salety—
More Comfort,’" describes fifteen traflie, radio, and
other noises that are against the lnw in the City of
New York, The lirst of these is, “Teo sound any
liorn or signal device on any automobile, motor-
cycle, bus, street car or other vehicle while stationary
except as a danger signal when an approaching .
vehicle is apparently out of control, or, il in motion,
only as n danger signal after or as brakes are beingg
applied.” And, after describing the other fourteen
offenses in similar legalistie but non-guantitative
language, the pamphlet coneludes by opining that
Y000 times in a thousand the sound of an autemo-
bile horn means 'Get out of my way—I'm coming." "'
In 1941, a Noise Abatement Commission in Los
Angeles, of which the speaker was Chairman,
attempted to prepare some quantitative repula-
tions; it drafted for the Board of Building and
Salety Commisstaners a proposal for a hoilding
ordinance that would require dance bhalls, skating
rinks, bowling alleys, night clubs, and other in-door
places of recreation or amusement to be enclosed
by structures so designed that the over-all noise
recluction between the interior of the place of
amusement and outside would be not less than 35
dly. The proposal further stipulated that the sound
level resulting from the noise issuing from such a
building, measured at the boundaries of the ot on
which the building is located, should not exceed
the foltewing vidues: (@) when surrounded enly by
business property, 75 db {rom 7:00 a.m. to 11:00
p.m,, and 63 db from 11:00 pan, to 7:00 a.m, ; and
(b) when any portion ol the lot boundary is ad-
jacent to a residential zone, 70 db from 7:00 a.m.
to 11:00 pam, and 60 db from 11:00 p.m. to
7:00 a.n. Similar proposals were to have been
drafted for the regulation of other noises, The war
intervened, the Noise Abatement Commission was
dishanded, and has not yet heen reactivated,



e e A e e e

TS F P AT AT T e e oy R e s R st

IR

At e

S

ACOUSTICS IN COMFORT AND SATVETY 30

Efforts to control nojse in the interest of human
comfort have a long history, and, like recent
attempts, the yield per unit of effort has been small
hut significant. Horace (Epist. ii. 2) inveighed
against the noises that harassed the man of letters
in the Eternal City:

"“Festinat calldus mulis gerulisque redemptor;
‘Torquet nnne lapidem, nene ingens machina tignum,
Tristin robustus luctantur funera plaustris;

Elae rabiosa fugit canis, hac lutilenta ruit sus:
I nunc, et versus tecum meditare canoros,™

English law (Act of 1864) allows a house-helder
to send away street musicians, and to this day they
are required to keep'moving, albeit the motion often
is at a snail’s pace. James Sully, writing on Civil-
ization and Noise in the Fortnightly Review (1878),
discusses this and other legal aspects of noise
control. Thus, be assures ug that it is possible to
restrain noise as a nuisance, and cites the ‘‘cele-
hrated case of Soltan vs, DeHeld, in which plaintifl
obtained an injunetion to restraln the ringing of
hells at unseasonable hours in a chapel near his

The hot tempered contmetor is huerying about with his

carriers and muiles; X

A mighty machine tuens here o stone, lifts there o wonden

ean,

Mournful funemls contendd with heavy wagons [1o see
which males more noise]; i

A mad biteh Aces aver that way, @ {ilthy sow wallows
arotind hore.

But now, alang with you; I am resolved 1o meditate on
my songs,

dwelling.” But in anether case, & ruling of Lord
Selborne says: “A nuisance by noise, suppesing
malice to be out of the question, is emphatically a
question of degree, If my neighbor builds a house
against a party wall next to my own, and I hear
through the wall more than is agreeable to me of
the sounds from his nursery or his music room, it
does not [ollow {even il I am nervausly sensitive or
in infirm health) that [ can bring an action or obtain
an injunction,” Sully concludes his paper with a
discouraging footnote in which he protests against
a “diabelical hooter' at a factory in the university
town of Oxford which "shricks its long, piercing
wail every morning at 5:30, and again at 6:00.”

Recent attempts in our own country at the
control of noise Iy legal action and injunction have
heen, so far as 1 know, gloomily futile. Much of
this futility, I believe, is atteibutable to the lack
of proper regulatory codes, based upon sensile but
quantitative requircments, Much of the data (or
formulating such requirements has been accumu-
lated by the members of the Acoustieal Society
during the past twenty years. The Society can
perform a much needed public service by encoup.
aging its members to obtain the additdonal needed
data and to help their communities in formulating
sensible standards for the control of noise, Thus
can acoustics make a further contribution
comfort and safety,
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OR the purposes of our twentieth anniversary
meeting the activides of the Acoustical Socicty
have heen divided into lour branches, The branch
we are concernced with is Acousties in Comfort and
Safety, One of the topics under this heading is the
quicting of dwellings, In this case our heading is
particularly approprinte. Anyoue who has lived in
an apartment house will testify that from (he
sounds of neighbors' squabbles coming through the
walls one can only conclude that there is no comfort
in his own apartment and no safety in hisneighhors',
Cur daily comfort is disturbed in many ways—
by afrplanes lying overhead, by strectears, by auto
horns, and by the roar of trucks on the higlway.
As for safety, we must include the contributions of
sound ta medicine, to the charting of the ocexn floor
and to the detection of enemy submarines,

In treating these various topics, one could de-
scribe new discoveries, or point the direction in
which new development programs should head, or
try to arouse interest in better engineering and in
legislation for acoustic comfort, These aspects are
all vital parts of our natinnal activities in acoustics,
Accordingly, let us treat as much of each as time
will permit,

Acoustic comfort in buildings where peaple must
live in close proximity 1o each other is one of our
greatest national needs. Unfortunately, acoustic
comlort is costly, and the achievement of it would
deprive many peaple of some conveniences such as
a television sct, a new car as often as every four
years, and so forth, Strangely enough, the biggest
advances toward better quieting have been made
in England, Holland and Sweden; countries where
the income per capita is less than that in the
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United States, The explanation for this lies in the
fact that the people of these nations prefer to spend
more on comfort, They spend an estimated 5 per-
cent more of their income on housing than we do.
Also, in England and Holland, large areas of housing
were destroyed by war, so that new construction is
being financed, at least in part, by povernment lunds.

Toinsure the best in housing, the English govern-
ment has appointed a group, called the *“Burt
Committee,' to approve new building designs and
to encourage novel and promising building con-
struction.t As part of this program, the Ministry
of Works has expanded the activities of a World
War 1 agency, the Building Research Station,
which is located in a suburb of Londan. This station
does research in an integraled manner on these
sssentials of building: structure, thermal insulation,
acoustics and lighting,

Considering the ucoustics aspect alonz, we find
that the Building Research Station has completed
an extensive survey of noise conditions in London
apartment and row houses, Stated very simply,
they have found that in the type of construction
now used in the United States (wood stuel parti-
tions, wood flnoring laid on timber joists), two out
of three families camplain about noise from the
neighbors, The neise reduction throngh partitions
between apartments faor this type of construction is
about 35 decibels. No special means is provided for
reducing the transmission of impact sounds from
upstairs to the apartments helow. The number of
complaints decreases (o one foreach three families if
the noise reduction is increased by eight to ten deci-
bels and if the flooring everhead is floated resiliently.
For fewer than one in four complaints, 53 decibels
of naise reduction Dbetween apariments must be
achieved and a floating Qeor plus a ane-inch layer of
sand poured on the laths beneath must be provided,

A survey of this type has not been made in the
United States, However, the Gndings of the Building

LW, W Allen, “Scienee iy the eonstruction of houses,'

{l_ud.'luudi paper presenied before Architects Associntion itn
England,
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Research Station sound rensonable, Some members
of our laboratory at M.LT, recently had an
opportunity to investigate a new housing project in
New England. A series of row houses has been
constructed by an insurance company interested in
long term rentals. The planning was careful—
definitely not the result of the efforts of a get-rich-
quick speculator, Nevertheless, the complaints from
tenants about noise have been many and veciferous,

Measurement of the noise reduction between
rooms of adjacent row houses showed 29 db between
bathrooms, 37 db between Dbedrooms and 37 db
between lving rooms, The noise transmitted be-
tween bathrooms was completely intolerable, Both
conversation and flushing sounds could be over-
heard, The principal leakage of sound was through
the medicine cabinets which were back to back
with no plaster layer between. Between bedrooms
the complaint was that the sounds of closing closet
doors was audible, and that speech was intelligible
il people talked in o slightly raised voice, Between
living rooms, the principal complaint was that
radios were bothersome,

A quick survey in an apartment house in Cam-
bridge, Massachuselts, confirmed these data, 1t is
quite apparent that the 55 decibels between apart-
ments recommended by the Building Research
Station in England is needed, The cificulty of
achieving this magnitude of nolse reduction may be
appreciated if we note that a six-inch cinder block
wall plastered on both sides gives an attenuation
of about 45 decibels, Structures providing for this
amount of attenuation were described In a paper
that was presented at these meetings lost fall? At
least a cavity wall made of two heavy clements is
required. Rescarch on efficient structures of lighter
weight and cost is clearly indicated,

Another aspect of the work of the Building
Research Station is the construction and test of
full-scale trinl howsing units, One way in which
this is accomplished is to incorperate new ideas
into government-sponsored housing developments,
As stated above, government also encourages the
construction of novel designs by promotors. The
plans for new designs are turned over to the
Building Research Station for study hefore the
construction is approved, Suggestions are made to
the promotor by the scientists. IT all reports are
favorable, a license to build is granted to the
promotar, After the building is finished the Building
Research Station performs physical measurements
and from these measurements evaluates the physical
suitability of the structure.

In public buildings the same types of problems
arise. From the standpoint of acoustics, an impar-
tant avenue of improventent is through the archi-
tect. Every architectural school in our country

L. L. Beranek, J. Acous, Snc, Ami. 21, 264=269 (1049).

should require its graduates to take a course in
huilding acoustics, prepared especially for them,
This course should at least teach the student that
good acoustics are not achieved by putting acoustic
plaster on all surfaces of a room. The architect
should apprecinte that neisy functions should he
separated from quiet: ones and that this separation
must be made on the deawing board at the outset
of the planning. Conference rooms and auditorivins
should be designed initially to produce good acous-
tics, This involves cansideration of several major
factors, The room should be shaped to guide the
sound waves to all parts of the room uniformly, to
eliminate echos and o prevent flutter echo. After
the basic shape has evolved, absorbing materials
should be intreduced to control first the reverbern-

tion time as a function of frequency, and second, -

the Nuctuations of the decay curve. The achicve-
ment of these needs is o complex matter. The
suceessful design of a large auditoriym is a job for
a specinlist, and the architect must become accus-
tomed to employing his services just as he does
thosg of heating, lighting and ventilating enginecrs.

Il accompanied by a survey of the residents in
these areas, it would also give us information on
which conditions are tolerable and which are in-
tolerable, These data shonld be assembled in such
a way that they can be studied by other munici-
palities. They may then serve as o basis for a
national movement to make gity dwelling more
pleasant.

Another source of interference with our comfort
is airplane noise. Airplane noise cnsts a hlight over
the community adjeining an airport. So serious has
this blight been that small airfields are located in
outlying arens, This remote location results in
potential fliers losing interest in private ownership
of aireraft, because of the great distances involved
in getting to and from the airfield, Studies carried
out before and during the war reveal that, to a first
approximation, the noise produced by a propel-
ler varies as the sum of 20 logw of the ratio of
the harsepower plus 2,7 times each 100-{t. /sec,
increase in propeller tip speed, These relationships
indicate that il the number of hlades is doubled so
that the power per blade is halved and if the
propeller tip speed is reduced by about 150-t. /sec.,
the neise levels will drop by about 10 decibels.
With this goal in mind, the National Advisory
Committee of Aeronautics has contracted for the
development of experimental planes with an in-
creasedl number of blades, a lower propeller rota-
tional speed, and improved engine exhaust muflling.
The results of the development have been strikingly
demonstrated throughout the country. Noise level
reductians of 10 decibels or more are obtained with
little or no loss of performance, In a recent demeon-
stration in Cambridge, Massanchusetts, one of these
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quieted airplanes could not be heard above resi-
dential street noige, until the airplanc was within a
few hundred feet of the listener,

One of the most serions blank spots in our
knowledge of aconstics is our inability to measure
naises abjectively in such a way as to yield readings
that correlate well with our subjective reactions,
For example, it would be desirable to have a meter
that rends Joudness, loudness level, specch inter-
ference level and annoyance of the noise, regardless
of the nature of the noise. Results have been
reparted at these meetings which indicate that a
single meter might be designed which would meas-
ure the first three quantities.

The noises that are proditced outside our homes
are the hardest to control. The increase in traffic in
every large city has resulted in a din that borders
on the intolerable. This statement is particularly
true in cities where surface transpertation and
elevated trains are still in wide use, New York
City has gradually changed from noisy to relatively
quiet transportation, Thelr solution has been to
replace elevated trains with subways and streetcars
with huses or tralley buses. However, the buses in
use today are still unnecessarily noisy. Levels of as
higiv as 100 decibels are measured on the sidewalk
near a bus as it accelerates, One lurge manufacturer
of huses informs me that with optional equipment,
they can now reduce these fevels by 10 decibels for
o cost equnl to less.than one percent of the cost of
the bus. In Washington, I3, C., the introduction of
new style trolley cars has reduced the noise of
surface transportation substantially. The public
has properly responded to this change.

At the present time, a noise survey of Chicago is
under wity, A paper on this subject is heing pre-
sented at these meetings, This study should reveal
the principal sources and magnitude of noise in
incustrial and residentinl nreas.

In essence, the measurcment of loudness s
accomplished by passing the outputs of each filter
in a group of contiguous filter bands through a
non-linear circnit of a special type and then sum-
ming the outputs of these filters, The non-linear
circuit chosen for each frequency band shouwld
develop an output current proportional to the
loudness in tones of the noise in that band. There
now exists evidence that the same sec of equal-
loudness contours may be wsed for any pure tone
or for a band of noise that is not too great in width,

‘T'he speech interference level may be obtained in
a similar manner. Mere the outputs of a set of
contiguous filter bands with selected cut-off fre-
quencies in the speech frequency range, are passed
through a set of logarithmic amplifiers, The outputs
of these amplifiers are combined linearly to produce
aquantity that is proportionyl to the speech interfer-
ence level of the noise. Unforunately, thereisnoin-
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dieation of how toappraach the problem of objective
measurenient of annoyance, This remains a fertile,
though complex, topic for further investigation,

As a final topic, let us look at n few developments
related to acoustics in medicine. Sound has long
played an important part in the diagnosis of illness.
The physician listens to the heare and lungs with a
stethoscope, Me thumps the chest to learn if one
lung has a different resonant frequencey from the
other, Obviously, a shilt upward in resonant fre-
guency would accompany a filling of that lung, A
large part of his dingnosis of the iliness of each
patient is based on sound, Other than improve-
ments in the stethoscope, the acoustical scientist
has offered little to the general practitioner. I fecl
that this is a field in which we should attempt to
apply our knowledge and skill,

The surgeon has fared slightly better in this
regard, A little later this morning, we shall hear of
an acoustic aid to the detection of gnllstones,
Extensive researches in one of our naval hospitals
have led to a sonar-type device which aids in the
detection of kidney stones, gallstones, and foreign
objects in the body, One of the mare thrilling
applications of sound in medicine has been described
in a recent paper in. the German literature, Here,
a pair of brothers, one a dactor and the other a
physicist, joined together to praduce a device that
aids in the detection of brain tumors. This deviee
consists of an uylirasonic source that transmits a
pencil beam of ultrasound through the head. On
the opposite sile of the head, a microphone recelves
the transmitted energy. The output of the micra-
phane is anplified and is used to modulate a source
of light, This source of light radiates on a photo-
graphic paper. By moving the transducers back-
ward and forward in a scanning motion, at the side
of the head, and simultaneously, moving the light
source hackward and forward above the photo-
graphic paper, a photographic record of the atten-
uation of sound by the head is obtained which is
similar to the presentation on a television screen.
From the picture so abtained, distortions of the
ventricles in the beain, produced by malignant
growths, may be observee, This experiment, though
crucle at this time, points the way to much wider uses
of sound for dlingnostic purpnses, We plan to initiate
a program along these linesat M, LT, this summer.

Ultrasound has been used with some success for
producing a warming of tissues heneath the surface
of the skin Also, experiments on inhibiting the
growth of tissue by ultrasound conditions are re-
ported in several places in the literature,

In conclusion, 1 fecl that acoustics will continue
to play a great part in increasing comfort and salety.
It is up to us, as scientists in this field, to pursue
our endeavors with even greater vision and per-
sistence.
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Acoustics in Communication

Ratrie Bows
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HAT have acoustics anc electrical communi-

cations done for each other up to now and
what do telephone rescarch engineers see them
doing for cach other in the present and in the
future? These are the questions | have asked myself
and shall now try briefly 1o answer,

‘There is no question but that great works have
been accomplished during the past generation, One
major step was the estahlishment of this society,
‘There came out of these past activities the measure-
ment technique and the acoustical development
necessary to sec the telephone through many
thrilling years of growth, and o see broudeasting
from a toy to a great network that blankets the
country,

Acoustics contributed heavily to these achicve-
ments and might be said o have done its bit,

But we in the communications industry sce no
evidence that ncoustics is running out of problems,
The indications are that there will e many new
and exciting problems, the character of which will
be determined by new trends in communicntion,
new developments in the areas of physiological and
psychological research, amd new techniques for
analysis,

A new trend in communication thit is already
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heginning - to estaldish itself in Droadensting, is
television,

Before the teleplione came, human beings ha.
bitually used the integrated senses of sight and
hearing as their primary means of communicating
with cach other, The joint use of ears and eyes in
the passage of information was instinetive and—
until the invention of the Lelephone—was almost
universal, ‘'o see how innately our hiahir pattern
combines aural and visual elfects one has merely to
attemypt speaking emphatically while maintaining
unchanged one's facial expression and  Dbodily
posture,

Dr, Bell's telephone instrument, in extending
the distance of instantaneotis sensory perception,
divoreed the two senses of sight and hearing by
granting the extenston to only one of them. The
impaet on acoustics was profound. It brought into
the study of acoustics an entirely new sct of factors
and interests. It concentrated attention on thé
characteristics and capabilities of the car alone,
unaided by the eye, and resulted in an intensive
stucly of these charncteristics as matiers of great
ceonamic impartance in the engineering of electrical
transmission systems of audible frequencies, Over
the past forty or filty years acounstics anil telephony
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have had such a close relationship that in many
divisions of these subjects they were a single study,

This is perhaps best illustrated by the face that
one of the largest and most fruitful research pro-
grams in the acoustics field was carried on by &
group of scientists associated with the telephonce
industry. This worle, which was mostly under the
supervision of Harvey Fletcher, was concerned for
one thing with the ways in which underseandability
of speech is impaired by modifiertion of its fre-
quency content and by changing its energy Jevel
both absolutely and in refation o accompanying
sounds of an interfering charncter, In the course of
these studies there has come about a great body of
factual lenowledge together with o formulation of
results known as Quality Theory which makes
them more available for enginecring uses.

A truly scientific attack on the neoustics of speech
and hearing required the establishment of methods
of evaluation or measurement and the existence of
standards of reference, o this, telephony has heen
of great service o acoustics because most of the
instruments used have turned out to be, in esscnce,
merely highly perfected telephone instruments,
using the word instruments, in this case not in the
usual narrow telephone sense of transmitter and
receiver but in the bronder sense of instrumentalities
to inciude, also, amplitiers, filters, level indicators,
and the like. In this work acoustics and telephony
jointly set the stage for the next great advanee in
sound technology which was radio hroadcasting,

The coming of broadeasting added another factor,
Telephony thevehy became distant, one-way, mass
communication as distingt from interchange of
words between single individuals, This was a
medium suited to the uses of drama and music as
well as speech, and the demand for artistic fidelity
of transmission hecame dominant,

The precision instruments which had been de-
veloped for laboratory measurements became the
operating equipment of the stucdio and the control
room. Acousticlans and clecerical researchers went
to work an the embryonic loudspenaker, The de-
velopment of a body of art and science for dealing
with the problems of the capture, tansportation,
and reproduction of musical sounds which occurred
in the Gfteen years just preceding the war Is loo
recent and too well known to require cdetailed
citation, The rejuvenation of the phonograph and
the emergence of swceessful sound motion pictires
stemmed also from this scientific development of
high fidelity electroncoustic devices, which got its
start in the telephone [aboratory with important
contributions by Edward Wente,

The recent war brought new acoustics problems
and fostererd the establishment of new or enlarged
labaratory groups for the study of these problems,
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The subject expanded botly in scope and in magni-
tude.

And now we lind ourselyes today standing again
at a time when the refation between acoustics and
electrieal transmission is undergoing or is about to
undergo another material change, The telephone
spanned distanees, but without vision. Now vision
is literally coming hucle into the picture. The
chtergencd of television into commereial importance
has—at teast for broadeasting—restored the sense
of sipght and rennited the ear and the eye of the
distant observer, Now the visual medium must be
studied and cotered o with the meticulous precision
which the aural medium has already enjoyed.

This is nat to say thalacoustics is to be displaced
by optics, or that it is of any less importance to
telephony than heretofore, or that the program of
research in acoustics is of any less vital interest,
But it is wndergoing reorientation and for reasons
which basically are associnted with television or at
least with the same forees that have been effective
in bringing abouc television. Spurred on by the
philosophical needs of such recent transmission
develapments as pulse modulation, time division
multiplex, and 1elevision, the basic theory of intelli-
gence transmission, having its beginnings in the
philosophy that Ralph Hartley initiated about
Lwenty yeirs ago, is in process of extension, revision,
and perflection, “T'his is evidenced in the recent work
of Claude Shannan, Norbert Wiener, and others.

Several pertinent items may be mentioned.
Hartley's work indicated that p relation exists
between the band width for a message channel and
its capacity to convey intelligence. The wide swing
frequency modulation experiments of Edwin Arme
strong direcred engineering attention to the inter-
changeability between band width and power as
alternative mueans aof dominating the deleterious
effects of inferfering noise, More recently there has
appeared pulse code madulation, commonly known
as I'CM, by means of which any form of communi-
eation can be reduced essentinlly 1o the dimensions
of a simple telegraph signal of dots, dashes, and
spaces, A related concept is the idea of redundaney
of information transmitted which is being recog-
nized as having powerful possibilities—{ar example,
why devote the snme amount of band width, time,
and power (o transmitting successively the identienl
signals representing a blank wall as are devoted to
transmitting the changing visual detail of the like
area of a human face or other object to which the
blank arcea is adjacent?

Is it not natural te query whether there exists an
analogous factor of redundaney in speech or even
in music? And if so how can it be practically isolated
aned what uses made of it? Information theory
analyzes and illuminates the interrelations between
these various notions and facts, and in doing so



"ACOUSTICS IN

suggests new approaches to the study of speech and
heating, The resemblance, for example, between
mtlse modulation and the process of nerve trang.
mission by the movement of electrical pulses is so
striking as inevitably to lead to renewed and re-
oriented attempts to understand the fundamental
nature of perception,

New developments of interest to acoustics are
going on in the areas of physiological and psycho.
logical researely, Despite the vast amount of meas-
urement that, during past years, has been done on
hearing, our understanding of the hearing mecha-
nism is still filled with speculations, But a great
deal of brilliant weork in many laboratories is
bringing us closer ta a solution of some of the
mysteries surrounding this subject, These inclde
wark on the ear, on sighals aver the nerve trans-
mission system, on the patterns of stimulation
produced in the brain, and recent advances in brain
wave research.

New techniques for analysis*are yielding new
information concerning the structure of speech and
other sounds, You will see results of some of the
things which have been done with sound analysis
when you visit -our lsboratories tomorrow at
Murriry Hill, New Jersey, The flexibility of modern
magnetic tape recording makes it of great value as
an experimental toel, Ralph Potter's methods of
presenting speech sounds in a multiplicity of di-
mengions ayg, for instance, by the sound spectro-
graph, are cven more potent. These techniques,
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when combined with the philesophical transmission
ideas just mentioned, give hases for new experi-
mental approaches to identifying the location of
significant elements of speech, Present trends are
toward the teeatment of apeeel and other sounds
as patterns in both frequency and time and these
patterns are being scrutinized in terms of the same
basic theory of intclligence transmission that is
being applied to broad band multiplex communica-
tion prablems, In effect, we have new measurement
and computational teols that will permit micro-
scopic examination of the structure of speech and
other sonnds.

The eleetromagnetic wave guide of Georpe
Southworth led us into micrawave techniques which
later drew upon geometrical optics lor aid in solving
problems of directive radio transmission. The
clectromagnetie wive-lengths involved are of the
same order as acoustic wave-lengths and already
there is the bLeginning of evidence that acoustics
can make use of this electrical communaications
technology,

An so once niore, ns in an eirlier generation,
advances over the broad front of electrical com-
munications are bound to have a profound impact
upon acoustics. From the communications scanc-
point, [ am inelined to predice that those who will
carry on research and development in the ficld of
acoustics for the generation to come will find it
quite a8 exciting as it has been to those who have
Brought this science to its present status.
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HIS talk is concerned with our knowledpe of
the propagation of sound waves al mierownye
frequencies, ‘There is at present no direct experi-
mental information in this field. The highest Tre-
quency to which a crystal has bueen excited by
clectronic meanst is in the neighborhood of 1000
Me/see, or 102 eps, The theoretical upper limit to
the vibrational specirum of a solid ocewrs when
neighboring atoms in the lattice are vibrating 180°
out of phase with cach other—tlis corresponds to
an acoustic [frequeney of ~5X10%/5X[0-%=101
cps. This mode of motion has heen observed as an
infra-red absorption line, Information regarding
the intermediate region between 104 and 107 eps,
which occurs in thermal vibrations in solids, may
be inferred fron x-ray and optical seatiering, infra.
red (Reststrablen) absorption, and thermal conduce-
tivity at low temperatures,?

Electronie power sources are available up to
around 50,000 Mc/see., so that one may say that
ultrasonic work is lagging behind available power
supplies by a faclor of fifty in frequency, What is
the reason for this lag? Let us consider the means
of canversion of eleetrical eiergy to acoustical

1 Ringo, Fitzgerald, and Hardle, Phys, Roev, 72, 87 (1947);
R A. Rapuana, M.LT, Research Laboratory of Eleeironies

Progress Repare for Jannary 15, 148, p. 38.
1T, Kiuel, Phys, Rev, 78, 972 (1‘)-105.
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The High Frequency Region of the Acoustic
Spectrum in Relation to Thermal Con-
ductivity at Low Temperatures

Cranrtes KiTTEL
Hell Telophune Lubaratories, Afurray Hill, New Jersey

energy. In the high frequency region only quartz
crystal transducers have been used, There is every
reason to believe that the piczoelectrie propertics
af quartz hold up to the infra-red; ene evidence is
the fact that the diclectric constant of quartz is
the same in the microwave region as at lower
frequencies,

Wit then is the problem? The problem is the
mechanical rolerince an the thickness of the quartz
crysial. It is pertinent to consider the situation at
3000 Mce/sec, The wave-length of sound in quartz
at this frequeney is about 2310 cm, or 20,0004,
which is just 3 or 4 times the wave-length of visible
light., Tv is clear that optical iolerances will be
required.

A quartz crystal whose fundamenial frequency
is 3000 Mce/sce, will be only one micron thick, This
is much too thin to prepare ancd to handle, so that
it is necessary to se a thicker erystal driven in a
Ligh harmonie, for example, a 30-Me/see, crystal
(about 0,01.cm thick) driven near its hundredth
harmanic, In prineiple nothing is lost at the same
clectric-lield intensity by using @ high harmonic of
a thiek crystal, but in practice there may be inder-
ferenee between adjacent overtones H the erystal is
not of uniform thickness to a high degree of
accuracy.
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ULTRASONIC WAVES AND

in receiving sound waves the erystal will only
respond effectively to a beam arriving within-the
“main lobe" of the erystal, 10 the Leam arrives
outside of the main lobe, different portions of the
erystal face will be out of phase and the clectrical
pulse will be greatly weakened, For a erystal 1 em
in diameter the angular positions of the first mini-
mum in the diffraction patiern at 3000 Mc/scc,
oceurs at about 0,01 degrees from the normal, This
means that the alignment of the reflector relative
to the transducer is very critical.

Let us now consider indirect means of obtaining
information about the behavior of sound waves at
microwave frequencies. At 1°K heat conduetion in
a non-metallic solid occurs principally through
sound waves (phonons) of frequencies in the micro-
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Frg. 3. Thermal resistivity of single crystal of potassin
chloride ns measured by Biepmasz and e Haas, Bolow 5°K
tho revistivity is a function of the erystal thickness "¢,

wave range. The order of magniwde relationships
are illustrated by Fig, 1,

By analogy with the corresponding expression in
the kinetic theory of gases the thermal conductivity
K of a solid is written K =31a\, where ¢ is the heat
capacity per unit volwme, v is average velocity of
sound, and A is the mean free path of the sounl
waves which participate in the conduetivity, The
behavior of the conductivicy in crystals and glasses
is illustrated by Fig. 2,
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FFig. 4, Phanon mean free path A as e fusction of absolute
temperature, for quariz gliss,
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Fic. §, Schematic two-dimepsional figures, after Zacha-
riasen, illustrating the difference Detween: (a) the regularl
repeating steacture of a erystal; und (b) the rindom netwark
of a glass,



etamare gz

310 CHARLES

The thermal resistivity of several single crystals
has heen found by de Hans and Biermasz® to pass
through a minimum in the lguid helium range—
the pesition of the minimum depending on the
diameter of the test specimen (Fig. 3), Casimirt
pointed out that the maximum occurs whea the
phonot mean free path becomes of the same order
as the specimen dianmeter, This result means that
sound waves of the given [requency range may
propagate for at least 10Y wave-lengths, so that the
absarption per wave-length is very low,

The thermal conductivity of glasses decrenses
with decreasing temperature, while the conductivity
of crystalline substances increases with decreasing
tenperature, The behavior of glasses is interpreted
in terins of an approximately constant {rec path for

1937); 8, 47, 320, 619 (1038),

" 757.{ de Haas and I. Biermasz, Physica 2, 673 (1035);
G, (.asnmr, I‘hysmu 5, 405 (1938).
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the lattice phonons, so that the conductivity de-
creases roughly with the specific heat, -The value
of the phonen mean free path at room temperature
(Fig. 4) is of the order of magnitude of the scale
of the disorder in the structure of glasses (Fig. 5)
as determined from xe-ray evidence—that is, of the
order o 7A. Here we are concerned with lrequencies
of the order of 100 ¢cps, This process is analogous
to the scattering of ultrasanic waves in polyerystal-
line materinls.® At low temperatures the niean free

puth increases, as here the wavelength becomes
hrgcr than the scale of the disorder,

We therefore see that the behavier of sound
waves of micrownve frequency ais deduced from
thermal evidence is consistent with the behavior at
lower frequencies where direct ultrasonic measurc-
ments have been macle,

W, I, M.Lmn and H. ], MeSkimin, J. Acons, See, Amer,
19, 464 (19 .
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The Contributions of Acoustics to the Arts

Winer T, BantiolLomew
Farvard University, Cambridge, Massuchuselts

'

F one looks up the word “art" in the dictionary,
he will find mention of various activitics, in-
cluding such pursuits as ctching, painting, sculp-
ture, bookbinding, weaving, and needlework, It is
difficult to see how acoustics can contribute to such
arts except for providing suitably quict workrooms
for the artlsts, and suitably reverberant galleries
for the public display of their works,

We pgree, of course, that when we speak of the
contributions of acoustics to the arts we mean the
sounding arts; i.e., public speaking, the drama, the
sound theater, music, and of course, as a very
important by-product, the art of architecture,
Speech or music in any enclosed space is subject to
the effects of reflections, boundary shapes, aml
materials, ug has been under investigation since the
days of Wallace Clement Sabine. The science of
architectural acoustics has aided in improving the
characteristics of auditoriums, large and small, and
in tatlaring them for the specific demands to be
made by such purposes as lecturing, ply produe-
tion, broadecasting, individual and class music
instruction, liturgical worship, opert, sound picture
recording and reproduction, chamber musie, and
orchestral concerts. Existing auditoriums are being
corrected for acoustical faults through the aid of
high speed level recorders which make possible a
rapid survey of the behavior of sound throughout
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the frequency range, Much has been learned about
insulating such rooms fromt autdoor noise or from
Leansmitted machinery neise, All of this has been
reflected in the art of architecture itself, adding
new possibilisies for functional beauty never realized
in past centuries,

It is completely ta be expected, however, that the
greatest contributions of acoustics to the arts lie in
the specifie art of music, since acousties has to do
with sound, and music is the art most dependent
on sound. All the aother sounding arts carry a
certain amount of meaning in the word-content,
This is also true of sung music. Absnlute music,
however, divorced even from programmatic impli-
cations, is whally dependent on sound.

In addition Lo the contributions from the field of
architectural acoustics already mentioned, music
has prefited in uther ways, Foremost, perhaps, are
the broad general research and measurement pro-
grams of the past twenty and more years, which
have so pgreatly increased ocur knowledge about
musie from its origins in primitive scales and in the
vibrations of vocal cords, strings, reeds, membranes,
aud air-colunns to its reception as sensations in the
brain. Naturally, these programs have been made
possible anly as suitable apparatus became avail-
able, The history of the contributions of acoustics
to music is thus largely the history of the develop-

i
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ment and constant improvement of the microphone,
the vacuum tube amplifier, the loudspenker, rnd
their various vombinations and permutations in
repreducing and measuring equipment of all types,
These useful devices have made possible detailed
analyses of the vibration characteristics of all
musical instruments, and of (he orchestra as a
whole, while the frequeney and intensity spectra
of the mast important instruments, and especially
of the human veice, have been exhaustively studied,

Not only has the produection of sound been
studied, but also its reception, and we note great
developments in the fields of physiological and
psyche-acoustics, We have learned much about the
physical operation of the ear mechanism, and about
the psychological nspects of hearing which lie
beyond the basilar memlwane, Music directors have
become decibel-conscious, and perhaps realize more
clearly why a doubling of the number of perlormers
does not mean a doubling of the louduess of the
chorus or orchestra. Some directors realize the
implications of masking, and wish that composers
did also,

The education of us musicinns is a slow process,
however, In 1937, a writer in the Journal tenti-
tively prophesicd a quantitative scale of loudness
for musicians, in S-db steps, with a sound level
meter at the conductor's stand, 1 don't believe
this has occurred as yet!

One hesitales to mention names of those who
have contributed to this large mmount of research
for fear of omitting those who should not he
omitted, However, in the educational feld, the
pioneer work of Dayton Miller at Case School, of
Secashore and his [ollowers at the University of
Iowa, af Ortmann and his associates at the Peabady
Conservatary of Musie, and of Saunders at Flar-
vard, and Stanley in New Yorl, should be men-
tioned, Also, in the industrial field, the equally
pioneer work of Fleteher and his associntes at the
Bell Laboratories, and the technical advances of
RCA-Victor, Columbia, Conn, and the various
matkers of electronie equipment, should be recorded,

An outgrowth of this research has been the
advance in all forms of sound recording and repro-
ducing, which in addition to giving us sound
pictures of good frequency and intensity range, has
so greatly stimulated music and its appreciation in
the home and school, Whether it is now to be wire,
or tape, or disks, and at what speed of revalution,
is for the thirtieth anniversary meeting to tell,

An interesting field of development, given great
impetus some years ago by the Bell Laboratories, is
that of the stereophonic transmission, recording,
and reproduction of sound, in which the spatial
aspect is preserved through the use of two or more
independent channels, This improves greatly the
realism of any reproduced sound that depends to

any extent on a perception of left-right differences,
and for this reason should be of grear value, at
least in the transmission of plays and operas,

One might think that acoustie research and
improved technical methods would have given
music greatly improved pianos, violing, and other
instruments, but this has not eceurred, The im-
provements in the tradidonal instruments have
been mosthy in minor details, and in time-saving
methods of manufacture which in some cases have
actually lowered the quality. True, we have new
instruments in ihe electronic field, One would lile
to say they have ushered in the dawn of a new day,
In fact, some do say so. Their various faults,
however, give rise Lo the reactionary view that
perhaps the cheapest and most efficient way to
imitate a reed tone with transients fore and afe is
to use a reed, A reed, afeer all, is a fairly inexpensive
gadget, and will actually sound more like a reed,
than a synihetic and imperfect imitation of one by
menns of vacuum tubes and loudspeakers, One is
also driven to the view that there is no cheap and
simple way to imitate an ensemble of musical sources
shart of providing at least: two and preferably more
loudspeakers, with each one fed by slightly different
signal material. The peculinr satisfaction produced
by any ensemble, such as a large pipe organ, chorus,
or orchestra, is largely a matter of the spreatdness
of the sources in space, and of the "fringes" and
richness produced by many sources not precisely
in tune and not precizely simultanecus in onset and
release. These new instruments have, of course,
given us many new and heretofore never-heard
timbres, New aesthetic experiences are in store for
us as they develop, and in time they may improve
sufiiciently to inflience the trend of musical compo-
sition, or even (0 create o new literature conceived
in their own particular idiom.

Since acousticians are Lo some extent mathema-
ticians, a certain amount of rescarch is always being
carried on toward the theoretical development of
new scales, and of instruments to produce their
tones, The long struggle for the alleged perfection
of the just scale poes on today as it did twenty,
fifty, a hundred years ago, even thongh musicians
continue to demonstrate that they do not often use
fust intervals when they are able to do so. The
fascination that these just ratios hold for academic
acousticians could be lessened if they were to realize
the horizontal, motional, meledic significance of
tones, usually a far more important matter artisd-
cally than their roughness or lack of it in combina-
tion with other tones. A more fruitful field, perhaps,
would be the development of a scale based on the
functional characteristics of the ear, as proposcd by
Knudsen, Such a scale would have smaller-sized
steps in the upper part of the musical range where
the ear is more sensitive to change. Twelve steps
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per octave would be enough in the lower range,
more divisions in the middle and upper,

Perhaps the most important, and in the long
run most significant, contributions of acoustics 1o
miusic and the other arts are in less tangible matters.
Thus, for example, one who has watehed the growth
of the Socicty during the twenty years of its
existence noles an increasing recognition of the
importance of the aesthetic faclors, those hazy
borderline phenomena which the pure scientist
would like to ignore and often does, One of the
carly ones was the vibrate. Others were found in
the transients of tone onset and dercay, and the
piteh and intensity eontour of the bridge hetween
connected tones in many orchestral instruments
and in the voice, | have mentioned the important
effect for musical “blend” of multiple sources
slightly out of tune either by virtue of mistuned
constant pitches or of tones modulated by vibrati,
preferably at differing rates. Such aesthetic factors
become of great importance in the field of ccclesi-
astical architecture, The texthooks give us “‘opti-
mum reverberation time”" values lor various typus
of auditoriums, and for churches of non-litargical
and of liturgical character, the curve for the lacter
betng higher heeause of the lessened importance of
the sermon articulation to the whole. However,
more is involved here than the mere ability (o
attain a certain syllable articulation or to hear the
music with hest apprecintion of its contrapuntal or
harmonic structure. A long, slowly.dying reverber-
ation of music or spoken liturgy, particularcly in the
higher reaches of a large chureh, is an effective aid
to a spirit of meditation and worship. This effeet
on people ean even be noticed in certain highly
reverberant structures of non-religious character,
In the case of churches and cathedrals, the per-
sistence, and the very indefiniteness of localization
except in the upward direction, may cause such
reverberant sound to become a symbol for the
omnipresence of the Holy Spirit, subconsciously
or even conscliously expertenced, [f this be true,
and there is evidence that it is, a long reverberation
becomes o desirable thing, perhaps even more
desirable than the complete understanding of the
spoken word. We have difficulty in giving most
church musicians enough reverberation to satisfy
them, "This has come to light again in measurements
made recently on the Riverside Churel, where
according to published optimum curves the church
is, il anything, too reverberant even when hOlled,
at least at low frequencies, although church musi-
cinus generally join in condemnation of its acoustics
and of what they term the “remoteness” of the
large choir which does not souad out as it should,
The usual attempted remeddy in such cases is to cut
down the reverberation of the lows and step up the

highs, One even wonelers if this is the best solution,
however, since the use of the words “cathedral roll”
by musicians in a laudatory sense implies the long
continuation of low frequencies,

As onc reviews the course of development of the
Society, he nowes a greater understanding and
croperation, or at least atlempts in that direction,
between  acousticians  and  musicians, In 1937
Knudsen wrote, “Throughont the centuries, untit
recently, music and acoustics have heen closely
allied. "T'a be n musician, it was necessary to know
thoroughly the science of sound, and the acoustician
pursueel his theories and experiments almost wholly
for the henefit of music, Torday, musicians as a
group know far too little about acoustics, and
acousticians know less about musie,” We would
like to think that situation has been improved. The
attempt to arrive at a clarification of definitions
satisfactory to all is a hopeful sign, as is alse the
setting up of linison committees, joint symposia,
concerts at acoustical meetings, acousticians speak-
ing to music socicties, and the subtle interpenctra-
tion of each other's camps from an inereasing use
of each other's terminology. Oceasional papers in
the Journal even touch lightly the ficlds of the
psychology and the pedagogy of musie. Music
journals have references and whole papers on
acoustic matters, Conservatoties of music are start-
ing to teach acoustivs il conduet acoustic labora-
tories, The Juilliard's work branches out in this
field, and helps to balance the discontinuance of
the acoustics work at the Peabody Conservatory
sOmE Years ago.

At anpiversaries one i3 tempted 1o ook into the
crystal ball, and by extrapolation of present ten-
dencics attempt to predict the fucure. So frequently
one can be mistaken, or overly-optimistic, as can
perhaps be seen by reference to the programs at the
tenth anniversary meeting, [t is cerlpin, however,
that we will see further developments in archi-
teetural acoustics, particalarly in the development
of materlals; and in general acoustic rescarch,
particularly in the fickd of physiological and psycho-
acoustics. o the field of musical instruments |
personally am able to see little in the crystal hall
exeept a possible wedding between the pine argan
and some dectronically produced staps. In the
recording field all | ean see are wheels revolving au
331, 45, and 78, with an ominous cloud of magnetic
tape approaching. Alded perhaps by wishiul think-
ing, I see increasing ecoperation and understanding
between musicians and acousticians. [ see an ex-
tension of the frequency and intensity ranges used
in musie, and an increasing amount of electrical
creation and wanipulation of sound for specinl
clfects, particularly in theatrical presentations, The
work of Burris-Meyer points the way liere, Sefective
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amplification, or timbre modification hy means of
filters, of certain instruments or of sections of an
orchestra is a pessibility, Sepulehral reverberation
chamber effects, and the modulation of one timbre
by another, as when a locomotive whistle is made
to speak words, give still more possibilities for
dramatie, if not for musical enhancement, We soon
come to very real howndaries, however, in the
physiological limits of the ear, which are not likely
to be increased even in the next twenty thousand
years. How much more would just one additional
octave or ten more db add! But our musiciansg
would at once use it as they did with the Bell

Laboratories amplificd orchestra system, and pine
for mare,

Optimists sometimes make statements like this;
“Therce can he little doubn that the music of the
future will be revolutionized as the result of modern
develapments in acoustics,” Perhaps (his is true,
but the erystal ball seems not so sure, Do scientific
advances, impraved instruments, and scientifically
designed scales produce a new and superior musical
art? Or does art invent its own media, instruments
and seales, and go its own merry and uninhibited
way while the acousticians try to catch up with it,
explain it, and improve ic? :



R

THE JOURNAL OF TIIE ACQUSTICAL SOCIRTY OF AMERICA

VOLUMIE 21, NUMBER 4 JULY, 1949

Beats and Nodal Meridians of a Loaded Bell

ArTiUR TANER Joxus
Smith College, Norihampton, Mustachusells
{Received March 20, 1949)

A small toad on o hell wsually changes the rapidity of heats and shifts the positions of nodat meridi-
ans. A study of the first three partials of one bell leads 1o the following conclusians, If the andnodal
- meridian nearest the position at which the load is to be applied {5 assecinted with the Jawer [higher]
pitehed of twa heating componenis, the addition of the Ioad increases [decreases] the mpidity of
the beats, and also shifts the nearest antinodal meridian of the Iower conponent toward the position
of the fopd, Small increases in the lowd increase these effects,

INTRODUCTION

HIE nodail lines of a bell consist of meridians,

which run up and down the bell at cliffereat
azimuths, and circles, which lie at different levels,
If a bell were perfectly symmetrical, the positions
of the nodal meridians would depend on the pnsition
at which the bell was excited, If the beli is not
perfectly symmetrical, the positions of the nodal
meridians are determined by the distribution of
matter in the bell, When there are slight deviations
from syminetry, cach of the various patural pitches
given by the bell is likely to be affected with beats,
The beats arise [rom two componenis which have
the same number of nodal lines and have these
lines distributed alike, except that the meridians
for one component lie halfway between those for
the other, Thus, for the “hum note," which is the

Jlowest note given by a bell, each companent has

niodal meridians 90° apart, and the nodal meridians
of one component coincide with antinadal meridians
of the other,

Each of the various natural pitches of a hell is
therefore likeiy to be in reality a doublet, the
motion consisting of two normal modes of viliration,
each of which has its own cffective inertin and
effective stifiness, but which have nearly the same
frequency., Mounting a small load on a bell is likely
to change the effective inertin for one component
mere than it does for the other, and thus to change
the rapidity of the beats, It also changes somewhat
the distribution of material, and so is likely to
produce a shift in the positions of the nodal
meridians.

This paper reports a study of the changes in the
rapidity of lbeats and in the positions of nodal
meridians under the action of a series of small
loacdls mounted successively at a given position on
the bedl.

METHOD OF STUDY

This investigation is restricted to the first three
partial tores of a bell which has a diameter of
about 54 cm at the mouth, and a weight of about
80 kg. On this bell the first three partials are clear,

are easy to examine, and have frequencies of about
400, 670, and 810 ~/scc. Any chosen onc of the
partials is reacdily brought out alone by pressing
against the bell, through a picee of cloth, the stem
ol a vibrating tuning fork of suitable frequency,
and immediately removing the fork. The bell then
sings out that particuiar partial tone, and continues
to sing for some ten to forty seconds hefore the
sound dies out. When the' bell is not loadetl, and is
thus excited, each of the three partials is affected
with beats—which come respectively at rates of
about 0.49, 0.74, and 0.56 per second, There are
no beats when the point at which the fork is applied
lies on a nodal meridian for either companent, and
this fact provides the means employed in this study
for finding the locations of nodal meridians, The
eircumierence of the mouth of the el was marked
off in centinieters, and it was often possible to
determine a nodal position to a fraction of a
centimeter,

In order to load the bell, sixteen equally spaced
holes about 4 mm in diameter were drilled around
the soundbow—the thickened part on which a
clapper strikes, These holes extended to a depth of
a few millimeters and were tapperd to receive screws,
“The principal part of each Yoad was a steel eylinder
about 25 mm in diameter, drilled with a longitudinal
hole through which the screw slipped easily. The
results of loading were erratic until a short brass
ring of about the same diameter as the eylinder
was inserted between the cylinder and the bell,
This ring had three short legs that rested against
the bell, and so provided a firm contact at the
peripliery of the cylinder, Eleven loads were uscd,
running up te a maximum of nearly 140 grams,
which is less than 0.2 percent of the mass of the bell,

RESULTS
Nodal Meridians

The acklition of a land shifts the pattern of nadal
and antinadal meridians around the bell, and shifts
it in such a direction as to bring an antinodal
meridian ncarer to the position of the load, With
an increasing load, the antinedal meridian comes

315
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nearer and nearer to the position of the lTond, as is
shown by the curves in Fig, 1. Tn this figure o
curve is given for each af che three partinls, and
each curve shows the positions found for a nodal
meridian of the higher pitched component, and
thereflore, for an antinodal meridian of the lower
component, The vertical line at about 43 em shows
the position at which the loads were applied when
the observations for the first partial were taken,
The vertical line at about 32 cm shows the position
of the loads when observations for hoth the second
and third partials were taken, The vertical arrows
that point to the axis of distance show the positions
at which nedal meridians for the lower pitched
component were {ound when the bell was not
lopded. The shifts in the positions of nodal me-
ridians for the lower component would be given by
curves parallel to those shown, but starting upward
from the positions of the arrows,

When the position at which loads are added is
nol too far from an antinodal meridian for the
lower component of the unloaded hell, the curve
becomes steeper and steeper as it rises. When the
londs are far enough from such an antinedal
meridian, the lower pary of the curve shows a knee
like those in the curves of Fig. 1. Where there is
stich & knee, the part of the eurve that is most
nearly horizontal psually occurs when the load is
about halfway between nodal and antinodal me-
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Fig, 1. Positions of antinodal merididng for the lower
L:lrhcd component of the first three partinl wnes of o loaded

ell. The curves show how these meridians shift around the
bell undler the action of an increasing toad applied at one
point on the bell,

ridiaps.! This resule may be expected because a
load applied close to an antinodal meridian would
certainly not produce much shift; and if the loacl
is applied at a nodal meridian, there would be
nothing to determine the direction in which a shift
would start, 8o that a lead in the neighborhood of
a nadal meridian may perhaps be expected to give
rise to anly a small shift.

The height of the knee is usually greater for the
first partial than for t{he sccond, and greater for
the second than for the third, This difference may
be associated with the different masses of the
vibrating segments. Each component of the first
partial has four nedal meridians and no nodal
cirele, and consequently has four vibrating seg-
ments, For the second partial, each component has
four nodal meridians and also a nodal circle, and
therefore has eight vibrating segments. For the
thied partial, there are six nodal meridians and one
nodal circle, and therefore twelve vibrating seg-
ments, The vibrating segments for the first partial
are larger than those for the second, and those for
the second might at first thought scem to be larger
than those for the third. But the nodul circle for
the second partial is lower than that for the third,
so that there is not much difference in (he sizes
of the lowest segments of the seccond and third
partials. MHowever, the thickening of the hell
the soundbiow provides more mass in the lower
segnients of the second partial than in those of
the third, it follows not only that the mass of
one vibrating segment at the bottom of the hell
is greater for the first parvinl than for the seconed,
but also that it is greater for the sccond than for
the third. For the first. and third partials, the leads
at which the curves are most nearly haorizontal in
FFig, 1 are abont average values, For the sccond
partial, the knee is usually lower than in Fig, 1,
hut on the average | find the knee of the second
partial something like half again as high as that
for the third, These results seem to fie the iden that
the knee accurs for a greater load when the mass of
a vibrating segment it the hottom of the bell is
greter,

Beats

The curves in Fig. 2 show the rapidity of beats
as & function of load, All three curves are for loads
applied at one position on the bell, The curves for
the fiest and third partials are nearly seraight, but
that for the second is decidedly curved, with a
minimum at a load in the neighborhaod of 40 grams,

For the first and third partials, the lond was
rather glose to a position at which there was an
antinadal meridian for the lower component when
—————

Hin Fig. 1 the curve for the seeond partial i3 exceptional
it this respect.
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DEATS AND NODAL

the bell was not londed., The load therefore pro-
duced very little shift in the pattern of nodal lines,
Since the load was near a nodal meridian of the
higher pitched eomponent, the frequency of that
component was nat much aflected by the load.
The principal change brought about by the load
was an increase in the effective inertin of the lower
component, with a consequent deerease in the
frequency of that component, The beats therclore
becamie more rapid, and for the small changes in
load that were invelved, the relation between load
and rapidity of beats was nearly linear.

For the second partial, the position at which the
load was applied was not far from a nodal meridian
of the lower component on the unloaded bell, The
effect of a small enough load was therefore to lower
the pitch of the higher component without greatly
affecting the lower, This decreased the rapidity of
the beats, But the load also shifted the meridians,
and when the load was in the neighborhood of 40
grams, it was about halfway between a nodal and
an antinodal meridian for each component, Under
these circumstances a small increase in the load
lowered both components to about the same extent,
and so had little effect on the rapidity of the beats,
As the load increased further, the effect approached
that described in the preceding paragraph, so that
the curve rose and tended to straighten out.

CONCLUSION

A study of the shifts of nodal patterns and the
rapidity of beating, when incrensing loads were
applicd at each of the sisteen holes around the bell,
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16, 2. Rapidity of heats fn the first three partial tones of
a bell. The eurves shaw how the rapidity of the beats changes
unier the action of an inereasing load applied at one point
on the bell,
showed that the above statements seemed to it the
facts in general, A small load applied to a bell
rotates the pattern of nodal and antinedal me-
ridians in such a sense as to bring claser to the
loud an antinedal meridian of the lower pitched
component. The addition of the load increases the
rapidity of bents when the load is closer Lo an
antinodal than to a nedal meridian of the lower of
the beating components, and in the opposite case
it decreases the rapidity of the beats,

‘The bell used in this study was kindly Jent by
the Meneely Bell Company, and [ wish to express
my appreciation of their courtesy, and my hearty
thanks,



THE JOURNAL OF TIIE ACOUSTICAL SOCILTY OF AMARICA

VOLUME 21, NUMBER 4

A Proposed Loading of Piano Strings for Improved Tone

Fravgray M, Jw. }
Kenyon College, Gambier, Chio

[Received March 5, 1949)

An fdeally stiff string has avertones s, which are sharper tan mahiples of the Tundamental, the
Inharmenicity being propordenal to (st=1), ‘This well known theoretical result bas been verified
by Schuck and Young [J. Acous, Soc, Am, 15, 1, (1943)] for typical strings, 1tis propased to improve
the wone of ¢ piano string by ataching o simall mass, thus lowering the frequency of each pornial
mode except those for which the mass Is ata node. 1t twens out that for an ideally stff sieing, approsi-
mate correction of i large number of overtones cian b olvained witk o singla mass suinbly located,
In the limit of o lurge mass near the ¢nd of the steing, the correction 3s exact for all overtones, A
mass of the arder of 001 g placed o few em from te emd of & typical string wdjusts the firse eighc
overtomes Lo within o few hundredths of a semitone, o negligible inharmonicity, 1mproved ww is
expected since the subjective fundamentals derived Tfeom difference tones between adjacent parstinls
will show greatly reduced dispersion. The effect of the loading upon windng would reduced the obseeved
stretching of the octaves to a negligible amount, Deviations fram ideal stiffness nnd the effect of

JULY, 1944

adding two masses are also considered,

INTRODUCTION

HE modal frequencies of a perfectly flexible

string are integral multiples of the funda-
mental frequency, but each partial, including the
fundamental, is raiserd in frequency if stiffness s
not negligille. Seebeek showed that

=il bt et trdednt .- -), (1)

where w, is the frequency of the. nth partial,
vo= BT/ ML)V is the lundamental frequency caleu-
lated from the total mass A, length L, and tension
T of the string, and « is a constant depending
upon the string.!~? For a circular string of radius
a and specific gravity p and Young's Modulus @,
a={a/2plA {0/}, which is a small guantity for
the strings of a piano. For convenience, let
A=ir*e?(1+ata?) and v = vo(l d-a¥a?); then

va=tpg’ (1-+80%). (2

We will eall a atring for which stiffness is the only
perturbation an “ideally stilf” string, The higher
terms in 24, ete,, which were omitted from e, (1)
are negligibly small for actual piano strings.
Experimental investigations of the maodal fre-
quencies of strings have been made by several
authors, 7 all of whom found the partials to Lo
definitely inharmenic, The most comprefiensive
work has been that of Schuck and Young, who

LA, Seebeck, Abh. d, Math Phys. Cl, d, K, Stcha. Gesell-
schaft d, Wiss, Lc:pzlg. 52,

* Lard Naylelph, Theory of Suund (Mnemillan, New York,
189!), secornl editon, Val. I, p. 3

310, M, Morse, Vibratian qmi .Samul (McGraw-Hill Book
Company, [nc., I(H 3, second edition, p.

‘R, S, SIanI'\nd anil Jo W, Coltman, ], Acot. Soc. Am.
10, 161166 (1939).

A, W, l\nlle and C, 1. Boner, J. Acous, Soc. Am. 13,
145-148 (1941
| ;P(ll'}-l E‘;chuck and K. \Y, Young, J. Acous. Soc. Am. 15,
(19'415{) Jouty and Y, Rocard, Rev, Sci. aris B4, 283-285

showed that for many strings a remarkably accurate
square-law inharmaonicity does indecd exist; 8 was
found to be about 0.000139 for a cypical F7 string
(the F below middie €). The very fowest two
octaves showed a hybrid behavior, Schuck and
Young found that for any given piano, the inhar-
monicity was lowest for strings in the low middle
register. In comparing pianes they found the
inharmonicity to be less for pinnos with longer
strings, as is to be expected from the formula for o,
They showed quantitatively how the measured
inharmonicitics cause the “stretching of the oc.
taves'” which is commaonly found in the wning of
pianos, They attributed the mellow tane of longer
strings to the fact that the smaller inharmonicities
of such strings couse less dispersion among the
frequencies ol the subjective fundamentals derived
as difference tones between adjacent partials,

It is apparent that it would be desirable to reduce
the inharmonicities of the partias of the vibrating
plano string, It is well known that a small mass
attached to the string will lower each modal fre-
quency except those lor which the mass is at a node;
in this paper the effects of various lnadings upon
the inharmonicites are considered. 1t turns out
that approximate correction of many partials can
be oltained by a single emall mass suitably located,

EFFECT OF VARIOUS LOADINGS
Case 1. Continuous loading

We shall apply the usual first-order perturbation
theory® and assume throughout that the mass
perturbation and the stiffuess perturbation are
independent, If the linear density is e[14-0(x)],
where b{x) is small, then

L
v,.=nvo‘|:1+ﬁn“-—(l/L) f b(s) sinﬂ(m/L)dx]. 3

" Reference 2, p. 118 reference 3, . 124,
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The location of each node is in general shilted by
the mass perturbation, but this fact dees not affect
the derivation of Eq. (3). As was shown hy Ray-
Teigh,® a sinusoidal density perturbation will aflect
only one of the partials; in fact, if (x) is expanded
into a Fourier cosine series, the successive coeflici-
ents in the expansion determine the correction to
the [refuencies of the successive partials, In prac-
tice, & perturbation such as

b(x)= —48%, wie~*n cos(2mnx/L) (4)

could be used to correct the first ten or twenty
partials, the factor e~* heing adjusted to damp
out the higher terms of the series for b{x). This
method of compensation, although theoretically
attractive because it could be applied to a non-ideal
string, would be prohibitively complicated to carry
out experimentally,

Case 2. Single mass, two partinls harmounized

Passing now to the case of discrete masses m,
placed at distances x; from one end of the string,
g, (3) becomes

v =g’ (181~ AX ; i sin'nd,), )]

where we define g;=n;/ M8 and ;= #x:/L, Thus
for a single mass,

#1= vy’ (148~ B sin'g), (6)

vo = i (1402 — Gu sin®nd). )

The inharmonicity D, of the #th partial is defined
as Dy=1200 loga(va/2m), whence

Da=1131(en—nm)/nvy, (8)

if w, s almost equal to ww. The mit for 22, is the
logarithmic cent, or 0.01 of a semitone (about a

1 L]
o} INHANMONSCITIES OF OVERTONES
OF A §INGLE STRING
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F16. 1. Effect of various loadings upon the overtones of an
ideally stifl Fi string. Curves le amd 10 nre single-miss
corrections; curves 2e and 2 are two-mass correclions,

? Reference 2, p, 215,

PIANG STRINGS FTOR REDUCING INHARMONICITY 319

TanLk 1, Carrection of overtones of an Fy string for whicl
g=0.000139, for vagzious loadings, The talde shows the resitual
inharmonicity 2, in logarithmic cents for each partinl whose
nominal frequency is mey. The corrections la, 1, 2a, 20 are
described in‘the test,

Shngle musa Twr tissden

" UL, cure, ba carr, 18 COrt. 24 vorr, b
1 1} 0 0 0 1}
2 0 0 0 0 0
3 1.9 18] 0,0 0 0
L 3.6 0.5 L1 0 1]
5 5.8 1.t 0.3 07 02
6 4.4 2.5 07 1.8 [LX]
7 [.5 +5 [3 .5 1.0
8 15.1 7.3 2.2 05 1.5
g 19.2 1.1 3.5 10.2 3.0
10 23.8 16,0 53 15.1 +8
11 288 21.7 1.7 209 7.0
12 343 18,4 0.5 T 0.0
13 0.3 35.6 [EXS 354 LT

0.06 percent change in frequency), Inharmonicities
of a few cents are detectable; for example, the
tempered fifth is about 2 cents Aatter than a true
fifth, and this inharmonicity is percelved by piano
tuners, Since # and p@ are small quantities for
actual strings, Eqs, (6) anel (7) then yield

Dy=17318[ (1 — 1) —p{sin®nd—sin®0}]. (N
Setting Py =0, we arrive at the condition
w—1=gsin{u=1)0sin{n-+1)0. (10}

Since there are two adjustable constants, g and 06,
twe equations of the type (10) may be set up, and
two upper partials may be harmonized (i.e., ad-
justed for 12, =0), For example, let us adjust »
and »g. Equation (10) yiclds

{11a)
(11h)

These equations may be solved by algebraic means,
piving a=—54/5 and @=sin-'(5/6)1=65.9° This
single-mass loading suffers from two defects. First,
# is negative, and controlled removal of mass would
offer technical difficulties and might weaken ¢he
string. Segond, while it is true that it makes wy=2y,
and »y=3p;, calculation shows that the remaining
partials are affected irvegularly, Some are lowered,
some are raised, but all are about as inharmonic as
hefore, This is & consequence of the fact that the
negative londing at 8=65.9° s far from the end of
the string, #=90° corresponding to the center of
the string, '

For a low tone of & piane, the fundamental is
often weal or missing, A wner then adjust octaves
by relying upon beats between v and »y. For such
a gtring it would he advantageous to harmonize »,
my, and », Unflortunately, the appropriate cquations
analogous to Eqs. (11) have no real solution for &,

3= sinf sindg,

and
B =y sin20 sindd.
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TanLr 1L Inharmenicities of subjeciive fundamentals
tlerived from neighboring partials, calcutated for the same
string as Table I,

Single ok Twa tauvara

n nworr, corr. la core, 1b carr, 2a corr,
1 1.4 i 0 0 1]
2 o+ 0.3 0.0 7} 0
3 87 1.6 4 0 0

4 44 1.8 1.1 3.6 0.9
E] 2L6 0, 2.5 7.2 1.k
fi in.2 16,0 4.0 1.7 d.1
7 0.3 274 8.6 2.5 7.9
B 5.8 41.8 13,2 39,4 12,6
9 64,7 0,0 2.5 §59.8 0.5
10 0.2 T4 32 [N} H
11 95.0 14 42 102 12
12 1122 123 6l 126 S

Cage 3, Single mass, one partinl harmonijzed

By giving up the requirement of Case 2 that
ra=de and retaining only pa=2v;, we may  arbi-
trarily fix either g or 8 so that 23=0. It follows
from Eq. {11a) that the smallest positive mass
which will do the job is x=16/3 placed
#=sin"}(3/8)1 = 37.8°. However, by placing a larger
mass closer to the end of the string, the luctuations
in inharmonicities can be largely removed since the
mass will be near a node only for relatively high
partinls. All of the lower partials will be improved,
in a somewhat regular fashion, and the 2nd partial
will be exact. T'ypical results are given in Table |
and plotted in Fig. 1. Two single-mass corrections
are calculated for the medium grand piane F: string
of Schuck and Young, This is an ideally stiff string,
with A(=17318) having a value of 0.24 as deter-
mined {rom the slope of the D, vs, #? curve in Fig, &
of reference 6. The residual inharmonicities re-
maining after correction are computed from Eq.
(9), using the experimental value of &, and values
of p and 0 consistent with Lq. (11a), If we arbi-
trarily assume that an inharmonicity of 23 cents
is tolerable, Table [ shows that only the first 3
partials of the, uncorrected string are within the 3

‘cent limit. 1t'is seen that correction ¢ (u=35.55

at 6=10° renders the first 6 partinls tolerable,
while carrection 16 (u=132.99 ar 8= 5°) similarly
adjusts the frst B partials. In the limit, a larpe
mass placed very near the end of the string gives
exact correction for all partials {until the approxi-
mation of Lq. (1) breaks down), This is apparent
from the fact that for small 8, Eq, (10) reduces 1o
uF=1, and this condition does nat involve the
mode number o,

Case 4, Two masges, 3 partials harmonized

By loading the string at. two points with masses
iy and ga placed at 6, and s, there are four ad-
justable constants, and hence in theory, at least,
we can adjust four of the upper partials, To adjust:

MILLER, [IR.

va, v1, vy and va, we must find a real selution for
the equations

3= u, sind; sin3fy+pq sintly 5in3fy, (12a)
8=y sin2dy sindd - pa sin2fy sinddy,  (12h)

15 = gy sin3f sin30,+ug sindfy sinsey, (12c)
anel
24 =y sinddy sin661-tuy sindds sinG6s,  (12d)

For constructional reasons, we will limit discussion
to positive loadings, A careful study of Eqs. (12)
shows that there is no real solution for &, and 8y
with positive masses, nor is there a real soletion if
Ea. (12d} is replaced by the corresponding equation
for adjustment of w»e, vz, or . Therefore we shall
consider only the first three of Egs. (12), treating
8y as an adjustable parnmeter, It turns out that 0,
is real ondy for 05 0: $52.2% and 69.2°K 0, £90° amd
for corresponding intervals in the other hall of the
string. Far both gy and pa to be positive and finite,
th is fourther restricted, so that one mass must be
placed in the region 0<#<36° and the other mass
in the region 69,2 <0< 72° Fhe inharmonicitics for
two chaices of 8 are listed in Table {, and plotted
in Fig. t, For cach of these loadings Dy=Dy=D,
=0, Curve 2¢ is for u,=0.857 at 6,=62,43° and
u2=38.03 at =107 This may be compared with
the single-muass correction 1, Likewise, placing a
larger mass at 5° we have curve 25 {or which
mi=10203 at 69,33° u3=136,92 at 5°,

In general, each two-mass correction involves a
mass near the end of the string of the same erder as
that for the corresponding single-mass correction,
and, in addition, a ntuch smaller mass near the 69°
position, Because of its position, the small mass
introduees some irregularities in the inharmonicities,
but these arc small. The two-mass correction does
not materially improve the Sth and higher partials,

‘m.:' INHARMONICITIES oF .
DERIVED FUNDAMENTALS /
ol Fa=MEGIN GRAND PIAND
wh Das n{o, BYeD,,, (LI
4l
* (LTI TR
an
nh
] —an_ 10- -n: —5': —,\_: -“;- —Ju— "rﬁ‘m‘_
“I

16. 2, Effeet of a singlesmass Joading upon the derived
fundivmentals of the string of Fig, 1,
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nlthough it does of canrse render the first 4 partials
exactly Iarmonie. It is doubtful whether a two-
mass correction would justily the technical com-
plexities intraduced,

THE DERIVED FUNDAMENTALS

As pointed out by Schuck and Young, the derived
fundamentals may play an impertant role in the
mellowness of the tone quality of &t string. 1t would
be desirable to reduce the spread among the {re-
quencies of the subjective difference tones arising
from adjocent partinls, Let Dy a0 be the inhar-
monicity of (pag1—va) with respect to ¢y Sinee,
fromt Eq. (8), pa=nm(14D,/1731), we nay com-
pute the actual difference frequency (v —»,) and
thence find Dy apr. The result is

Do npr={Doga —~ Do) Doy, {13)

For an ideally stiff string for which Da=K{n#~1),
we obtain
Dot =dKn(n+1). (14)

For any chosen value of #, the inharmonicity of
the derived fundamentai is proportional te the
factor K for that string, Therefore, as proposed by
Schuck and Young, the slope A of the D, w5, #2 plot
should be intimately related to the “‘mellowness”
of the string. Incidentally, q. (14) shows that for
an jdeally still string Dy, v I8 almaost a straight line
when plotted against a3,

The inharmonicities of the derived Tundamentals
have been ealculated for the uncorrected Fi string
of reference 6, and are surprisingly large, being of
the ercer of 3 times the inharmonicities of the
partials, Table I shows that none of the derived
fundamentnls is exactly harmonic for the uncors
rected string, and only the first one is within 3 cents
of the fundamental. ‘The single-mass correction 15,
witich is plotted in Fig, 2, exactly adjusts the lirst
derived fundamental, and reduces the firse § inbar-
monicities to less than 3 cents, The impravement

CENTS

"‘( STRETCHINS OF THE OCTAVES

o

- CPARELIGR L
(3 [ F n

18

"

Fi6, 3, Effect uf single-muss louding upon the sireaching of
the octaved, Solid curve is lor Ideally stifl strings; broken
‘eureve is for actual £ and Fy strings,

REDUCING INHARMONICITY © 32t

‘Tanpaz HI Calenlated tuning Tor o medinm grand piang,
following the usual tuning procedure, Al strings asdumed
idenlly piff with various constants K as listed. Inbpemonicities
of the fundamentals nre given, expressed in Jogaritlunic cents
relative to fy,

Single s

Fregneney

Naote et N unorr, corn i carr, bh
£y 4.7 0.69 ~1.5 -1.8 ~0.3
Fy §7.3 th2 -0 =5 =01
Fy 175 L34 ] 0 1]
Fy D 0,48 + 0.7 i 1]

" (98 1.2% + 2.2 f [}

s 1396 1.9 4- 5.0 [} 0
12 2792 +11.0 0 0

is greatest for the fundamentals derived from the
lower partinds, and it is just these partials which,
because of thelr intensity, would produce the
strongest subjective tones,

The two-mass correction adfusts the first 3 de-
rived fundamentals exactly, but Table II shows
that the over-all result would not be neticeably
hetter than the simpler single-mass correction.

THE EFFECT UPON TUNING

Let us assume that a tener starts with 5 and
adjusts Iy, Fu, Fo, and Fy by beating fundamenials
against 2nd partials. Let us also assume that the
tuning of Fz and F| proceeds by the beating of 2nd
partinls against 4th partials. As shown by Schiwck
and Young, the inbharmonicities of the first few
partials causes stretehing of the outives which is in
quantitative agreement with the observations of
Railshack™ upon many pianos il the above wining
scheme is [ollowed, The sharpness of the upper
octaves presents o very real difficalty to the tuner,
and is a source of distress to the sensitive performer
ar listencr, Table I and Fig. 3 show the ealculated
eficet of the single-mnass correction 15 upon the
tuning of the medium grand plane of reference 6,
nssuming all strings to be ideally stiff, The stretch-
Ing of the upper octaves is climinated identically,
and that of the Tower octaves reduced to a negligible
amount. It is obvious.that the twa-mass correction
wottld eliminate stretching of all astaves, but apain
the single-mass correction seems entirely adequate,

STRINGS THAT ARE NOT IDEALLY STIFF

The foregoing analysis applies only to strings
that are jdeally stifl, or, in general, to strings for
which D, = K(n*=1) for whatever reason, However,
u string that is not ideally stiff can usunlly be
improved by a suitable single-mass correction, Con-
sider the Fy string (low /) of the medivm grand
piano of reference 6, The D, vs, 47 curve consists
of two linear segments of slope A=0.60 and
Ky=0,32, A single-mnss correction at 0=5° has

® 0, L, Railsback, J. Acous, Soc, Am. 9, 274 (1938); 10, K6
{1938),
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F16, 4. Effeet of a conpromise single-masa loading upon the
overtones of an actual Fy string,

been computed, using a B based upon a compromise
K =0.50; the results of applying this correction to
the observed {non-ideal) inharmonicities are shown
in Figs. 4 and 5. It is scen that the inkarmonicities
both of the partials and the derived fundamentals
have been considerably improved, at least up to

n=12,

A tuning curve has been calculated based upon
actual Fy and Fe sirings and is shown as the broken
curve in Fig. 3. For the Fp string & compromise
K =040 was used. While not as good a correction
as if the strings had been ideally stiff, nevertheless
an improvement is noted. [t would, of course, he
possible 1o adjust the tuning curve at the expense
of the derived fundamentals, 1t is probable that
the improvement of tone is more desiralde for the
lower piane strings than is climination of octave
stretching, although this is a matter of conjecture,
For the middle low strings and abaove, this dilemma
need not be faced, since experiment has shown
such strings to be idenlly stifl.

CONCLUSION

The ealenlations described in this paper indicate
several ways in which a single-mass loading might

(14,941
H3E INHARMONICITIES &F

DERIVED FUNDAMENTALS
war FOM A F STRING

L4

(31

N I

£D) [ (1] =] 1] e
W »

Fig. 5. Effeet of a compromise single-mass loading upon the
derived fundamentals of an actaal Fy string.

T

he expected to imprave the tuning of a piano and
the tone of the individual strings. The practical
details of the realization of such a loading remain
to be worked out. A small, controlled loading might
be applied by electrolysis, but 1t wonld prabably be
desirable to use a movable mass to allow for
adjusement as the siring stretches in the initial
tuning, The problem of firm attachment of the
mass to the string would have 1o he solved, In
production, a relatively fow stock masses could be
used, the position 8 for cach string heing adjusted
according to Eq, (11a). [t might be possible to
design an inharmonicity meter for routine factory
adjustment as the plano is strung. As a concrete
example, the correction 1b for a string of length
120 cm and mass 7.2 g would amount Lo only
0,133 ¢ placed 3,33 cm from one end of the string.
The load eould be subdivided hetween the equiva-
lent points near each end of the string, Because of
its great density, gold wonld be » most suitable
material for the added mass.

The final criterion of the desirability of loadings
such as deseribed in this paper would, of course,
lie in listening Lests with actual pianos,

L
.
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Generalized Solutions of Webster's Horn Theory*

Osman I, Mawaros
Aconstics Research Laboratery, Harvard University, Cambridge, Afussachusetls

Welster's equation for the approximate lformulation of the propagation of sound waves in horns is
solved using twe methods of approach, The firse methad cansiders o transmission line with vartuble
parmeters as the electrienl analogue of the horn. This approach Is specially useful in yielding gencral-
ized solutions for horns of finite length, Tlie second method, based an an investigation of the singu-
larities of Websier's differential equation, leacs to the discovery of a great ninber of new families

of hurns,

1. INTRODUCTION

RIGOROUS solution for the propagation of

sound waves down horns of arbitrary shapes
is still outside the realm of the existing methods
of mathematical physics. To reduce the complexity
of the mathematics, & mumber of assomptions are
introduced. Some of these, however, are in some
instances in contradiction to physical concepts.
The resulting “simplifidd” solutions! which have
heen developed are thus the mathematical deserip-
tion of an idealized case, Al these solutions formu-
late the propagation as a one dimensional problem
and in lieu of the wave cquation the Webster
equation, incorporating the data aof the problem,
is found,

The previous assumptions are plausible when the
horn dous not flare taa quickly and when the curva-
ture of the wave front is small, The range of
validity of the solutions is thus restricted to low
frequencies. Consideeation of curved wave [ronts,
although more in accordance with physical reality,
leads to considerable complication in the mathe-
matics, The additional labor required to solve the
curved wave {ront problem is not justified, since
the Webster equation is already an approximate
formulation to the phenomenon of propagation,
Consequently, the wave front is assumed to be
plane,

The preceding discussion woudd lead one to
believe that Webster's equation is a ernde approxi-
mation valid only in a very restricted number of
cases, but otherwise giving results of donbtful
vilue, Toa certain extent this is true. The justifica-
tion of its use is that, lor want of a better solution
and from a practieal point of view, the plane wave
theory yields a design basis of comparison—-at low
frequencies—for horns of different shapes. The high
frequency transmission characteristics are not so
important, since the behavior of all horns at high
frequencies is very nearly the same,

* This rescarch has been aided by fumds made avallable
under a_contmact with the ONR,

' A, G, Webster, Proe, Nat, Acad. Sci, 5, 275 (1M19), C, R,
Hannn and J, Slepinn, AIER 43, 393 (1924), G, W, Stewart
andd 18, I8, Lindsay, Aeeusties (13, Van Nosteand Compiny,
tne,, New Yark, 1030}, p, 332,

2, WEBSTER'S EQUATION, ITS SOLUTION

A search in the literature? reveals the face that
the horn contours which have been studied are very
few in number, This is due to the difficully of
solving Webster's equation exactly when the horn
contours are of arbitrary shape. Salinon? has made
use of numerical methods of integration when the
solution in closed form is wnfamiliar. But his
methot is not suitable for solving horns of finite
leagth, The puepose of the present paper is to
ohvinte these diffienlties and to develop generalized
methods of solution, Two lines of approach have
reen followed to achieve this aim, The first method,
based on the analogy between electrical and acousti-
cal systems, is very effective in dealing with horns
of finite length. Iis importance s a generalized
method of study, however, is secondary, The second
approach has a wider scope of generality and has
the great merit of discovering new families of horns,

3. THE ELECTRICAL ANALOGUR

The idealized horn described by Webster's ap-
proximations has for analogue an electric trans-
mission line with variable parameters. The validity
of the preceding statement can be argued on
physieal reasoning, The transmission line is visual-
ized as the limiting case of infinitesimal lumped
inductances and capacitances connected in a re-
current pattern. Similarly in the horn, by virtue of
the plane wave theory assumptions, each infini-
tesimal slice of air is allowed tn vibrate only in a
direction parallel to the axis of the horn. Both
infinitesimal systems having one degree of freedom
and both behaving alike in a linear manner, the
analogy is established.

The original problem of the solution of the
characteristics of a horn by Webster's approximate
solution is reduced to a discussion of the properties
of special classes of electric transmission lines,

(i) The Infinite Line
Let the line be first thought as buile from a
large number of quadripoles in cascarle numbered
? () S, Ballantine, J. Franklin Inst(. 2().{3j BS (1927), () V.

Salmon, J. Acoust. Soc. Am. 17, 212 (1946},
3 Bee reference 2(b), p. 19,
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Fic, 1, Hora and is electrical analogue.

1, 2, «++pn, oo, For any one quadripele there
exists a set of relations between the input and
output voltages and currents, These relations are
of the farm;

Vo= aVattialy

Locr=tay, o Vattaaaly (3.0
or in the notation of matrix algebra:
l,n--l — .. Vn
(=) =taun( ). (3.2

Since the lines considered are to be physically
realizable and are to be constructed from linear
passive elements, each quadripole # can be repre-
sented by a T network having for branch im-
pedances (Z,3~Z,'%, Z,%, (Z,2—Z.1). These
impedances are related to the clements of the char-
acteristic mattix (14, 2} in the following manner

= Ea /2408,

iy = [(Z2a1 20" 12,1 ]—Z0",

i, n= l/zumr

T P AT P AU 3.3

The branch impedances depencling on the geom-
ctry of the horn (the terms horn and line are (recly
interchanged in this discussion), the coefficients
i, w are uniquely defined for a specifie horn shape,
Since any one quadripole » represents the behavior
of an infinitesimal section of hotn, comparison of the
two analogous systems of Fig, 1 leads to:

pdx S.4x
= H Cn = (3 -4)
n A 4

S, being the cross-sectional area of the "element
u, Ax is the width of the infinitesimal seetion of the
horn, p is the density of the air, amnd ¢ is the
velocity of propagation of sound in free space, By
means of relations (3.3) the coefficients a,;,, are
identified as:

hiyn= 1 _WuLnCn =1- (WA-\')n/C’

@12, n = Julon = fupdx/S,

gy, n = Juln = jwS,ax/ pc*

amn=1 (3.5)
A Tunctional relation for the input impedance at

the throat of the horn ean now be determined from
the fundamental pair of relations (3.1). Thus,

VE, Guillemin, Commustication Networks (John Wiley und
Sons, Inc., New York, 1933), Vol, 11, p. 1404,

MAWARD]T

dividing the first by the seconed of these relations,
it is found that,
1, ndenttliz 0
| = {3.6)
a1, ndn ez,

where Vo/ln=Z, and Veoi/dnei=Zuey As Ax is
made te approach zero, all terms in (3.6) hecome
functions of the continuous independent variahle x,
The above equation then reduces to:

a8z ap{x)d4-iq(x)
ix —r:=|(x)Z+ug,(x)'

Substituting the values of the cacfficients a;(x)
from (3.5) and neglecting infinitesimals of higher
order, the previous relation may be put in the form:

(3.7)

VAT Jap
— L smt =, (3.8)
dx  pct S

I'he Iatter expression is a generalized Ricatti
cquation, This relation must be equivalent to
Webster's equation. The equivalence is neevssary to
confirm the preceding plysical argument establish-
ing the analogy between the line and the horn,
By means of the two successive iransformations
Z=1/Y and V=—=(S¢'[jupp) (V defines the input
admittance) it is readily found that Eq. {3.8) re-
duces first Lo:

Y e fu.
W _dwey, w35, (3.9)
8 pc?

then to the Webster equation;

B 7S'Ndd  fwy? |
_+(_)__+(_) 6=0.  (310)

x® Sl \e

The dependent variable ¢ is identified with the
velocity potential,

The Ricatti-impedance equation is not easier to
solve than Webster's original equation, As a matter
of fact, the discussion of the former cquation is
usually performed on its wansform, the second
orcler linear differentis! equation.t One aof the aims
of this study being the Investigation of possible
methods of solution, 2 brief discussion of the im-
pedance equation will be made,

The use of the admittance g, {3.9) is sometimes
more convenient. Writing y= Ypc, this same equa-
tion hecomes:

dy j ju
S—-y~—"—‘fy“+'i-.h‘”=0. (3.97
dy ¢ [

&1, L. Ince, Ordinary differentio] equatives (Dover Pablica-
tions, New York, 1941), p. 205,
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Solving the previous expression (3.9') as a quadratic
equation in S, it is found:

jeoy t e 1o
P B i<[ _.._) > ] (3.11)
Juidc y 2oy dy
The expression S is redueed to a more condensed

form when —{(Ge/2w)(1/y{0y/0x) is substituted hy
sinhg; Eq. (3.11) is then .

S{x) = yest, (3.12)

Since S(x) is not a function of the irequency w/2r,
then:

as dy 0@
._._.Eom—u—i-y—-. (3.13)
o dw  dw

The relation (3,13) ean he considered as the general-
ized equation for the propagation of sound waves in
harns, This relation haa for intermediate integral
the Ricatti-impedance (or admittanece] cquation.
A direct use of Eq. {3.13) is to determine all familics
of horns having admittances of the form:

(%, w)=B{x)  Dfea). (3.14)
It is expected that 12q. (3.13) should become tract-
able for the above case, When (3.14) is substituted

in {3.13), then using the method of separation of
varinbles, the equations for @ and Q are:

ae
= Q= ) (3.15)
dx
andl
a0y ? c? [t
(-—) 1—-—-1.'0“’) = = frgt—— {3.10)
B dw? Juat

where k&g is an arbitrary constant, The second of
these relations integrates 1o

ch
logQ-A = j ms—'(-z-“). (3.17)
w

A being a new arbitrary constant. A more con-

venient way of expressing (3.17) is to write:

ch
QA =gf cas"(-—-ﬂ
2u

~can( cos™1 (2 ke s w22 m))
(D))
=_+;(1—( )) (3.18)
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ebo/2 having been substituted by we, The arbitrary
constant A ean be evaluated from the condition
imposed on horns te be purely resistive at higher
frequencies, ie., for @ tending to infinity @ ap-
proaches unity. Whence 4 =4, and

(-2

The former Eqg. (3.15) integrates to;
(3 = Qqetos, (3.19)

and the admittance of horns satisfying 3.14 is:

_v=(-).]a*u(;—f'5+ 1-(%')“)1). (3.20)

‘The previous relation (3.19) shows that the
exponential horn is the oaly horn whose frequency
characteristies remain unchanged along its length,

Another useful application of the admittance
equation is to consider the cases for which the
equation is integrable in finite terms, When S=5(x)
is of the form a7, Eq. (3.9) is;

(3.187)

dy ) Jw

yr——byt= =bx¥; b=—, (3.21)
dx €

T'he same expression ean be rewritten in the form:

dy
xfmal = — fp(1tal (3.22)
dx

where r=1—u.

It is shown in treatises on differentinl equations®
that for the particular ease of (3.22), the cquation
is integrable in finite terms whenever (1:44)/2 is o
positive integer, This sets for the exponent r=1—a
the values 2, 4, 6, <+ -. The solutions integrable in
{inite terms are of practical importance sinee they
will give an iden of the rate of variation of the
impedance with the tlare of the horn without per-
forming elaborate computations,

‘The solution for a few values of v have been com-
puted and are given below:

1
r=2, S=y? y=(—+l)x",
by
()]
x| — —
by bx

r=4, S=xb, y=—— " (323)

(+3)

A, R, Forsyth, o reatise on dlﬁeremmi rqual:aus {Mae-
Aitlan Conpany, Lid,, London, 19143, p, 1
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It is easy 1o check that the first example corre-
sponding to the canieal horn yields for the speeific
impedance ac the throat:

(o) Jorx
znsm=""'3=.05( . )
¥ e+ juwx

which is the known answer.

The horn contours having for solutions (3.23)
have been specially chosen to show the superiority
of the Ricatti equation over Webster's equation in
determining the impedance whenever the equation
is casily solvable,

The function S occurring in the impedance equa-
tion is a continuous function of the independent
variable ., Furthermore, for flaring horns § grows
monotonically with x. It is casily deduced from
Eq. (3.8) that as S(x) grows indefinitely with x, £
tends to zero, As a result, Poincaré's asymptotic
series” are useful in solving the equation, The pro-
cedure, however, is not always easy beeause of the
non-linear charncter of (3.8), As an illustration of
the method, the case of S=ax?is again considered,
The impedance equation is rewritten for con-
venience as:

5 1
—= ( z“-—-—) (3.8"
ax S.
with 2
w
s=—; b= Ll
pe ¢

= is now substituted by an asymptetic scries ex-
pansion ;

) =2 ﬂ;+
& et N

Comparison of the coefficients of equal powers of ¥
vields for the aa:

1
a|=0, ag=]! ﬂa=—z, ﬂ‘.-_-;’-‘ ey,
(—1pr
Ln=1 '

1 . 1 + 1 )
[ D
xt be ' (be)?

Apn=

fence:

1 i b

st 1| w(ltby

x 1 x( )
bx

yielding the known result,

—;‘1‘.(I. {'A. Bramwich, Introduction 1o the theory of infinite
series (AacMillan Company, Lid., Lomdon, 1908}, p. 344,
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The use of asymptotic series is also effective for
S=an, 1 any integer. But it becomes very laborious
when S is a polynomial expression,

It is seen from the previous discussion that the
electrical analogy is not of much use in solving the
infinite horn. This has already been pointed out in
Section 2. The method, hawever, is very powerful
for the horn of finite length. This will now be
considered,

(i1) The Horn of Finite Length

The line Is again visualized as a number of
quacripoles {a,), (@2}, +++, (@) in cascade, The
characteristic matrix for the finite length of line £ is
then readily given, as is known in the theory of
matrix algebra, by the expression:

(@)= {a:1}{ms) -~ (2n). (3.24)

Neglecting all infinitesimals of higher order, the
matrix of an individual quadripole r is:

Jopdx

S
(as)= s '

Jr S Ax
et
] juwp/S,
-+ Joro/ f)m
JuSe/pe® 0
= (1) (enay, (3.25)

where

enr=0=enr and ez,=jws/Sr e, r=juS/ pc?

On substituting the value of () in (3.24), a new
expression for (), is found, “T'his is:

@) e=((1)+ (e YA (1) + (eas.2}Ax)
oo ({1 (eagn) A%)

1
2y

1
= (1)-{--{ L (edagt—- ?:' (ed) (e Ax?

1
F— I (e} (e (e)Andt -, (3.26)
3l
In the above expression (e) has been written lor
(e, ) and the sign ' indieates that the {=7 term
{or {=j=}r= . =n) has been omitted.

In the limiting ease when Ax tends to zero,
n grows indefinitely, indieating a transition from a
discontinuous to a smooth line. The matrix (2):
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ultimately becomes:

! 1
{@)=(1)+ f (et~
1]

9 ¥
X ju j; L', (32)

It wilt be now proved that the infinite series of

~ matrices leads to a converging process,

Let Ey be an upper hound for the modulus of a
typical clement ey, then |ey| SEy Let £ be a
positive number such that ;€ E for all elements,
Then,

]
f (e())dx S E-1(1).
Similarly !

J;'J: (E(x))(ﬁ(-\:'))dxwf.\"SJ:g(x)d,u j[:‘ e(x")ds'

I
sf E(1) B0l

<E~F(l)
~ 2' .

Hence

] t 2
S=(0+ f () ds+ f [ ety

+ffn'f---s(1)+—f—f(1)

E(1) EW(1)
21 3

Each of the series defining the elements of 3 is less
than S=¢# which is bounded. The series ¥ is then
an absolutely converging series of matrices. Since
(a); is smaller than 2, then the series defining the
individual «;(/) arce also converging series,

The individual elements ay; are thus given by;

bopojup juS(x)
S(x)  pet

il [

) I a
i %d.\:-i-;l]fﬁ f-é-(—%

JuS(x') jup

dvds’

1
au(z)=1+5-!fu

au([)ﬂ

dede'dyt’ 4
et S(x") '

1 iaS(x 1 ! ji
OB [y i e
s pet 3! v Six)
. S x' I} lef
XJ“’ ( )J_._._w ¢ )d.x-dx'd.c"-l-““
pc? pe?

1 pt e jup juSGs
an(l)=14— f il (")dxd.\."
21y S pet

ASL ] o

The previous series are very rapidly converging
and are consequently useful for numerical computa-
tions, There is no restriction on the horn contours
which can be investigaled as long as they satisfy
the original requirements of Webster's approxi-
mations,

Ta determine the input impedance at the throat
of the horn, use is made of the pair of relations
(3.1) which are rewritten in the more convenient

notation :
Vo= ay () Vidrayld) 1y,
Inﬂﬂu(” Vri-(la:(i)[l. (3.29)

Dividing these two equations and substituting for
Vo/fo=2Zo, the input impedance at the threat, and
far 1Vi/f1= 2, the load impedance, it is then found,

z _fﬂ{)zﬂ'ﬂ::(_ﬂ.
" an(0Zitan®)

The load impedance Z; is taken as a Rayieigh
piston of area cqual to that of the mouth of the
horn, or for a slightly hetter approximation, as a
spherical cap having for base the mouth of the
horn. Expression {3.30) yields the required result.
The formulation of the elements of (@), in closed
form is sometimes possible to e found without
mueh labor; this has heen done in o companion
paper,

(3.30)

4, THE SECOND APPROACH: THE SINGULARITIES OF
WEBSTER'S DIFFERENTIAL EQUATION

‘The refative enasiness with which a differential
equation can be solved depends a great deal on
the number and kind of its singularities. The
present state of the theory allows the possibility of
successfully coping with any sccond order linear
differential equittion having three or less singular
points. The presence of irregular singularities in-
creases the complexity of the solution to such an
extent thac very few equations with more than two
irregular singularities have been investigated, Very
little is known about equations hiving four or more
singularities,

The proposed scheme of study in this section is to
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F1a, 2, Horn contours for m=2 and No=T7.4X10°%

cast the Webster equation in a suitable form re-
cucible to canonical types representative of equa-
tions with pre-assigned numbers of singular points,
Only standard tynes vielding known solutions have
been considered, The conditions required to reduce
the Wehster equation to any of the canonical equa-
tions will define families of horn contours, It is
readily seen that the study is very general, sinee it
deals with (amilies of horns instead of an individual
horn contour such as is the case in Webster's
equation. The new relations defining the horns are
usually simpler to solve than the original Webster
cquation.
A transform of the Webster equation

it - (S S S)Y R =1

lending itself to better manipulations is determined

. by substituting the dependent variable & by the

product ¢+ ¢. The above then reduces to

Sr. \b" Sl\bl wr:
" f . — ———t—e B2 f =10, &4,
o+ w)+¢(sw+¢+ )=o @

The primes refer to differentiztion with respect to
the complex quantity z, which can take any value
on the whole complex piane.

The original Webster equation havingan irregular
singular point at infinity, the cises considered muost
alse have infinity as an irregular singular point.
Any attempt at removing this singular point will
lead to the physically meaningless result of the horn
contour § depending on the lrequeney parameter &,
The truth of this statement will become evident
later in the discussion,

The second method of approach is now illustrated
an the standard type of equations with one regular
and one irregular singular point, The most general

MAWARDI

form of this class is:

&l Liyde BB
! "’+(A.,+2)T+ (Bn-{-—_1+~f)¢=u, (+.2)

- ds

b

the A's and B's heing constants,

An investigation of all possible combinations
which make the previous Eg. (4.1} equivalent to
(4,2) will lead to the horn contours allowing
Webster's cquation to reduce to the form (1.2),

Comparison of the cocflicients of the derivatives
of equal arder of (4.1) and (4,2) gives:

S'+2W A +."ll 43)
S W oo = "
il Sy e P
S k= B, (44)
Sy ¢ LI
The former £g, (4,3} has for solution
ohipdos
E J—— 1.5
¥ 3 (+.3)

Substituting the above value of ¢ in the left<hand
side of Eq. (4.4}, then

Sy \p“-}-k"— lS”+1(S’)=+ X
se e TIE TG

-f-l(.d +A1)" 14, 4.6)
- i) — —— e
4 = 2

If this study is restricted to horns made from
surfaces of revolution, the § can be replaced by
S=xf% The function E=&x) is then the horn
contowr and the rotation of £(x) about the v axis
generates the surface S, Equation {4.4) ultimately
becomes :

AP Gl
—'E—"I' 'i; 0'12::‘

2
1 rdod, B, Ba
—-|--( )=Bn+ f—. (4.7)
2 = s B
Jial

Fic, 3. Equivalent circuit for infml impedance of new harns,
Zp is the impedance of the Bessel horn and (=~ jwl'/TY) is the
ineremental {mpedance due to the change of flare at the
throat,

.!-A
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n} Conéideration of (4.7) shows that the equation in £
has been reduced to its normal form, le., the most
; general the differentinl equation for £ can have,
J For this reason Eq, (4,7) will be referred to as the
generating cquation.
Except for Bg, the constants appearing in the
gencrating equation:

G(e"- Er = Aﬂr "lll BD' Bh BE) =0 (‘LBJ

can be arbitrarily chosen, To every sclection there

corresponds one family of horns, The number of
families which can thus be gencrated is of the order
of w1, |tisalso apparent that B cannot be assigned

any value at will since § must be independent of & to

be physically realizable, Thus there are only a

‘ finite number of selections of Bo which will muke

' aG/dk =0,

: The preceding discussion will be illustrated on a

number of expmples.

4 (1) Let the following cheice of arbitrary con-

stants be macde:

£ Ay

B;———-

7 —-(-—-—- -1 )
H
: Bus= k2 (4.9)
= The generating equition becomes
' —1d k=0 (.10

whose general solution is:

e

1 ( IAn T sinl Aa )
=—=y C08—2= sinil—3z
¢ () 2 2

wlhen S(0)=1, This family of horns has already
been discussed by Salmon®* and will not be con-
sidered here, T is the characteristic parameter of

i the family.
-} (2) Asasecond example, let the following choice

r be made:

.Bu=k=.

Ao=0. .11)
: The above will lead 1o the generating equation:
3
E"'f"-;Bs==U. (4.12)

5 See reference 2(h), p. 199,
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20

[hls] [ea]e] 10,000
FALGUENCY (5.pa)

Fia. o, Specilie inpit impedance for m.w Tamily with
mul mul Ny=TAX10

11 is noticed thatr = 2" is a solution, The exponent
m must satisly the condition:

wlm—1)=—2058,,
whonce
MR BN (4.13)

For m to be a real quantity (vielding physically
realizable horns) —Ba:+32 0. The second solution
of (4,12) can now be fowmd from

d..
E=£
E i
iz
=om [ —, (4.14)

The general solution of the generating equation is:
E=Nul(1+-Plogz) for m=4%

or

E’=Nn("“+ ) for mad,  (4.185)

(1—=2n)gm=1

P, one of the two arbitrary coustants of (4.15) is
the characteristic parameter of the family of horns
represented by ey Ao is the other constant, Horn
contours corresponding to diffcreul. values of P for
=2 have been drawn in Fig, 2, P can be positive
or negative, The family of contours thus vary
about a mean corresponding to the contour with
P=0,

When the values of the constants defined by
(4.11) are substituted in (42) and {4.5), these
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equations become:

d 2dp B
e () TR

dz?

and

(S {4.16}

The first of the above expressions is identified s
a Bessel equation, Using the conventional procedure
of discarding solutions of (4.16) representing con-
verging eylindrical waves! it is found:

=

A L
_E-)-'U alkz) =3Y,(k2)) (.17)

whete A’ is an arbitrary constant and p* = (—=H4-1).
The general solution of Webster's equation for
these horns is:

by A'( )u,.( ) = Vplhe)). (4.18)

Substituting the value of § as determined from
(.15}, the furmer Eq. (4.18) reduces to:
At m=im=p
1 = e e (o (R5) = G ¥ W R5))
PRYR (J plh=) =¥ y(hs)

A
- P{J plk2) =¥ o (R3))

=A(r~t.4) (.19)
where p=(m—1)} by virtue of 4,13, A =A'/(x)},

})
r'sNy|[ 1 +——1, for ms]
u( +(1—2m}:""“) :
(l-i-—-—) for m=4
logs

*Sce reference 2(a),
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and
=zt (] y{2) =iV plha)).

The input impedance of the horn is dedueecd from

Juth 1
L= ———, (h20)
oA T
Jud  Jul

The advantage of rewriting (4.18) in the form
(.19 is naw apparent. The above q. (1.20) shows
that the impedance of the new “w" horns can he
considered as the parallel combination of jwd/a’
and —jel’/1" (Fig. 3), The {former impedance can
De identified with the solutian for the conventional
Bessel horns §= Nk,

The resistive pare of the iwpedance Z has been
numerically evaluated for the horn contours of
IFig. 2. "I'he results of the computations are drawn
in Fig. & It is noticed that hors with positive
vitlues of the parameter P show an improved re-
sponse at thie low frequencics,

The preceding detailed discussion has fully illus-
trated the use of the second method of approach
and further exampies have been deemed unneces-
sary. The formal solution of differentinl equations
reducible to the form of (4.2) s known,' Both of
Eq, (4.2) and the generating equation yield solu-
tions exprossible in terms of confiwent hypergeo-
metric functions, Special choices of the arbitrary
constants, however, can reduce the salutions to
simpler functions. The gencerating cquations re-
sulting from differential equations having two essen-
tial singularities are harder to solve and will usually
involve Mathiey functions,
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The near and distant diffsaetion fiedds of a cireular dislk of zere thickness are platted aceording o
an exact theory, ‘The resulta sire campared with the Kirchlioff approximation and recent experimental

dnta,

1. INTRODUCTION

OUWIKAMP,' Spence? and Storruste  and
Wergeland? have independently announced an
exact theory of diffraction of sound by circular disks
and apertures, based on the wave lunctions of the
oblate spheroid. Subsequently, Spencet published
graphs of the near and distant diffraction fcld for
the case of the aperture, and discussed the merits
of the classical KirchhofT selution in the light of the
exact values, Thus it was shown that this approxi-
mation held good vven at wave-lengths greater than
the radius @ of the aperture, although usunilly
expected to hold only for very short wave-lengths,
The present note contains analogaus graphs for the
exact values of the field diffracted by the disk and
reaches equivalent conclusions regarding the Kirch-
hoff theory, Certain simple observations presented
here gencralize these conclusions to all plane
seafierers,

Wiener! recently performed nieasurements on the
sutface of a thin circular metal disk scattering
sound waves, in order to check an approximate
theory for the field on the surface of diffracting
abstacles.! Now that an exact solution is finally
available, it is easy to check the experimental
vesults against it.

2. PLANE SCATTERERS, THE KIRCHHOFF
ASSUMPTIONS

Consider a rigid scatterer lying endrely in a
plane, say 2=0. The total velocity potential may
be split into incident and scattered parts

P ting L gta), m
Now the value of ¥ on either side of the plane is

* This work is based on a report prgmrcd at New York
University under the sponsarship of the Geapliysical Research
Directornte of the Cambridge Field Station, AMC, U, 5,
Alr Foree, unider Contract No, AF-19(12212,
L, I, Bouwkamp, Disscrtation, Groningen (1941),
iR, D, Spence, J. Acous, Soc. Am. 20, 380 {1948},
3Storruste end Weegeland, Phys, Rev, 73, 1037 (1948),
1R, D, Spence, ). Acous, Soc. Am, 21, 98-100 {1949),
VF, M, Wiener, ], Acous. Sac. Am, 21, 32 (1949), Additiopal
material in process af publication, Data reproduced by kind
crmission of auther and Bell Telephone Laboratories, Murray
i, New Jerm-.y. :
AL, J. Sivian and 1L T, O'Neil, ], Acous, Soc. Am. 3, 183
E:gggg. Muller, Black, and Davis, J. Acous, Soc. M, 10, 6

determined by

Yo = -~(1/2w)ff¢'"’(a/an)(e"”"’/R)rl.\'dy. ()

=i

ar

ylte=(1/2x) f f (O (0 /an) (e Rydxdy, (3)

30

that is, in terms of its values, or those of its outward
normal derivative, on the plane,

The familiar Kirchhot! assumptions here assert
that Y=yt iy the parts af the plane nat ocenpied
by the seatterer, right up to the edge of the scat-
terer, L., P=0 therey that ¢ =yt on the
illuminated side of the seatterer (perfect refllection)
and Yo == =g tno gn ghe shadaow side (total shadew).

For the case of normal incidence let us take

w(lnn) =ik e (4)

Rafyiy)

[TTH]

1
]
!
|;
e —
Fia, 1, Re(¢!) on the bright side of the disk, plarted

against distance from the center. The Kirchbofl value of this
quantity i3 plotted in hroken tie.

sl
0 e v

** "ime dependence &= removedl,

33



TLaTLag D aat A ET

L

332 ALFRED

has

16, 2, fm(y*) on the bright side of e disk, plotted
against distance frqm the center, The Kirchhoff value of this
quantlty s zero, (Breatum: interchange de =] aod be=a2),

Integration in {2} is thus confined to one side of
the scatterer, and for the case of the cireular disk
one ebtains

Yl (r, @)= —dalettr /) S (ka sind) /tand, r—w (5)

the subscript A denotes values according 1o the
Kirchhoff metherd,

L} [ 0" n 45" W [t T [ (LY
Fig. 3. Angular dependence of |¢49] at lnrge distances from

the dlak_wllun kiml, 3,3, Fall lines give the exact values,

hraken lines the valiees according to the Kirchholl solution,

LEITNER

The exact boundary condition, however, is
(0y/3n) =0 on the surface of the seatterer,  (G)

In general @t and its first derivatives are finite
and continuous except at the source, which we will
assume not o lic on the scatterer, and ¢ and its
first derivatives are finite and continueus cxcept,
perhaps, on the scatterer, As a consequence

[a¢t/an] =0 across the plane of the seatterer, {7)

[.] denoting a discontinuity, Here d/dn= 4:8/8z
depending on which side of the plane is under
consideration, From (3) follows the general result,
true also for an infinite screen containing an
aperture of any shape:

¢ is odd across the plane of the scatterer,  (8)

Thus ¢ =0 in the plane of, but off the seatterer,
exactly as assumed in the KirelihofT solution,

The error in the approximation therefore lics
only in the assumptions on the surface of plane
seatterers. In our case the assumed values are
Yx'W =1 on the bright and shadow side, respec.
tively, Figures T and 2, in which we plot the real
amd imaginary values of the exact ¢ on the
circular disk, show that the Kirchhofl assumptions
are approached as averages as the ratio of diameter
to wave-length increases (ke =2wra/A); the average
of Re(y'?) oscillates about unity and that of
T () about zero with deereasing amplitude as &
funetion of the parameter ka.

In Figs. 3 and 4 are plotied the exact and
Kirehhoil values of the angular part of [¢*]. At
ko> 3,81, zeros occur in |@x™| at #<nr/2, and
near these zeros the curves for | are noticeably
Aavtened out, When ka=4 {(3=15%) and ke=35
(A=1.25a) the Kirchhoff theory agrees very well
with the exact theory, at values of & below those
for which yx =0, the region inta which most of
the seattered energy is radiated,

w [ - 0

o - % Ly

Fra. 4, Angular dependence of ¢ ae large distances from
the dlisk when ko, 5.
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F1G. 5. Values af L\H on the
surface of the disk, " plotted
-vﬁumzt. distance from the center,
alues an bright side (p>0)
plotted  upward, thosa on
shadow side {(—n>0) ploited
downward; » is the angular
aphicroidal coordinate, Full lines
represent the exact theoretical

values, broken lines the experi-
mental dnta; the doet-dash line
is the resuit of n corrcctlon
discussed in section 3,

‘{fﬂ-wj

3. COMPARISON WITH EXPERIMENT

Wiener determined the ratio of excess pressure
on the surface to excess pressure at the same points
in the absence of a thin metal cylinder. This
quantity is identical to our [¢]. Its values on the
bright side (n>0) and on the shadaw side (=—5>0}
are plotted in Fig, 5.%**

The Kirehhoff values for this quantity are 42
and 0, respectively, regardless of ke, A point of
particular interest about the exact values is the
inereasingly sharp central bright spot on the
shadew side, as ka increases.

There is very good agreement with experimental
values, considering that the estimated experimental
error is relatively large (=1 to 2 decibels). The
discrepancy may be reduced by theoretical argu-
ment: the disk of the theoretical preblem is of zero

**y iy the angular coordinate of the oblite spheraidal
system, —1&7§ 1, .

¥

thickness and only mades odd in 7 {or 3) are
gonerated in whe seattered feld ; the experimental
disk, however, had the ¢imensions e=7.5 cm,
thickness 0.25 in.

Were we to consider o non-zero spheroid, the
value of ¥ on its surface would he

(. £o) =e“*""°-i-=§ul:2( — 1) (£} By (£a) /
V3! (ga) Jugmd, (9)

where we have used the notation of Spence,®t The
summation now is over all positive integers £, and
represents the scattered field @i & Is the coordi-
nate identifying the diffracting oblate spheroid.
The value of £ such that its averape thickness
corresponds to the proportions of the experimental
disk is 0,054,

t See this papoer fue details,
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This is a small value so that the even modes (¢

even) make o small contribution and the odd mades
are changed by little from their values for go=0,
[f, furthermore, ka is sinall, it is reasonable to
suppose that ameng all even modes the 7=0 made
predaminates, This is the only mode which does not
change sign over the entire spheroid since #q(y) is
the only even angular function without zeros in the

THE JOURNAL OF TIE ACOUSTICAL SOCIETY OF AMERICA

M, WIENER

range of u. Consequently the vaiues of (s, 0)
and of ¢y, £0) will not intersect when plotted
against m, Just such a situation prevails at ke=2, 3
in Fig, 5 when we compare the exact and experi-
mental curves, As an example we have plotted the
result of our theoretical correetion for ka=2, It is
seen that a substantial part of the discrepancy is
removed by such a correction,
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The Diffraction of Sound by Rigid Disks and Rigid Square Plates*

Fraxcis M. Wizneg
fiell Telephone Laboratories, Murray IFil, New Jersey
{Received April 30, 1949)

A rigid eircular plate was exposed 10 an esseatially plane
progressive sound wisve, nnd the sound pressure p at virlons
points un the surface measured relative 10 the free-fivkd
pressuee pg in the undistirbed fncident wave by means of a
small probe microphone, The cdiffraction effeet |p/pe] was
determined ws # fanetion of angle of incidence over a range of
freepuencies heginaog with “long'" wave-lengths and extending
inte the reglon where the radivs @ of the ohstacle approxi-
wately equals the waveslength, BExpressed in customiry
natation, }<ka <8 where & is the wave anmber of the
incident wave, Dt were obtained for angles of incidence
P, 45, 135, and 180 degrees, where 0 is measured with
respect 1a the axis of the obstacle, Similar measnrements for
o= and 180° were made for a eigid square plae with side 2o,

Appraximate contour mips of the quantity |2/pe] in
decibels have been prepired from the experimental data
portraying the prossure distrilmtion on the surface of the
plites,

The experimental results are compared with computed
values of |p/fe| obtained from an approximate theory in
which an attempt is made to solve the problem in terms of a
seattered potentind ealeulated as i 1he face of the obstacle
were surronnded by an inlinite bhaflle, The agreement is quie
gond on the Yilluminated" side of the plates, i, for 0=l

I. INTRODUCTION

N a recent note! in the Letter to the Editor

column a brief report was made on o series of
measurements designed to explore the sound pres-
sure at various points on the surface of a rigil
circular plate in an approximately plane wave as a
function of {requency and angle of incidence.
Similar measurements were performed on a rigid
square plate but for the case of perpendicular
incidence only. It is the purpose of this paper to
present these results in detail and ta compare them
with theory.

The ecase of the disk of zero thickness can he

* “The experimenta] data In this study were obtained at the
Paycho-Acnustic Laboratory, Harvard University, Cambridge,
Massachuseuis, under contract with the ONR,

LF. ML Wiener, J. Acous, Soc, Anr, 21, 39 (1049},

and 45% anl on the “shidow®' side for 8= 180 The agreement
for 135 degree incidence s generally poor, although the
computied values show the trends of the experimental ditta in
many instances, At low frequencies the theory glves volyes
which are sumewhat too high on the luminated side and (oo
low on the shadwl side,

The values of |p/p] obtained frem the exact expression
of the diffrmetion of o plane wive by & disk of zero thickness
and for perpendicular incidence are found to be in good
agreement with experiment and the approximate theory on
the Muminated side (F=0) and they agres reasonably well on
the shikled side (02180°) for 1 €ka <3, The region near the
etge shows discrepineles which are 16 be expected from the
finite thickness of the circular plate fapprox. 2/12),

It is eoncluded that the approximate theary mentioned
above is capalde of predicting the dilfraction efect |2/ on
the ilMuminated side of the obstacles in the frequency range
covered by this study far the angles of incidence investigated.
On the shadow side the theory can he expected to yiold usally
approximate answers anly for #= [80°, There are reasonable
grounds Tor the assumption that similar predictions can be
made for points on er “near’” the surface of “thin® plane
ubstacles of arbiteary shape and for ather acute angles of
incidutice nov ton close 1o §=00°,

solved exactly by means of spheraidal wave fune-
tions.? Although interest in the diffraction of
acoustic and clectromagnetic waves by disks and
circular apertures has increased recently and o
number of thearetical papers have been published
on the subject,* anly the field at large distances is
generally considered, Furthermore, the tabulation
of the spheroidal wave functions is as yet incom-
plete* No exact solution is known at present for
the case of the square,

Leitnert has obtained numerical results for the

3 Stratton, Marse, Chur, and Hutaer, Eliplic Cylinder and
o J)hrrm’da! Wate Functions (Jobn Wiley & Sans, Inc, New
York, 1941),

* See Appendix A\,

1 G, Dlanch, Madh, Tables, Aids Comg, 3, 9% (1H48),

¢ A, Leitner, Mlathematies Research Group, New York

g

University, New York, N, Y,
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sound pressure on the surfnce of i rigid disk of zcro
thickness lor perpendicular incidence for ka=1, 2,
31 4, 5. HMis resulls are compared with the experi-

~"mental data discussed in this study,

Sivian and O'Neii® and Muller e al® have usel
an approximate methed to predict the sound pres-
sure at the center of the plane face of rigid ohstacles
of various shapes, The same method is used here in
an attempt to predict the sound pressure over the
whale plane surface of a rigid disk and a rFigid
square plate,**

This method consists essentially of the following:
‘T'he total pressure at the surface of the obstaele in
question is separated formally inte an incident
pressure and o seattercd pressure. The following
two suppositions then are made: (1) The seatrered
pressure is computed by assuming that the plane
surface of the obstacle oscillates (fictitionsly) in an
infinite rigid baffle with a certain normal velocity
distribution equal and opposite 1o the distribution
of the particle velocity component of the incident
wave norial Lo the surface, This makes the normal
particle velocity of the total field on the surface
equal to zero, in accordace with the required
boundary condition. (2) The effect of all ather
surlaces of the obstacle is neglected. Note that che
method imposes no restriction on the shape of the
surface of the obstacle on which the pressure is to
be computed except that the surface he plane***
‘That the method is approximate may be seen from

~the fact that the caleulated seactered pressure docs

not vanish, as it should, in the plane of the surface
of the obstacle outside its boundary, except for
grazlyg incidence,

Detpite these scemingly rough approximations
surpriingly good agreement is obtained on the
iluminate side of the plates with the results of the
mycasuretnents at hand and with the vesults of the
excanct theory as far as available, Agreement on the
F'shadow side is generally peor except for §=180°,

» Since there is goot retson to believe that this state

.+ of affairs should also hold for plane obstucles of

“small” thickness} and arbitrary shape, a valualle
tool is therefore at hand to hancle, within linvits,
the wide variety of cases where no exact solutions
are avajlable or possible with known methods,

II. BXPERIMENTAL TECHNIQUE

The technique is essentially the same as used in
the tests on spheres and eylinders described in an
earlier paper.”

5 L, J, Sivian and H. I, O'Neil, J. Acony, Sac, Am. 3, 183

(1932),

* Muller, Black, and Davis, J. Acous, Soc, Am, 10, 6 (1938),

** See Appendix B,

¢ H, T, O'Neil has successfully performed similar caleu-
lations for the case of slightly curved suefices,

T Right eylinders of arbitrary cross section niy be includedd
here for the case of perpendicular Incidence,

TF. ML Wiener, J. Acous, Soe, Am, 19, 414 (1947},
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L

DIAESTION OF PAGPAGATION
OF INGIDENT WaAVE

Fi1a. 1. Geometry,

The sound pressures poat the surfaces of the
pates and in the free field were dewermined, in
magnitude, by means of a small probe microphuie
whaose cifective aren was that of a circle less than
0.1 em in digmeter. They are expressed throughout
in teems ol the free-fiedd pressure po. The ratio
1£/Po] was taken to be a measure of the difiraction
effect. The incident sound fiedd was produced by a
sound source of conventional design in &t sound
chamber essentially free from acoustic wall reflec-
tions. The testing geometry satisfied the commonly
cited criteria for an approximately plane wave fickd,
In addition, measurements were made to determine
the actual variations of the free-field pressure near
the location of the plates. Ht was found that these
variations measured inside a spherical region whose
diameter was approxiniately 2a did net exceed 422
db for (requencies up to be=35 and were less than
=3 db for the remainder of the range. A limited
number of measurements of [p/po] I a larger
chambxer with a larger distance between sound
souree and ohstacles showeed only small differences
atirilbutable to the changed testing geontetry, The
data reported in this study can therefore be con-
sidered as having heen obtained under planc-wave
conditions to a reasanable degree of approximation,

The experimental errors in general are expected
to increase with frequency, 1o increase at points
near the edge due to the Jarge pressure gradient
existing there, to decrease with increasing absolute
vitlue of |p/pa|. As a consequence, the (requency
range at which valid measurements could be ob-
tained on the shadow side was not guite as large as
far measurements on the Hluminated side, In addi-
tion, the number of positions used to explore the
pressure on the shadow side become rapidly inade-
quate with increasing frequency due (o the large
fluctuations of the pressure with position,

The obstacles were made from carefully machined
lirass plates of $-inch thickness with a dinmeter or
side of 2q=15 cm. Radial lines from the center were
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‘ . \ . . «r
b ruled on their surfaces at intervals of 43 degrees.  measurements with the exact theory as discussed -
E The distance fram the cenier to the edpe along  helow, ~
| _thcstc] lmcs.wtns :livild_enli irlln four equal parts marllc- . RESULTS "
ing the peints at which the pressure measurements
! : A Sure Mg
i were made, i.¢., 33 points for cach angle of incidence, Disk
> The pressures at acoustically symmetrical points Figore 1 will serve o explain the geometry, The
| were averaged, The free-field pressure was deters  dircetion of propagation of the incident wave makes
¥ mined at the position of the center of the obstacle,  an angle 8 with the axis of the disk of radius a. The
No evidence of disturbing vibrations of the plates  wave (ront intersects the disk along a vertical
. was observed, dimneter, A point £ an the disk is ixed in angular
i A pood measure of validity of the experimental  position by the angle 4,
: procedure has already been established by eampari- Figure 2 shows the pressure distribution for
P sons with the theoretical results for the sphere in pormal incidenee (8=0) together with the values
the carlier paper.” Further weight is added by the  computed from the approximate theory. it The
favorable results of the comparison of the present  agreement is seen o be remarkably good. At the
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Y or low frequencies, the theoretical values are con- "*[Gee cemien T

sistently somewhat too high, This is also true for 12 | s weasunca K
v 1O} =r== CALCWATED e
other angles of incidence #<90 degrees, Conversely, . {4FFROX) Pl 3
as can be seen from the graphs presented later in . o
this paper, the theoretical values are too low for . vl \
low frequencies and angles of incidence 63>90 2 EBEdyL i
degrees. A similar situation exists at all frequencies g ofzag=mlat ] z
at the edge. Such differences are not too surprising £ -2
considering the assumption of an infinite baille A o T
implicit in the theory, z" A{}_,_
The agreement of the experimental values with al£, [ [y Y

those computed from the exact theory is likewise . e )
good, including the low [requencies. At other fre- 2 |tef] L
quencies, some of the largest deviations occur at o jrzsizad Tt
the edge, as expected, since the theory applies (o a -2
disk of zero thickness, According to Fig, 2 and the P avom ooe .
data shown below in Fig. 4 for 8=180° the plate * 0 i P M ey
acquires *zero thickness' for all practical purposes T NFE
for wave-lengths at least two orders of magnitude .2 LT e
larger than its thickness, o1 o ceos o 4 1

The comparatively large disagreement for the
center region at ke=5 can be most likely aseribed
to the fact that the pressure there changes very
rapidly with frequency. An error in the frequency
setting of the oscillator of 1-2 percent may result
in an error in |p/pe] of 12 db,

To abtain an estifmate of the role which is played
by the back surface of the disk, the measurements
were repeated with a similar obstacte with the back
surface “rémoved," namely a circular eylinder with
the same diameter and length 2a. While a good
part of the differences between disk and cylinder
must be due to experimental errars, it is clear that
at frequencies up to about ka=3 the approximate

“theory predicts the results for the cylinder some-
" what better than for the disl, This is not unexpected,
especially at the Jow frequencies, in view of the
assumptions underlying the approximate theory,
Ta help visonlize the pressure distribution for
normal incidence, Fig, 2 of an earlier paper® may he
consulted which applies here ta a first approxima-
tion, .

Figure 3 shows the diffraction effect plotted as a
function of frequency for three points on the disk
for 0= 0 together with the corresponding thearctical
values, [t was in the form of graphs such as this one
that the experimental datn were first plotted and
the pressure distributions derived therefrom,

‘Ihe pressure distribution for 0==180 degrees is
shown in Fig. 4. Note again, that the approximate
theory agrees somewhat better with the data for
the cylinder than with the results for the disk,
Comparatively lurge pressure fluctuations as a func-
tion of pesition occur here, and for angles of jaci-
dence 03>90 degrees in general, with pressure
minima as low as 10 dl or more helow the {ree-field

1 F, M. Wiener, . Acous. Soc, Am. 28, 367 (1948).

Ine, 3. Showing | p/pal in decibels vs. frequency for three
anms on the disk anl =0, together with the ‘theoratical
valies,

values, The agreement with the exact theory is not
quite as good as before, especially at k=2 and 3,
‘T'he obvious explanation of an error in the measure-
ment of pois possible but not very probable in view
of the presence of the independently measured
eylinder data,

The results for 0=45 degrees are depicted in
Figa. 5-7. Agreement with theory is not as good as
in the previous cases, especially at high frequencies
and near the edge, 1t should be kept in mind thac
the results computed from theory for high fre-
quencies are in themselves approximate as pointel
out in Appendix B3,

This theory is of not mueh help for §=135
degrees except in a general way, as shown, for
example, in Fig. 8 far ¢=0, I'he data for g=45 1o
270 degrees are shown in Figs, 2 and 10,

It is interesting to note the comparatively large
difference in the pressures at a point on the edge of
the illuminated face and the opposite point across
the thickness of the plate lying in the acoustic
shadow by examining o corresponding palr from
the preceding set of figures obtained for supple.
mentary angies of incidence. 1t will be seen that in
most cases the pressure on the iluminated edge is
above and the pressure on the edge in the shadow
helow the free-field value, It is reasonable to
assume that, had the pressure been measured at
points midway hetween the two points, it would
have been found to be closer to the [rec-field value
predicted by the theory Tor o disk of zero thickness,

The experimental data for oblique incidence as
presented so far were used to detive an approxiniate
picture of the pressure distribution on the surface
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of the disk in the form of isobars 20 log{p/po]
=const, These are presented in Fig, 11 {for 0=45
and 135 degrees. In hoth -cases, the sound wave
approaches from the right,—down amd into the
plane of the paper for £=43 degrees,—up and out
of the plane of the paper for 8:=135 degrees. The
values of |p/ o] in decibels are ploted perpendicu-
larly upward towards the observer in all cases,

It may e worth noting that, by reciprocily, the
variation of the magnitude of the sound pressure
measured at large distances in the f-direetion doe
to a point source describing an arbitrary path on
the surlace of the disk (or square) is given by the
isobars crossed by that path,

Square

Data for a rigid square plate with sides of length
2¢ were ohtained in & manner similar to the one
described above for the disk, Measurements were
made for perpendicular ingidence only,

Figures 12 and 13 show the resules of the meas-
urements for 8=0 and 0 =180 degrees, respectively.
Comparison with the approximate theory shows
reasonally good agreement, The theory yields again
high values on the illuminated side (0=10) and. low

LALCULATED (ARPROX .}

values on the shadow side (0==180°), at low {re-
quencies. Again this is tue for all frequencies at
the edyge, Essentially the same considerations as
diseussed in conneetion with the disk apply to the
experimental values at the edge, At the corners
the measurerd values are very nearly equal to the
free-field pressure in all cases, .

The corresponding approximate isobars are shown
in Fig, 14,
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APPENDIX A

Exact Solutlon for a Rigid Disk of Zero Thickness
in & Plone Wave Fleld

The diffraction of a plane wave of single-fre.
quency sound by a disk of zero thickness can be

‘d"
}v““._“_'
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DIFFRACTION BY DISKS AND SQUARE

solved exactly by the use of spheroidal wave fune-
tians. A number of theoretical papers and reports?™"
have appeared recently dealing with the problem
in this fashion, including the complementary one
of diffeaction by circular apertures; hence the dis-
cussion of the problem will be limited in accordance
with the scope of this paper, The notation of
Stracton, Morse, ef al? will be used throughout
with only minor deviations.

The velocity potential ¥ describing the propag-
tion of sound in an hemogencons, isotropic medium
without friction satisfies the scalar wave equation
Vi —=(1/c){a%/12) =0, where ¢ is the velocity of
propagation of the sound waves of small ampli-
tucles. Assuming a sinusoidal time dependence!!
=g exp(~fwl) where w is the angular frequency and
¢ the time, ¢ is a solution of the ecquation (Vi)
=0, where k=w/e, This equation is separable in the
oblate spheroidal coordinate system ¢, o e
surfaces ¢=const. form a set of confocal ohlate
sphicroids generated by rotation of confocal ellipses
arownd their minor axes which are assumed to he fin
the s-direction. The focal circle of diameter 2u lics
then in the a—y plane, and forms the boundary of
the surface £ =0, The surfaces |4] =const. are con-

PLATES 339
focai hyperboloids of one sheet whose axis is the o
axis and which are rotationally symmetrical. In
particuinr, the surface n=0is the whole x=y plane
outside the focal cirele,

The surfaces p=const, are half-planes cantaining
the = axis and naking the angle ¢ with the a axis,
The transformation relating the Cartesian coordi-
nates Lo the spheroidal ones is then given by

r=a{lED =) cose
y=all4-EHi1 -yt Sinw}- (1)

s=qfy

The wave equation is separable in these coordi-
nates ancd the solstions can be written as follows?:

=Sl — b, D) Rl —fha, it) expla=ime)  {(2)

where 1 s an integer indieating the order of the
Hangular' and fradial’ spheroidal wave functions
S and By The integer [ clenotes the index of the
chatacteristic values af the separation constant,
To solve the diffraetion problem, assume an
incident pline wave of velocity potential $o whose
direction of propagation makes an angle @ with the
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* C. J. Bouwkamp, "Thuoretische en Numericke Behandeling van de Buoiging doar cen Ronde Opening,*” Thesis, University

of Groningen, Halland (1941),
# 3, D, Spence, J. Acous. Soc, Am. 20, 380 (1048),

A, Storrusie and P Worgeland, Phys, [Rev. 73, 1397 (1148).

1R, 1D, Spence and A, Leitner, Phys, Rev, 74, 349 (1248),
1R, D, Spence, Jo Acous. Soc, Am. 21, 98 (19443,
", ], Uouwleamp, Philips Res. Reports 1, 251 (1046),
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, F1a, 6, Similar to Fig 2 for 0m48% and $=45°, 2255

negative g axis,

Ya=explik{x sind —s cos) ]
=exp|ikal (141 — ) cosep sind
~¢ypeosd]l,  (3)

This can be expinded in terms of spheroidal
wave functions of the first kind as follows:

Vo= B T AusSut® (b, ~c0s0)Sui(—rka, )

ma=l fmid

X Rt (~71ka, it} cosme, (4)

where the constant A,y contains the normalization
factar,

Similarly, the wave seattered by the disk can be.
expanded in terms of spheroidal wave lunctions aof
the firse and third kinds as

Y= .{: i‘ AuwiBnt SN (—ika, —cosp)

M= j=p

XSt = ika, )Rt —fha, if) cosme, (5)

where Rar™ behaves at lirge distances from the
ohstacles like an outgoing spherical wave, as i

should, At the disk, assumed to be vigid, the norm;’

particle velocity must vanish, Hence we hav

A/t tdatd) lraa=0, which leads to

AR =ik, i{)]
=0

Bu= "'[
['ls

x[riR...;"’(—--z'ka, 1’_{‘)]“' )

'l

Since the sound pressure p= —iwpp, Where p is

the density of the medium, we have for the sound

pressure on the surface of the disk, expressed in
terms of the incident sound pressure pa= —fupdy

wt

b/ pa=expl = fka(l—7%)! cose sind ] i i AniSut( =ik, —en88) St (—dka, y) cosme

meit et

X[ RV {—ibe, 0)—

AR ~4hka, ii‘)‘
r

dt - .
—— e R =k, B}, ()
dR M {(—1ha, it)

¥

f=a
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Far perpendicular incidence, 80 or 7, and the field becomes independent of o, Hence m =0 and

P/ s ag= £ AarSu®(—dka, F1)Sar( ke, 1)

map 0

X | Ru™(—ika, 0)

This is essentially the expression which is given in
Spence's' analysis anel which was used by Leitner!
to compute the values shown by the full circles in
Figs. 24,

It is of interest to examine the seattered potential
¥1 in more detail, Since Bwi vanishes for cven
values® of ! the swmmation for the scattered po-
tential is carried out over add values of I only, A
typical term in this summation is from Eq. (3),
proportional to  Se®(—dkit, n) Rt —dika, i)

“Keosime, In the pline of the disk outside its

boundary, i.e, for y=0, the scattered wave vanishes,
since 8, (—%ka, 0) =0 for odd values*of I, On the
disk (=0} the above term becomes St —fka, 7)

dRo;(”(""ﬂ'd, if)‘
{ 1=

Rou®™(—1ka, 0)1. (8)

dRo Y (~ika, ir)‘
dt

f=0

K But P (=ika, 0) cosme which goes. continuously
to zero as the edge is appronched, Henee p/p, is
continuous as ane proceeds from the center of the
disk towards the edge and hecomes unity there and

-everywhere in the plane 7=0,

The particle velocity has a singularity at the
edge, 1t can be shown that it becomes infinite, as
the edge is approached, as o=}, where o is the dis-
tance between the field point and the edge. Singu-
larities of this type are encountered also in eleciro-
magnetic diffraction theory and are discussed by
Bouwkamp,'#

It may he pertinent to remark that the exact
solution for the sound field generaved by a vibrating
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disk of zero thickness is of the snme form as the
scattered potential of the present prohblem® for
=0,

_APPENDIX B

Approximate Solution for Rigid Plates of Arbitrary
Shape In & Plane Wave Field

Tt is well known that the expression for the
velocity potential due to a membrane set in a rigid
wall of infinite extent can be computed exactly. 1f
the membrane is vscillating sinusoidally with a
preseribed normal velocity distribution v the ve-

locity patential is given hy the so-called Rayleigh
{ormula™t

v=0m | v [explékr) /e dS, ()]

The usual assumptions, as listed at the beginning
of Appendix A, are presumed to hold, The integra-
tion is to he carried out over the surlace Fof the
membrane whose shape is arbitrary, anel 7 is the
distance between the surface element @5 and the
point at which the velocity potential ¥ is to be
determined.
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DIFFRACTION BY

If one wishes to determine the velogity potential
on F, r lies in the plane of 7 and is conveniently
measured from the origin where ¢ is to he deter-
mined (see Fig. 15),

w{0) =(21r)-lf‘rf"u(r) oxplikr)drde, (10)
[ .

[

where v(r) is the normal velocity distribution on 7
and r; is Lhe value of r on the houndary € of F and
A8 is conveniently expressed in polar coordinates
L)

Sivian and O'Neil® and later Muller et al.® have
suggested  the [ollowing procedure 1o solve the
diffraction of a sound wave by an obstacle whose
plane face coincides with 7, for points on F: The
velacity distribution v(r} on F is to he adjusted so
as to he equal and opposite ta the component of the
particle velocity perpendicular to Fof the incident
wave, If we assume the incident plane wave to be

o= expl —ik(y sinf-ks cost)],
the particle velocity in the z direction is

b

NDISKS AND SQUARE

M'"'LATES 343
where (r} is taken to be positive in the g direction.
Inserting Eq. (12) in g, (10} and identifying ¢

with the scattered velocity potentinlb $1{0) at the
origin, we have

$i(0) = — (2m) ik Cnst)j;:'j“w

Xexp[ikr(1 —sing vosp) Jrde, (13)

The ratio of the total sound pressure p Lo the
ineident pressure po at the origin becomes then

plpo=1—{2m)"%k ﬁDSﬂfhfr‘
n va

Xesplikr(l—sind cosg) Jrde.  (14)

This is identical, except for slight differences in

notation, with Eq. (t4) of reference 6,
Carrying out the integration over # one obtains

cosd
/o= 1o wmr———{27)1 cosd

---a—-=z'k cost exp[ —ik(x sind+scost)], (11} [eoso|
5
Hence at the surface of the obstacle xf‘-" explibrd(l —sing cosp)]‘
1—~sinf cose i 15)
v(r)=—| =ik coshexp{—rhrsinfcosg) (12) ’ (
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This expression was used o calculate the approx-
imate values of | p/po| for the disk and the square
as shown in Figs, 2-10 ane 12, 13, Along the values
of ¢ {see Fig. 1) marked an the graphs computations
were made at 8 equal intervals from the center to
the edge, T'he evaluatien of the integral was earriced
out by numerical methods, for selected values of
A, using 20 equal steps in the interval of integra-
tion, after expressing r, in terms of the variable of
integration . In some cases, especially for high
frequencies, the results may be in error as much as
perhaps 2 db due o the rapid ifuctuations of the
integrand. In view of the considerable [abor in-
valver and the approximate nature of Eq, (15) to
start with, it was nat deemed advisable to repent

Kax1,$

B8s45" bz d5*

M. WIENER

the computations with n tiner subdivision, except
for a few spot chiecks,

In conclusion, there is presented a list of the
more explicit expressions inte which Eq. (15} was
transformed  Defore  numerical  evaluation, “The
position of the origin with respect to the center of
the square and the disk is determined by the
parameters e and g where o is the & coordinate and
8 the ¥ coordinitte, both expressed relative to the
raclivs ¢ of the disk and half the lepgth of the side
of the square, respectively, For perpendicular inci-
dence Eq. (15) can be reduced to simple expressions
for the center {e=g8:=0} and the edge (o?g2=1}
of the disk.

HQ " 2,5 Kaal.5%

[
/N AR EDGE

DIRECTION GF FROPAGATION
OF INCIDLNT  WAYC

Fig, 11, Showing the approximate pressure distrilution on the surfage of the disk obtained from the t.-x?crimunml

data for 0=45° and 135° in the farm of fsohars 20 logr| 2/ 0| =const. The wave approaches {rom the rig

it and the

wave [ront intersecta the plane of the disk along the vertical diameter, "Fhe pattern is symaeirical aliayt the horis

rongal dinmeer,
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the sound pressure p to the frees
field pressure po on the surface
ofla I'lfid sauare plate in the field
of o plane wave of wave number
£, “The magnitide of 1his ratio,
in decibels, is plotted along a line
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Disk r
Cenler
f=0, /tn] =L(2 —coska)?+-sin*ka !
0=180% |p/ta] =1
g5 srdrdp
Ldge
0=0, p/pa| =1/2(L3— Jo(2ka} TS} 2ka))) v e
0=180% [p/pof =1/2(C1+Jo(2ka) P+Se{2ka) ) \
where /o is the Bessel function of the first kind and *
Sy 18 the Struve™ function, both of order zero.
Ceneral Case
cosf
| p/ b0l = |1 —m— = (22} cOSO |, L
?L‘DSUI 2 DIREETION OF PROPAGATION
QF ENCIDENT waAYE
where Fra, 13, Geametry pertalning to the approximite theory,
EJ‘" exp(ikale cosptB sine+ (L ~a?sin®p ~ £ cos’p+af sin2e) I ~sin cose)
[ 1 =—sind cose e
where o?+82 <1, E,_,““.,l_;i;f
=
Square +‘£ml:;£_% explika(1+8) scce e
L 0=0,  |p/p|=]2=(2m)71] '
G=2180°% |p/pa| =(22)"| 7], el
¥] [ ]
where +f explita(l —a) secplde
tm-l%‘. ¢ "'Nlll"'—:-
a -
TEf , chp[ika(l-{-a) sece d o
e ) E"'""-'iI":Tf
—~ spliba (L —8) secpd e,
W G, N. Watson, Theary of Bessel Funclions (The Macmillan +jg;.,-n'_':ﬂ,§ explika(l=4) scce e

Company, New York, 1944), p, 328,
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Theory of Ultrasonic Intensity Gain Due to Concave Reflectors*

VinGinta Guirrisa asn Francrs B, Fay
Cathatic University of dueriea, Washingtan, 1, €.
(Received February 17, 1949)

A concave rellector can be usett 10 eoneenirate a beam of plane ulerasonie waves in die focal region,
where the inlensliy Iy is much larger than the intensity i in the plane wave. When the sound wave-
length 15 small compared to the dimensions of the heam and reflecton, one ean use the well-known
Fraunhofer diffraction formulas to ealenlate the intensity gain, le., £r/F. Expressions are derived
For the maximum snd average intensity gain i the zero-order imitge when the vltrasonic heant is
circular or rectangular, together with farmulas giving the rotal intensity falling upon clreular or
rectangular areas of arbitriry dimensions in the foeal region,

INTRODUCTION

IN this paper the well-known optical equations
for Fraunholer diffraction are applied Lo a sys-
tem in which a beam of plane ultrasonic waves is
concentrated into a small region with a concave
rellector,

“The conditions necessary for the use of Fraun-
hofer diffraction fermultas may be stated as foltows,
A train of plane waves strikes an infinite screen in
witieh there is o square or cirentar aperture provicdert
with a thin lers of focai length f. One then can
express the intensity distribution on a sereen at a
distance f from the aperture, and in a plane parailel
to that containing the aperture, by the wsual
Fraunhofer formulas. The case in which a plane
wave is normally incident npen a aquare or circetlar
mirror of focal length f is strictly analogous, with
the exception that the contribution of the incident
wave before it strikes the mirror is neglected, One
can think of the diffraction pattern superimposed
on a hackground provided hy the incoming plane
wave, Again, if one makes the assumption that
what strikes the mirror or lens is a “heam of plane
waves" of circular or rectangular cross section,
nothing is changed, except that now the dimensions
of the beam replace those of the apertre in the
first sereen,

A sound beam raclinting into a liguid from a
plane piston in an infinite bafile has its own difirac-
tion structure, Near the source one has only a
fraction of the total energy fulfilling the plane wave
agsumption ; this fraction gets larger as the wave-
length gets smaller compared to the dimensions of
the radiator. When the source is very large com-
pared to the wave-length, and the reflector or Jens
is close to the source, the assumption of a well
defined heam of plane waves is not only the simplest
to handle mathematically, but it is also the one
that most aceurately describes the waves falling
on the mirror. Thus, we asstme that a heam of
plane waves of wave-length X, traveling along the
prineipal axis & of a mirror or lens S, converges to

* This researeh wi adled by the ONTR Conteet No onr-255,

the geontetrical focus 0 at the ovigin of the coordi-
mite systent &, v, 2, as shown in Fig. 1.

1. CIRCULAR SYMMETRY
Maximum Intensity Gain

We first take the case where the incoming beam
has a circular cross seetion of radius R, [n this case
the Fraunhofer diffraction pattern in the &y plane
has cireilnr symmetry around the 5 axis, At a
paint 2 in the ay plane, the intensity is given byh?

[=BrR25) /s {n

in which Ji{s) is the Bessel function of the first
order of argument g, and z=2xRr/f, in which 7 s
the distance from the £ axis and £ is the focal length
of the reflector or mirror, B is a normalizing con-
stant which is to be adjusted so that the total
intensity falling an the ay plane is equal o the
total intensity in the incoming beam, Maxbmum
and minimum vadues of £ are given by

/AT (2)/=] = 0= Ti(s), ()

where Ju(z) is the Bessel function of the second

arder, In particular, the zero-order maximum of
intensity 1. occurs at =0, where g7 (8) =} amd

= BriRY, (3)
The total Dux falling on a ¢ircle of radius r in the
ay ptane is

F= f’IZ:rrdr = BRI =J2E) =T =] @)

In particular, when r= «, the total flux is that in
the incoming hepm

== B, {3)
siiwee Ju{= ===}, But
Fo=nl*f, (6)

1A Gray and G, B, Mathews, Treatise on Bessel Functions .

(MacMillan Company, Lud,, London, 1895). X
M, Boe, Oplik {(Vorlag, Julins Springer, Terling 1933),
. 157-160,
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where f; is the intensity of the incoming plane

wave, S0
B=1/(fA) (7)

Il one defines gain in intensity ar any point P as
g=Inlly (8

where Tp is the fntensity at the point 2, then (he
maximum intensity gain g. is

= (xRN 9]
Average Intensity Gains

To obtain the average gain ¢ for the intensity
over an aren in the focal region, one obtains from
(4) and (7) the total flux passing through the circle
in the xy plane of radius r ag a multiple of Iy, and
divides by #7? to obtiin the average intensity, Thus,

g= L1 =Jo(z) ~ T (B} J(R/P) {t0)

The firat minimum of {1) occurs at 5=3.8317 or
r=0.610A/R, where 7,=0, J1=0, and J;=0.4028,
so that the average intensity gain in the 2ero-order

- dilfraction image s

g =0.8378(R/r=0.3116(R//W)% (1)
. RECTANGULAR SYMMETRY

Maximum Intensity Gain

When the beam of plane waves incident along
the principal axis of the reflector has a rectangular
cross section Ax=a, Ay=>5, and the z axis is in the
geometrical center of the beam, the intensity at n
point Py in the 2=0 plane js*3

Toy= Bl [ (sinpx)/pxTL{singy} fay T, (12)
where p=na/fi; g==b/fx The first, and largest,
maximum is at x=v=0, where

To== Badl?, (13)
The intensity is zero wherever px or gy is an

integral multiple of r, nnd, in particular, the zero-
order image is bounded by the lines of zero intensity

da=fNa; Ey=falb (14)

The parameters fA/a and fA/b are convenient
natural scale units in which to gxpress x and ».

For the total intensity falling on a rectangular
arca Axdy, bounded by the lines ay, a2, 31, 2 we
have

F=Ba“b‘f " [Crenmsmy
o X [(singy) /gy Tdydx. (15)

Using  2sin*@=1~cos2d, writing (2rax/f) =k

3R, W, Wood, Physical Opiies (The Macmillan Company,
New York, 1923),

Fta, 1. Coordinnte sysiem for concave reflector or fens,
Orlgin is a1 the geometrical focal poing, with the s axis colucis
thent with the principal axis of the reflector or lens, The
effective aperture defines, or s defined Dy, the crods section
of the incident beam of pline waves,

(2xby/fA) =, and integrating this becomes

l‘ BabfNr f‘" sinkdk (l-—t‘osk)"’]
T* l.kl k k kt

[ “aginmed i (l—cosm m3
"

]. (16)

1 n " m

where & is the value of & for ¥ =1, cle. Sinee tables
of the sine integral

f gind
Sio= f e
h 0

give the value of the integral from zero to & for
the argument, it is useful to write

Babfey? 1 —cask
p [Sr'(ku)—-(—-—-—-ﬂ
b 'y

1—ensh; . . {1 =cosms)
-+ -—Sr(k.)][.’:‘-ﬂ(m:]--——-—-———'
ky s

{1 —cosa)

—S:'(m.)]. (17

"

We can use (17) at once to determine B in terms

of [ Since Si{= ©) = =r/2, we find for the total
intensity
Fo=BabfiN = Lab, {18)
or
B=1I/f'\

For the maximum intensity and gain at the center
of the zero-order image, we have from (13) and (18)

Ty=Lb/)y and  go=(@b/R)3 (19)
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Tanmai L Values of K e [Sitk)— {1 —cosk)/k]/r for definite
vitlues of &(=2xx'),

& R
0l 0.01588
0,2 0.03181
.3 £.04763
04 0.06339
0.6 0,0945
0.8 0,12500
Lo 0.15183
1.2 0,1836
1 02111
1.6 1.2374
1.8 .2623
2.0 0.2856
2.5 .3368
3.0 0.3773
* 13868
1.5 14074
4.0 {4281
4.5 0.4409
540 04477
.0 04504
2r 0.4514
7.0 0.4518
8.0 N.1558
9.0 01624
Ir 0.4656
10.0 04603
1L0 04736
12,0 04749
ix 04750
13.0 D.A4750
14.0 0.4757
15.0 11778
EL 04706
16,0 04803
20,0 0,4834
30.0, 04898
40.0 04019
50.0 0.1937

Average Intensity Gain

The general expression (17) is greatly simplified
under particular conditions. When ay= —xs and
yi1= =39, which is usually the ecase of greatest
experimental interest,

Alab (1 —cosk,)
F= [Si(kz) —-———]
r b
{1—cosma)
x[s;'(m,) _.,_.,_]_ (20)
M
Since
lgi}');{Sfa— [(Y—cost)/8]) ==/2,
it is useful to write (18} in the form
F=1ab[4R (k) M (g} ], (21
where
1 (1 —cosk)
K=—[S:‘(k) —————-]
™ [
and (22)

;1I=—1[.S‘i(m) _4- cos'")].
T

n

AND F, E, FOX

K and M are even functions of the argument. Then
we have for the average intensity and gain in the
region hountded by d:x, %y,

F=(@bRM/anl; ol g=abRM/xy. (23)

In the natural units defined by

2w (a/fA)e; =/ )y
Ten (ab /NP (KM /2 ) s (24)
0= (ab/ A (KM /xy')

The form of (23) indicates the physical nature of
KA most clearly: of the tolal energy incident in
the beam ab, the fraction KAf falls on the surface
bounded by x=0, x=x, y=0, ¥=y. The form
(24) is useful for routine determinations of intensity
gaing, or of the functions K and M. Values of K
as a function of x' (or A7 as a function of 3') are
given in Table [, and plotted in Fig, 2, One expresses
x (or ) as &' (or ¥%), and finds K and A from the
table or cirve, These, together with a, b, f, and A,
determine the gain immediately. In particular, for
the zero-order image, using (14) and (24),

7=0,8151(ab/dxy) =0.2038(ab/ )2 (25)

1Il. SCREENING: LONG STRIPS AND
STRAIGHT EDGE

It is useful to know the flux falling on a ree-
tangular strip bounded by the lines x= ke, y=3,
and y =y, Since y == o, K=}

F=I.ﬂb(4‘f:-ﬂf|,). (26)

where Af; and A are the values of M for the
argument corresponding to yr and ya. When
= =3

F=2rubdM\. 2n
These expressions enable one to caleulate at once
the fraction of the total energy in the beam that

I — ] 2

) ! 2
e 2 a4 & & o 12" u »

LI NI N L NI L

{3 o] Scole for vpper curvd

L
‘ul'}
H
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FiG, 2, The function A = [Si(k)— (1 —cosk)/k]/» plotted
as a funclion of the parmmelers F{e=2re') and £ =x0/12),
where the leagths x, o, f, amed ) are mepsured in the spme
urits. The curve is the same if one substitutes AL m, ¥,
and b for K, b, 2, x, and a,
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strikes a given obstacle (long strip or eylinder)
placed in the z=0 plane.
When yp= 4, and 3, is the position of the

_lower edge of a straight edge screen, the total flux

that strikes the screen is
F=2Lab(h~ M. {28)

IV. FLUX FALLING ON CIRCULAR AREA DUE TO A
RECTANGULAR BEAM

Although the expressions developed in T and [I
are not convenient for ealculating the average
intensity or intensity gain on a circular area in the
#=0 plane, they can he usced to get an approximate
value when the center of the circular arca is at the
origin. For most experimental data, the following
method s more accurate than the data. One writes

0= C(ab/mr[AK ()AL ()], (29)

where 7 is the radius of the circle in the 5==0 plane.
The arguments of the functions K and Af are then
abtained by setting x=y=}({m")}, and changing to
the scaled variablos &= (a/fA)x and 3 =@/,
K and M are then determined for &=2ma’ and
s =2ry’. Although the method yields values that
are surprisingly accurate, it is not casy to estimate
the actual error involved. -

A more laborious method, but ehe which gives
upper and lower [Inmits te the caleulated values,
can be used to obtain a desired accuracy. The first
quadrant of the circle is divided into £ strips, each
strip being Ay high and having minimum, maxi-
mum, and average lengths (2, (£), (¥ as shown
in Fig, 3. The total flux falling on the #th trapezoid
is approximately

Fe=TabLM (o) — M) S K (k) +EE) ], (30)

where the M{m) and AR are the values corre-
sponding ta the lower and upper limits of Ay, and
the K{&¢) and X{£;) correspond to the ith trapezoid
dimensions &; and &. The average intensity gain is

g=dabit Fjurs, (3n

Obviously by toking Ay; small enough, any
desired aceuracy ean be abtained, although it will
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IFig. 3. Notatien for division of circulnr_ﬁlmdrunt into
rectangubar sirips or tropezaids,

seldom be necessary to take more than =5 or 10,
An upper limit for § can be obtained, using not the
arithmetical mean of the A's for the upper and
10}\;_:31- value of x, i, HK(R)-FE(2)], but only
Kby,

§=4ab/m ) CMOR) ~ M} IR (E). (32)
A lower limit is obtained by using K(k):
0= (dab/er) ¢ LM OR) — M) TE(EY]  (33)

From {32) and (33) one can obtain the maximum
possible error in the intensity gain as calculated
from either {29) or (31). For example, the average
gain for a circular area (r=0.781 mm), when
Jf=34 mm and A=0.353 mm, was calculated from
Eq. (29) to be 74, Equations (30}, (31), and {33)
were vsed then with the quadrant divided into 10
strips having values of §; equal to 0,10, 0,20, 0.30,
0.40, 0,50, 0.60, 0.650, 0.70, 0.750, 0,781. From
Eq. (30), g is 74.14; from LEq, (32), the upper limit
¢ is 75,03; and from Eq. (33), the lower limit is
74.02,

The authors wish to thank Prolessor KK, F,
Herzleld for many helpful discussions and Mr.
Stephen Malaker for assistance with the numerical
calculations,
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Experimental Investigation of Ultrasenic Intensity Gain in Water
Due to Concave Reflectors*
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This paper discusses 1 method of producing high intensity sound wives in liguids, A Deam of
ultrasonie waves (4.25 me, 1512 tim cross section, neoustic powerm=2 wills) was focsed with an
ordinary watch glass (6.8 cm radiug of ciervature). The intensity in the focal region is large cnongh to
maise an ulirasonic foantain 1 em high accompanicd by a spray of fog lroplees, "The distribution of
intensity in the focal region was determined by measuring the screening effect of properly placed
obstacles. The sound Duensity in the focal reglon and in the plane wave was measured by the radiation
pressure on beads of convenient size, The absolute intensity in the plane wave was also calentared
fram the driving potential and th measured meekanical Q of the cryatal, and reasenable agreement
was found with the direct measurement. A gain in intensity by a factor of about 70 wis meastired
where sinple dilfraction theory predicts 7. For the Dighest voltagea used the excrapolated mygative
peak pressure was 41 aumospheres, No cavitation was observed,

INTRODUCTION

HE need of an ultrasonic beam of known high
intensity in liquids in many fields of rescarch
has stimulated investigation in the methods of
producing such beams and measuring their in-
tensity. In this paper we wish to present the results
abtained by focusing high frequency sound waves
in liquids with coneave reflectors, Measurements of
the acoustic energy density in the sound feld by
several methods are also discussed,

In much research concerned with the cffcct of
high intensity sounds in liguids the total acoustic
power supplicd by the source is of sccondary im-
portance: the effects depend an the acoustic energy
density at the point or region in which the phe-
nomena are observed, Several metheds are avail-
able for praducing such regions of high cnergy
density,

A simple approach to the problem would be to
use & quartz crystal with a driving voltage which
produces a resonant displacement amplitede just a
fittle betow the breaking sirength. Difficultics arise
because of the high voltages that are necessary Lo
produce the theoretically maximum displacements,
These might be avoided by using sources with a
large mechanical sharpness of resonance (high Q).
This could be done if the liquid into which the
crystal radiates is itsell a resonant column tunec
to the same frequency as the sound source, The
over-all mechanical @ of such a system ean he
made much higher! than that of a quartz crystal
racdiating into a semi-infinite liquid medium, For
the latter a @ of 10 is typical while a @ of 5000 is
not unusual for the doyble resonator combination.
However, long before the clastic limit of the erystal
is reached the solid surface pulls away from the

* This research was aided by the QNR Contraet N6 onr-253,
1T, B, Fox and George 1D, Rock, Proe, Inst, Racio Eng, 39,
29-33 (1842),

liquid in the contraction part of the cyele, In that
case the efliciency of the quartz as a sound source
falls off rapidly as the particle displacement in the
liquid is now considerably snaller than the dis-
placement amplitude of the erystal surface, Thus
in practice the Hmiting intensities? are determined
by eavitation au the solid-liquid interface rather
than by the electrical and mechanical properties of
the crystal, An increase in hydrestatic pressure?
can delay the onset of cavitation until somewhat
higher energy densities are achieved.

The present wotk was undertaken to obtain a
high intensity sound beam for investigating the
cavitation process within a pure liguid, Since
cavitation occurs at much lower intensities at
houndary surfaces than within the liguid, the sound
energy must cross the boundary surfaces at moder-
ate intensity levels and then he concentrated by
some means inside the liquid umler investigation,

At Trequencies above one megacyele there ave
two simple ways 1o concentrate the energy inside
the liguid. [n this frequency region the sound wave-
Tength is of the order of magnitude of a mitimeter
so that one can us¢ sound sourees or reflectors that
have dimensions much Jarger than the wave-length
and familiar optical formulas can be applied to
predict the behavior of the ultrasonic heam, This
has recently been verified*=7 far the case of a facusing
quartz erystal radiator; however, Lobaw? had con-
cluded from his experimental work that "a slightly
curved crystal gives a greater output {than a plane

t psiein, Andersen, and Harden, ], Acous, Soe. A, 19,
248-253 (1M7).

? Hriggs, Johnson, and Mason, J. Acous, Soc, Am, 19, 604=
677 (1947},

141G, W Willard, ], Acous, Sue, Am, 19, 773 {1947;.

LG WL Willard, . Acous, Soe, Am, 20, 580 (138),

s 1, F, Muller and G, WY, Willard, ), Acous. Soc, A, 20,
580°(1048),

T Louls Fein, J. Acous. Soc, Am, 20, 583 (1048),

L. WL Labaw, ], Acous. See, Am, 26, 237=235 (1945).
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one) . . . but that this advantage is owing pri-
marily to incrensed amplitude of vibration for a
given impressed voltage rather than to a confine-
ment of the energy ourput within a smaller angle,”
Labaw used x cut quartz crystals of constant
thickness, and it is probable that his crystals were
poor radiators. In curved crystals those sections
having a normal to the radiating surface that is
not along the x axis have different elastic and piezo-
electric moduli, These sections have, therefore, hoth
frequency and radiation characteristics that differ
from those of true & cut sections, By grinding the
convex side so that the thickness is proportional to
the square root of the elastic modufus in the
direction of the interior normal® one can arrange it
so that all segments of the radiator have the same
resonance frequency, but there is no way to com-
pensate for the decreased efficiency due to the
change in the piezoelectric modutus,

[However, a beam of plane waves can be generated
in, or transmitted into, the lignid atenergy densities
far below the eavitation level and a cencave re-
flecror e¢an be used to concentrate most of the
energy in a very small region near the focal point
of the reflector, The interference of the incident and
reflected wives produces encrgy densities at the
reflector surface that are at most four times that in
the incident beam so cavitation at the reflector
surface can be avoided. Tn the focal region, however,
the energy density may be several orders of magni-
tude higher than in the incident plane wave,

In the comparable optical case it is well known
that 84 percent of the light collected hy the circular
objective of a telescope is concentrated in the zero-
order diffraction image in the focal region, The
raclius of the zero-order image is given by the radius
of the first diffractiont minimum which falls at

r= 1,220/, {V

where fis the focal length, & is the dinmeter of the
abjective, and A is the wave-length of the incident
light, In the ultrasonic case o will usually be the
dinmeter of the incident beam of plane waves which
will ordinarily he smaller than the reflector, I is
useful to define the intensity gain, g, of a focusing

device ns
g=1i1; (@

where J; is the intepsity at a point in the focal
region, and J; is the intensity of the plane wave,
‘I'o give a numerical example, assume thar an
incident benm of plane ultrasonic waves in water

chas a radius of | em, a frequency of 10 me, and

strilkes a eoncave reflector of 3 cm focal length,
being incident aiong the principal axis of the re-
flector. The diameter of the first diffraction ring is
0,55 mm, the ratio of the arca of the incitlent bean to
the aren of the first diffraction image is 1300, and

REFLECTORS
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WATER
since 84 percent of the total energy is concentrated
in the zero arler, the average intensity gain in the
zere-order image s 1100 if the coefficient of re-
flection is taken as 1,00, This is not the maximum
intensity gain in the focal region since the intensity
distribution has a maxitaum in the center of the
spot, The maximum intensity gain® for o circular
beam is (w20, and in the ease diseussed here is
close to 5000, To attempt to sceure an cquivalent
gain with a curved crystal source ane wonld have
to use a erystal with a radius of curvature of 3 em
and a diameter of 2 em so that the edge segments
have normals inclined almest 20 degrees to the x
axis and would he less efficient radintors than the
centrad portions of the source.

Experimental measurements yield avecage values
of the intensity, and average intensity gains depend
on the inteasity distribuation in the region occupied
by the measuring device. For this reason, simple
diffraction theory was used to caleulate the total
energy passing through areas of selected size and
shape at the focal poine of the reflector in a plane
parallel to the incident wave fropt when the in-
cident Leam is either cireular or rectangular, The
corresponding  theoretienl average and maximum
gains in intensity are given clsewhere® together
with other caleulations that enable one to interpret
experiments in which intensity distribution is meas-
uredd instead of average intensities,

EXPERIMENTAL METHQDS

in order to test the extent o which ane may
depemed upon simple diffraction theory to predict
the intensity gain obtainable by using ctirved
reflectors for sowml waves of high frequency, four

Fia, 1, The ultrasonic fourtain, A streiun of air is Llowing
the fop away from the comera, Note the "string of beads™
efect, Txposures=0,] sec,q frequeacy =625 me, 1000 volts
{peak) an erystal; focal length of reflector =34 mm,

® Vieginin Griling and Francis 12, Fox, [, Acous Soc, Am,
21, 338 €1049),
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Tanti I, Ultrasonic fountaln data: ejection velocity and
remarkas concerning fog formation,

Diatneee from

water surfpce Velocity of Remarks concerning
to focus {mm) drons (cm/ac0.) fog formatlon
4 88 nane
L2 139 slight
1 167 heavy
0 1m masimum

types of experiments were performed, The first
consisted of observations made upon the “ultrasonie
fountain'' produced by a concentrated sound beant,
These were largely qualitative but yield some idea
of the gain experimtentally obtainable, In the next
two methods the sound waves were aliowed (o Tall
upon a radiation pressure indicator after diverging
beyond the focal region; measurements were then
made of the screening effect of various ohstacles
placed in the focal repion, Finally the encrgy
density of the sound in the focal region was meas-
ured directly by the radiation pressure on a small
ateel bead, and in the plane wave by pressure on a
larger plass bead, so that the average intensity
gains for the area covered by the small bead were
measured directly.

All measurements were made with an x cut
crystal 1 inch square having its fundamental reso-
nant frequency at 4.25 megacycles, This was at
one end of a small tank with the dimensions 15X 8
X8 inches, One side of the crystal was in contact
with the water in the tank, and the outer face of
the crystal was exposed to the air, The high voltage
clectrode, a rectangle 18 mm long and 12 mm high,

R+ Concove sphencal Rellector
© s Obstecle » siraght 2dge or bar
B+ Radahen pressure Detector
A+ X cul Quortz Crystal

(n) Top view,

—Obsincle, straight edue or vod;

was on the latter side and did not cover the entire
erystal, It is assumed that the radiating aren in the
tank is the same ns the area of the high voltage
electrarde, The end of the tank facing the crystal
was covered with a finch thick slaby of ge rubber,*

I, The Ultrasonic Fountain

‘The tank was provided with a plane reflector,
close to the crystal and tilted so that the reflected
beam strikes the water surface approximately nor-
mally. Suflicient power was used ta raise a small
mound of water having approximately the area of
the back electrode of the quartz, and about 1 mm
high, The voltage on the crystal (1000 volts peak)
was then maintained constant throughout the ob-
servations, A watch glass serving as a concave
spheriend reflector with a foeal length f of 34 mm
and diamerer 36 mm (therefore, larger than the
sound beam) was substituted for the plane re-
flector. The distance () between the air-water
interface and the reflector was varvied by changing
the depth of the water in the tank. When y s
approximately 2f the mound raised by radiation
pressure i of the same general nature as that ob-
served for the plane reflector, although somewhat
clongated along the line in the plane containing the
incident and reflected beam. As ¥ is deerensed, the
mound helght increases and the area decreases.
As y approaches £ the mound rises so high that the
water is cjected in what first appears as o thick
arched eylinder and finally as a very thin stream
that rises 10 10 15 em out of the water, At a critical
level a cloud of fine {op is ejected together with the

=

(i) Slde vicw, -
A-=Sauticl solyee, X out quartz eryatal;  I—Radiatlan predsure detector;

W~=Concave wpherical retiector,

Fia. 2, Experimental arrangement for screening measurenents,

* At these frequencies the absorption in pc rubber is very high so that all but a negligitle fraction of a sound wave is
absorbedd In passing irongh the slab twice, Although the pe match with water is not us good at these frequencies ag it is
in the 20-ke frequeney region, the reflection ja still smull and s less (han § percent at nornl incidence for the frequency

used in this work,
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drops that form the arched stream, Wood and
Loomist® have described similar phenomena, In
their work, however, the power tsed was much
greater than that used in the present work. They
mention, for example, an applicd potential of 50,000
volts at a frequency of 0.3 megacycle,

From abservations upon the rate at whieh the fog
droplets fall it was possible to estimate the droplet
radius, All components of the clowd do not scttle
at the same rate but a fair fraction of the droplets
can be observed to fall in air with limiting velocities
less than 1 cm per sec. This gives a radius of loss
than 1073 em for the droplets,

A photograph of the phenomena observed near
the critical value of ¥ is reproduced in Fig. 1. The
exposure time is 0.1 sec. A stream of air is blowing
the fog away from the camera. The “string of
bears"” effect was at first thought to be due to
drops ejected successively, but photographs made
with different exposure times reveal that the ap-
parently distinet drops in a chain are really pho-
tographs of the same drop in different positions.
This is shown by the fact that the number of heads
in cach chain is proportional to the exposure time,
and the length of each chain is approximately equal
to -the distance traveled in cach cxposure by a
single drop, The velocity of the drop was obiained
from measurements on the height and range of the
stream of drops. Apparently, the drop is ejected as
an eilipsoid with major axis along the stream,
Surfage tension then contracts the ¢llipsoid to a
aphere {equilibrium shape), and the inertia of the
mass from the ends of the cllipsoid eurves it in
beyond the spherical radius to form an oblate
spheroid with its symmetry axis along 1he stream,
The drop oscillates hetween these two extreme
shapes as It moves in the stream, and the photo-
graphs show the drop in the positions where it has
the shape which reflecta the maximum amount of
light back into the eamera, Tabie [ gives the
velocity of the drops in the stream when the water
surface is near the focus,

One can use two methods to get the approximate
inttensity gnin: () By using the cress section of the
stream when the beam is focused at the surface,
{2 sq. mmy), and comparing with the cress section
of the parallel beam (180 sq, mm), one gets a gain
of 90 if one asswmes that all the encrgy of the
original beam has been concentrated in the aren
over which the fountain is raised, From theoretical
considerations® one finds an average intensity gnin
of 46 over the zero-order image. (b} The height of,
the mound raised by the unfocused beam (1 mm) is
compared to that of the column at the critical
focusing {100 mm). By assuming that the height

a 1n R V. Wood and L. Loomds, Phil. Mag, 57 4(2), 417136
027

TanL 11, Sereeping efficiency of eyfindrical rods
{steel flnllsﬁ

Alin,
Dl"t‘l:"ﬂll tlellcfilfnn
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thnit welth Sereening ratle

Diumeter t:lmm:le abstacle LExperis
el 2 mm o mm mental Caleylated
Nbo. 53 1.51 13.2 i T 8807
No, 60} Lot 230 12,3 694 7%

of the water raised is proportional to the radiation
pressure one again inds a gain in intensity of
about 100,

In an attempt to get absolute sound intensities,
one determines firgt the intensity of the parallel
beam when the potential applied to the quartz
crystal is 1000 volts (peak): Two methods are
available: radiation pressure measurcments with
the bead (Section HI) and ealculation from the
potential and the @ of the crystal (Section 1V).
The formier gives 1.8 and the iatter 2.5 watts/cm®,
or a radiation pressure of (90 to 230) (107/1.5X10%)
= ((L6 ta 1,7) X 10" dynes/cm?, if one uses 1.5 X108
em/sec, as the sound veloeity in water.

The niaximum veloeity of the drops forming the
fountain corresponds to a hydrostatic pressure of

100

a0

&0

Intensity (%)
&
(=]

20

F16, 3, Sereening effect of & plate s a function of the vertical
oshlon of the front bottam straight edge. The geometrical
oint is at y=0 and the absclusas are given in units
(p/ A) where y s vertical displicement in mem, The
|mlnt5 gwu the deflection of the detecior in percentage of the
maximim deflection when the plate js remaoved, The solid
line is the theoretical curve for the percestage of the total
totensity that gets past the plite as its pesition is varied,
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LEX10! dynes/cm?, in good agreement with the
preceding caleulation from the intensity gain, **

II. Intensity Distribution : Screening Methods

In order to abtain guantitative information on
the distribution of intensity in the focal region of
the mirror, the measurements were made of the
sereening efficiency of abstncles placed in the focal
region, The experimental arrangement: is shown in
Fig. 2, The sound strikes the reflector, is focused in
the neighborhood of 0, and falls on a radiation
pressure detector (BY which is large enough to inter-
cept all but a negligible fraction of the (diverging)
sound beam. The radintion pressure detector was
made of a slab of pe rubber 3 em square and about
4 mm thick on the end of a light stiff rod 25 ecm
long., This rod was weighted at the bottom and
provicled with a small ¢ross bar 17 cm from the tap
which served as a fulerum around which the rod
could rotate, The deflection of the pointed tap was
read on g seale fixed to the supports on which the
cross bar rotates, The sensitivity of the detector
could be changed by varying the weights on the
hottom of the rod, No attempt was made to cali-
brate this detector in terms of absolute intensity
since it was used only to determing relative in-
tensities. For the small angles used the deflection
is proportional to the soundt intensity,

In all measurements the detector was shielded
from any pressure that might arise from a uni-
direetional mass low of the liguid, An acoustically
transparent screen of plastic material {fcommuercially

Glats fiuag
f4 376mm R
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335 mg ¢ weigni i water
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(0) Glags bl fn plane wive: ealind = 3,76
mm; stapetvion  leogtiw 17y mm;
weighit In witer =335 my,

availalle as *Bub-o-loon''—for making plastic toy
halloons) was prepared by blowing a balloon with
as thin a wall as rlesired. After this had set, a picce
of it was mounted on & wire frame and tested for
transmission. Nearly all films thus prepared caused
no mensurable change in the maximum dellection
of the detector after the mass motion had heen
climinated by one such screen placed near the
detector,

Consider a rectangular coordinate system with
the arigin at the principal focus of the mirrer, the o
axis in the direction of the principal axis of the
reflector, and the ¥ axis vertical. The abstacle was
then attached to a double micrometer that per-
mitted one to make small displacements in the x
and ¥ direetion. The 5 position was varied by
moving the stand to which the micromcter was
attached, The obstacles used first were cylindrical
rods (smooth shanks of steel drills), These were
placed with the cylinder axis along the x direction
and near the image of the sound souree. The y and 2
positions were varied until the deflection of the
detector was a minimum. The deflection was ob-
served for each rod and compared with the deflec-
tion obiained when the rod was remaved from the
field between the reflector and the deteetor, The
results are given in Table 11,

In order to interpret these results we caleulated®
the fraction of the total intensity in the sound beam
striking a strip {n the xy plane at £=0 for which »
varies from -f e« to —» and y varies from -a
to —a (a is the racdius of the rod), Since 2xa/h is
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{1 Steel bead at foenas radius =0.7§1 mn,
suspepaion lengl w42 ning welght in
water s P50 e,

16, 4, Varkation of the radiation presaitre on n spherical bead as a fosetion
of the syquare of the valiage on the sound soirce. The absciss unit is (0,1 romys,
voltnge)t, “The ordinntes give the measured deflection {in mm) of the Dead,

** The size of the fog droplet Teads 10 an exeess pressure within the droplet of 14X 10% dynea/em? hecause of surfuce
tension, This is 10 times the value mentioned above, At fiest sight, one might have nssumed that e radintion pressure

must be at leasr os higl 08 the excess pressure in the droplets,
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large we neglect the forward scattering. The experi-
mental and ealenlated values are given in columns 5
and 6 of Table IL.

~. Anather set of screening measurements were
made in which a rectangular stab of pe rubber
4 emX3 em cemented on o 1 mm brass plate of
the same arca was used ‘as a sercen, The deflections
were observed as o function of the position of the
bottom straight edge of the rublber slab. The frant
celge of the slab was placed directly above the focal
region which had been previously located by ad-
justing a very small deill for maximumn ent-ofl,
The bottom of the siraight edge was moved from a
position where all the sound reaches the detector to
one in which all the sound is cut off, In Fig, 3,
the points correspond to deflections measured for
various positions of the straight clge. Since the
power was not the same in the two seis of readings,
all readings are plotted as percentage of the maxi-
mum deflection observed when the straight edge is
removed. The theoretical curve® showing the in-
tensity getting past the straight edge as a function
of the atraight edge position is the solid line shown
in Fig, 3,

IIT. Direct Intensity Measurements by
Radintlon Pressure

The most straightforward test of the diffraction
theory is a direct measurement of the sound in-
tensity in the focal repion, This was done by
measuring the radiation pressure*™* on a small
stee! bead, To map the sound field aceurately, the
bend should be taken as small**™** as possible. In
practice, a bead with a diameter of 1,562 mm,
weighing 17.0 mg in air, has excellent stability
when mounted on a bifilar suspension 42 mm long
made of single filaments of Nylon thread, especially
if the whole suspension is under water so that
surface tension effects are avoided, For these meas-
urements the prineipal axis of the reflector coin-
cided with the sound beam. A short focus telescope,
mounted on-a micrometer stage which could he
moved in the # direction, was used to measure the
deflection, The micrometer carrying the telescope
was rigidly [fastened to the same framework to
which the double micrometer was attached, This
daitble micrometer carried the bead suspension
system, The position of the support which brought
the deflected bead into the region of greatest sound
intensity was found by trial and error,

For measurement of the much smaller intensity
of the plane wave, a larger glass bead was used.
It had a radius of 3.76 mm, a weight in water of
335 mg; the length of the suspension was 178 mm.

**+ I all measurements of bead deflection described in the
following, the screen mentioned in Section I was used to

prevent any effect of mass fow, .
#*4* The size of the 2ero-order finage is 20X 1,0 mm,
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Measurements with the small bead were made
Letween 30 and 70 volts (ran.s.), on the Jarge bead
hetween 60 and 80 wvolts, In Figs, 4a and 405, the
deflections are plotted against the square of the
voltage, One gets good straight lines which serves
at the same time as a check on the stanclisrdization
of the voltmeter, The values of the dellection given
by the curves at 70 volts were uscd for the further
caleulations.

The connection between the foree an the bead, F,
and the average density of the sound field £ at the
plitce of the bead is given® by

E=F/arY, &)

where ¥ is a complieated funcion of the densities
of the bead amd the medium and of the ratio of the
head radins ¢ and the wavelength. Te approximates
unity for rigid spheres in plae progressive waves if
2xr/N s larges [0 our case this quantity was larger
than 10 which latter value would make V=095,

Equation (3) actmally applies to plane waves,
It is, however, assumed that it holds in our case
alsa for the average value aver the cross section of
the bead, A correction must be consideres! for the
convergence of the beani, fn the first approximation
the force should he multiplicd by the average value
of the cosine between a ey and the axts, 1f 26 is
tiee opening of the cone, this gives a factor

casfw= §{1 -costy) = J[1-4- (1 -2 /4 )17,

11 the square reot can he developed, (3) should he
multiplied by 1+3(d/2£)% Therefore, the intensity
caleulated from (3} for measurements with the
small bead should be used with a factar 1/ ¥{cost)
= 1,07, while mepsurements with the large bead in
the parallel beam involve the factor unity. In this
manner, one finds that for 70 volts r.m.s., the in-
tensity in the plane wive is 0,0184 watl/em® and
the average intensity in the focal region is 1.31
watts/cm?, so that the average intensity gain is 71,
The theoretical vathue for the gain in intensity is T4
computed for the energy passing through a cirelet
of radius 0,781 {that of the bead).

Acenracy of Measureimenls

The data in Fig, 4 allow at the most an uncer-
tainty of 5 percent in choosing a line of hest fit.
This does not exclude n constant factor in the
stanclardization of the voltmeter, or a systemitic

UF, E, Fox, ], Acoys. Soc, Am. 12, BI7=149 (1940),

f See reference 9. The theoretical ealcufation peglects the
contribution of the incident wave, which passes through the
focal region before siriking the concave mirror, The measured
farce on the small bead is the difference between thse radiation
pressire due to the plase incoming wave tnd that due to the
mtensity in the converging ben; in addition, a small frction
af the energy in the incident buun is seattered by the bead,
Corrections }:Jr these twn factors would reduce the theoretical
intensity gain given here (74) by about 2.
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TF1g, 5, Mechanical rosenance curve of sound source.

error in the application of Eq. (3) to the convergent
beam in the focal region, The agreement between
galeulated and measured values, however, lvads us
to the assumption that our errors are cectainly less
than 10 percent.

IV, Intensity Calculated from Applied Voltage

In the following, a method is described which
permits a calculation of the plane wave intensity s
generated at the crystal face from the voltage
applied to the source, This can be done il the
mechanical resonance curve of the source is known.,
It can be showntt that J=0,0079(Qf V)? ergfem?/
see,, where V is the rum.s, voltage applied to an
& cut erystal radiating into water at the respounse
frequency of the crystal, f, is the frequency in
megacyceles, and @ js the sharpness of resonance
(mechanical) of the crystal, In general @ will vary
from one sound source to another and will depend
upon the acoustie radiation resistance of the Nuid
into which the crystal is radiuting, the type of
mounting of the ceystal, ete, and should be deter-
mined for the sound source as actually used. "This
can be done by measuring the sound intensity for
a constant 17 as the frequency is varied throngh
resonance. Figure 5 shows the resonance curve of the
crystal used in this work, In it the deflection of
the pe rubber radiation pressure indicator is plotted
against the frequency in megacycles, The @ is
given by Af/f, where fe is the frequency at which
the deflection is maximum and Af is the difference

1t See appenclix,

hetween the two frequencies for which the deflection
is anc-half the maximum. The value of @=9 thus
obtained can be used to compute the intensity, The
citleulated value of the sound intensity T at the-
erystal face is found to be 0.0249 watt/cm? when
the driving voltage is 70 volts ran.s, The intensity
calculated from the bead- deflection was 0.018¢
watt/em?,

CAVITATION

The ultimate purpose of the experiments de-
scribed here is the development and study of
equipnient for the preductien of high negative
pressure in liguids and to study the appearance of
cavitation as a function of tension, frequency, and
ather variables,

1 the highest voltage availabie (1200 peak volts)
is used, the negative peak pressure, caleulated from
the extrapolated curve 4b and the intensity gain
according to diffraction theory,ttis 41 atmospheres
in the focal region. No cavitation was observed
under these conditions (£.25 me}, For higher fre-
quencics one should get a smaller focal region and
even higher gains.

Systemalic investigations of cavitation at high
frequencies are planned,
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APPENDIX

Absolute Sound Intensities in Liquids as a Function
of Applied Voltage and Mechanical @ of Source

Consider an & cut quartz crystal with thickness © small
compared to other dimensions, having electrodes af negligible
mass on the radinting fuces, ene of which s in contact with a
Tiquisl while the other is expased to air, We use the fellowing
notation;

£e po=ctensity of quartz and liquid respectively,
¢, o= velocity of sound in quartz and Jiguid,
g=displacement aunplitucde of crystal fice in contact with
liquid,
x=thickness of x cut eryseal (along 1he x axis),
we 2nf, where fis the Drequency of e applied poieptial ¥,
¥ = patentinl amptitude (peak) applivd 1o eleetrode,
oy = plezocleetric steess constant relating a ficld parallel to x
1a the compressional stress pasallel to x, '
dyy = piezoelectrie sirain consdant,
g=siiffness constant of quartz=pct

Cady® has shown that if one assumes the energy carried
away by the air is negligible compured to that radiated into

F1t Intensity in the plane wave 2,7 watts/em?, » maximum
gain in the center 213, maximum intensity 375 watts/em,

B, G, Cady, Report (declissificd) Noo 17, Plezoelectric
and Ultrasonic Phenpmena in the Ulirasoniec Treiver (Massa-
chisetts Imstitute of Technology, September 30, 1945), re-
pared uniler OSRD Contruct ({jfil\lsr 262, sub-contract 1MC
178188 with Radiation Laboratery, ML,
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the liquid
Brom oy Pwrpe)d {1 = cosf)?/ (1 = {1 =) cost), (A1)
where m=pecofpe and S dueyfhmay/e, In what fallows we

-cansider the frequency 1o be virying in a pall mnge alkaut

the resonant frequency wa of the A (odd) harmenic of the
crystal, Following Cady une writes

wk/om (untdw)efem iz S he(dafv )y mbmdr, (A2}
where
relrdwfor, and b=l 3,8 00, (A3

We write cosf = - cosr, expand cosr, retain only the terins in
¥ gince ¢ i3 spanll near resonance, and find

goxlen VE2wipex) (4~ rf)2fmr-4r3), (Avh)
while at resonince

ot Jery V/apexm)?, {A.5)

Oue finds the valuc of r for which 7= 1543 alter neglecting
r* terma

(hrdw /) e P g3 /(1 =t (A.6)

Let wy/20w=(y, the mechanical sharpness of resunance
obtained by measuring the differcnce between the {wo values
of w that make §fe 33 If energy leaves the crystal only by
radintien into the Hyuid, as is nesumed here, (he/Qu) Js inde-
pendent of k so that Qy is directly proportional to k.

From (A.6)

Lt (1) = 1w (1083 A% — 1, (AT)

anidl we can write the resonance amplitade fn (A, 5) in terma of
the measured Oy, Thua

(Y (AR o

1t For the fundamensal, Eq. (AB) v e/ wl)edyy OB/ ED
w!levc'{. in !l:a atatle dtfnrmutign (‘h":lln'k Vc:’lul: to llll‘ﬂl“!l‘l’“cd vnlraﬁm ¥e
I o myatem willy i single degree of lrrednm one woukl expect Ew w60 whers
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According to the theory, the value of @ s independent of
the area of the quartz crystal praviding the wlmlc vibrating
area rmti'ucs spnind, If part of the front surface is mosked,
there is less radiation loss and the measured @ should !m
higher than the theoretical one,

On the other hand, the measturet! ¢ also contains the losses
of the quartz due to its motnting, which cannot be tyeasired
independently in our ease and result in a tower Q.

For this reasan we have not ysed the thearetical formula
Qmix/2n but bhave measured it using the width of the
resonance curve, For the Tundnmsental the measured valua of
Q—D is appreciably below the theoretically calenlated value

ln most liquids ¢ for the fundamen tnl resonange lrequency
i3 larger than 10 so that (AW is less than .03, Since
the intensity measurenents are seldutly mare acenrnte (lian .'5
percent we enit this teem In what follows,

The power eadiatéd into the liquid is

Ie=30n0len/peta (VO (A9}

where fiy Is the frerprency of the & harmonie.
For the fundamentalt we have

T 12,2(107%) poca(0%2 V7 erpfom?/faee, {A.10)

In particular, for a crysinl radiating at its fundamental
resonince frequency into water

= 0.01700 VI ery fom¥aee,, {aan

where f s in megneycles, ¥ s the applied peak voltage, and @
is the measured sharpness of resanance for the fundamental,

@ s Aefined for the single resonant frequency, The I‘aclor ?ﬁ A1} appearing
Dege ts 0 comseuence of the infinlte sumber of deg reedany which
pcrmlll on fainite numlay of resonance frequenclen euch with ity nao-

1 ln 1hia caleylst lon of the numerfeal constants we have used the foltawing
values u[wn by Cady (se reference 11): 0 w52 X104 poe] 54 X104
¢ w84 210N For £o we have however used 147 X103, All vnluu are |y c.p.
unite, I one unea values of dlll fulmd in tha literatice, e In Cody, (Press-
electricily, p. 219, McGraw 11§l 1946), the constants In Bas, {10} and
(113 may = increased by na llmch u: 18 pereent,
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Focusing Ultrasonic Radiators

G, W, WiLarp
Bell Telephone Laboratories, Murray Hill, New Jersey

(Received March 5, 1949)

Piezaclectric ultrasonic radiators made in the farm of a thin spherical shell radiate spherieal sound
waves which conie tn a focus at U center of curvature of the shell, ehus enabling the procduction of
mueeh greater nltrasonic Inteasity in a small tocality reanoved from the radintor than it is possible
to obtain directly al the surface of a radiator, 1t is here shown by ultrasonic light diffimction pictures
of the radiated sard feld ehat the sharpnesa of foous Bs limited by wave diffeaction in the manner well
known in astronomical telescopes and may be ealenlied by aptical diffrction Tormuzlas. By the same
means the radiation efficiency of different ireas of the curved surface i3 explared anl the results
compared with theory. The variatien of eificicney is, of course, dus ta the variation of the effective
elustic and pivzoclectric constants of the dillerently oriented arcas, Calentations are made of the
radiation eflicicney of a guartz mdiator, and it is shown 1hat a greatly jmpraved foeusing spherical
radiater may be ebtained by varying the thickness of the radiator to commpensate for the varying
frequency constant, Further, superior focusing cylindeical mdiators may be abtained by  special

JULY, 1949

orientation or by thickness shaping or both,

L INTRODUCTION

N 1935 1. Greutzmacher! propased a [orm of
piezaclectrie quartz ultrasonic radintor which

by its own focusing action may produce an ine
tensity of ultrasonic energy at its focus that is
much greater than that at the radiator surface
itself, Thus it is possible to obtain energy concen-
tration without auxiliary Jenses or reflectors and
their concomitant energy losses, Since the region of
high intensity is loealized in the medium at a
distance from the radiator it {5 casier to make use
of the energy for destructive, exploratory or other
purpeses.

The form of the focusing radiator was that of a
spherical shell, ar more specifically, a concavo-
convex lens of constant thickness, the two spherical
surfaces baving a common center of curvature,
When made of piezocleetric quartz the radiator
axis is preferably made to coincide with an x-crys-
tallographic axis of the quartz, This may be
designated as an x cut quartz fecusing radiator (in
tourmaline the z cut wonld be used)., With elec-
trode platings covering the two spherical sup-
faces and an applied alternating voltage of proper
frequency the radiator thickness inerenses and de-
creases in phase all over the radiator, and hence
radiates spherical sound waves which come to a
focus at the center of curvature of the spherieal
surfaces, On the other hamnd o plene x cut quarts
radintor, radiates plane sound waves which do not
focus, except by the use of an auxiliary lens or
eurved reflector,

An element of area at the center of the focusing
x cut radiator is truly x cut and hence has the same
eifective elastic and piezoelectric constants {or fre-
nuency constant and electro-mechanical coupling)

! I. Grentzmacher, Zeits, f, Physik 95, 342 {1945), Or see
pp. 25-26 of reference {4},

as 2 plane x cut radiator. However, off-center areas,
x’ cut, heing of increasingly different orientation as
they recede from the center have, in general,
increasingly different constants than the center. In
fact, if the radiator diameter were equal to its
radius of curvature the x' cut peripheral areas
would be 307 off from x cur, and two such arcas
(liametrically opposite) would actually be true
y cut surfaces, due o the trigonal symmetry of
quartz, These regions would then radiate with zero
amplitude due to lack of electromechanical coup-
ling, Usually, however, radiators are made with
hall-angular-aperture considerably less than 308,
and] reduction of coupling is not a major factor,

Actually n more serious reduction of efficiency lor
off-center regions is caused by the varying clastic
constants and the correspondingly varying fre-
quency constant, This applics to the usual usage
wherein the energy i radiated into a non-metallic
liquid (where the impedanee mismatch between
radintor and medium is about 10 to 1). Since the
freqruency constant varies over the surface of the
radiator and the radiator is of constant thickness,
the resomant frequencies of different reginns are
different. Thus when the radintor is operated at
the resonant frequency of the cender, onter regions
of either higher or lower resonant frequency vibrate
with reduced amplitude, This reduction of officiency
becomes serious beyond o half-nngular-apertitre of
157 when operating the radiator in the fundamental
mode, and Deyond even lesser apertures when
operating in harmonic modes (as is commonly
dane).

As previausly reported at meetings of the Acous-
tical Society,*? the x cut quartz fecusing radiator

*G W, Willard, 1. Acous. Sue, Am. 19, 733(A) (1947);
20 S e A G. . Witlard
SBD'L'\) h;}_}t&):.r amt G, W, Willard, ], Acous, Soc. Am, 20,
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has been critically examined for radiation charac-
teristics and concentrating power. When operated
with water on the concave side only {nir on the

. convex side), with an jnput encrpy of 14 watis/cm?®

on the eflective area of 6.4 cny®, the concentration
of energy at the focus is such as to give an intensicy
of over § kw/cm® over a cirenlar area less than one
mm in diameter, Such high ultrasonic intensities
give interesting heating, fog, and fountain efects,
However no cavitation could be produced except
by auxiliary means which involved the production
of standing waves or the use of a circulating reverse
water current, lo cancel the normally induced
circulation currents, These cffects of high intensity,
mepgacycle, ultrasonic energy are being further ex-
plored and will be deseribed at a later date,

The present paper will give a detailed analysis of
the radiation characteristics of the focusing radi-
atar, as determined hoth experimentally and theo.
retically, and a discussion of means of abtaining
improved focusing radiators.

1I. EXPERIMENTAL SET-UP

A. Optical System for Recording
Rudintion Patterns

By making use of the well-known light-diffraction
properties of ultrasonic wavest it is possible to
obtain beautiful pictures of the radiation clarae-
teristics of ultrasonic radiators, The optical system
thereof is shown in Fig. 1. An AH-4, 100-watt
mereury lamp with a pair of condenser lenses
illuminates the pinhale aperture S), The 44-inch
dinnmeter, li-inch focus lenses Ly and L.* first
calimate the light throngh the tank and then refocus
it anto the pinhead aperture S= [tis in the plane of
S: that the light diffraction spectra are eliained.
For 5-Mc sound waves in water the angular separa-
tion of spectral order is ahout one-five hundredth
ol a radian, thus giving a seitable diameter for the
Sy and 85 apertures of about 0.022 inch, Lens Lj
focuses the center plane of the cell onto the sereen
or film, thus forming a picture of the sound beam
(in the present ease in one-to-one size). Since the
pinhead aperture Ss stops all the undiffracted Jight
(that not passing through a sound field) the picture
background i dark, with the sound beam appearing
bright. Use of a pinhole at S would have given a
negative rendition, This is not recommended, since
the effective area of S:is then so reduced as to give
insufficient picture resolution to obtain fine detail,

1L, Bergman-H. 5, Hatheld, rasonics {Jolin Wiley and
Sans, Ine,, New York, 1939}, :

*These lenses were specially figured single aclhromaus,
A better lens for this purpose s the several slement, Peizval
type, as is often used for movie projectors, These lenses and
tfl’c outside surfaces of the tank windows should be optieally
coated 1o cut down multiple reflections,

The same dissdvantage applics also to a reversed
positioning of the pinhole and pinhead apertures.

The apen-top tank (10X 2 inches in the herizontal
Mane) hag cemented plate glass windows 7 with
the radiator-mount gasketed in one end. A sound
absarbing pad of compressed wool or of “Rho €'
rubber in the opposite end prevents the reflection
of sound waves, The tank may be moved, parallel
to its length, through the oplical systems in order
to view the sound ficld at different distances from
the radiator, and is rotatable by a small angle
about a vertical axis through € lor alignment of
sound wave fronts with the optical system,

The light intensities abtained were entirely suffi-
cient for direct viewing with either o transmission
sereen** or a reflection sereen, For eaking pictures
the light intensity was reduced 200-Told by nsing a
double set of mereury green-line glass fitters, por-
mitting simple 5- to 10-second exposures on Kotlak
85 Ortho Portrait film, This also improved the
opties, ‘The writer's pictures in “Ultra-Sound Waves
Made Visible' were also obtained with the above
arrangement,

B. Focusing Radiator and Mount

The x cut quarez focusing radiater was ground in
the form of a concavo-convex lens with a concave
radius of curvature of 63.5 mm (2% inches), 2 con-
stant thickness of 0.572 mm (22,5 mils} to operate
at 5 Me, a convex radius of curvature equal to the
sum of the concave radius and the thickness, and a
diameter of 38.1 mun (1} inchies), the axis of the
radiator being aligned with an x crystallographic
axis of the quartz. An axial eross section view of
the radiator and mount is shown in Fig. 2, @ being
the quartz radiator, and € the common center of the
two splherical surfaces (s well as the theoretical
focal paint). The full esncave surface of the radiator
was metallized with gold hy evaporation, to form
the inner clectrode, The radintor was cemented
into the eylindrical mount with electrically con-

—

FILM DR
SCAELN

T8 viw

FiG. 1. The optical system for oltaining radintion patterns,

** An excellent sereen may be made ef thin plastic (say
eellulose acetate, 15 10 23 mils thick) with a fine sand blast
surlnee on hoth sides. The increased light diffusion from
blasting botls sideys, gives hetter off-axis light intensities,

8 G AWV, Willard, Tell Lab, Record, XXV, 19.1-200 (104 )3
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Fi6, 2, The radiator mount, and ficld of view for
radiation pattern figures,

ducting cement,*** thus maling the inner electrode
clectricaily continuous with the grounded tank,
The radiator mount js gasketed into the end of the
tanl, with spring tension rings (not shown) on the
outside for compressing the gasker, Radial holes in
the rim of the mount permit it to be rotated with a
spaaner wrench.

The convex surface of the radiator is uncoated, the
outsitle clectrode being provided by lightly spring.
ing agninst this surface an appropriately shaped
aluminum block. For the protduction of high cnergy
sound beams, a 28.6 mm (1} inch) diameter elec-
trode is used, giving a hali angular aperture of 13
for the sound field. For exploring the asture of the
radiate sound ficld, the electrode is restricted to n
rectangular area 28.6 mm X85 mum (end view of
Fig. 2), and is helkt by guides (not shown) se that
ita length isalways vertical, Ineither case, of course,
the sound (s radinted only from the aren of the
radiator which is covered hy electrades en both
sides, i.e., the region coverud by the exwrnal re-
stricted electrode, Thus with the rotatable mount it
{s possible to radinte sound enly fram this strip
area of the radiator which may be parallel to the
X ¥ planc of the radiator, the X2 plang, or any
intermediate planes, The axis of the optical system
iz always normal to the length of the external
electrode. The angular position of the mount, and
hence of the erystallographic plane being exploved,
will be specified by the angle #, which has the
value zero for the X2 plane, £90 degrees for the V2
plane, and intermedinte values for intermediate
X2’ planes (sce Fig. 3). Thesense of 8 issuch that 8
is positive for a plane parallel to the crystallographic
minar cap face plane (§=438°13'). By this specifi-
eation the major faces of the well known AT and CT
quartz oscillators lic in positive planes, The bound-
ary of the picture-views, as restricted by the top
and bettom of the tank windows and by the edges
of lenses Ly and Lq, is shown in Fig, 2,

A word may be added about the width of the
sound beam in the dircction of the optical system,

*#* For example: Conduetive Silver Paint No, 4817, E. I,
Dt Pont de Nemours & Company, Electrochemical Dup:lrl-
ment, Pecth Amhoy, New Jersey,

This is 55 mm at the radiator, becoming less
toward the focus. As the auther has shown,? the
pllowable wideh of plane waves for good light
valving, and hence picture formation, may be as
great as 36 mm for 5-Mc waves in water. The
curvature of the present spherical waves may he
shown to be sulliciently small for the narrow width
used that {airly guantitative rendition of sound in-
tensities should be obtained, When this radiator is
operated at its third harmonie {with the same
clectrode) the valving is not ns good, weaker pic-
tures are obtained, and the intensity rendition
should be less accurate, In any case, without ex-
tensive special controls and analysis it is impossible
for the sound pictures to give a truly quantitative
measure of the sound intensity all over the field,
However, as will be seen in the accompanying
pictures the intensity distribution is quite satis-
factory for verifying the features discovered theo-
retically.

III, OBSERVED RADIATION CHARACTERISTICS

The ease of obtaining radiation pattern pictures
wnder varving conditions of veltage, frequency and
orientation encourages the accumulation of many
more pictures than are neeessary for good descrip.
tion of the radintor propertics. Those shown here
{Figs. 4 to 8) are sclected to best show the special
features of focusing cuality and of radiation effi-
cieney variations, Only two planes, 8=-4-38° and
#==22% are included in the showing, These show
typical effects in planes for which the effects are
extreme. The overdall operation of a radiator with
a full cireular eleetrode is best determined by other
means, becawse of the complications of Dpticul!y
analyzing a circular heam.

As previously noted the boundary of each view

Fia. 3. The location of the point 2 en the surface of the
ridinior i defined by angles aand 8, X, V, £ are crystals
Ingraphic fxes of the rdiator,

¢ G, W. Willard, J. Acoua, Soc, Am. 21, 101 (Mar., 1049),
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ig ag given in Fig. 2, The views, before reproduction,
were 82 mun lang in the horizontal direction and
this was likewise the length of sound field covered.
The center of the curved radiator was, of course,
to the left af the left edge of the view (about 2 mm).
The height of the external clectrades, and hence of
the beam on leaving the radiator, was 28.6 mm,
and the external diameter of the mount which
shows in the views was +L3 mm.

A, Sharpness of Focus

The radiation patterns of Iigs, + and 5 have
been chosen to show the degree of acoustic focusing
and to show the effects of sound-wave diffraction
on the sharpness of focus. Beth figures are {or the
8= —22° plane, which is approximately the plane
of most uniform surface radiation. For Fig. 4 the
radiator was aperated near its fundamental fre-
quency of § Me, while {or Fig, 5 the third-harmonic,
15-Mc moede was used. The lower view in each case
corresponds Lo radiator excitation at a voliage
stfficiently high to produce great enhancement of
the weaker portions of the feld. The radiator
(which iz o the left of the left edge of the figures)
focuses at its center of curvnture, within the
accuracy of measurement, The strong core and
weaker side-lobe diffraction pattern in the focal
plane is similar to a cross section of the [ocal
pattern of the astronomical telescope (strong core
amd  successively weaker concentric rings), The
sharpness of focus is thrice as sharp at 15 Mc as at
8 Mec, corresponding to increasing sharpiess with
decrensing wave-length in the optical case,

The sharpness of [ocus af the spherical radiator
may be caleulated from the optical formulas for
diffraction of converging spherical waves passing
through an aperture. In the present case, where
the radiator his a rectangular electrode, the aperture
is to be taken as rectangular of height £ (and
breadch ). H we consider the diffraction pattern
anly in the focal plane, parallel to the radiatar and
at a distance R therefrom, and only the axial cross
section parallel to fr, then the intensity distribution
as given by standard optical texts is [/fy = (sine/a)?
where a=xhz/AR, and s is the distance from the
axis for which the intensity is I,

Of particular interest are the distances for which
I/Iy=0, which are given by a=s, 2r,..4m For
=286 mm, R=635 mm, »=y/lrequency, and
y=1.5X 10" cm /see,,

n(2AR)
=—T)—= 1.333n (in mm), for 5 Me.
!

Sn

(111.1)

=042 (in mm), for 15 Mc,

Measurement, in Fig. 4, of the separation 2z,
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Fig. 4. Radiation in the 0= ~22° plane for the 5-Mc mode
(low intensity alove and high intensity below), The radintor
isat the left, '

between the two first-order minima (n=1}, or the
second {n=2), cte,, gives a slightly greater spacing
than calculated. This is to be expected since as
previously noted the radiation from the radiator
surface is not strictly uniform (dropping slightly
from center to edge), even for the 0= —227 plane,
Of more practieal importance are the corre-
sponding diffraction formulas for the spherical radi-
ator used with acireularelectrode of diameter o, The
optical formulas in this case give I/ Iy = [2J () /],
where Jile) is the first-order Bessel functinn of
a=xds/AR, The intensity I is zero when Ji(a) =0
(except when =0, then J/Fy=1.0), which occurs
when a=3,832, 7.016, 10,173, 13.328, ete, Thus, il
ko=an/m, d=0, and A, R, and } are as hefore, the

F1g, &, Radiation in the 0= =227 plane for the 15-Mc mode
{low intensity above and high intensity below), The radiator
isat the leh,
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digmeter 2z, of the zero intensity rings is given by

{2AR)
2:,.=k,.—-i---——1.333k.. (in mum), for 5 Me (1112
; '

= 0444k, (in mm), for 15 Mg,
ba=1.22, 223, 3.24, 4,24+« (1 +0.75).,

The theoretical average intensity over the area of
the core may be obtained from

0841
) (L3

I‘l=
~ %

where W is the total radiated power (assumed equal
to the efectrical power input 3/ R8), z5¥ is the arca
of the core, and the constant (.84 1akes account of
the fact that 84 percent of theenergy passes throngh
the care area (from optical diffraction theory), The

Fig, 6, Radiation in the 8= --38° planc for four
frequencies pear the 5-Me mode,

theoretical meaximum intensity, which oceurs ac the
center of the core, is given by H, °I", O'Neil” as
gl 1V (why/2)2

-13|". 0.84

Tw=h37h,  (111.4)

iy Lo s approximately 4.4 times the average ins
tensity over the whale arep of the core, Fornrla
(I11,3) is very uselul in checking the sharpness of
focus of o radintor, £y being casily measared (see
following Scction 13). Fram lormula (1114), then,
the maximum intensity at the center of the core
is calewlable from Ju.

For the radintor here used, operated at 5 Me,
5, =0,081 cm, and for I in watts, the theoretical
T and T are

Tu(watts/em®) =017,
Llwatts/em®) = 17517

As shown in Scetion [, the experimentally deter-
mined value of Ju is within 15 percent of the above
theoretical value, if account is taken of the liquidl
attenuation from radiator to focal plane. Thus the
present 3-Ale focusing radiator, with circular elec-
trode, comes close to satisfying theoretical optical
diffraction hws,

1, T, O'Neil? kas made o mathematical analysis
of the diffraction of ultrasonic waves from focusing
(and plane} radintors and has derived a number of
fermulas which are very nseful in designing focusing
radiatars, and has indicated under what ranges of
frecuency and radiator dimensions they apply.
Deviations from optical theory hecome pronounced
as the radiator frequency and angular apertyre are
reduced, until fnally there s little semblance of
geometrical focusing as known in opties, aml the
optical farmulas are insufficient, The three most
weakly focusing radiators (the 25-, 8-, and 7.cm
radii radiators) of Labaw® and of Fein® appear to
come in this classification, Their most strongly
focusing radiator {t-cm radius) should approach
optical focusing, but still showld have only abone
one-sixicenth the concentrating power of the 3-Me
radiator here deseribed.

(i

B. Uniformity of Radiator Emission

The degree of uniformity or non-uniformity of
radiation from different areas of the ricliator surface
is shown in Figs, 4 to 8, The two main reasons for
this non-uniformity are neg-uniformity of the effee-
tive piezoclectrie constant and non-uniformity of
the resonance frequency, over the aren of the
radiater. A third fess important effect appears to be

PH, T O'Neil, . Acens, Soe, Am, 21, 60(A) {1949), Com-
plete paper to appuer later,

v L, AW, Labaw, [. Acous, Suc, Am, 16, 237-218 (1945},

¥ Lowis Fein, ], Acois, Soc. Am, 20, S83(A) (1048).
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cue Lo coupled modes of vibration, as will be finally
escribed,

The first cause of non-uniformity, piezoclectric,
results in a gradual drop off of radiation inlensity
in procecding from center to wlge of the radiator,
more rapidly in the XY plane than in e XZ
plane. Tor the radintor here used the puripheral
portions are only 137 off from § cut** 5o (hat (his
cause of radiation drop-off s small fa all cases,
and is not discernibie in the views shown,

The cifect of non-uniformity of resonant fre-
quency, which is far more serious, is shown hy
Figs. 6 and 7 for the 8= 4-38° plane (hear Lhe plane
of greatest non-nnifarmity), and at about 100 volts
rs, Figure 6 s for operation of the raditor at
four dilferent frequencies near to and including the
fundamental frequency, § Me, of the center of the
radintor, 1t is clenr that when the radiatar is
aperated at 3 Me the radintion is most inlense fram
the centtral area of the radiator, When operated at
lower {requencies the intensity is Jess and e drop-
off from center to edye is faster. But when operated
at higher frequencies there are two ponecencral
regions of masimum intensity, Ondy these vegions
have resonant frequencics close to the applied
frequency, Regions driven off-resonance rudiate
more weakly, Thus, the four views show that the
lowest resonant frequency of the eivdiator, 5 Me,
aceers nt the center and that the resonant fre-
queney inereases on receding from the center, In
this 8= +38° plane the greatest total radiation is
nbtained by operating at a frequency of 3 Mc or
slightly higher,

Figure 7 shows similar conditions for operation
of the radiator at its Mird hermonie, 15 Me. Here
the localization af racliation region to the on-
resonance area s thrice as sharp (ns will he ex-
plained later), Thus the radintor is guite ineffective
in this plane when operated in o harmonic mode.

A set of views (not shown) taken in the 0= —22°
plane, but otherwise with condbions of varying
frequency like that in Fig, 6, would have shown
essentinlly wndform radiation intensity over the
whale area (as in Fig, <) for any frequency; the
only variation heing in the magnitude of this in-
tensity, greatest for operation ac § Me, and de-
ereastieg for deviations theeefrom cither higher or
lower, Thus in the 0= —22° plane the resonant
frecuency is uniform, When the eadiator is operated
near its third harmenic 15 Me, in this same plane,
the radiation should also he uniform as just de-
seribed. Actually, it is found o be uniform except
for a fine line steueture, as described in the next
aection,

*eer Joro inensity wauld just be ceached at 30° eut iy the
XV plieney and at 907 ouc in 1he XZ plane, for at dtiese angles
from the x axis in quartz the y and z axes oceur, for which
orientations there Is no effective picroclectric coupling.
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When the vadiator is examined in o plne aear
= —517 it is Tound that non-uniformity of radia-

tion results from o frequency effect opposite to

that shown in Figs, 6 and 7, but of lesser degree.

That s, the resenant frequency decreases from

center to edye.

Ag will e showa by the calenlations 1o follow,
the planes above examined (8= -38°, —22° —351°)
show the extreme effects and internmediale planes
differ therelrom gradually as the radiitar is shifted
from one orientation to another. Tt is very interest-
ing to follow this shift by cye as the radinior is
heing ratated {operiting it otherwise constant con-
iitions),

When the ridianwe is operated with a cirenlar
electrade the apparent non-uniformity of emission
shown abiove is greatly reduced, sinee the aptical
areanguinent then pactially integrates effeets for a
wide minge of 9 planes, The marrow rectangular
clectrode is anly used for analysis, For practical

P, 7. Radiation in the #== +38° plan for four
frerencies near the 13-Me moede,
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use of the sddintor i generating high intensity,
localized energy the cireular electrode is used,

C. Extrancons Coupling Effects

A rather minornon-tniformity of surface emission
appears te be caused by coupling phenomensy well-
known in the design of high frequeney eeystal
oscillator and filier clements, With such elements
ligh harmonics of low frequency modes of vibration
whase harmonic frequencics lie in the neighhorhood
af the desired higl frequency inade, aml which are
clastically couplul theretn, effvet the activity of
vibration and alse the actua frequency of vibration
(which would normally be conteollul anly by the
thickness dimension), Their deleterious eifects may
be redueed by various means s damping, dimension-
ing, shaping. With ulirsonic radintors which oper-
ate in contact with 3 lquid or solid medinn, instead
of alr or in o vicunm, the damping is usually so
great as to prevent observanee of conpling effeets,
T'he writer has not experienced this effect in plane
x eut quartz radiators, However, with lower fre-
quency ralintors where the greater thickitess of the
radistor (compired to its usually not-lnereasial Tace
dimensions) may decrease the ratio of cross dimen-
sion to thickiiess helow say 20 ta 1, conpling may

'
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become very pronounced. Thit it was ohserved in
this relatively thin focusing rnliator was o surprise,
but may be relted to its shape or to the variable
resonant frequency,

I'his coupling effect was Tonnd te be most casily
observerd under the comditions used in procuring
Fig, 8 Here the rhosen plane of aperation was
8= ==22° where other non-uniformities are it a
miniinun, The frequency of excitation was near the
third-harmonic 15 Me, but lweer than the lowest
of Fig, 7 in onler 1a best show the conpling effect,
It s poted thar at L300 Me the emission s re-
miarkably uniform, as is to be expecied for any
frequeney in s plane, Av o sligltdy higher fre-
fuency 1-L31 Me the simplest coupled mode patiern
appears. At 1488 Mce the seeond  pronounced
conplul mude pattern appears, at 1461 the third,
and at 1670 the fourth, The frequency separation
of these modes is about 0,06 Me, As the frequency
is further tnervased in 0,06 Me steps similar patterns
appear, for each step a new pair of strintions de-
veloping, antil the whaole el is so closely packed
that the streiations G the whide Jield mind are not
clear when operrted at the frequency of 15 Me,
IFurther, through reaction on the deiving cirenit
there s o temleney for the driving frequeney,

Fia, 8 Radintion in the 8= =22 plise for six frequensies neas the 13-Me morle, showing extrasenns ciepling effeets,
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though wniformly increased, to jump from one
pattern frequency to the next.

. However, with carceful cantral it is possible to
obtain a picture at an intermediate frequency.
Such a patterst is shown for the frequency 14,73 Mc
which s midway Dbetween the 14,70 Mc of the
previous pattern and the next step to 14,76 Me
(not shown), This niore uniform pattern is typical
of that whicli is found between all steps, This
changing order of striations and jumping frequency
fa characteristic of the well-known coupled-mode
effect. Otherwise this coupled mode effect is nat
understood, It probably could be cured lry dimen-
stoning, or edge damping, or by thickness shaping.
It is not apparent at § Mc the lndamental mode,
Sinee its effect on radintion efficiency is so small
under nornal operating conditions, no attempts
have been made to analyze it further.

D, Over-All Results with Circular Electrode

Though the above results are very useful in de-
tailed analysis of the focusing radiator's behavior
they do not give a clear picture of the effectiveness
of the radiator when wsed with a full circular clec-
trode, the normal manner of use, Also, as previously
mentioned, the above optical method of obscrvation
is less suitable for use with circular sound beams.
The following fountain, burning, and radiation
presaure methods are more revealing,

For a qualitative study of the sharpness and
laeation of focus one may form a fountain at the
surface of the water. In the present case a steel
block with 43° incline was used to reflect the beam
vertically up to the water-nir surface. By varying
the water level the water surface may be moved
through the focal point. With input voltage so
adjusted as to just cause picrcing of the surface
tension film at hest focus, 70 volts in the present
case, small droplets are continually pepped out, and
slight changes in focus return the water surface to a

‘small hill formation, At 100 volts a fountain is

formed mainly of highly directed small drops with
only a very short basal column of solid water, the
drops reaching a height of 20 c¢m, and the column
cross section being essentially cirenlar of diameter
about 1 mm. For increasing voltages the fountain
rises higher. Starting at the lowest fountain levels
(above 70 vaolts input) there is produced a cold fog
which becomes very copious as the input is in-
creased, Similar but smaller cross section fountains
are produced at 15 Me. It might be added that the
fountain cffects are not the result of the radiation-
pressure induced circulation currents in the body
of the water, lor a membrane intreduced just below
the surface of the water does not materially effece
the fountain,

The electrical power dissipated in the radiator can

he figured from the known equivalent parallel re-
sistance which is approximately 104 ohms, Thus 70
volts is equivalent to one-half watt, 100 volts to
one watt, ete, The actual nltrasonic powers at the
focus are somewhat reduced by attenuation in the
water and loss by reflection, but less than 25 per-
cent, However, this energy is mainly concentrated
into an area of the order of one square millimeter
thus giving the startling eflects erdinarily associnted
with high power.

Heating and burning effects may also be used to
study the focus, A highly attenuating, non-reflecting
material placed at the focus will be strongly heated
in a localized arex in spite of the inherent, circulated
water cooling (a thermocouple or thermometer
records little rise of temperature because of the high
acoustic reflectance and higl thermal conduction),
Highty ahsorbing materials such as rubber, pheno}
fiber, and methacrylate plastic (e.g. Lucite) will be
strongly heated locally on the incident surface. In
the first two materials little protuberances of melted
material will appear, and on remaval the material
will have the characteristic odor of everheating,
The size and shape of these melied areas, if not
esposed too long, is 4 rough measure of the sharp-
ness of focus. The phenol fiber does not melt but
eracks out. With a much less absorbing plastic
(e.g., polystyrenc) lacalized internal heating can be
produced in a thick picce placed so that the focus
is internal, Here a short exposure produces tem-
porary (longer exposure, permanent) changes in the
material which by their optical effects show the
conical focusing of the benrn,® Over-exposure cracks
the material by internal expansion. Focusing on the
surface of polystyrene produces warts as for the
more attenuating malterials,

It might he added that when a person's finger is
placed at the focus, an input of less than 100 volts
(1 watt) produces a sensation of burning, though
none of the normal burn characteristics (redness or
blistering) have resuited. Since attenuation in flesh
is fairly low and the refleetion lass is negligible
there is probally considerable danger of causing
serious internal injury without the protective warn-
ing of discomlort.

With very simply performed radiation pressure
measurements it s pnssible to abtain a fairly
quantitative value of ultrasonic Intensily over
localized arens down to one millimeter in diameter,
The side view of a radiation pressure measuring
device ig shown in Fig. 9, The axle of the balance
rolls on two horizontal supports. [Extended down-
ward from the axle is an arm which mounts a sound
receiving pad. Extended horizontally from the
axle are two arms which mount an adjustable

10 Melting In paraffin blocks have alse been used to show

focusing, sce Lynn, Zwemimer, Chick, and Miller, J, Goa,
Physiol, 26, 2 (£242),
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counter weight C17 and a halancing weight B
Zero balance is indicated by a light-beam, mirvor,
and scale, In operation, the balancing weight B
is first removed and the counter weight CW ad-
justed to give a zero setting with no sound beam
present. Then, with the sound heam turned an,
the balancing weight B s added and adjusted
(together with voltage input adjustment if neces-
sary) to reestablish the zero setting, Thus all
reaulings are taken with the pad surface in a definite
predetermined lacation, Tlte radintion lorce on the
pael is then given by the product of the balancing
weight BT and the ratio of its distanee to the axle,

to the distance of the sound beam center to the

axle, For the comparison of two necarly equal
energy sound beams it is convenient Lo leave the
balancing weight fixed and vary the input voltage,
the ratio of veltages squared giving the ratio of
forces or powers, A dinpheagm D with hale therein
may be used to seleet a swall localized region of an
extended sound beam for measurement, In this
manner the small focal region may be selected for
measurement, and the power therein compared
with that in the whole beam, obtained with the
diaphragm removed,

The material of the pad and the diaphragm
should be acoustically non-reflecting and sufficiently
attenuating to prevent through transmission. At
frequencies of 5 Mc and above in water it is not
difficult to select one of the rubbers which will be
satisfactory, {(Nice holes may be bared with sharp
metal drills if the rubber is first frozen stil.)

The efiect en the balance of radiation pressure
induced eirculating currents cannot normally be
greater than that due to the small encryy losses
creating them, that is the energy which is attenn-
ated between radiator and padl. At § Me and below
this loss is small in water, and may be caleulated
or measured, Or, the circulation may he eliminated
by placing in front of the pad a thin stationarily
mounted film of acoustically transparent material
(polystyrene may he rolled out to less than 20
nticrons and intraduces liude loss).

The relation between radiation force F (in grams/
cm®) and sound encrgy B {in watts/em®) may be
obtained from che well kuown formulas S=J/n,
where Jis the sound intensity in ergs/em¥sec,, v is
the velocity of sound in em/sec, (which is 1,5 X104
in water at room temperature), and S is the radia-
tion pressure in dynes/em? Since 10TIFV=.0 and
S=080F,

W {watts) = 1.5 X 1045 {dynes)
=147 F{grams), (111.5)

which may he taken as the integeated watts and
grams over the area of heam heing measured, This
of course applies to a beam which is totally ab-

sorbed and not reflected (the force would be doule
for a heam perfectly reflected back on itself).

The radintion force halance of Fig, 9 measures
enly the components of force which are normal to
the aste of the halance and the arm supporting the
pad (i.e., force components parallel to the radiator
axis), This applies whedier the pad is normal to
this direetion as shown or otherwise oriented, The
ervor cpused by the angulay distribution of the
beam is negligible in tie present case for the edge
rays are only 13° off-axis (98.5 percent effective),
That the ortentation of the padl itsell is immaterial
may be taken advantage of to eliminate possible
pad-reflection contributions to the foree, by ericnt-
ing the pad at 45° to the ahove position amd pre-
venting the reflected heam from returning to the
padl, by further reflection and attenation.

The radiation force halance has been used to
check the ultrasonic power radiated from the
curved radintor surface, the power arriving at a
plane beyond the focus, and the power passing
through a 1.63-mm diameter hole in the diaphragm
placed in the focal plage. This was carricd out at
moderate input powers of about 1) watts giving a
radiation force around 0.7 geam  {much higher
powers gave unstendy halance due to uctuating
circutation currents), ‘I'he radiated sound power
checked the input eleetrical power, and the attetua-
tion loss down the heam checked the caleulated
attenuation {7 percent), both within abont § per-
cent. It was found that abont 75 percent of the
power in the focal plane passed through a hole of
diameter of 1,63 mm (ealeutated diameter of first
difiraction minimumy, formula (H1L.2)}, That this
value is less than the theoretical 84 percent, given
by optieal diffraction formulas, is not surprising
sinee the sound emission from the radintor is nom-
maiform thus violating the assumptions of the
diffraction theory.

Thus when the radiator is operated at 1000 valts
(100 watts input on 6.4 cm? arca) there is about 70
watts of sound passing through the 1.63-mm dinm-
cler core of the heam. This gives an arerage in-
tensity aver the core of Ju=34 kw/em® Now
asstuning only that the fnfensity distribufion over
the caré arca in the actual experimental case is the
satne s that given by diffraction theory, formula
(L) indicates thae the maximum intensity at
the center of the core would be 15 kw/em? (instead
of 5 kw/em?, as previously reported®), This high
intensity corresponds to a particle acceleralion am-
plitude of =45 million times the acecleration of
pravity, and to a hydrostatic pressure amplitude of
£210 times atmospheric pressure. Certainly the
maximun core intensity and amplitudes could not
he less than enc-half of these calenlated values,

FEven with such intense ultrasonic agitation it
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has not been found possible to produce visible
cavitation in the waler, except by special anxilinry
means. As reported ab an Acoustleal Society meet-

- ing, but not discoveral in time to be included in

the abstract,® visible cavitation could however be
produced by two special means, each of which in-
volved counterncting the normally high speed water
circulntion through the core. In the first case, by
using a reflector to return the heam upon iself,
cavitation could be produced with one-fourth the
above power, In the other case a reverse current
stream of water from a small rubber tube, dirceted
through the core, gave lke results, Thus the lack
of ebservable cavitation with the unobstructed
sound beam may be due lo the water circulating
through the high intensity core region so fast that
the cavities cannot grow to observable size, or
taybe net even be formed.

IV, CALCULATION OF EMISSION VS, LOCATION (m, 0)

When the x cut curved radiator is driven at a
resottant (requency of its central area, that centrad
area will emit or radiate maost strongly while arcas
removed from the center will radiate more weakly,
Ag has been mentioned this change of emission
results from the changing piczoclectric and! elastic
properties with erientation in the crystal. The
electrieal and acoustical characteristics of all non-
central &' cut locations (later defined by the angles
e and #) will be given in terms of the characteristics
of the center location, i.e., in terms of the standard
x cut radiator,

Of the wvarious possible ways of treating the
problem the following method appears to have
advantages in that the results derived may be
readily checked from either the electrical input side
or the acoustic autput side, This methad involves
finding first the resonance frequency and the cquiva-
lent parallel resistance and reactance of a standard,
flat x cut radiator when driven at its resonant fre-
quency. Then the variation of resistance with ofl.
resonant frequency shift is obtained, The product
of this frequency function and the resonant re-
sislance gives the effective parallel resistance for the
actual driving frequency. The only pewer dissipated
in the radiator is given by the quotieat of the
applied voltage squared and the resistance, V3/R,
and (assuming perfect conversion) this is the wltra-
sonic power radiated.

A. Paralle] Resistance and Reactance
at Resonance

For a thickness, longitudinal mode piezovlectric
radiatar of thickness ¢ (cm) and area 4 (em?), driven
at oneof its resonant frequencies Nf(N=1,3,3, -+ +)
and radiating from owre-side only, the cquivalent
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parallel resistance is

v} l?
R,=£”-)—'i-(e.s.u.) =0.225 %10
detd .
) apd*
G )“——-(ol::lts). (Iv.1)

where {pr)ar is the (density Xvelacity) product of
the medium into which the radiator radiates, and e
is the ratio P,/ {At/8) of the piezoelectric polarization
in the thickness direction to the compressinnal
steain in (he same direction, whea all other strains
are zero. Similarly the parallel reactance is given by

1 2
-X= = .11,)
NuCy Nf.RA
I.SXIO"!( has), (1Y.2)
=——————(ahmus), .
Nf KA

where K is Lhe dielectric constant in the thickness
direction, ‘The resonant frequencies are given by

N(c/1p)t

e = C.hE.),
H

(1V.3)

where p is the density of the radiator and ¢ s the
ratio Tp/A8/1) of the compressional stress Lo strain
in the ¢ direction when all other strains are zero ns
before, The fundamental resonant frequency is of
course fy, while the other possible [requencies are
atd harmonics thereaf,

For the special ease of x cut quarte, under
the above conditions, e=e;31=32X10¢ esu., /s



370 G, w.

= (cur/4p)t = 2,86 X 10% e /see., K = Kqy= 455, and,
83.3(})0)_\:!"'

R, olims)
08K 104 (ap)
==-—-—-—-—f-2-‘5(olmls}, {(IV.4)
fid
0396 X 10w
— X m—————(ohms)
Nf.A
0.113xm"( e (1V.5)
= (olims), .5
Nf 4 s
2.86¢ 108
p = (. 2.5.) (IV.6)

For the further specialization, that of x cut
quartz working into waier, still on ene-side only,
{pv)ar = 1.5 10° gp/em? sec,

1014

2
rd

011X 10
= Xrs————(ohms).
Nf24

For a radiator working into the same (pv) s medium
on #ep sides, 1.l ahove values of Ry are to be doubled,
while the values of X, and f, remain the same.

Thus, for example, a 5-Me, x cut quartz radiator
of electrode area one square centimeter, radiating
into water on one side only {(negligilble radiation
into air on the other side) would have a parallel
resistance of R,=40,000 ohms and reactance of
X,=4400 ochms when driven at the fundamental
resonant frequency of 5 Me, The electrical power
dissipated in the radiator {and hence the radiated
sound power), for an applied voltage of V=200
volls, r.m.s, would be W= V*/R,=1 watt, When
the same radiator is operated at its third harmenic
15 Me, the values of R, and W, are the same, but X,
is ane-third as much, If operated with water on both
sicles Ry is doubled, T, is halved and X, is the same.
The values of Ry and X, are also of interest in
arranging the coupling to the driving circuit, and
can be mensured on a 0 meter.

B, Off-Resonance Effect

All above values of parallel resistance R, and
reactance X, apply when the radiator is operated
at one of its resonance frequencies Nf,, When
aperated ofl-resonance different values will prevail,
which, however, may be obtained by multiplying
the resonance values by a suitable frequency func-
tion, Only that for the resistance is of speeial
interest here,

Ry

{olms},

and
(VLD
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The off-resonance parallel resistance R is given in
terms of the resenant parallel resistance R and the
frequeney function 9 by

R=R. %,

The exact value of @ for ane-side racliation is

D=14-(41/2-2--02) C3, (V.4
{m)r (radiator) (_,,. I
A= y——— C=cot| ——},
(pt)ar (medinm) 2 f,

where f is the operating frequency, and f, is the
fundamental resonant frequency of the radintor as
given by (IV.3} or (IV.6), The @-function reduces
to unity for f=Nfi(N=1,3,5 ) but becomes
inereasingly large on receding from any resonant
frequency Nf,. The 8-[unction is greatly simplified
under the restrictions that A>3 and that the
operating frequency f differs frem some resonant
{requency N, by less than 20 percent of the funda-
mental resonant frequency f. The first restriction
is prabably met for all piezocleetric materials racdi-
ating into non-metalkic liquids (for quartz Lo water
Me=10), The Intter restriction covers as wide a
range of off-resonance operation as is usually of
practical interest.

For owne-side radiantion and the restrictions de-
seribed above and recoeded below

Q=1+4M*C

within ene percent if,

(1V.10)

(’J’=:t:ot'-"(-;E %-) = l-'lll"'(:l:;-r j}{ )

Af J-NJ.
.-1r=(p")">5, W/ LAY

fpv) M f r f r

{For two-side radiation, withaut restrictions, Q=1
F+ A3, with AL, C, f, and Af as ahove.)

For x cut quartz radiating from one side only
into  water, M={p)/(p)=(2.65>572X10%/
(1,00 1,50 108 =10, 4f*~2=400 and approxi-
mately

T f
Qi 1 400 cut=(_._)
2

r Af
=14400 tnn’-’( £——=,
2 f

r

(v.11

Af=f—Nf:<0.2f.

The solid line curve in Fig, 10 s a plot of 1/ vs, f/f,
and Af/fi. Since the power radiated at an off-
resonance operating frequency f is given by
W="V3/R, and at a resonance frequency Nf, by

(1v.8) °

_J‘.
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S W, = V3/R,, and since R=Ree 1,
W Ro1
— ==, {1V.12)

Thus Fig, 10 also gives the ratio of the power that
would be radiated off-resonance to that on-reso-
nance, For the example noted in the last paragraph
of Scction A above, a § Me x cut quartz radiator
of area 1 em? radiating fnto water an one side only,
it is seen that if the radiator is driven only 0,5-Me
off-resonance (nt 4.5, 5.5, 145, 1535, cte) the
parallel resistance is more than cleven fold, and its
power output cut to oene-eleventh, of the values
holding at resonance,

C. The Facusing Radiator

From the preceding section we ean now determine
the electrical and radiation characteristics of any
given elemental area of the focusing 8 cut quartz
radiator. The eclemental arex under consideration
will be considered to lie at the paint P, Fig. 3, on
the radiator surface, Corresponding to the radiator
surface being x cut at the center €, it is x' eut at
any other point P, Corresponding to the previous
use aof ey and ey for an x cut surface we will now
also use e," and ey’ for an x' cut surface, Similarly
there will be unprimed and primed terms f,, (p7)q
R,, R, cie,

The (e, 0} designation of the x’ cut, P location is
according to Fig, 3, The angle « is measured bo-
tween the X and X7 directions, i.e., between OC
and OP. The angle ¢ is measured between the X2’
plane, in which plane P lies and the XZ planc
(X and Z refer to crystallographic axes, and 2/ to
an axis nrormal Lo X hut at the angle 8 to Z), The
sense of & Is chosen so that a sriner cap face plane
of quartz is parallel to the ¢=--38° 13’ XZ' planc.

The value of « for a point P on the periphery of
the utilized area of the radiator (the area covered
by electroces on loth sides) is denated by e, and
is called the kalf-angular-operinre of the radiator.
A full hemispherical radiator, w,=90° would
inclide: three truly x cut areas at (0% 0) -and
(60°, ==90%); four ¥ cut arens at (30°, =90° and
(90790 : and two z cut areas at (90% 0°) and
(90°, 180°), Practically, a radiator would normally
be made with & hall-angular aperture smaller than
ap=30% thus climinating the inactive v and z cut
arcas, and the outer x cut areas which are out of
phase with the remaining central x cut area at

(0° 0). MHowever, the sespecific orientations are

especinlly useful in checking the formulas to be
developed for ¢,)f and e,y vs. (o, 8). Likewise points
in the XV plane (o, =£90°) and in the XZ plane
{a, 0°) or (e, 180°) are nseful, since formulas for

"0
1 T
a0 FOH o ?;au.:z. N# L2y,
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FiG, 10, A plot of the freraeney dependent functions,
rand 1¥, of formabas (IV.E1) and (IV.23).

these planes are well-known and recorded in the
literature,

We will now derive formulas for en’/enn and
eq'fen, where ey and e refer to the x direction as
hefore, and e’ and ¢ commonly make use of a
different angular description than above described,
namely: X" makes the angles o, 8, and « with the
X, ¥, and Z crystallographic axes and have the
direction cosines {, m, and u, respectively, Now o
has the same meaning in cither system, I=cosq,
and it can be shown that m=1% sind and n=4% cosd,
where k=sine, (P4mint=1). Using these sub-
stitutions for £, =, and # in standard formulas for
quarts® we have

en'
— =13,
an

(1V.18)

¢ '
_”~=’~|+kﬂ[‘.’P+kJQI

[}
where

deut2
P=2s=+(-5“+ G"')cr+5(f§ (250),

£y 21}

Qe=stt (—E-E)c‘-{-(ci—-tﬂ—a/—z-)(z.cc)”

48]

¢
-2 —l-‘-)s’fl’sc)
&n

k=sine, [=cosa, s=sind, c=cosb.

wywW, G, Cady, Piesocleciricity (MeGraw-Hill Book Com-
pany, Inc,, New Yark, 1946), sce Chaps, 1V, VI, VI,

% 5ce o) rofurence ?ll). The farmula for ey’ i given by
(194}, upon_tasertion of ey for quartz from p. 191, Class 18
and e’ s given by (38) p, 70, upon insertion ef ¢y for quartz
from p, 58, Group VI11,
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Fig, 11. A plat of the plezoelectric v.nr;.muna with
arientation (a, 0), formula (IV.14

Calenlation of ¢n'/en is simplificd by baving all

functions of 0 separated into the P and @ formulas.

Using \W. P, Mason's 1943 values for the ¢ con-
stunts,'?

Cu=‘-86.1

‘= A1

C;:Hlo7.1 C“=l58-ﬁ
= 10.5 cu=18.2

all times 100 dynes/em?, we have
P=24-(2.97)c2+(1.27)(25¢),

0=s+(1.244) e+ (0.142)(250)
= (0,423)s%(2sc).

Figure 11 is a plot of (ey,'/ens)* and Fig, 12 of
{enr'fen)d, both us, (o, @) and for quartz, [t will be
found that en'fey and €5 /6y; each reduce to unity
at a=0, and may be further easily checked for
proper values for the specific axes and planes
noted in a preceding paragraph, (The variation of
the dielectric constant Ky, from the x cut value K,
is small, K=& cosa+ K5y sinte, and does not
enter into the following formulas anyway.}

The parallel resistance ac resonance R for the
(e, @) location is given from (1V.1) as R, = (ov)ut?/
Hen )4, or in terms of R, for x cut quartz, for-
mulas (IV.4) or (IV.7), as

R {Re=(en/en)% and W/ /W, = (en//en)? (1V.20)

Similarly, the fundamental resonant frequency f,
for the (e, 8 location is given in terms of f,
formula (IV.6), by

Flife=(en' e, (IvV.21)

for a radiator in which the thickness is everywhere
the same. Actually, of course, R/ is not obtained

(I1V.19)

WY, B, M.lhml BL|| Syw, Tech, ], 22, 178-223 (l‘)H),or
refurence (11), p 13
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unless the exciting freqnency is Nf, i.e., a resonant
frequency for this location,
in practice the whole radiatar will be excited at a

single resonant frequency f (later chosen to be f,-

or Nfy), and the off-resonance resistance at the
{a, ) location is given by R'=2'R/. Taking ac-
count of {I1V.20} and noting that the input, or radi-
ated, power from the (e, 8) location is 1F'= 17%/R,
the resistance and power for the («, 8) location are
each given in terms of the resenant resisiance K,
and power 11, for a standard x cut radintor by

.R‘/Rr= (cu/dur)"'ﬂ'
17/ W= (e fen) 1 /8, (Iv.22)

where 1V,= l"'/!\,- and R, is given by (lV 4) or
(IV.7), en'/eqy is given by (IV.18), und Q' is to be
determined.

The frequency function 2 may be determined
from formula (IV.10) by proper substitution, The
impedance ratio M= (pv’) g/ (pv}a changes with ori-
entation (a, 0) since v'= {¢2'/p}}, hut may be given
in terms of M for x cut quartz by A= (en' /e, Y11
In practice the whale radintor is exciled at a reso-
nant frequency of its center f=nf,1 this being the
value to use for f in (1V.10), On the oiher hand f,
of (iV.10) is to be replaced by £ the resonant
frequency in the (e, 8) location, Finally, taking
account of (1V.21)

Q' =AU DR ot [N (2 /2) (/AN (1V.23)
= 14 ey fen) cot* TN (x/2) (en/en)Y],

where M= (pr)g/(ar)y, subscript Q standing for
x cut quartz and A for the liquid medium, For
quartz-to-water, as with (1V.11), (4473 /en) —2]
=[400(en’ /o))

T'he dashed curves of Fig. 10 area plot of 1/ vs,
(fo/f"} for quartz-te-water, the upper curve apply-

and
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Fig, 12, A plot of the clastic ur frequency constant varia-
Ellom\ with orientation (e, 0), formalas (IV,18), (IV.19), amd

1A small gain i eatput may be obtained by operating acn
wlightly higher freuency, Lot this will aoz be developed here,

w
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Fra. 13, Radiation efficiency versks (o, 0) for a_constants
thickness radintor aperated in the fundomenlal mole,

ing when the fundamental resonant frequency for
the {w, &) location f’ is less than that of center f,,
and the lower curve when £/ > f..

D. Final Theoretical Results and
Suggested Improvements

The final resubts of the above theory are given in
Figa. 13-16. To facilitute use of the theoretieal
dadta the o and 8 coordinates have been recorded in
polar form and the functions plotted versus (a, #)
are recorded as contowrs of constant values, This
limited set of figures, derived for preceding for-
malas and curves, explains not anly the action of
standard, constant-thickness, quartz, focusing radi-
ators radiating into waler on one side only, but also
shows how to design superior, variablc-thickness
radiators and explains their action. Botlh spherical
and eylindrical focusing radiators will be covered.

Figure 13 is a plot of what is termed the rodiation
efficiency in percent tersus (e, 0} location for o
coustani-thickness radialor operated in the funda-
mental made, "The radiator is assumed to be operated
at the fundamental resonant (requency of its center
ce==zero, and to radiate a sound intensity of 100
units at this location, At any (o, 8) location falling
on the curve labeled 50 (e.g., a=15°, 0=£90°) the
radiated intensity will then be 30 percent of that
at the center, For any (e, 8) location on the curve
labeled 25 (ep., «=20° 0=z£90% the radiated
sound intensicy will be down to 25 percent of that
at the center, It is to be noted that for a radiator
with the periphery of its effective area at a=30°
there would be aver one-halfl of the effective area
radiating with an intensity less than 25 percent
of that at theeenter.tt Thus there is little advantage
in constructing a radiator with a half-angular-
aperture greater than 15 or 20 clegrees.

Anather important feature of Fig, 13 indicates a
preferred design for a eylindrical focusing radiator

1t The integraied radinon efficiency of the 5-Me radinwor
herein deseribed (e, campared to a flal 5 cut radiator of the
same area), was nbont 50 percent when operated in the fonda-
mental mode, '
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Fi6. 14, Radiatinn uﬂiciuncr tersus (o, 8) for u constani-
thickness radiator operied tn the third harmenie mode,

(that is a constant-thickness, eylindrical shell, for
abtaining a fne focus), Note that the radiation
efficiecncy drops off, from center to cdge, most
rapidly in the ¢=435° plane and least rapidly in
the 0= —23% plane (as was also shown by the
radiation patterns (Figs. 4 and 6, respectively)),
Thus it is seen that a constant-thickness eylindrical
radiator should be made with its curvature in the
= =23° plane,

The above figure was derived from a ploc (not
shown) of /W= (e /e3n)30 vs, (o, 0), formula
V.20, where {en'/ev) may be obtained from
(IV.18) or Fig. 11, and @' from a substitution of
{fe' /1) == (v’ Jeuld values from (IV,18) and (1V.19)
or Fig. 12 in formula (1V,23) or Fig, 10, dashed
eurves, The major cause for loss of efficiency on
receding frem the center js due to the off-resonance
effect, as given by [/9" {vompare Fig, 13 with
Fig. 16, for which 117/ 1V, = (e /en)? alone),

Figure 14 is a plot of the radiation efficiency versus
(e, 0} for o constani-thickuess radiator operated in
the third harmonic meade, The description of this
figure is like that for the preceding Fig, 13, funda-
mental operation, except that here the drop-oll in
clfiiciency on receding from the center is markedly
greater, For third harmonic operation alone there
is a little advantage in using a half-angular-aper-
ture greater than a=10 to 15 degrees. {As the order
of harmonie is raised heyond the third this restric-

oM étﬂﬁsu
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Fig, 15, [Frequency constant and corrective
thickness-shaping ts. (e, 8,
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Fia. 16, Raciation ciiclency s, (o, ) [or o thickness-shaped
radiator, any barmonic mode of operation,

tion becomes still more pronounced, The wvery
marked superiority of the 8 —23° plane over the
¢ +-35° plane is also shown in the radiation pat-
terns of Figs, 5 and 7, respectively, As noted above
the major cause of off-center loss of efficiency is due
to the offeresonance effect, Thas the shape (and
villues) of the efficiency plots of Figs. 13 and 14 are
largely dictated by the frequency versus (o, 0)
location curves as will be scen from the description
of the following figure.

Figure 15 is a plot of freguency constan! and of
corrective tickness-shaping vs. (o, 6). In the first
use of this figure, the center of the radiator is
assumed to have a resonant frequency of unity at
the eenter, and at any other location (v, 8 the
resonant frequency is given by the contour passing
through this lacation (or by extrapolation). Thus
at the location (15% +-33°) the frequency is 1.06
times that at the center, It is clear that the resonant
frequency is equal to that at the center for all
values of & in the planes #==23° and #=£90°,
and varies most rapidly in the 0= +35° plane, as is
also shawn in the lnst case by the radiation patterns
of Figs. 6 and 7. The values recorded are, of conrse,
independent of the order of harmanic aperation,
Since the whole radiator must be driven at a single
frequency there are necessarily large areas which
are driven off-resonance and hence more weakly
than if driven at resonance. This explains the
major losses of efficiency recorded in Figs. 13 and 14,

The above figure is derived directly from Fig. 12
which is a plet of f//f,={e1'/er)? 15, (&, 0}, ob-
tained from formulas (1V.18) and (1V.19). Now the

- large loss of efficiency due o off-resonance operation
of the constant-thickness radiator can he elimi-
nated if the radintor is thickness-shaped in such a
manner that the resonant frequency is everywhere
the same, Since fo=(cn/4p}Y/t at the center and
Se'e=(ea' f4p)3/r avan {a, 8) location, then il ff =,
¥ ey /en)d, Hence Fig, 15 is also a plot of the
required ¢'/¢ vs. {a, 8) to obtain a radiator with a
single value of resonant frequency all over,

Thus Fig. 15 also shows the corrective thickness-
shaping required to obtain a superior radiator, In
all areas where curve is labeled 1,00 the thickness
is ta have the proper value of ? to give the desired
frequency fr={(eu/4e)t/t. Tor (a, 8) locations on
the eurve labeled 1.04 the radiator is to he made
thicker, #= 1044, and along the curve 0,96 thinner
=096/ The accuracy of this adjustment need
not be great for, as seen from Fig. 10, an error of
I percent in thickness will resubt in a lass of only
about 10 percent in radiation efficiency, The im-
proved efficiency of a properly thickness-shaped,
constuni-frequency radintor is shown by the following
Fig. 16. J. F. Muller of these Laborateries has ad-
justed a 1-Me radiator with a half-angular-aperture
of a=14%, and with o very moderate effort has ob-
tnined about one-half of the expected improvement,

Figure 16 is a plot of the radiation efficiency vs,
(w, &) for a thickness-shaped radiator, any niode of
harmonic operation, The off-center loss of efficiency
here results only from the drop-off of the cfective
piczoelectric constant, since the whole radiator now
las a uniform resonant frequency. The plot is
obtained direetly from Fig. 11, or formulas {(1V.20)
and (1V.18) (the small change of K, with ¢, formula
{(IV.1)), has been neglected. The great gain in
efliciency of outer regions is apparent, compare
with Figs, 13 and 14, especially for harmaoiic mode
operation,

It is clear that a superior eylindrical radiator
would have its curvature is in the § & zero-degree
plane (i.e., the XZ plane), providing it is appropri-
ately thickness-shaped according to Fig. 15, In this
cylindrical case approximately correct shaping is
casily abtatned by using truly circular curves for
hoth concave and convex sides, the convex radius
ol curvature being somewhat greater than the sum
of the central thickness and the concave radius,
thus making the radintor thicker at the edges than
the center (like a diverging concave-convex cylin-
drical lens),

At the beginning of this section it was noted that:
the results to be given were for quartz radiators
radiating into waler on one side only, For radiation
inte other liquids {or inte water on Loth sides) some
of the abave results will he different. Since ouly Q'
is alfected by the radiation medium through Af,
formula (1V.23), only Figs, 13 amd 14 will he
changed. Further since A does not vary greatly
among non-metallic liquids, even these figures will
be approximately true for most cases.,

It might be noted in cloging that the principles
and general formulas above applied to quartz
focusing radiators may also be applied to radiators
of other erystalline materials, In the case of tourma-
line, for example, the standard, unshaped radiatar
would be.a 2 cut, the axis of the radiater heing
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parallel to a 2z crystallographic axis, The charac-
teristics of the center of the radintor would be
given by the g and ey constants, and at (e, )
lacations by es’ and ¢’ formulas (which are, of
course, different from those for quartz). While the
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frequency constant varies less in tourmaline than in
quartz, the effect of driving off-resonance is greater
sn that thickness-shaping is sull worth while,
Orientations ether than truly z cut are also in-
dicated.
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Ultrasonic Lenses of Plastic Materials
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‘The properties of certain plastic substances have been examined with the idea of using them to
construct solid Ienses for focussing ulirasanic rdiation, Some experiments are described which illus.
trate the advaniages offered by such lenscs, The use of a plano-cylindeical ur n plano-splierical fena
permits o reduction to 1/10 or 1/100 respectively of the energy which must be emitied by a quarez
crystal to produce o glven intensity of ultrasonic ricliation over a given region.

INTRODUCTION

I'!‘ is undoubtedly useful to have available ultra-
sonic waves of high intensity, even if the region
in which they can be propagated is relatively small,
It would be advantageous, therefore, to achieve a
concentration of the radiation sent out by the
source by means of a dioptric system similar to those
used with light.

Hopwood' suggested some possible methods of
constructing dioptrie acoustic systems, hut the first
experimental system, using aluminum lenses, was
made by Bez-Bardilli,?

Giacomini® and afterwards, Pohlman,* employed
lenses formed by a thin envelope of solid material,
filled with a liquid, Ermnst® observed recently that
modern plastic materials have physical properties
which allow the conatruction of promising dioptric
systems.

This paper deals with experiments with plastic
lenses, The concentration of the energy was studied
when the lenses were either in the path of the
radiatien in the liquid, or in contact with a quartz
generator, The advantages of these plastic Jenses
were extended to liquids that cissolve the material,

1F, L. Hopwood, Some Prolpertien af Inaudiie Sound,
Natore 128, 748 (1931), Landon; Ulimsonic lenses and
Prisms, J. Sci. Inst, 23, 63 (1946),

1V, Oez-Baedill, Ober cin Ultensehall Totalreflectometer
zur Messyng von Schallgeschwindigkeiten sowie derelastischen
Konstanlen feater Kirper, Zuits, (v Physik 96, 761 (1935),

+ A, Gincomini, Alcuni Esperimenti™ di Ottiea degli Ultre
suoni, Alta Frequenza 7, 660 {1938), ,

1R, Pohlman, Uber die Moglichkelt ciner akustichen
Abhildung In Analogle zur Opiischen, Zeits. f. Physik 113,
597 (1938},

§ P, Ernst, Ultrasonic Lenses and Transmission lates,
1. Sci, Inst, 22, 238 (1945),

using arrangements such as doublets, formed by a
solid lens and a liquid one,

CHARACTERISTICS OF LENS MATERIALS

‘I'ie material must possess the following: a
velocity of propagation as different as possible from
that of the liguid medium in which the lens is to be
used ; a characteristic acoustic impedance as close
as possible to that of the surrounding liquid; and
finally, a low coefficient of absorption. The velocity
referred to is that of longitudinal waves since the
propagation in the solid, under the circumstances
of interest to us, oceurs mainly by longitudinal
wives, |

There are certain plastics that satisfy the required
conditions, Ernst has suggested pelystyrenc and
polymethylméthacrylate, We have found it con-
vendent to use polymethylmethacrylate (Plexiglas),
which appears to be the best lens material among
those studicd.®

It is necessary to determine the velocity of
propagation of longitudinal waves in the lens
matertal, We made a measurement based on the
refraction praduced by a prism with one face normal
to the incident ultrasonic beam, Under such condi-
tions, the propagation within the prism occurs
essentially by longitudinal waves having n velocity:
e=(K/p)}, where K is the bullk modulus,

Figure 1 ghows the ultrasonic field rendered
visible by the striation method, The arrow indicates
the direction of motion of the waves emitted by a
quartz vibrator with a [requency of 8 Mce/see, The
angle of incidence on the exit surface of the prism

¢ This material, available under the name of Pexiglas, is
manufactured in Itnly by Soc, '*Plexiglas,” Milano.
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i 45 degrees, The liquid is distillel water ac o
temperature of 15°C. Applying the refraction law
to the transition from Plexigls to water, we ol)-
tained for the velocity in Plexiglas: 2820 m/ser,
The characteristic acoustic resistanee, pe, roferring
to the propagation of longitudinal waves is, twere-
fore, 33X10% p/om? see., the density heing 1,18
w/fem?,

Speial attention should be drawn to e clwamical
praperties of this plastie, Generally, #efueous solu-
tions of inarganic salts do now alter the material,
but the hydroearhons ane many  other organice

Fra. 1, Deflection of i ultrasonic beam through o
Plexiglas prism,

Fia. 2, Ultrasanic bean in wilter, iy o squire quarte,
16X 16 mm; 1he frequency is 8 Me/see,

DANIELE

SETTE

liquids dissolve i1, We observed, however, (at
carhon disutphide does not alfect the IMexigls.

SOLID ACOUSTIC LENSES

The characteristics of the mazerials that we have
considered above make them soitable for fncussing
awonstic radintion according to a mechod analogous
to that nsed in optics, [t s necessiry, however, Lo
point ont that the auatgy is not perfect, [L must
be remembered that even in the case of nlrasonie
waves of high frequeney, Lhe witvelengths e much
greater than those of light; furthermore, the propi-
gation af clstic waves in a solid is not perfectly
analogous ta the propagation af visible radiatinng,

Fia, 4. Plexigls lens (r= 30 mm) in witer,
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We have found it desirable to have the radiation
strike a lens at normal incidence to a plane surface
since the energy that succeels in passing through a

e piane cylindrical lens diminishes gready i the

surface of entrey is the eylindrieal surface inswad of
heing the pline one, It is preferable, furthermore,
that the thickness of the lens be as small as possible
in view of the noticeable absorption,

For a plano-cylindrical ar plano-spherical lens,
arranged as above, it is casy to establish a relstion-
ship which approximately deseribes its behavior,
If the radiation falls normally on the plne surface
of the lens, it continues to propagate in the solid
in the same direction in the form of longitudinal
waves, On the spherical or eylindrieal face, the
incident longicudinal wave gives rise to a refracted
wave in the liquid and two reflected waves in the
salid, one of them heipg longitudinal, the other
transverse. If we take inte consideration the ab-

m

FiG, 3. Dilfraction patternss a-g with a lens (r= 238 pum);
hep, without a lens,

LIENSES OF

MATERIALS an

PLASTIC

FFra, 6, Diverging Plexigls lens (r=25 inm) in waler,

sorption of the material and neglect the comtribu-
tion to the tansmission which is made by the two
waves arising in the solid at the curved surface, the
behavior of the lens is determined solely by the
refraction at the spherical or eylindrical surface,

Even taking into account the difference in the
wave-lengthy in the acoustie ease and in that af
visible radiation, one can validly extend the formula
for optics to this cise; the focussing effect s
approximately,?

¥ r

ATy Iy

{)

In this relationship £ is the focal distance, r is the
radius of the spherical or cylindrical sueface, and
Vo/ Vimata ds the index of acoustic refraction {or
transmission from the solid o the liguid medinm,
The velocity in the salid, 1/, is greater than th
in the liquid, 17, and therefore the denominitior of
Eq. (1) is always positive, that is, the lens is con-
vergent or divergene depenling on whether it is
concave or convex, Furthermore, we can see that
the focal length of o lens varies considerably with
the velocity of the liquid in which it is immerscd,

SOME ACOUSTIC SOLID LENSES USED

[Figure 2 shows, hy the steiation method, an
ultrasonic beam directed into water from a vilirnting
quartz erystal at a lrequency of 8 Me/see., while
I%ig, 3 shows how the beam is eoncenteated when a
Plexiglas plano-cylindrical lens with a radivs of

TP Erast, Measurement and_ Specification of Ultrasonic
Lenses, J. Acous, Soe. Am, 19, 374 (1947} 3 this paper, the
ratio o/ Vy appresrs, instead of ¥/ 1V,
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curvature of 25 mm is interposed normal to the
dircction of propagation. Simifar results were ob-
tained when a lens with a radius of curvature of
20 mm was used,

The validity of Eq. (1) is well confirmed experi-
mentally, For example, in the experiments to which
Fig. 3 relates, the temperature of the water was
16,7°C and therefore the velocity of propagation
was 1476 m/sec. According to Eq, (1}, the focal
length should be 52.5 mm, and the mensured focal
length checked this value within experimental errer,

Figure 4 shows an ultrasonic beam incident ofl
the center of a plano-cylindrieal lens (r=30 mm).
As can be seen from the photograph, the lens still
facusses reasonably well,

In the construction of lenses, it is desirable ta
reduce their thickness to a minimum. The lens of
Fig. 3 is 1 mm thick along the focal axis.

It is interesting to observe in Fig, 3 the increased
luminosity near the focus, chused by the concen-
tration of energy. In order o obtain a better picture
of the {ocussing action, we have directed into the
liquid a parallel beam of monochromatic light
through a small rectangular zone, centered on the
focus of the acoustic lens, The difiraction patterns
produced by the ultrasonic waves are photographed
with a single lens, Figure § reproduces these photo-
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Fia, 7. Contact lens,

SETTE

Fra, 8, Opiical areaagement for observation of the Bguwid
sitrface receiving the ultrusenic heam,

graphs {a—g), obtained by varying the voltage
across the quartz plate, between 10 and 100 volts
at intervals of 15 volis, It is apparent that the
nueber of the abservable diffraction images in-
creases with the voltage amd that the greatest
intensities are ohserved on the axis, The other
diffraction patterns (h-n) refer to the same zone of
the ultrasanic field when examined after removal of
the lens. Contparing photographs ohtained with the
same voltage across the quartz, e.g. 100 volts, one
can observe the great advantage resulting from the
use of the lens in spite of the absorption in the
solicl materin, For the first appearance of the third
order pattern, the quartz plate needs 85 wolts,
while the use of the lens reduces the supply voltage
needed to 23 vols, To obtein the same fnensity, the
potentinl required wich the same lens is reduced by
a factor of 34 and therefore the energy emiteed by

the quartz is reduced by a facter of 11. Figure 6.

shows the ¢ffect on the heam of Fig, 2, produced
Iy a divergent lens (r=25 mm},

CONTACT LENSES

A better performance and 2 more practicable
system can be obtained Ly placing the Plexiglas
lenses directly in contact with the quartz emitter;
in this way the energy is uansmitted directly from
the quartz to the Piexiglas, and from the latter to
the liquid. Since the characteristics of the Plexiglas
are intermediate berween those of the quartz and
those of the liguid, the presence of the lens faciii-
tates the transmission of energy from the quartz to
the diquid.

Figure 7 shows some contact lenses that we have
constructed, The plane surface of the lens is silvererd
and farms one of the clectrodes between which the
quartz is hekl, The other electrode consists aof a
small eylinder filled with air, having very thin walls,
‘I'his ensures that the ultrasonic radintion occurs
essentially from one side only of the quartz, thus
allowing a beteer performance. We huve made two
lenses of this type, once plano-cylindrical and one
plano-spherical, both having the same radius of
curvature (r=25 mm) and therefore the same focal
length, if used in the same liguid. In order to show
their performanee, we have exiimined the ultrasonic
benms emergent from these lenses when used with
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the same quartz, For comparison, we have tried a
third case in which the quartz, arranged in a manner
identienl with that of Fig, 7, is placed Lehind o disl
... of Plexiglas of thickness equal 1o that of the lenses
along their focal axes (1 mm),

In all three cases the quarlz has heen placed
horizontally 1o give an upward radiation and at the
same depth below the surface of the Hauid, The
ultrasonic radintion which reaches the surface of
the liquid causes an increase in curvature with an

Fi1G. 9. image of the liquid surface when it is struele by an ulteas

the quartz and the sui)pl‘\-iug valtages are 75, 150 and 250 volis; in ¢
i valtages are 30, 10 and 70 volts; in g, b, §, the quartz is back to u spherical lens (r =23 man) and the

Jetis (pe= 23 mm) and t

PLASTIC MATERITALS 370
incrense in intensity, It is possible in this manner
to determine the cross-section of the beam. Obser-
vations of the surface of the liquid are made by the
method suggested by Taepler, illustrated in the
dingram of Fig. 8. The source and the condenser
Ly {orm a secondary point source at the circular
window 8. The luminous rays from this secondary
source are deviated by a prism ad made paraliel
by & lens L The beam is reflected from the surface
of the liquid, and then by a mirror, The lens Ls

onic beam, In a, b, g, a Plexiglas disk js put in front of
[, ¢, f, the Plexigls disk is substituted by a cylindrical

voltages are 15, 20 and 30 volia, Frequency: 4.2 Me/see. Liquid: paraffin ail,
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focuses the beamv in the plane of Lhe screen S,
giving an image of the source and an image of the
surface of the lquid on the ground glass screen, V.
The sereen S has o circular hole that will pass only
rays reflected from the horizontal surface of the
liquid, In the curved zone of the liquid surface,
the rays are reflected in different directions and are
stopped by the screen Sy On the ground glass
serecn, the image of the sorface appears uniformly
illuminated if the liquid is at rest, wmud appears
dark where ultrasonic radiadon strikes the surface,

By wvarying the depth at which the lens is
immersed, it is possible to place the focus ot the
surface of the liquid, and so to measure the focal
length,

The photographs of Fig. 9 show the results of
experiments in paraflin ail, for several input voltages
under the following conditions;

A, disk of IMexiglas in contiet with the quartz (a, b, c),

3. plano-eylindelcal lens (d, e, ),

C. plano-spherical lens (g, b, i)

The frequency is 4.2 megacyeles, the depth of
immersion aboul 50 mm. It is obvious from these
photographs that excellent focvssing can be ob-

tained with such lenses,
The method of evaluation adopted, whieh makes
use of the surfuce tension of the liquid, does not

H. F,

MICA

—LIQD
> g‘PLEXIGLM
t
SILVERED SURFACHE
16, 10, 1double Jens, for liguizl dissolving the Mexiglas,

QUARTZ

SETTI

permit of & quantitative measurement. As a quali-:
tative indication, the potentianls necessary to abtain
the fiest slight shade in the image are: for the disl,
38 volts; for the cylindrieal lens, 13 volts; for the _
spherical lens, 3 volts, This is a rough indication,
but it agrees faivly well with the results of the’
section on some acoeustic solid lenses used, and
demonstrates the advantages which may be ob-
tained.

LENS FOR LIQUIDS THAT DISSOLVE PLEXIGLAS

In the experiments described above, many com-
mon organic liquids eould not have been used
because they dissolve Plexiglas, We have adopted
the areangements shown in Fig, 10 to climinate
contact becween the Plexiglas and the external -
liquid, The quartz in this ease is in contact with the
plane surface of the Plexiglas lens, but the latter is
not immerseel in the external liquid, The Plexiglas
is, instead, in contact with o liguid which has no
cffeet on it, This liquid, that fills the cavity formed
by the Plexiglas lens and a mica window, {8 intro-
cluced through two channels that communicate
with two tanks,

The refractive element interposed between the
quartz and the external liquid s composal of a
solid eantact lens and o liguid lens formed by the
liquid that fills the space between the selid lens
and the mica window, The opticnd formula can he
apphivd, the focal length of the doublet being given
by

12 =174 1/ ()

The focal [ength of the solid fens () is positive
ecause the lens is concave, while the focal length
of the liquid lens {fy) can be cither positive or
negative, depending on the values of the velocities
in the liguid of the lens and in the external liquid.
For this liquid lens we can find 2 relationship
similar 10 Eq. (1):

‘ i )

fu= ——————— 3

L={Vs/ 1)

Py being the veloeity in the external liquid, and ¥,
that in the liquid of the lens.

The selection among these liquids which do not
attack Plexiglas must be made also from the point
of view af the velocity, remembeving that it is
desirable for it to have a characteristic acoustic
impedance intermediate beiween that of Plexiglas
and that of the external Niquid, Furthermore, the
cotflicient of absorption ought 1o be as low as
possible. Water and earbon disulphide lend them-
sclves very well in most cases.

Figure 11 shows the operation of such a system.
The eylindrical surface has o raclius of 25 mm, the
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lignid medium of the lens is water, while the
external liquid is xylol.

CONCLUSIONS

In contrast to other systems which have heen
suggested in the pase for the construction of acoustic
lenses, plastic materinls allow & more simple con-
strugtion because of the ease with which they can
be worked mechanically, Moreaver, the chemical
properties of such materials do not impose any
great limitacdons, since it is easy to avoid contact
between the plastic materials amd any liquid in
whieh they dissolve. The concentration of energy
produced by such systems is very satisfactory. It
can, in fact, be saicl that the use of a plano-cy-
lindrieal lens permits & reduction of the caergy
emittedd by piczoclectrie quartz to one tenth to
obtain the same intensity in a certitin region of the
ultrasonic field, Finally, a planc-spherical lens under
the same conditions reduces the energy to one
hundredth,

Acoustic lenses constructed from such plastic
materials appear to be useful when iu is necessary
to produce high intensity ultrasonic radiation over
a small area,

Fie. 11, Double lens, containing a Tiguid lens (witter), in sylene,

The author wishes to thank Professor A, Gia-
comini for having sugpested the subject of this
research and for the advice he has given while it
was being carried out,
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A Low Q¥ Directional Magnetostrictive Electroacoustic Transducer

LeoN Caup ann Frances D, Wenra
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The description af  kmination design for the magnetostrictive motors of a directional teansducer
array. The design makes possible the efficient operation of the transducer with a Q" of 6 under n
full water Juad, Arruy patterns are presented to show that the liminated motars radiste as pline

pistons into the mediun,

I. INTRODUCTION

IRECTIONAL magnetostrictive transducers

for use as underwater sound projeciors anc
receivers may consist of arrays of longitudinal
mechanieal vibrators bonded to a common dia-
phragm or sound window. The individual vibrators
are bar-like structures, laminated to decrease eddy
current losses. One end of each bar presents a
racliating surface transmitting sound through the
window to the medivm. These surfaces are spaced
50 us to cover about 80 percent of the window area,
and the vibration of cach may be controlied in
amplitude and phase to produce the desired saund
patters,

The lengitudinal vibrators are mechanically
resonant systems having an optimum cfficiency of
energy conversion in the vicinity of the resonant
frequeney, For example, a transducer in a constant
pressure sound feld will develop a voltage across its
terminals which varies with {requency in a manner
iltustrated by Fig, 4, The band width of the
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Tia, 2, Simplificd form of lamination.

response curve nay be deseribed in terms ol its
“Q" given by the quotient of the hand width
between the 3 db down peints into the frequency
of the peak response. This quantity is determined
by the mechanical 0" of the resonant sysiem

where
Q= lwe/R, N

AT is the equivalent mass of the resonator, wo its
resonant angular velocity, and R is the dissipative
load imposed upon it.

One advantage of the laminated type of magneto-

strictive transducer is the pessibility it offers for
wide variations in band widths through proper
design, A recent paper’ indicated n practical range
of @ from 6 to 40 for this particular style of lami-
nation. As the possibility of the @ of 6 has been
questioned, its design was undertaken at the Ord-
nance Rescarch Laboratory of the Pennsylvania
State College, and simple arrays were constructec
to test its behavior. :

IT, LAMINATION DESIGN

The lamination is shown in Fig. 1, To calculate
the mechanical *'@" of this system according to
Eq. {1), its equivalent mass must be determined,
By equivalent mass is meane the mass which a
simple spring and mass system would have if this

mass and spring, moving with the same frequency

and amplitude.as the radiating end of the lamina-
tion of Fig. 1, possessed the same amount of energy
as that of the lamination. Figure 2 shows a simpli-
fied form of Fig. 1. When the system of Fig, 2 is
vibrating Tongitudinally in its fundamental mode,
the velocity amplitude & may be expressed as the
following functiens of x:

O<e<h; =4 cosky

: coskd
b<x<bdutyg; E=Ad——sink{h-+a-—x)
sinka

2
btatgga<btatgtL; @)

coskb sinkg

=— hlx=-(b +L)].
sinka coshl cosklv=(-FatgtL)]

L, Caanp, J. Acous. Soc. Am, 20, 616-19 (1918),
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Let units be chosen such that the area of the
racliating face of a stack of the laminations is unity.
At o time when all of the energy is kinetic:

1 A| nt 1 cos?kb
—HA’ﬁLf costhxdy+— —
2 2 |Jy 6 sintka

cos*hb sinthy
sinka cos*hl

bta+tq
xf sindk (b4 o —x)dx+
[

)
b4 f cosi[x— (ba+g-+ LY e
bied- g
or

sin2kb  sin2ih sinqu'J
L .

K
A ==-—[b q+a)
2 e in2ka | sin2kasin2bl,

1l EXPERIMENTAL DATA AND CONCLUSION

Stacks were made, using the laminations of Fig. 1,
from 0,004~in, 2V Permendur with Cycleweld C-3
cement serving as insulation and bonding agent
between laminations, This structure has o density
of 6.2 and the velocity of sound in it is 5.25X10%
ci/see, The other quantities are: madiating area
=1,7 cm? k=24/A=1,00 radiansfece.,, @a=0.742
em, 4=0175 ecm, g=0,216 em, L=0.633 om,
Jo=84 ke, M=1.85 g per unit radiating arcn, In
addition to the radiation lead, there are losses
associated with the unloaded oscillator which may
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he determined from the @ of the motional imped-
ance circle shown in Fig, 3, I R is the Joss associ-
ated with tnit radiating area and the totalaren is A,

Q= fFa/ RiA =41 from impedance circle,

1,85 2x X 81000

——n = 14000 olims.
4 X1.7

With the additional radiation resistance of oC into
a water load, the ¢ of this transducer should be
0=(1.85X%2»x84000)/(1.64X10% =6,

which is the value shown by the response curve of
Fig. 4,
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Fua, 5. Radinion puttern of a single stack,
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FiG, 6, Radintion pattern of nine-stack square array,

FRANCIS D. WERTZ

Three other questions to which the experimental
data provide answers are; (1) Does the radiating
face of a staclk of the laminations behave like n

piston when driving into water? (2) .\What is the .

efficiency of a transducer made of these stacks?
(33 What is its power handling capacity 7

Figure 5 is a measured pattern in the plane of the
laminations for a single stack compared with the
theoretical pattern of a plane piston. Iigere 6 is a
similar comparison of the pattern of a nine-stick
square array, all stacks driven uniformly, These
patterns show that the stacks do radiate as pistons
into water. The direetivity ratio of the array is
0.0, its input impedance at 84 ke is 1004-7394
obms, Using these data and the open cireuit voltage
respanse, the efficiency of the transducer is ~3 db.
‘This transducer operates on the remanent maghet-
ization of hall-hard Permtendur, From the imped-
ance, the number of turns in the exciting cotls, and
the stack dimensions, it can be shown that the
stack can be safely driven with 20 watts r.m.s.
power, The power handling capacity may be
greatly inereased by using a soft material and some
means of polarization,
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Direct Reading Microdisplacement Meter

]. PP, ArxpT, JH,
The Brash Developurent Campiny, Clevefund, i
{Ruceived Marceh 7, 114y}

1yuigsaene s Beer buibt for measaring vibratory displacements of very small mectuniical elementa
such as phonograph styli and piczoelecirie erysiads, Tt employs a peobe of soall dimensions so that
virtually polnt measierements may be prade. ‘The probe does not contact the point under incasurement
and therefore imposes no mechanical load, The variation in capaeitance batween probe and vibrating
surface is used to measure the displacement. Through the use of & buili-in calibrator, the sepsitivity
mity be adjusted electrically for direct meter reading of vibratory displacement without resesting
1o precise adjustiment of condenser plale spacing, Displicement amplitudes of less than 107 am
may be measured. The output signal correspends accurately to the displacement both in magnitude
and in phase over & wide {requency range so that comples vibrations are pertrayeld accurately on a
cathode-ray escillescope. The equipment his been calibrated by four independent methods, including

o reciprocity method, widh clase agreement.,

INTRODUCTION
MANY convenient and accurate instruments

are available for measuring impedanee, volt-
age and current in clectronie circuits, Unforiu-
nately, in the develepment of mechanical vibrating
systems, such as microphones and phonograph
pick-ups, just the opposite situation exists, Analo-
gous instruments for measuring mechanical imped-
ance, force, and velocity are not generally available,
although many specialized instruments have heen
built to meet particular recquirements, Thus, several
years ago when it became necessary o measure
the vibratery displacements of very small areis on
piezoclectrie crystals and to de so without imposing
any mechanical load on the erystals, it was neces-
sary to develop a special instrument for the purpose,

DESCRIPTION OF EQUIPMENT

The model to be described has been in constant
use since early 1946 and incorporates the resulis of
extensive experience with two predecessor models,
It employs the well-known principle of imparting
to a variable condenser the vibrations to be meas-
ured and including that condenser in the frequency
determining network of an oseillator so that the
oscillator is frequency modulated by the vibrations.
The output of an f-m receiver tuned to the oscillator
thus corresponds to the vibeations, A number of
novel features are incorporated which permit reduec-
tion of the condenser plates to unusually small
dinmensions and which permit direct meter reading
of displacement or alternatively the determination
of transcducer sensitivity by a null method,

Figure 1 is a schematic diagram. At 1 s a
piezoelectric 'Bimorph” transducer element whose
sensitivity is to be mensured, A metal rod 2, having
a dizmeter on the order of 0.04 inch, is supporred
with its end very close to the vibrating face of the
crystal, The eapacity between the end of the rod
and the crystal electrode forms a part of the fre-

quency determining eireuit of oscillator 3, which
operaies at abaotit 100 megacycles, The rod 2, called
a probe, is supported for endwise vibeation on two
leal springs and can be excited in this mode of
vibration by an ADP “Bimorph™ clement 5. A
voite coil 6 partakes of the same vibration as rod 2,
and hence the voltage induced in the coil is propor-
tional to the velocity of the probe. A Miller type
integrating amplihier 7 provides a voltage propor-
tional 1o the vibratory displacement of the coil and
prabe. Far convenience, the gain of the amplifier is
preset to produce an output of 1 volt for 10~ em
ar 107 et vibratory displacement of the probe, de-
pending on the position of a 10:1 attenuator, The
adjustabile phase shifter is designed to have negli-
gible effeet on the amplitude of the signal trans-
mitted threugh it. s purpose will appear later,

The instrument may be used in either of two
ways, depending on the type of information desired,
One is a balance or null method, and the other is a
direct meter reading method,

BALANCE METHOD

In the balance method, the two ceystals are
connected to a conunon vscillator through separate
potentiometers for individually adjusting the driv-
ing voltages, The cireuit to the driving erystal 3
also includes an adjustable phase shifter, In opera-
tion, one potentiometer is adjusted ta apply approx-
imately the desired voltage to the test erystal and
then the other potentiometer and the phase control
are adjusted so that the tost crystal and probe
vibrate with cqual amplitudes and exactly in phase,
When this adjustment is accomplished there is no
relative motion between the prebe and the test
crystal, and accordingly there Is no frequency
modulation ef the oscillator, A null cdetector at the
ocutput of the f-m receiver indicates this condition,

Next the driving voltage on the test crystal is
sampled by calibrated actenuator 8, and compared
with the output of the voice coil amplifier in a null

385
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detector, The amplitude of the voltage sample is
adjusted by means of the attenuator to equal the
autput of the voice coil amplifier, and the phase
shifter in the voice coil circuit is adjusted to bring
the two voltages inta phase opposition Lo achieve
a halance,

With the two voltages equal, all neeessary infar-
mation is available for determining the sensitivity
of the test erystal, Let:

B, voltage output of voice coil amplilier,

D.mdisplacement of voice coil,

Erwdriving vollage on cryatal 1,

D, = divplacement of crysial 1,

B, myoltage output of attenuptor B,

Sremsensitivity of volee coil system m £,/ D,y
Sy muensitivity of crystalm Dy /8, and
awatlektator (8} rtios 2 /8.,

Naw by balancing the crystal and probe displace-

ments we obtain the relation

Dyo= D, (n
From the above definitions
Do = Lo/ Sye, (2)
Dy =88, (3
Substituting (2) and (3) in (1) we obtain
Se=Fuof Seeli, (4)

By balancing the attenuntor and amplified voice
coil voltages we abtain the relation

Eo=E.. (5)
From the definition of a:
E,=ak., (6}

=
i ()

Substiteting (6) in (5):

Ey=alls, (7)
Substituting (7) in (4):
S, =(IE;/SNE;=H/S-:- (8)

Thus the crystal sensitivity in cin/volt is merely
the reciprocal of the voice coil system sensitivity
(107 volts/cm or 10% velts/em) multiplied by the
ratio a of the attenuator,

IT the relationship between crystal displacemenc
and driving current s required, attenmator 8§ is
replaced by a ealibrated varinble resistor in series
with the erystal and ndjusted to make the voliage
drop ncross it equal to the output of the voice coil
amplifier. Alternatively, the relationship between
displacement and driving charge may be deter-
mined by placing a varialfe calibrated condenser in
series with the crystal and adjusting it so that the
voltage across it equals the voice coil amplifier
output,

Furthermore, input-velocity relationships  of
teanstlucers may be determined directly by this
balance method by eliminating the integeating
amplifier so that the outpnt of the voice coil
amplifier iy proportional to veloeity rather than
displacement. The balance wethod is rapid and
contvenient o use, it eliminates meter errors, and
it redtices the computation of transducer sensitivicy
to a simple operation such as multiplying the
attenuator ratio by 1077 or 1074, Furthermaore,
reliable measurements can e made at amplitides
below the noise level of the equipment with the use
of a tuned null detector w improve the precision of

v
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balance adjustment, Use of the method is limited
hawever, (o relutively low frequencies beeause of
the rather large mass of the probe-cail-driving

- erystal system making it difficult to obitain sufficient

amplitude of vibration of the probe at frequencies
much above the resonance frequency of about 300
eytles, The equipment, however, is not limited (o
low frequency operation as the modulated oscillatar
f-m receiver combination has uniform sensitivity
over a wide frequency range, and by using a simple
calibrating adjustment, direct meter readings of
vibratory displacement may bu macle.

DIRECT READING METHOD

For clirect reading wide frequency range applica-
tions, it is necessary o calibrate the equipment for
vach setup as the sensitivity depends on the spacing
of the probe from the vibrating ebject and the
required spacing is too small for accurate preadjust-
ment. With the test transducer in place but not
excited, crystal 5 is excited at 100 cycles to drive
the probe with a desired amplitwde as indicated by
the voltmeter at the output of the wvoice coil
amplifier, Since the gain of that amplifier hias been
presct to provide 1 volt output for 1073 or 10~ cm,

the meter reading in volts X107 or 10~ as the

case may be equals the displacement in centimeters.
The andio gain control in the f-m receiver then is
set so that the volt meter at the receiver output has
the same reading, ‘Then it also reads’ directly the
amplitude of vibration displacement of the probe,
provided that the test transducer remains without
excitation, Now it should be recalled that the f-m
receiver output is proportional to the refative dis-
placement of probe and test crystal, Consequently,
i the probe excitation is shut off and the test
erystal excited, the f-m receiver meter reads the
displacement amplitude of the test crystal. Since
the response of the equipment is flat, calibration
at 100 cycles serves for the whale audio frequency
range, The vibration wave form of the test crystal
may be ohserved on the sereen of the cathode-ray
nscillograph at the receiver output,

MBCHANICAL LOADING

One of the primary reasons for using a varinble
capacity as the measuring element was the fact that
mechanical Jeading of the device under test could
he reduced to negligible value even for vibrating
systems of very low mechanical impedance, IT the
vibrating object under examination has a conduc-
tive surface as in the case of a flexing piczoelectric
erystil element, that surface may he used as the
vibrating condenser plate making it unnecessary to
make any mechanical connection to the vibrating
device. If the vibrating object is a good high
frequency dielectrie material, measurement also can
e made without the addition of a condenser plate,

as will be shown later. In some cases however, it
may he desirable to provide 3 thin conductive
surface by applying metal foil or conduetive paint,
Thus for most purposes, the equipment meistires
vibratory displacement without imposing any loacl-
ing and may therefore be called o zero impedanee
displpeement meter.,

PROBE

In order to measure the vibmtory displacement
of a very small object such as a phonograph stylus,
or to explore small vibrating surfaces such as
headphone diaphragms or Aexing type piezoclectric
elements, it was necessary to reduce the probe
electrede area to a minimuni; and in order to confine
the mensurement (o a small area immediately
apposite the probe, a shield was installed aronnd
the remainder of the probe. Figure 2 shows the
probe construction, The metal rod 1 forming the
probe electrode is pressed into a polysiyrene rod 2,
e hase end of the rod then js mounted in a brass
support 3 and the active end is turned down to a
cone. Next a shield layer of conductive paint 4 is
applied to the whole assembly including the exposed

_end of the rod 1 and overlapping the base 3, After

the paint has dried, the end of the probe is turned
off Nat uwatl a very slight insulating ring margin
appears around the clectrode separating it from the
shield, The probe shield is “grounded” througl the
leal spring suspension, The active probe connection
is hrought out through an opening in the conducting
film shield by & small rod 5. A very thin wire 6
conneets this to @ rigid conduetor 7 leading to the
oscillator through a shield 8, Interchangeable
probes of various active areas are provided, the
smallest having an active avea of about (.0H5
square inches although the sensitivity is adequate
for use of much smaller arcas,

Whaen 1o external ebject is located in the vicinity
of the probe electrode, the oscillator frequeney is
determined in pare by capaeity due to electrostatic
flux lines from the probe Tace through the air 1o

10 eicriiaToR

Fit:, 2. Drabe details, The thickness of theshicld is exaggerated,
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adjncent arers of the probe shield, Now il & di-
electrie material having a diclectric constant differ-
ing from that of air is brought up dose to the
“probe, the lux density is modified by the dicleetric
with consequent change in oscillvor freguency,
Thus, vibrations of o dielectric material can be
measurad without acdding a conductive coating. In
this case the Jux concentration is not as good as in
the case of measurements of a canductive element
and for this reason the application of a conductive
surfirce somelimes is desiralde.

The matter of (lux concentration is otie of con-
siderable importance, as very often it is desired to
measure the vibration of a small aren approaching
a point, Since the clectrostatic lux lnes tend to
spread out at the periphery of the electrode, the
actual aren over which measurement is made s
somewhat larger than the probe aren, This etvor
eereases as the spacing hetween electrode and
vibrating surfuce is made a simadler fretion of the
prabe dinmeter. The stmallest prolre that has heen
userd has an active diameter of 0,040 inch, The
spacing can readily he reduced to 0.002 inch or less

ARNDT,

TR,

so thar the fringing effeet is a0 serious as long as
small amplitndes are fnvalved  permitting such
vlose spicing.

Further imporiance of close spacing and s
limitations may be whserved from the following
approximate analysis which assumes that the fre-
queney devistion is very small compared with the
mean frequeney, a condition which always obtains
it practice when using such a small vilirating
capacity. "I'he freaquency deviation Af resulting from
a small change in eapacitance AC in an LC oscillator
i given by

Af=fidC/2C

Where fo is the frequeney of the unmodulated
oscillator and Co is the unmodulated capacitance of
the oseillator circuit, Negleeting edge elfeets, the
change in eapacitance of a parailed plate condenser
having plate area 4 and plate spacing ¢ is given by

AC= KAA (1 =1A1),

Where Af is the change in plate spacing, Substi-

i 30 Cathoclesrany aseilloscopee traces of deiving voltage, and wave oo of erystal displacement
with various degrees ol dunping,
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tuting this in the expression for fredquency we have
L\f=f|11\'.‘lAf/zCn(fE—[Al').

The abave espression for Af shows that the fre-
queney deviation and hence the f-m receiver autput
is praportional to the displacement A¢ to be meas-
ured only if the mean plate spacing ¢ is large
compared with the vibratory displacement an If
the spacing is too close, the wave form of the [-m
receiver output will be distorted. On the other
hand, for a given vibration amplitude a4, the
deviation Af increases ns the plate spacing f s
deerensed, malking elose spacing desirable for high
sensitivity. Thus for measurement of very small
vibratory displacements, very close spacing of
probe anc vibrating surface is desirable for sensi-
tivity and can be employed without distortion. For
large amiplitudes larger spacing is required to pre-

serve linearity but this is permissible because less |

sensitivity is required. Of course, the considerations
of linearity apply only to the direct meter reading
method of using the microdisplacement meter,

SENSITIVITY

This relationship together with the fact that the
noise output due to circuit disturbanees is not
influenced by prohe position, permits measurements
over an extremely wide amplitude range. Within
brond limits, provided that the probe spacing is
carefully adjusted for the vibration amplitude
involved, the signal to noise ratio is virtually
independent of vibration amplitude. Using the
balance method, the maximum amplitude that can
be measured is about 1073 em as that is the maxi.
mum amplitude available from the crystal deiving
the probe, ln direct reading applications somewhat
larger displacement amplitudes may he measured,
‘The noise level corresponds to an amplitude of
about 2,§X10~7 cm for the smallest probe so that
in direct reading applications, measurements can be
made with reasonable nceuracy at amplitudes of
2.5%107" cm while for the null method using a
tuncd null indicator to sharpen the null, amplitudes
as simall as 107 em may be measured.

OSCILLATOR-RECEIVER

It is well known that the signal to noise ratio in
an [-m system increases as the frequency deviation
increases, Refetring to the expression for deviation
Af it is obvious that a high escillator frequency and
low oscillator circuit capacitance are desirnble,
Fartunately these two are quite compatalle, A
frequency of approximately 100 megaeycles was
choesen as it made possible the use of a commercially
available f-m receiver with only minar modifientions
and beeause using a much higher frequency would
impose severe limitations on the geometry of the
modulated oscillator circuit,

TG, 4, Mhotograph of microdisphicenent meter,

In f-m broadeasting it is standard practice to
emphasize the high frequencies in the transmitier
and to de-emphasize them corvespondingly in the
receiver, This made it necessary to modily the
audiofrequency portion of the receiver to achieve
Mat frequency response. The de-emphasis network
was removed and the entire andio amplifier was
replaced by a resistance capacity coupled amplifier
designed to reduce phase shift errors to a minimum,

RESPONSE

The frequency response and phase shift of the
system were determined by “measuring' the sensi-
tivity of u shart expander har of ADP ¢rystal having
a resonance frequency of about 50 ke, From theo-
retical considerations the displacement of the end
of such a bar should he in phase with and propor-
tional to the driving voltage for all frequencies up
to at least 10 ke, Thus the phase shift was deter-
mined by measuring the phase angle between the
crystl driving voltage and the f-m receiver output,
and the frequency response was determined from
the ratio of receiver ontpat to erystal voltage, Over
the andiofrequency range the sensitivity is inde-
pendent of frequency within the limits of error of
measurement, about =1 percent, and the phase
shift increases approximalely proportional to (re-
quency, indicating a tinwe delay of abeut 10 micro
seconels, Thus complex vibratory wave forms are
portrayed accurately in the cathode-ray oscillo-
graph at the receiver output,

The use of the microdisplacement meter for
examining complex vibration wave forms is illus-
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trated in Fig, 3 which shows the displacement-time
relationship of a “Bimorph’ crystal with various
clegrees of mechanical damping applicd at the drive
point for “scquare wave" excitation, The resonance
frequency of the mounted “Bimorph" was about
700 cyeles and the fundamental frequency of the
Ysquare wave"” driving valtage was 100 cycles, In
the upper row the left hand trace shows the "square
wave' driving voltage, the central trace shows the
vibratary displacement for no external damping,
and the right-hand trace shows the displacement
for damping somewhat less than critical, In the
lower figures the left-hand trace shows the displace-
ment for approximately critical damping and the
right-hand trace shows over damping. It appears
that some secondary resonance has not heen com-
pletely suppressed by the damping.

CONSTRUCTION

Figure 4 is a photograph of the microdisplace-
ment meter. The magnetic circuit for the veice coil
is mounied on a lathe cross slide arranged to
provide vertical adjustment of the axis of the probe,
The 100 megacyele oscillator is contained in the
aluminum box carried by the magnetic structore,
and the probe driving crystal is contained in a box
to the rear of the magnetic system. Additional lathe
parts provide a table, adjustable in the horizontal

It 5, Photograph of elec-
tronic equipment sack,

plane, on which may be mounted the device to be
measured, A large twister “*Bimorph™ crystal s
shown mounted in position in a ball-point type
holder permitting free vibration of all four erystal
carners, the upper corner heing in position in front
of the probe for displacement mensuwrements, The
various parts of the displacement meter are
maunted on i surface plate having "Lord" mount-
ing feet for vibration isolation.

Figure 5 is a photograph of the eleetronic equip-
ment rack, The upper panel is a null detector,
Next helow is a two channel amplilier with phase
shifter for driving the probe crystal nnd the test
tramselucer, Near the center is the wvaice coil
integrator-amplificr with phase shifter and helow
that is the f-m receiver, The tuning shaft of the
receiver js belted to a servo motor through a gear
recuction contained hehind the panel just below
the receiver. The motor is aetuated by any positive
or negative unbalance voltage out of the receiver
diseriminator to retune the receiver to center fre-
queney, This sutomatic tuning system was built o
keep the receiver tuned o the oscillator primarily
during leng time temperature runs on transducer
sensitivity but has proved to be a great convenience
in daily use of the instrument as it permits read-
justment of probe spacing without the nccessity
for retuning.

CALIBRATION

Both the null method and the direct reacding
method of using the microdisplacement meter de-
pend on calibration of the voice coil for information
concerning the vibratory displacement or velocity
of the probe,

The vaoice coil calibration has been determined by
four independent methods with excellent agreement,

One method called the static method, is based
on the fact that in a moving coil system the ratio
of voltage indueed in the coil to the velocity of the
coil causing that voltage to he induced is the same
as the ratio of the blocked mechanical force de-
veloped by the coil to the current passed through
the coil to create that force:

efv=f/i.
The ratio efv is the vaice coil sensitivity fOgure
dlesired. 1t was determined by measuring f/4, The
probe driving crystal was removed, and a fixed
conclenser plate was positioned close to the end of
the probe. The f-m receiver with tuning motor
disubled was tuned to the high frequency oscillator
and the reading of the receiver tuning meter noted,
A known force then was applied axinlly to the
probe-voice coil assembly thus displacing it from
its normal position and detuning the receiver, and
then a metered diveet cirrent was passed through
the coil and adjusted 1o restore the probe and voice
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coil to the original position as indicated by restora-
tion of the f-m receiver tuning meter to its initinl
position, With this adjustment the suspension
springs were not flexecdt so the externally applicd
force just equaled the {orce developed by the cur-
rent in the coil, The ratio of this applied force Lo
the current read on the meter iz the sensitivity,

The temperature coefficient of the microdisplace-
ment meter calibration was measured by this
method, The microdisplacement meter was installed
in an oven and arrangements were made to apply
and remove the known force by remote control,
Over the range of 0 to 40°C the sensitivity varies
legs than 24 percent.

Another calibration method involved “measur-
ing'" the sensitivity of a large ADP crystal plate
whose sensitivity also was calculated from the
dimensions of the plate and basic piezoclectric
constant for the erystal which are known with
considerable accuracy. Two such plates have been
mounted in holders adapted for easy installation in
measuring position and are used for frequent checks
of the meter ealilieation.

A third method is illustrated in Fig, 6. The probe
was replaced by a pair of parallel, insulated con-
denser plites, A grounded shield plate was located
between the two and arranged to be positioned by
a micrometer screw so that either vibration of the
pair of plates or adjustment of the shicll plate hy
the micrometer changed the capacity between the
two vibratory plates, The capacity between the
plates formed one arm of a capacity bridge driven
by a 100-ke oscillator. The capacitics between the
shield and each plate are indicated in dotted lines,
One is across one fixed arm of the hridge and is
swamped out by the large capacity of that arm,
The other is across the bridge output and likewise
is swamped out by the other capacities across the
output, The bridge is adjusted nearly to balance
and then a curve is plotied of micrometer screw
adjustment vs. .. voltage developed by the recti-

E =
T I {

Fra, 6. Schematic diagraon of “Static’ a-m calibration setnp.

o

fier due to bridge unbalance, The rectifier circuit
was designed to have equal d.c. and a.c. loads so
that the slope of the static curve gives the sensi-
tivity to relative motion of the condenser plates for
vibratory motion as well as “static" displacement.
‘I'hus the slope of the curve together with the a.c.
voltage output of the rectifier produced by an
unknown amplitude of vibration of the voice coil
may Dbe combined to determine the amplitude of
vibration,

The voice coil voltage is measured at the same
time and the ratio of this to the vibratory displace-
ment s the desired sensitivity fgure. Actually,
rather than mensure separately the rectifier a.c,
output and the integrated voice coil output, the
two are balanced by means of the phase shifter and
a calibeated attenvator in o manner analogous to
the balance methed of using the equipment. This
method of calibration was the first one used and
has been repeated a number of times throughout
the life of the microdisplacement meter. There is
some indication of a gradual increase in sensitivity
but the extremes differ by less than 2 percent.

The fourth method of calibration was the reci-
procity method, following the technique of Trent.!

The four methods of calibration agree within
=2 percent of the average value,

tH, M. Treat, *Fhe Absolute Calibration of Electro-
mechanical Pickups," §. App. Mechanics 15, 49-52 (1948).
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Auditory Masking of Multiple Tones by Random Noise

Tikman H, Scuarei axn Rooert 8, Ganis
Psychology Division, Navy Eleciranics Laberalary, Sun Diegn, Californin
(Reeeived Mareh 7, 1949)

One, rwo, fonr, and eighe shaple tones were presepted 1o lateners against o backgronnd «f thermsil
noise, The masked thresholds for the singhe tones aned the various cambinations were determined, for
different spacings of the tones, In the case of two tanes, the improvesnent in threshold with respect 1o

u single tone w

slight or negligible unless the tones were within one eritieal band, when the improve-

ment increased as the spacing decreased, Tn the case of Tour or eight ones all separated by mnre
than a eritical biml, the inprovemene was slight (less than 3 d) or negligible, apparently depending

on the combination of Trequencies,

INTRODUCTION

HE fact that aural detection of weak under-
water sounds is ordinarily limited by masking
has led the Psychophysics Section of the Navy
Electronics Laboratory to conduct a continuing
study in this field, Earlier work! by this group has
ahown that the masked threshold of most signals
encountered in underwater listening can be pre-
dicted frem the spectra of the signal and the back-
ground noise, provided that the noise has a con-
tinuous spectrum, with no very steep slopes; ie.,
pu legative slopes steeper than about 20 db/octave.
To predict the masked chreshold one must know
the signal and noise levels in suitably defined
“critical bands' The eritical band widths have
been determined experimentaily by H, Fletcher
of the Bell Telephone Laboratories in masked-
threshold experiments using bands of flat random
noise as masking background and a single pure tone
in the middle of the band ag signal.®?
As the band width of the noise is increased from
a few c.p.s., the threshold intensily (the intensicy
at which balf. of the signals presented are detected)
increnses proportionally, up to a certain “critical
bane width," then remains constant, The eritical

band widths determined in this way at various fre- .

quencies are shown by the small circles in Fig, 1
(right-hand scale}, l.et us eall the critical band
width determined in this way ().

For bands wider than approximately Wi(f), it is
found that the signal is heard half of the time when
its intensity is cqual to the intensity of the noise
in a band of width Wa(f), regardless of the band
width of the background noise, Wy(f) hasheen ealled
the kappa-band since it is defined by «= 10 log 01V,
Values for « have been published in several BTL
paperst and have been used to give the values for
We shown in Fig, 1 (black dots). According to

PR, S, Gales, "Auditory masking In senar listening systems’
{to be Fuhlishmt).

# [, Fleicher, [ev, Mod, Phys. 12, 47-65 (1740).

# 1. Fletcher, ], Acous. Soc. Am, 9, 283 {1238),

4 H, Fleicher and W, A, Muonson, J, Acous. See, A, 9,
tn {1937), Fig. 16.

Fig. 1, M) and Wo{f) are experimentally almost
equal, We will, therefore, henceforth use values for
the critical band widths determined by the I data
which is more prerise. Furthermore, we will not
distinguish between the hands P or B2 but will
use the term critical band to refer to hoth,

No statisticalevidence of a significant discrepaney
was presented by Fletcher, I it is assumed that
they are in faetl equal, it follows that not only is
noise ontside the critical band inefective in masking
a tone centered in the band, but the dntensity of
the just audible tone s cqual to the intensity of the
noise in the critical band,® provided that the amount
of masking lies in the range from about 15 to 80 b,
Since the noise spectrum is constant, the ertical
band width in c.p.s. is equal to the ratio of the
sipnal intensity, for 50 percent deteetion, to the
intensity of the roise in a 1-c.pus, band, The corre-
sponding differences in level, on the db seale, are
griven by the left-hand seale in Fig, |,

Cnce the critical band width has been determined
as a function of frequency, the masked threshold of
a pitre tone in noise of continuons Tt nen-uniforn
spectrum can be predicted. The eriterion is that the
signal intensity must equal the intensity of the
noise in the eritical band centered at the signal
frequency., In complex wwderwater signals, one
single-lrequeney  component is usually so much
stronger than the rest that the eritical band
criterion applied to this component gives a clear
and unambiguouns prediction of the masked thresh-
old of the whole signal, The question arises, how-
ever, is there an improvement in recognition when
two or more components of the signal just satisfy
the eriterion separately? In particular, is therean im-
provement in recognition (a) when two pure tonesare
within the same eritical band, (b) when twa, four, or
cight pure tones are all in different: critical bands?
It is these questions that the experiments reported
lere were designed to answer, over a limited range
of frequency, intensity, and frequency relations.

8 This definition is implied by the usage of N. R, French and
1. €. Siweinberg, J. Acous, Soe. Am, 19, 96 (1047}, Fig, 7.
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THE EXPERIMENTS

Five observers were seated in' separate booths
provided with headphones and a vating key. Before
each test they were given a chance ta become ac-
customed to the masking noise, They were then
given a practice period, in which they were in-
structed ta vote whenever and as long as they heard
the signal, As goon as the experimenter wns sasfied
that they were voting on the correct signal, the
observers were told that the test was about to
hegin and that they shoukl continue voling as
instrueted, During the test, the background noise
was on continuously, and the signal was normaliy
presented for 3 seeonds and removed Tor 2 secomds.
The only exception was the S-second presentation
period used to reduce sampling error when the
frequencies were only 1 e.ps. apart. On one-third
of the presentation periads, no signal was presented
at all, The observers were aware that there were
blank presentation periods but «id not know when
they were to occur. Errors of commission occurred
at an average rate of less than one per observer per
test, which indicates that guessing was not a
serious factor, At the same time, competition be-
tween observers helped to keep them doing their
hest, The signals were presented at eight different
levels, separated in most tests by 2-db steps, but
in some by 1-db steps,

To insure that all component tones would reach
their respective masked thresholds at the same
scetting of the variable actenuator, preliminary tests
were given to determine their separate thresholds,
In 2-, 4-, and 8-tone tests, the levels of the signals
were adjested in accordance with the Uiresholds
determined in the preliminary wests, then the signals
were mixed elecurically and the mixture was varied
in level by known amounts to constitute the
varinble test stimulus, The tone mixture was then
mixed with the background noise and presented to
the listeners.

The order of presentation of the different levels
seemed perfectly random to the observers, but was
not completely random. It was thought desirable
to make the same number of presentations at each
level and also all possible successions of one level
by another with no duplications, ta aveid possible
bias due to a preponderance of lowd or soft items
preceding items near tireshold,! To do this it was
necessary o adopt a systematic pattern. However,
the levels were assigned to the elements of the
pattern at random. No tenclency to memerize the
test sequences or to anticipate the lollowing level
from an item was noticed by any of the ebservers,

Figure 2 shows a block dingram of the apparatus.

¢ T, H, Schnfer, “Influence of the Prccmling item in measure.
ments ol the naise-magked threshold by a tnodified constant
method™ (ta be published in J. Exper, Payehol.),

A closed Ioop of randem noise on film was played
on a film reproducer, amplified, equalized and
passud through a Ane-adjustment attenuator and an
isolating attenuator, Pure tones fram cight Hewlert-
Packard oscillators were mixed ac controllahle

levels, then passed throwgh a random condition se- .

tectar, in which a punched tape contrals the level of
the presentation. A Conn chromatic stroboscope was
used Lo set the frequencies accurately toa precision
of approximately M1 percent, The signal from the
rindom condivion selector passed through a signal-
timing switeh controlled by a closed timing loop
on a sccand film reproducer. Afrer passing through
an dsolating attenuator, the signal was mixed
with the noise and the combination was passed
through a $00-1600 c.p.s. band-pass filter, amplified,
and fed to the headphones of the listeners and
experimenter, The volume indicator across the out-

-put of the pewer amplifier was used to calibrate

the signal and the noise before and after ench test,

Lach test was 6 minutes long and included six
preseniations at each of the cight levels and 24
blanks, Only one type of signal was used in a test,
The tests were glven in groups designed to eontrast,
under as nearly the same conditions as possible, the
response of the ohservers to different stimuli. The
order of tests was random in a given replication of
a group of tests, but the order was different ench
time and when the number of different signals was
not too great, all orders were exhausted, The head-
phones were matched carefully, but to minimize
errors from this source ench observer was assigned
at random to every hooth at some time during a
series nf replications of a test group. Five or six
replications was the usunl number,

Figure 3 shows the spectrum of the' noise in
terms of level in the critical bands shown by dots
in Fig. 1 plotted in db above the same origin as the
average measured abselute auwditory threshold of
the listeners, The signals used ranged from 600 to
1500 c.pis, In this range the noise speeernm s Nlat.
The slight rise at the high end in Fig. 3 is due 10
the widening of the critical band above 1000 C.p.8,
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Fi6, 1, The width of the critical band as a function of fre-
guency, and the level of the noise in the critical band in «b
relitive to the spectrimy level of the naise
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16, 2. Block diagram of the apparatns,

Some of the first tests were run with approximately
55 db of masking, some with approsimately 15 db,
There was no systematice difference in either the
masked thresholds or the improvement in masked
threshald with multiple tones, and extrancous noise
made the tests less precise, so the low level tests
were drapped part way through the program,

Figtire 4 shows some cathode-ray oscillograms of
representative signals, increasing in complexity
from the sine wave in the upper left to the compli-
cited but almost periodic resultant of four non-
integrally relared sine waves.

Figure 5 shows a trapsition curve (recognition
probability s a function of level) for an 800-c.p.s,
tone and another for four tones hetween 600 and
1100 c.p.s. These are averaged over § observers and
six tests, hience are very much smoother than is
usually observed with a single observer’s transition
curve on & single test. However, all the transition
curves are of this form, with all very loud signals
Deing heard, and fewer and fewer heing heard as
the signal gets weaker, The 800-c.p.s. curve given
here checks Fletcher's work very closely; notice
that 30 percent recognition takes place when the
signal is approximately equal 1o the noise in a
40-c.p.s. band, the eritical band ar 800 cops. e-
termined by Fletcher (Fig. 1, black dots). Notice
also that the 50 pereent level for the 4-tane tese
is 3 db lower, indicating that for the group of 4
tones chasen, 603, 751, 851, and 1103 c.p.s., the
threshold intensity is not independent of the num-
ber of tones. Naor is it proportional to the pumber;
for in that ease, the 4-tone curve woulil be 6 db to
the left of the single-tone curve, as the power in
the resultant of 4 waves of the same amplitude is 4
times that in a single wave,

AND ROBERT 8. GALES

DISCUSSION OF RESULTS FOR TWO TONES

Figure 6 shows the mean difference between an
observer's threshold on a I-tone test il a 2-tone
test taken within an hour, This will be called the
mean improvement in threshold. The vertieal bars
cover the 98 percent confidence interval of the
mean, That is, if the measurements coukd e re-
peated under the same conditions, the mean would
lic hetween these limits in 98 percent of the samples,
The 98 percent confidence limits are obtained as
follows, Lee X be the niean improvement in thresh-
old in a sample of N measurements, g the mean inm-
provement in threshold in the population of meas-
urements represented by the sample, s the standard
devintion of the improvement in threshold in the
sanple, and N the number of data in the sample,
Then X is distributed approximately normally
about g, with standard error o= 5/{N~1)1,

From a table of deviations of the normal curve,
it can be seent that for large samples (NV230), the
probability P that the sample mean L differs (rom
the population mean g by less than 2,33 standard
crrors is 98 percent, That is, P(|X —p| £2.330,)
=098, The 98 percent confidence interval of the
true mean is thus an interval 4.66q, wide and
centered at the sample mean,

For wo tones 500 c.ps., or about 10 eritical
bands, apart, the thresheld is not lowered sig-
nificantly (Fig. 6), That is, the data are consistent
with the hypothesis that the improvement in
threshold is zero, For two tones 414 cp.s. apart,
the threshold is lowered 1 to 2 db, 1t happens that
the two tones used (603 and 1017 e.ps) make a
goodd major gixth, which is o smooth and easily
recognizable musical interval; but not enough
different intervals were studied to enable us to say
that the musical character of the interval improves
recognition. This is an interesting problem  for
futuyre research. For two tones 100 c.p.s. apart,
that is, with one eritieal band intervening, the
threshold is not lowered significantly, In view of
the probally significant improvement for two tones
414 c.p.s. apart, it seems safest to conelude that
the mean improvement with two tones separated by
more than one critical band is from ¢ to 2 db,

When the two tones are within one eritieal band,
the threshold drops as the frequeney difference de-
creases. The improvement appears to approach a
maximun of 6 db as the beat frequency approaches
zero and the maximum amplitude approaches twice
the amplitude of one of the components,

These observations can all be correlated by
assuming thae (1) the car analyzes the sound spee-
trum into & series of adjacent bands by some means

analogous to & series of banel pass filters and (2) the

var responds to the Youtput’ of one of the “filters”
like a rectifier followed by a low pass filter, Neither

—
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assumption is novel; (1) is the outcome of Fletcher's
work on the masked threshold®® and {2) has been
proposed by Nyquist? and Munson® to account for
the growth of auditory sénsation,

There seems to be little theoretical reason for
preferring any particular circnit for performing the
functions of analysis, rectification and measure-
ment; the tuned-sccondary diede detector shown
in Fig, 7 will serve. At the left, two e.m.f.'s differing
in lrequency by Af but having the same amplitude
£ are fed to a transformer whose secondary s
tuned to the mean frequency f, The secondary is
shown shunted by the equivalent parallel resistance
of all the factors causing dissipation in the trans-
former, The maximum amplitude of the primary
e, is 2/, occurring when the two signals are in
phase. The maximum amplitude of the secondary
e.m.f, is 2Ex(u), where @ =QAf/2f is 0 [unction of
the @ of the tuned circuit and the fractional de-
tuning of either of the sigoals, The factor @ is
defined as f/m—m) where at and n are the fre-
quencies ac which the response is down 3 db, The
factor x(u) is the response of the tuned circnit
relative to masimum, for different Qs and different
amounts of detuning. Tts graph is called the uni-
versal resanance curve.” The output of the detector
is the praduct of the applied e.muf,, 2Ex{u), the
detection efficiency, D (4 constant depending on
the ratio of loid resistance to plate resistance), and
a factor y(RC, Af} depending: on the time canstant
RC of the low pass filter and the separation of the
signal frequencies, Af.

To test the analogy, the signal freguency pairs
used were put through o rectifier and an RC filter.
The output was measured for each pair and several
different time constants, The resolts are given in
Table I, expressecd as the number of db increases
over, the response 1o o single tone, read to the
nearcst 0.8 dby, The results for different frequency
apacings at a fixed time constant are obtained [rom
reading down the columns, The results for RC= 200
milliscconds are also plotted on Fig, 6 as a series of
small circles. They fit the data fairly well ar 1, 3
and 10 c.p.s. separation hut remain too high at
greater separations, The difference of 0.8 db at 23
c.p.8 between the mean masking dataand the analog
data can be explained as a loss at the signal frequen-
cies on the sloping sides of the critical Lund filiee,
This interpretation makes it possible to compute
the @ of the critical band filter, assuming a simple
resonant circuit. For a loss of 0.8 db, corresponcding
to x{e) =091, ¢=0.21=12.5Q/800. Hence G=14,

A simple resonant circuit having a given @ will

T 1. Nyquist, “Telegraph theory—CElectrieal equivalent of
iheqear % a recejver,"” NbRC File 36680.3(V) (Jnnuury 13,

W, A, Munsan,’!. Acous. Soc, Am. 19, 584, 591 (1917),

VI, 5, Terman, Rodio .Eugi:rrcr.r' HHandbopk (MeGraw-Hill
Book Company, Inc,, New York, 1943), p. 137,

hive a pass band to the hall power points given by
J/Q which, at 800 e.p.s. and for a @ of 14, will equal
BUO/14 =57 c.p.s, This value is in fair agreement
with Fletcher's determination of 40 or 50 e.p.s, for
the critical band width in the vicinity of 800 ¢,p.s.
That two tones separated by 100 c.p.s, will be
resolved by the eritical band flters is readily
checked by computing the response of o resonant
circuit of Q=4 If the cireuit is considered 1uned
to Sy or fy it will respond fully Lo jts resonant fre-
aquency and actenuate the other 10 dly, I con-
sidered tuned to the frequency midway between fy
and f3 ench tone will be attennated 5.5 db below
the level of the single tone. In this case, even with
the 6-db increase at the peak of the beat eyele the
maximum level will only be 0.5 db above that of a
single tone,

Nao data are available at frequencies between 25
and 100 e.p.s, Hlenee, it is not possible at present to
eheck the value of 14 computed for . However,
with further work alony this lise it may be possible
not only to determine a Q for the eritical band flter
an the assimption that it has the characteristic of
a simple resonant circuit, but to determine the
actial filter characteristie, “The shape of the filter
characteristic deduced will depend Lo some extent
on the tine constant chosen for the integrating
circuit, however,

RESULTS FOR MANY TONES

The improvement in threshold observed with
more than 2 tones depends on the sets of tones
used, so the sers nsed will he deseribed briefly.
The frequencies in each set are given in Fig, 8 In
all sets all of the tones are in separate critical bands,
Als asetal 4 tones used in the 2-Lone (ests, The set
forms a very pleasing and easily recognized chord,
but one which is foreign 1o our system of harmony'.
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Af =28 cpa.

AS =500 ¢ pa.
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Renultant of 608751850 aud FLOS e,

P16, 4. Oseillogriums of some test signali,

B3 {s o diminighed-seventh chord in 12-tone equal
tempernment, chosen as a typical smooth, in-
offensive chord. C is a major-seventh chord, quite
dissonant even with the pure tones used in this
experiment, The tones used in D are separnted
sueeessively by 200 ep.s,, giving o rough 200-c..8.
heat note in the headphones, F is a group of 8 tones
separated successively by 225 cents, an arbivary
nan-musical interval; and E is composed of alter-
nate tones of F, Thus the sets of tones used form a
rather fair sample of what cotld be constructed in
the range of frequency studied,

In Fig, 8 the improvement in threshold (com-
paring the sets of tones with a single 800-c.p.s.
tone) is plottecd. The vertical bars cover the 08
percent confidence interval of the mean improve-
ment lor each set of tones,

The set of eight tones, FF, shows & mean improve-
ment of 0.8 db over a single tone and E, a group of
four tanes contained in I, shaws a mean improve-
ment of 1.2 db. Referring to Fig, 6, the mean
improvement for 414 ¢.p.s,, the difference in fre-
quency between two tones that occur in both F
and E is 1.5 db, so there appears to be a trend
toward less improvement as the number of tones is
increased, The trend is not established by the
present data, as the scatter of the data is woo great.

100, /
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ml E‘IJI'!‘J-':‘E&I_ / / 800 TS
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LEVEL ARDYE HOBE IR A 40-GR% BAND

Fig. 5, “I'ypical transition curves.

However, the difference between the neans of the
improvement for 2 and 8 1ones is significant at the
2 pereent level, 1 the effect is real, it may be be-
canse the set of tones tended o soune more like
noise as maore tones were added. This would not
necessarily be true of other sets of tones; sets that
ean he heard as a unified auditory object, such as a
cling or a chord, might not follow this trend.

The mean improvement in threshold with 4 1ones
varies from get to set by an amount that would
aveur by chance less then ance in 1000 cimes, Even
among the four relatively hotnogencous sets taken
with L-dby RCS steps, the variation is alimost sig-
nificant at the 1 percent level,

Two hypotheses that might be advanced to
acconnt for the observations on several tones are
(1) that sets of tones that combine into a single
meaningful auditary object are detected better in
the midst of naise than others and {2) that “'biting"”
auditory oljects are detected better than “bland’”
ones, “Biting" and "bland" are used rather than
"dissonant™ and “consonant’ becanse no function
in a musical system s considered necessary for
awditory phjects to produce the results predicied on
the hypothesis, The range of auditory objects is
not even restricted to chords. The distinetion is nov
athsolute, but is represented in the present data by
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116, 6, Impravement of thresheld with the adidition
of it second 1one,
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Fig, 7, Circnit analeg of the ear in one eriticn) handd,

sets Cand B3, Of canrse the distinetion is not nearly
s0 convincing as if complex ones were used,

The two hypotheses proposed above can only be
cansidered swarting points for further research | the
data on hand merely suggest them,

The data decisively rule out the possibility that
the effect of additional rones in sceparate critical
bands is additive, They also seem to rule out the
passibility that the tones entirely fail 1o reinforce
each other, However, the observed improvement in
threshold can be accounted for without abandoning
the critical band hypothesis,

I several tones not in the same critieal band are
presented at different levels with respect n their
thresholds and are detected independently with
probability g, pe, -+ oy pay the probability P of de-
tecting at least one is the complement of the

- probability of detecting none, that is,

P=1-[(1=p)(1—pa) e+ (1=pu].

When all the tones are at threshold, P=1
—{0.5)", which for two tones is 0.75 and for four
lenes s 0.94. T'o determine the improvement in
threshold, it is only necessary to read the difference
in level between the 75 percent and 94 percent
points and the 50 percent point on the teansition
curve for a single tone (Fig, 5, right-hand curve).
This is about 1,5 db for 1wo tones and 3 db for
four tones, All the improvemenisin threshold shown
in Fig. 6 {(for frequeney differences of 100, 414, and
500 c.p.s.) and Fig, 8 are within these limits,

Thus the improvement in threshold observed
with several tones might e attributable to the

»

"
t

TEPROVENINT W THALSNOLD
WITH RESMECT TO SGLE YORT {02}
»

oA ] 1] [ 3 r
COMBINATION OF TONER

F16, 8. Impravement of threshald with some
combinations of 4 and § tanes,

Tante: I The response of a reetifier and low pass RC
Hlter 10 a4 pair of frequencies.

Af (epad itk ahave responae 10 single Inguency
‘Time constamt, RC {usec.)

3 20 50 75 100 200
1 G 1] [ 35 5.5 4.5

3 6 [1] 55 5 5 o
10 G 5 4 3.5 1.5 2.5
25 5.8 3.3 3 3 3 A5
100 4 3 2.5 2.5 2.5 2,5

increased opportpnity for detection, rather than o
some mutual reinforcement of the tones in the
auditory pathways, ‘This interpretation is not in-
consistent with the reported expericnee of the
listeners. Another factor which might explain the
observed theeshold improvement in part is the
possibility 1hat the tones did not all come to
threshold precisely at an RCS setting. At any rate,
the variation in threshold improvement between
sets of tones, while an intriguing subject for future
research, is not large. 1t can be said with consider-
able assurance that the improvement in threshold
with four tones is between 0 and 3 db,

CONCLUSIONS

As a result of this worl, we conclude that in the
frequency region from 600 to 1550 c.p.s.:

{1} As the frequency difference between two
tones adjusted in amplitude to subjective equality
decreases from well over one eritical band to 1 c.pus.,
the noisec-masked threshold decreases almose 5 db,
from a value approximately equal o the single-
tone threshold.

(2) This improvement in recognition is to be
expected from o system having the ability to
analyze the sound specteum into frequency bands
and requiring an appreciable time for the growth of
audlitory sensation, The data can be approximately
fitted by assuming that an analyzer element of the
ear acts like a tuned cireuit with o Q of 14 loliowed
by a rectifier and o low pass filter with a time con-
stant of 0.2 second,

(3) For 2 tones separated by more than 1 critieal
band the threshold is prabably from 0 to 2 db
lower than the single-tone threshold,

() For 4 or 8 tones, adjusted in amplitude to
subjective equalicy and ali separated by more than
1 eritical band, the threshold is probably from @ ta
3 db lower than the single-tone threshold,

(5) Significant but small changes accompany
changes in the frequencies used, the observers, and
details of testing. The effects of these variables
cannot be determined without further extensive
testing, but it is suspected that the differences in
improvement in threshold observed are related to
the ability of the observers to perceive the com-
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bination of frequencies as a meaningful configura-
tion, such as a chord or a clang,

(6) There is no steady decrease it the masked
threshold as the number of lones in separate critical
bands ingreases, In fact there is probably an in-
crease, at least with some combinations of fre.
quencies,

(7) In predicting the masked threshold from
complex signal and background noise speetra, the
presence of multiple discrete components in separate
critical bands in the signal spectrum does not
require modifying the eritical band criterion for
determining the masked threshold, When multiple

ARNER

companents lie within one eritical band, their
resultant has a higher maxinnun amplicude 1han
any one component, The eritical band eriterion
cannot he applied directly to the maximum ampli-
tude, however; the effective amplitude s less
because of the appreciable time required for the
growth of auditory sensation.
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A monaural loudness matching technique was used to study
differential senstivity 1o intensity a3 0 function of 1onal
durntion. The prabable errar {poe.) of the loutdbess macches
was used as the measure of diffierential sensitivity. With one
technicque, nstandard wone of 500 milliseconds duration was
followed by o tone of variable durntlon (10=500 millisceonds)
after a silent interval of 50, 100, or 500 millisecomnds, In
anather technigue, both standard and comparison tones were
of the same duration (10300 williscconds) with the same
silent intervals hetween tones as before, (1) When the standard
tone was always 500 milliseconds, the p.e, of the loudness
matches increnswd with o decrease Dy the durtion of the
comparison tone from approximately 460 ta 230 db, and
the length of the silent imterval had no elect on the function,
(2} When both the standared and comparisosn tones had the
same duration, the pe, again inceeaselt with a decrease in

INTRODUCTION

ANY different techniques have heen used to
measure the difference threshold for the
intensity of tones, and these many techniques have
produced different estimates of the size of the
difference limen, Mantgomery,! for example, has
shown that the difference limen (measured in
decibels) can vary by o factor of four when the
experimental procedure is changed, The experi-
menter who measures differential sensitivity must
determine which of the psyclhiophysical methods he
shall use, whether the observer has any control
over the presentation, whethier the two tones shall
have an interval of silence between them, and
* "I'his research was carrled out under Conteact NSori-166
Tusk Deder I, between Specinl Deviees Center, ONR, and
The Johns Hopkins University. This is Report No, 166-1-88,
P’roject Designation No, NR-784-001 under that contract.
'i-l. C. Montgonmery, "Influence of experintental technique

on the measurement of differentin] intensity sensitivity of the
ear,” J, Acous, Soe. Am, 7, 39-13 (1935).

duration; in this case, however, a silent interval of 500
millisecamds cansed an increase from approximitely 0.60 to
2.50 db while i silent interval of 50 milliscconds cansed an
ineroase 1o only 1,00 db, These differences are explyined in
terms of two dilferent processes: o dissimilarity elleer, and
an atterference cffect, (3) When a standard 1one of constant
duration is used 1o oluain loudness matches, the mean of the
matehes becomes o omeastre of the londoess of tones as o
function of duration, These measures showed o clear distinc-
tion between the six olservers used, For three observers, the
change in duration caused practically no change in londnesa,
For the other three, changes in loudness as great as 8,5 db
were recorided, This order of loudness elunge aprees with that
reported by Békdsy, but is considernbly less thin that reported
by Muusan. Pessible explanations for the ddifferences are
mentioned,

whether the comparison tone should both ingrease
atdl decrense in intensicy relative to the standard.
A change in any one of these factors, and others
not mentiosted here, is apt to change the size of the
difference limen he measures,

When differential sensitivity is measured as a
function of tonal duration, there are additional
complications. A change in the experimental condi-
tions can aflfect not only the absolute size of the
limen, but also the shape and magnitude of the
function obtained. Furthermore, another experi-
mental problem arises: should the standard tone
have a constant duration and the variable tone
change in duration, or should both standard and
comparison tone always have the same duration?

PURPOSE OF EXPERIMENTS

The primary puirpose of these experinents was to
investigate the relation hétween tonal duracion and
differential sensitivity to intensity with different
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metheds of tonal presentation, In the investigation
we bhave used a methed in which the observer
monaurally matches two tones in loudness. With
this technique, the probable error of the equality
matches becomes the measure of the difference
Jineen, since it indicates the degree of precision with
which the equality matches are made. Different
silent intervals between the standard and com.
piteisan tene have been used, with two basie types
of presentation. In one type of presentation, the
standard tone always has the saune duration,
regardless of the duration of the comparison tone;
and in the other type, hoth tones have the same
doration at all times,

When a methad of foudness matching is used ns
we have used it, the mean of all the cquality
judgments is a measure of the relative loudness of
the two tones, When the standard tone is kept at a
constant duration as the variable tone is changed
in duration, the mean equalicy judgments are then
measures of the lowdness as a function of duration,
This Munctional relation, then, is a secondary
purpose of these experiments—one which is im-
portant hecause of the existing disagreement con-
cerning the magnitude of the effect of duration on
loudness.

PROCEDURE
Conditions

The conditions used in these experiments are
schematically illustrated in Fig, 1, Under one con-
dition, the first (or standard) tone was always 500
milliseconds in duration, and was [ellowed by the
camparison tone which varied in duration from 10
to 500 milliscconds, The interval between the first
and second tone was cither 34, 100, or 500 milli-
seconds, The second basic condition was identieal
except that the first tone ndways had the same
duration as the second tore. In both conditions,
the tones were presented once every four seconds,
A 1000 c.p.s. tone was used at all thmes,

Qbservers

The observers were six male college students,
experienced in auditory research, One observer at
a time was seated in a sound-deadened room to
make observations for an hour at a time, and no
longer thath two hours in any one day. He was
provided with an attenuator calibrated in 1-db
steps which controlied the intensity of the first
tone, He adjusted his attenuator until hoth tones
sounded equally loud, and thencalled hisattenuation
score to the experimenter in an adjacent roem by
means of an intercom system. The observer's
attenuator had a total range of 45 db, but its
reading had no meaning to him, since the experi-
menter added and subtracted attenuation at ran-
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1o, 1, A schematic illustration af the two basic conditions
nsed {0 these experiments, See text for furthee expliination.

tlom. IZach obiserver made a total of ten loudness
matches for each condition, but the experiments
were so planned that no two observations for the
same conditions were made in the same session,
This procedure slightly increases variability of
judgments, but prevents any systematic influences
such as babimation, learning, ete.

Measures Used

‘I'he measure of the difference limen (or varia-
bility) is the probable error (p.e.) of the judgments.
The pee, was obtained by averaging the variances
{standard deviations squared) of cach observer’s
scares for a partiewlar enndition, adjusting the
variance for degrees of freedom, and then computing
the p.e, from this average variance, Thus the
measure of the difference limen is taken with refer-
ence to the mean of the observer's judgments, not
with respect to physical equality. This procedure
iy necessary, of course, when there are large differ-
ences between subjective cquality and physical
equality, such as when the standard tone is longer
in duration than the comparison tone, Under most
conditions, the menn scores for the different ols-
servers represent random variation. Thus this pro-
cedure does not decrease the size of the difference
limen because it has already been increased by
adjusting it for degrees of freedom,

Measures of loudness of tones are simply the
mean score (in b} of all the equality judgments,

APPARATUS

The apparatus used in these experiments s
basically the same as that used previously,? and a
briel deseription here will suffice. The output of a
Hewlitt-Packar oscillator was fed to an clectronic
timer which provided all the time relations used,
Both tones began and ended abruptly, and no later
filtering was used to change the transient character-
istics, The two tones from the timer were kept
separate for purposes of differential attenuation,
and then mixed in a resistive networl, amplified
and fed to a single PDR-8 earphone (mounted in a
doughnut cushion} lor monaural listening, All

W, R, Garper, "The lowdnesd of repeated short tones,"
1. Acous. Soc, Am. 20, 513-527 (1948},
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1. 2, The effeet of tone duration on differentin sensitivity
for intensity when the first (standaed) tone always has o
duration of 500 milliseconds, The reference intensity lere,
and for other intensity levels, is 0.0002 dyne/om?,

apparatus except the earphone and the observer's
attenuakor was outside the sound-deadened room,

Intensity levels were determined by measuring
veltages across the earphone with a vacuum-tube
voltmeter and referring to the calibration curves
for the earphone which had been provided by the
Permoflux Company. Special ealibration circuits,
in conjunction with a Standard [Electric elock
calibrated in 1/100 second, were used to measure
the various times. An exception to this procedure
was made when very short durations were used, in
which case the number of cyeles of a 1000 c.p.s,
tone were counted on an oscilloscope,

RESULTS ARD DISCUSSION
Difference Limens

The rest of the paper is divided into two sections,
‘This section is concerned with measures of differ-
ential sensitivity, and a later section will treat the
problem of loudness,

First tone constant duration. Figure 2 shows the
effect of tone duration on the difference limen when
the first tone always has a durcation of 300 milli-
seconds, and Uie second tone is variable as indicated
on the abscissa of the graph, The intensicy level
for these measurements was 80 db, In general, the
difference limen (DL) as measured by the pe. of
the loudness matches increases as the duration
of the comparison tone decrenses, especinlly below
200 millisecands. This relation is not basically differ-
ent from that obained previously by Garner and
Miller,® although the technique used by those au-
thors was quite different from the present tech-
nigque. The absolure size of the DI, however, is
considerably greater in these measures than in the
I)FEViDIIE onces,

W, R, Garner awl G. A, Miller, "' Differentia) sensitivity
ta intensity as a funciion of the dumtion of the comparison
tone,"” [, Exper, Psychol, 34, 450103 {1944),
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F16, 3, The effeet of tone duration on diffecential seasitivity
for fntensity when the first (sandanl) tone always las a
duration of 500 milliseceads, at 1wa different inwensity levels,
IEach plotted point is the average of daa obrained with three
different silent intervals hetween tones,

Although some scatter in the plotied points is
produced by differences in the interval between the
two tones, there is no consistent effect of the
interval, and we have deawn a single curve which
provides the hest visual fit of all the points,

Effect of inlensity, The same conditions which
wure used for the data of Fig, 2 were used at a lower
intensity level, Again the size of the interval be-
tween the tones had no consistent efiect on either
the shape of the function or the size of the DL, so
that it seemed legitimate to draw one curve for all
three intervals, Figure 3 compares the average
curves for the twe different intensity levels, At the
longer durations, the DL is considerably smaller for
the higher intensity, although the DL's are essen-
tially the same at the very short durations, “The
preportional difference in the DL at the longer
durations is in good agreement with the data of
Riesz,* but is in poor agreement with those of
Kndsen,® which show very little change in differ-

ential sensitivity over the range of intensities used |

in this uxperiment, e is not elear why this difference
should exist,

Both towes sume duretion, Figure 4 shows how
differential sensitivity is affected by tonal duration
whien both the standard and comparison tones have
the same duration. Unlike the previous situation,
we now find that the size of the interval between
the tones has a marked cffect on che shape of
the function and on the size of the DL at the
shorter durations. When the interval is short (50
milliseconds), the function is approximately the
same as it was when the first tone had a constant
duration, When the interval is long, however, differ-
ential sensitivity changes very slightly as the dura-

1% R, Riesz, " Differentinl intensity sensitivity of the car
for Quru tones,” Phys, Rev, 31, 867-875 (1928).

AV, 0. Knudsen, “The u‘unsibililr of the ecar ta small
((l:ffsrcnccsin inwensity and frequency,'” Phys, Roev, 21, 84-103
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tion is decreased. In fact, at 10 milliseconds the
DL is only 1.7 times as great as it is at 500 milli-
seeonds as compared to an increase by a factor of
4.2 with an interval of 530 millisceconds,

In a previous paper,® the effect of duration pn
interaural loudness matehing was studied when the
two tones were presented 1o the two ears simultane-
ously, Under those conditions, it was likewise found
that duration has relatively little effect on differ-
enlial sensitivity, But there was another similarity
between the functions obtained under those condi-
tions andd the functions ebtained here when both
tones have the same duration, In both cases, the
maximum variability in loudness matehing occurs
with a duration of 20 milliseconds, It would scent,
then, that some similar factor is operating in the
two conditions, The maximum wvariability at 20
milliseconds is prebably due to the fact that it is
the critical duration for wonality, At shorter dura-
tions, a definite click is heard, while ac longer
durations, a clear tone is heard,

Comparison of conditions, We can summarize
these results as follows, In monaural tistening, if
the standard tone is of a long constant durntion,
differential sensitivity markedly decreases as the
duration of the comparison tone is decreased, re-
gardless of the interval between the two tones.
Likewise, if borh stancdard and comparison tones
have the same duration, with a short interval
between fones, diferential sensitivity decreases
with a deerease in duration, On the other hand,
when both standard and comparison tenes have
the same duration (again with monaural listening),
but with i long interval between tones, the effeer
of duration on differential sensitivity is relatively
small, And similarly in interaural comparisons, the
effect of duration on differential sensitivity is small
when both tones have the same duration and are
presented sintultancously.

The best way to explain these results is to assume
that there are two different factors operating to
produce the decreased differential sensitivity when
the duration of the tone is decreased. One of these
factors we can call a dissimilarity factor, and the
other an interference [actor,

It is generally recognized that minimum differ-
ence limens are obtained when the two tones being
compared are identical in all respects except that,
aspect for which differential sensitivity is being
meastred, If two tones of two different frequencics
are used to obtain measures of Jdifferential sensi-
tivity to intensity, for example, the sensitivity to
differences is less than if both tones have the same
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decreased in duration, the twa tones lhiecome less
sitnilar, particularty when the duration of the com-
parison tone is so short that the tone is heard as a
click, Under these conditions, then, we would
expect that differential sensitivity would decrease
a8 the, camparison tone hecomes shorter, and that
is exactly what happens, The decrensed sensitivity
is due to the fact that the 1ones become less and
less similar, '

On the other hand, when bhoth tones bave the
same duration (in cither monaural or interaural
comparisons) they are the same in all respects
except that of intensity, and we would expect a
minimum effect of duration on differentinl sensi-
tivity, We get a minimum effect of duration in
interaural comparisons, and in manaural compari-

song when the two tones are separated sufficiently |

in time, When, however, bath tanes are close
together in time with monaural comparisons, we
again get a marked effect of duration of the differ-
eice limen, This effect we must attribute to an
interference of the two tones on cach other—an
interference which is due o some continued re-
sponse to the first tone over the period in which
the second tone appears, After o period of time the
response to the first tone disappears, and we chus
get no effeet of duration on differential sensitivity,

We would expect the maximum interference to
occur with simultancous presentation of the two
tones, which is the condition achieved with the
interaural comparisons. Since there was very little
effect of duration on the interaural judgment, it
seems likely that the interference is relatively
peripheral—certainly not occurring as high in the
netvons system as the point where the interaural
Judgment is made, Actually, the eritical experiment
(o determine the loens of the interference would be
to use interaural comparisons, but with the two
tones separated by a short time interval.

Absolute size of the difference Hmen. ‘The use of
the probable error as the measure of differential
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sensitivity should be equivalent to the limen as
measured with other techniques. Tt is the value
which encompasses 50 percent of the equality judg-
ments, and thus is that value which we can as-
sume would produece 50 percent higher or lower
juelgments and S0 percent equality judgments, In
the present experiments, tones of 500 milliscconds
have been compared a total of seven times, The
average difference limen obtained was 0,60 db,
which compares not tooa unfaverably with the more
recent values reported in the fiterature. Values
reported by Knudsen,® Riesz, and Churcher, King
and Davies” for equivaleny conditions are on the
order of 0,40 dby, Postman® reports a watlue close to
0,70 b, which is slightly higher than that ebtained
by us, while Dimmick and Olson? report values
considerably higher, It would seem fair to say,
then, that the values obtained in these experiments
are not out of line with previously obtained values,
even though the method used is different from other
methecs in many respects,

Other effects of tnterval, Montgomery® stades that
the minimum difference limen is obtained when the
interval hetween the twa tones is zero. We ebtained
data for a zero interval with both tones having a
duration of 300 miltiscconds, and ohtained 2 differ.
ence limen of 0.43 db, which i3 lower than any of the
other limens obtained. Thus Montgomery's states
ment scems to he justified. Other than thisone effect,
however, none of the other diiferences in differential
sensitivity due to the size of the interval is statisti-
cally significant, in agreement with results obtained
by Harris and Myers'® for noise. Postman,* likewise,
found little or no effect of interval on the difference
limen for the intensity of tones, although his data
encompass much greater time intervals than ours.

We obtained no functions with a zero interval
between tones because such a function becomes
meaningless at the very short durations. In pre-
liminary experiments, attempts were made to ob-
tain data for a zero interval at short durations, and
it was evident that judgments under those condi-
tions are impossible. When no time separates the
first and sccond tone with durations of 20 milli-
seconds, for example, it is impaossible to tell which
tone came first, Any judgment matle becomes one
of wljusting to a guessed total Jowdness, amd is
completely meaningless in terms of differential
sensitivity.

¥ Churcher, King, and Davies, “The minimum perceptible
ngt&q;. af intensity of & puee tone,” Phil. Mag. 18, 927-91%
“"L Postman, *“The ume-err in auditory perceplion,”
.r\m.J sychol. 50, 193-219 (124h).

F L. :mmlck.m:[ R, M. Olsor, "T inc intensive r!uTun.ucL
Iumu |n1||d||:mn, ). Acous, Sec, Am. 12, 517-525 (1941},

o Llrrl'i and C. K. Myers, Y[ntensity (h-r.rllnm.ltlnn
for \vhm. neise,t Progreas Report No, 3, Burean of Medieine
and Surgery Res. Proj, NM-003-020 (1‘)!8)
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Iffect of repetition rafe, Addivional daa were col-
lected to determine i the rate at which the tones
were repeated had any serious cffect on differential
sensitivity, The slowest rate used was once in four
scconds (the rate for all data shown here}, and the
fastest rate was five times a second, which could
be used only for some of the sharter durations and
intervals. Over this range of rates there was no con-
sistent or reliable effect of the rate on differentinl
sensitivity.

Pime errors, Whenever hath the standard and the
comprrison tone are of the same duration, the nean
of all the eqoality matches can be used as a measure
ol time crror. At long durations, the mean differ-
eiices obtained were always small, and in all cases
except one were statistically insignificant {at the one
percent level), Even if we assumed that the differ-
ences obtained were all signifieant, there would be
no justification for talking about a time eiror func-
tion, since no consistent trends were evident in any
af the data,

Loudness as a Function of Duration

in this experiment, the observer adjusted the
intensity of the standard (first) tone to give a
loudness equal to that of the secand tone. Since the
frequency was always 1000 c.p.s., the intensity
level of the firse tone directly hecomes the loudness
levet of the second (variable duration) tone.

Differences between observers. In plotting the data
to show the effect of duration on lowdness, it was
immediately apparent that the observers fell into
two distinet groups—ane of which showed a con.
sistent change in fowdness as a funciion of duration,
anel the nther of which showed practically no change
in lowdness as a function of duration, Three ob-
servers fell into each group, and were in the same
group for all conditions, In other words, the ab-
servers were consistent in cither showing an effect
or nat shawing an cllect,

Figure 5 shiows the effect of duration on loudness
for these two groups at the two intensity levels
used. Although the difference between the two
groups is fess at the lower intensity, the difference
is still clear. We ean see no possibility that differ.
ences in esperimental procedure could have pro-
ditced  the differences shown here between the
ohservers, All observers were given the same in-
structions, and no abserver ever knew the results
of his abservations, Likewise, since the experimenter
added or subtracted agtenuntion at random, it was
impossible for the observer 1o know how close e
wis to physical equality in making his judgments.
In addition, there were no differences between the
two groups in variability of loudness matehes, The
size of the silent interval bad very lictle effect on
any of the lowdness equalities, for either group of
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observers—the maximum difference was about { db

in faver of less loudness for the longest interval,
Conmparison with other resulis. 1f we asspme that

-results from those ohscervers who shawed o change in

loudness with duration represent the true function,
there is still a large discrepancy between our results
and those of Munson,'* For example, at an intensity
level of 80 db, our results show that a tone of 10
milliseconds duration has a loudness level only 8.3
b less, In contrast, the data of DMunson show a
leudness level dilference of close to 30 db under
similar conditions. The niaximum difference in laud-
ness level for any one of our chservers, under any
condition, was 12 db, as compared to the consider-
ably larger average differences of Munson,

In a previous paper,? we investigated the loudness
of repented short tones, and found the effect of both
duration and repetition rate on loudness. The
loudness differences as @ function of duration
reported in that paper were equivalent to those
reported here, but at that time we asstmed that the
discrepancy between our results and those of
Munson was due to the fact that the lowest repeti-
tion rate used was five per secondd. In view of the
present results, it must be assumed that there s a
fundamental discrepancy between results—a dis-
crepancy which needs some explanation,

In 1929, Békésy' reported data on the effect of
durntion on the Joudness of tones. His resutts (for
similar, but not identical, conditions) agree very
closely with the results reported here for the three
observers who showed the greatest effect, Thus the
results of the present paper agree with our previous
results and with the results of Békésy, but disagree
markedly with the results of Munson,

Passible explanations of diflerences, Two possible
explanations of the discrepancy can be mentioned,
The first s that of methodology, Munson used a
method of constants, in which the comparison
stimuli had fixed and predetermined intensities,
With such a method, it is possible that the results
are affected by the selection of the intensities which
the abserver hears. Mr, J. M, Doughty is at present
doing experiments in this laboratory which indicate
that the equal loudness point can be strongly af-

1Y, A, Munson, "The Lrnwth of auditory sensation,”
J. Acous, Soc, Am. 19, 584-501 (1947),

nQ, V., Bikdey, %Zur ‘Theoric dcs Harens,* Miysik. /u:ts.
A0, 115 {1929),
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Fig, 5 The effect of tone duration on_ loudness, at jwo
intensity lL\'th. for twa different groupa of observers. Each
tlofted point is che average of data abtained with three
different silent jntervals between tostes.

fected by changing the range and abselute values of
the comparison stimuli.

The other explanation—one which needs to be
investipated—is in terms of the kind of onset of
the tones, in all our experiments the tones had an
abrupt onsct, which produces many transient fre-
quencies, Békésy likewise used an abrupt onset, In
Munson’s experiment, however, the tones rose from
zero to maximum amplitnde in 3 milliseconds, which
gives a tone with considerable less click at the
beginning and end of the tone. At durarions as
short s 10 milliseconds, this difference in presenta-
tion of tones could certainly have some differential
effect, although a difference as large as actually
occurs seems unlikely. It seems even more unlikely
that this procedural difference could account for
the discrepancy in results at durations as long as
100 milkiseconds,

It scems approprinte o say at this point that
more research needs Lo be umdertaken Lo rectify
these diserepancies,
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[ studied principslly the mechanics of the middle var, summariz-
ing the unatomy and the physiology of the ear. T made Diagrem
showing the anntemical steucture of the ear, and teanslated it inta
physical terms of Dingrame I1, such ns niase, speing, and [rietiopn)
constant, etc, Thereafter T coulil get equations showing the nie-
chanics of the middle ear through the Lagrangion equation, The
complicated treatment for the kinetic, polentinl, and dissipation
energies of the middle ear clements i for the purpose of expressing
my opinlon abont the function of the middle ear which is paraly
different feom the present contendictory medical views. By using
the resulunt equatiens of the motion of the ear aml Dingram 171
{showing the electromechanical steucture of the midille enr), 1
studivd the mechanismy of the middle ear wnider an assuraption
that the frequency characteristic curve of the luner ear s flat in
o wille ange.  This nssumption may be delueed from Luscher’s
expetiment of Lhe wympanic lading and hearing curves of men
with camplete defect of the tympanle membrane but with coch.
lear nerve intact. However, T do not explain it heee, and it will he
tescribad In detail In fuether papers, From theoretical results thus

obtained T made some experiments urd enleulation of the satura)
frequencics of the mlddie car clements,

My conclusions are as follows: (a} The nir vilestion system of
tlie v which consists of the external auditory canal, the tym-
ponic civity, amd the antrum can he shown electromechanically
by Dingram 111, (h) The middie car has four madn peaks of reso-
nance an the hearing curves, (€) The middle enr amnid cochlea
appent 10 be regareded as o displacement seceiver and u pressure
recejver, respectively. () The tynspanic memlrance has twa im-
partant roles; (1) that of composing the vibration of the external
atditory canala, of the aptruny, and of the nir cells of the mastoid
process; and (2) that of propagating these vibrations (o the os-
sicles. {e) The non-linear vibration of the tympanic membrane,
the basilar membine, sl the secondary tympinic membrane,
produece combinution tones, {f) The aic vibration system has nn
important rle in understinding speech sounds, Iis magnification
of 1he sound intensity is above 50 dh in a range from 700 or 800
cyales (o 5000 eyeles as in Flg, Sa. (g) This work offers n prohlem
of deslgn of 0 new sudiemeter, and is svailable for dingnosis of
otologienl pathelogy.

HE so-called Helmbholtz theory of bearing, ar some
modification of it, and others nttempted 1o ex-
plain, so far as possible, how the recognized sensations
of sound are evoked by stimulation of the ear with
sound waves, but they were not successful, On the
conirary, modern acoustics and acoustical instruments
made a great advance supported by radio technology.
It became necessary for even radio technology to in-
veatigale the function of the ear as an important prob-
lem, because the human ear is the foremost of all
receivers of sownd, Consequently, the exact function of
the ear beerme of intense interest (o physicists as well
a4 otologists, Many important experiments which nim
to throw light upon the mechanism of hearing have been
performed hy physicists, Flowever, the stalus of our
knowledge of the mechanistm of heuring may not e
satisfactorily applicable in practice in spite of its con-
sideruble knowledge,

In my opinien, this means a Inck of intimute knowl-
edge between olologists and physicists.

Tvis hard work for otologists to understand the higher
mechanics ; however, we otologists must do so in order
to make an advance in otology. Pherelore, there must
be n fundamental mechanics of hearing commun Lo
otologists and physicists, and applicable in practice.

I found such n fundamental mechanics of hearing,
summarizing the snatomy aned the physiology of the
car from the standpeint of physics.

DIAGRAM I

Diapram 1 is an anatomical dingram of the ear show-
ing the mechanism of hearing, The cochlear labyrinth
ia surrounded by many air cells of the mastoid process.
These air cells have the important role of reflecting on

their surface the heart sounds carried by the arteries,
The normal reflection coefficient of the air cells is cal-
culnted by measuring the impedance of bone and air,
7= (Ry—=Ra )/ (R K,

where Ry=42 (the impedance of air), R;=83x10¢ (the
impedance of hone), and =the normal rellection
coefficient of the air cells. I could net, however, find the
value of bone fmpedance in any table of physics, In
1943, as a result of experiments into the methed of
which T shall nol go at this time, I arrived at 83 10¢
¢.g.5 ns the value of bone impedance, #= 0,999+, The
percentage of reflex is.99.9 percent; i,e,, almost all of
the heart sounds which the bone structure propagates
from the carotis to the cochlear libyrinth nre reflected
on the suriice of the air cells.

Part of the sounds, however, are admitted through
the hane partitions separating the many air cells, Due
to this, the actual value of reflex an the surince of the
air cells Iy estimated at 25 db which 1 have deduced
from n study of Harvey Fleteher's experiments in
hinnural “objective beats.

The car has twe nxes of rotation. One axis, the malleo-
incudal rotation axis (11), consists of the process an-
terior Folii et lignmentum mallei anterius and the short
process of the incus. Another axis is behind the pos-
tertor pole of the foot plite of the siapes (15),

I consider the combined heads of the malleus nnd
incus to be a sort of counterpoise, This is illustrated
iy the fuct that the weight of two purts, which are
abtained by cutting the ossicles in the direction of the
ligamentum mallel anterior aned the under edge of the
short pracess of the incus is equal. Tn ether words, the
moment of inertin of the ossicles is at its lowest value,
The equation expluining this faci, from the standpoint
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of mechanics, is 7=14+ M, where G is a line which
passes Lhrough the centroid of o solid whose mass is M,
L isa line parallel to &, and the distance between £ aned
G is d. 1y, is the moment of inertia with respect to L
axis, and [ is the moment of inertin with respect to G
axis, 7y, will be at its smuallest value when d=0. The
incudestapedial joint {t4) functions as n sert of uni-
versal joint, The secondary tymymanic membrane (18)
is o thin membrane which reduces the impedance of
vihrution of the cochlear fluid. For instance, in the cnse
of otosclerosis, this membrane beeomes rigid; i.e., it
nieans thal the impedance of its vibration increases
extremely. T consider this to be an explanation of the
results of the fenestration operation hy Maurice
Sourdille, :

The difference between the impedance of air and
that of liquid is too great, and results in a reflex of sound
waves at {he boundary of the two medin, In arder 10
prevent the reflex of sounds we must insert a trunsformer
between the two medis, Tn other words, the vibration
aystem of the middle ear acts as a sort nf transformer
of the sound waves between the air and the cochlear
fluid, T consider, iewever, thut the dilference of im-
pedance between the cochlear fluid aud air would be less
than that between a large mass of liquid and air, simply
because of the extremely small quantity of the cochlear
Auid,

The vibration of the stapes is a hinge-like movement
which has its uxis of rotation behind its posterior pole,

The stapedius muscle (20) pulls the anterior pole of
Lhe stapes outward, while the tensor tympani muscle
(19} pushes the pole inward, through the incudo-
stapedial joint, The result of thisis that the two muscles
act a8 antagonists and maintain the ossicles in the
neutral position of vibration, The nqueducts (23) and
(24) have the rale of muintaining the normal pressure
of the cochlear fluid, The cellullne hypotympanicae (8}
and the other small cells in the tympanic cavity may be
considered as supplicrs which add air viscosity in their
cells to the vibration of the tympanic membrane, Thus,
I have explained in outline, by use of Diagram T the
functions of the varioud parts of the ear,

DIAGRAM I

I observed the vibration of the tympanic membrane
by introducing the light of a stroloscope into the narmal
car, Its vibration has its Inrgest amplitude in the middle
zone of the tympanic membrane, The amplitude of the
vibration of the molleus is much smaller than that of
the middle zone so that T could not exactly determine
the ratio between the two amplitudes, However, owing
ta this fact, T wus able to trauslate Diagram I into
Diagram 11,

T= M gia*+ AM pigtt W8S FM o o o
b gl BB M o Py

where
g=defdt; d=dy/dl; §=d0/dl; G=d48/d8%; s time.

THE MIDDLE EAR 03

As o result of my experiments on the normal tym-
panic membrane, [ have heen able to abserve jts non-
linear vibrations, These observations, together with
the result which Schaeffer published ns o result of his
clinical experience, have led me 1o helieve the vibra-
tion of the basilar membrane and that the secondary
tympanic membrane are, like that of the tympanic
membrane, non-linear, ¥=the palentin] encrgy of the
vibration system of the ear.

V=48olxg— x4 r!f(xr,v—.‘t‘r)"'d(a‘r;— xr)
FISnler—l0x)+8 f (er— 10K Vid(er—10x)

+ &SI'(-"T"ﬂ'l)“'f"Yf (p=a P (xp—a1)

F4Si(ri— w0l -4 Sa{wa—aa}e o

17 S
+_ _L(!aa!\')"l'f"zl%f (!:gx){fu;(ﬂx)

26
48w (1i0x)*+ 3 Sslry sing: 83)°
11y Sy
+-—ﬂ's"'+';l';l—;

2 2

xghlyg

+ &S et ﬁf.‘rc"{!.l'(:'f' iS nctt Ef.\'f,'ﬂd Xy

where e, 8, v, 6, and ¢ are arbitrary constants of very
small numbers, /' is the dissipation function of the
vibration system of the car,
Fe iRyt dRpt P LR & S d Rt - -

+AR b Reidd,
where R=the constunt of viscous friction of the differ-
ent elements. From the information in Diagram IT,
we can deduce the following relation;

Gs= (1/rs}ra
Ox=(rs/rlr)s

rally= a0y

rilfg=xg
Bies Ky (1)

(ra/radvg =10k

=Ky (2)

ro= ‘.’l‘x-'h (3)

where ra/rafa= Ky und 1/ra= Ko, Substituting Eqs, (1)-
(3) for Eqs. T, V, and F, we obtain the following
equations: ‘
T=3iM i+ 3 M pip? 420+ LM o s

Y (K 2P 3 oKt s+ AM o (i)

Mt e M A e

F A KPR 30 o)ish,
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Diacram I, Shawing the unntomical struciure of the car, -}-ef(&.\',q)’d(&:l's).
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1. eﬂcrnall nmllto':y eanal iR R %R 3+},R R
3, tympanle membrune ta L Rpgndt] i pr v
3 U’?‘ltmllde nerh F=iReta* ARy + 3R - Rad -
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Yo alr cells af mastoid process c
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12, canbined hieads of tnalleus and Incus
13, Jong process of ineus .
1o, eadtoatapedial jelst Substitute Eqs, (a), (b}, and (c) for 7, V, and F in the
16, annutar llgnment Lagrangian equalion.
l;. Imllr:f nn:mhrmmI ;
14, mecondary tympanle membrine . .
19, tensor tympanl smipcle y dar o oy or
';‘0. Iltimcdlul muach; X | I . s e s o e .-—..:;Qh
1, ligamentuey mallel sitperics et Ngumentum incudis sy periee 5. . . .
22, ligamentum mallei laterale per didfy B9 O A

. nguediciug cachlene

. locroninl Buid. Then we obtain the following differentinl cquations:

Metat Rotat+Salra—rr)+alye— 7= Qn{sound)
M@ Rpkr—Solre—a1)—alvg— x5 +Sp(xr— 11K x5
+Blxr— 1K syt Splar—x )+ yler—n =0
M,:E|+R|i1—S;~(:cr-xl)—y(xr—xl)'-'+.5‘1.vl=0
(Ifo-i-IsK:"'-}-H[e)is'f' (R:.'I\'lg-f‘%f"c)j’s—IJKJST(-T—'T_IIKWSJ
TUPKY SRy .
=i 8(er—hKws) 4+ xgt rst Sl \Pas
[L 2!1,3
Py Sy .
4-8sry? sins K:"‘-Vs+‘}'—o\‘s+';—,-‘l'.s"+isu-‘-‘s-f*iﬁn‘s*'i'55n-t's+ifv"s"=0
v Ay
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Modifying the above equatiens we abtain the resultunt equations showing the mechunics of vibration of the ear,

(M gEg-+Reto-Savet alee—ae) =00t Sear

Mt Ry (Spd-S)ay = (g ) = Spair
(TxK 34 IsK2 1M o)+ (R Ky 1R ) s

12

THE

Matpt-Rpirt (SetSot Sp)er—a(re—an)i4-Blap—hK gty (xp—a) = Save+ Spn -+ W KiSras

TifK
+ ([t."Kx:S‘l“l'i_“i'h, A Sy+Sarth Sill"‘ﬂ"l—T—{-—:—-
L v

N 5t¢ Sy
—hEfxr—hK 1xs)’+—§-‘vs’+'2’—;ﬂ's’=hffss Pey
o
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From the fact that we cannot hear combination fones
if the intensities of two tones are less than about 50 db,
we can deduce the fact that non-linear vibration does
not take place in the vibration system of the enr when
the intensities of tones are less than about 50 db. In
such o case we can mathematically neglect the terms
whose order of x are higher than &',
Thus, simplifying Eqs. (I), we obtain

Mgtg+RetatSeve=(n (sound)-+Saxy

Motr+Rpdp+{Sot+-Srt-Sp)vr
=Sm.‘n+3p:\‘|+l\';\‘y 1 (II)

MR- (SptS)er=Spxr

Mstst Retgt-ESxs=Kai

where
hK\Sp=K

TRRK A TsKd 1M e=My
RigK34-iRe=Rg
4 ’I':

TR )
+ ! 4"'IL':=S,u+S Fis 1"' 'f sin%

Tv & n‘i'Sn_
Iy 4

13K 8-
13

8,

From my observation of the vibrating tympanic mem-
brane, I found that a9 is too large in comparison to xs;
80 we cah neglect xs in Eq. (11}, Thus we obtain Eq.
(TTT), shawing Lthe mechanism of the air vibration sys-
tem of the ear that i3 to say, in my opinion, the vibri-
tion system from the air in the external auditory canal
to the air cells of the mastoid process,

MaBgt-Ret ot Soye= Qo (sound)+Sgrer
Magrt-Ridrt+(Sat-Srd-Sp)er
=Sgra-+Srm |’
Mg+ Rid+ (Sp-Si)e = Srar
The mathematicnlly solved answer of xp is so compli-

cated that we cannot apply it practically.
It is ensier for us to study the composition of Eqs.

{D)~{111}, and deduce the conclusions from them.,
Trom Eq. (I} we can conclude:
(x) ‘The ear is one Lype of o complicated system conslsting of
many connceted springs,

{11

(h) The vibration of the cochlear Puld which determines the
form of the hearlng curves is conducted Ny the tympanic

membrine, .
{c) The vibration of the ear Lelongs to o non-linear type,
0 mass
- Spring
o friction
o bone structure

&
R

Diacran ([ Showing the mechnnieal siructure of the ear, The
symbols A, 5, X, and 7' designate mass, spring constant, displace-
mend, ond tension, Subseripis designate different elements as

followa;

G—externol nnditory conat
T=tympanle mem brane
P—tympanle cavity
1==tditizs ad mntrum
Z--lirat mastah] cell
F=gecand wastoid cell, ete,
L~lignmeatwin mullel et incudls supeelor
Af~tenaar tympani miscle
S—atapediue miiscle
V—Hzamentum snnnlare
F—busilur membrung
K—wsecondary tyinpanle
C-—cochlenas luld.

Other symbols:
I={cagel ol each part of the malleus and the Incus
re=the length between the posterior pole of the ataped aged the Jolning

paint of the stuaedius mescle
re—=the length betsween the posterior pole nnd the anterlor pole of tha

Blopes
r—the leagth hetween the pagterfor pale nnd the center of the fncuda.
stupedial joine

e—tha augle made by the stupediua mnscle asd vy
Jx==the moment of inertiy of the ossicles wnllens and Incua concerning

bt uxls
Ia=tha yovement af inertln of e stupes cunccmln;i Ita axla
ﬂx—’the angle diaptacement ol the cominon axls of the mallcus and the
ney

L
vq—the nngle displacement of the axis of the stapes
r—thie kluetic encruy of the vibratlon uydlem of the car.
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netwark

Le i &y Ly L
wm—-rmr—t%j_.
ian o= [ G [ od'p\t ossiealir
i Co ! 1 cocklear

Diacran IIT. Equivalent clectrica) clreuit for authur's 1.
grant IL Courtesy of Charles ‘1% Mollay of the [ell Telephone
Labarutorics, whu has studied Dingram {1,

From the structure of Lg. () we can conclude:

(d) The tympanic membrate hus an importunt function of
composing the vibration of the extemal stditory cenal, that
of the antrum, and that of the air cells of 1he mastoid
procesd,

The tympanic membrane has is free vibration whese fre-
quency s considered as the Jowest in the air vibmtory sys-
tem. In other words, the value (S48 4-50)/37 which
defermines the frequency of frew vilmton of the Lympanic
membrane Is smalter than Se/Mq or (Sp+5,)/M, hecause
the value of Afp is extremely Jarge compared Lo the mass
AMaor My,

The frequency of the free vibration of the air in the external
suditory cannl is less than that of the antrum beeause the
air volume of the former is much larger than that of the
Intier, Consequently, we get the following coneeplion:
Jr<fa<fa, where frethe [requency of free vibration of
the tympanic membrane, fg=the frequency of free vibra-
tion of the externnl auditory canal, and fa = the frequency
of free vibration of the antrum.

DIAGRAM III

Through the resultant Eqs, (111}, we can translate
Diagram 1I into Diagram I1I showing the electro-
mechanics of the vibration system of the middle enr,
This clectrieal circuit may be useful in the experimental
study of the function of the middle eer elements.

THE ACOUSTICAL EXPERIMENTS

I measured the frequency of free vibration of the
tympanic membrane. I pasted o very small and light

(e

—

{

L=

a. 1, The free vibration of the ‘%mpnnln membzine,
Time interval 17100 see,

" mirror on the mallens of a caduver, and registered the

light reflected from the mirror on a film. T repeated such
experiments, and the results obtained by the experi-
ments show that the frequency of free vibration of the
tympanic membrane is approximately 800 cycles as
shown in Fig. 1. T consider this value us an exact one
hectuse the mirror used in my experiment was extremely
small and light, and its weight would hardly affect
the frequency of free vibration of Lhe tympinic mem-
brane.

As the frequency of free vibration of the tympanic
membrane with the ossicles, Frank reported 1110,
1092, and 1304 cycles; Kobmlk, 800 cycles; and Bekesy,
1000 cycles,

Trocger reported that the normal tympanic mem-
brape has its smallest value of mechanical impedance at
800 cycies, These experimental results are very interest-
ing when compared with mine ns mentioned above, aud
they colncirle with the frequency of the first peak on the
frequency characteristic curve of the normal car ob-
tnined Ly my new hearing test us will he described
later.

1 calculated the frequency of free vibration of
the external auditory cunal and thal of the antrum
from their anntomical dimensions. Fhe former s
So=31000/1({L+0.6R)= 34000/4(3.5+0.6X0.4) = 2270
cycles, The latter is f4= K(S1/1)== 3650 cycles, be-
cause I regard the free vibration of the antrum as that
of Helmholtz’s resonator, Here, S is the sectional ares
of the aditus ad antrum, and V js the volume of the
antrum, K=35617, for example, S=0,16 cm?, V=10
cm? as in Iig, 2,

‘The dimensions S and V¥ are varinble individually but
they are in proportiona) relation, Thercefore, the fre-
quency of free vibration of the antrum remains constant
in general,

T have not been able to caleulate the frequency of free
vibrntion of the ossicles ur find its value experimentally,

The ossicles of the ear have many springs such us the
lensor tympani muscle, ligamentum mallel et incudis
superior, the stapedius muscle, and ligumentum annu-

Fio, 2, Aditus ad antram and antewn,
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Fies, 3. Imnginnry hearing curve.

lare. Due to this fact, we consider thal the charmecter-
Istic curve of the ossicles is probably linear,

However, we may consider that o sort of & tuning
fork made by the malleus and the long process of the
incus moy perhaps have its free vibration peried,
Following this idea and using Young's modulus in
regard to bone, T obtained in 1943, 8700 cycles as a
value of its frequency.

f=K(A/L)(E/p)r=0.161%(0.083/0.5)(E/p)}
: = 8724 cycles,

where 4 and L nre thickness and length of tuning
fork, respectively. We can consider practically, that the
mulleus and the long process of the incus are nimost of
same length, ie., h=/z in Dingram I, E=Young's
madulus of hone, p is its density, (£/p)i= 328,000 cm.

As mentioned, the ear may have four, main, resanance
vibmtians, From the fact that Diagram 11T shows elec-
tromechanically the air vibration syslem of the carnsp
type of low pass fillers, we are able to consider that
after the peak of 3600 cycles the curve would drop
sharply. Thus we obtain the imaginary outline of the
hearing curve as in Fig. 3, However, the valleys he-
tween the peaks of this curve are considered as not very
deep because the damping constants of the car are
large, ns may be scen in Fig, 1.

THE HEARING CURVES

From the standpoint of my above-mentioned Lheory,
it Is necessary to gel the mensuring methad of the fre-
quency-characteristic curve of the ear, In 1944 T used
& beal-frequency oscillator, n telephone receiver, and
an attenuator of dh scale as its measuring instruments,
‘These acoustic instruments are made by RCA and their
characteristics are known exactly,

Theie citcuit is shown in Fig, 4, In this circuit, s

Seat {urpuns | aitauntor | o—-d‘lﬂ—nr‘
miﬂ':m’ =] im o acals :< :) ]
s

Tadrphome

Pt

Fio, 4, Circuits of acoustic instruments used for measuring the
[requency-charncieristic curve of the car,
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Fi0, 5a, Frequency-characeeristic enrve of normil car;
recelver detached fram the ear.

calibrated telephone receiver is placed 0.5 meter before
the ear, The output of the oscillator is set at an arbi-
Leary constant value, and the degree of the attenuntor
is adjusted until the subject cannat hear the tone of the
telephone veceiver in a soundproof room. When the
attenualor readings in db scale (corrected for the
receiver calibration) are plotted on the ordinate and the
frequency plotted on the abseissn, we olitain o curve.
Thus, we obtain the charicleristic curve of the
normnl ear (Fig. 5). The actual charcteristic curve of
the normal ear thus obtained is similar to the imaginary
curve of Fig, 3. Hawever, in detail, the small diferences
of the {requency hetween both curves are recognized

db

50'r
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50 !
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35
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[ra, Sh. Receiver on the same car.
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¥io. 6, An example of 1he normal hearing curve, Only ?cak v
is prominent en the normal frequency position, i.e., 8500 cycles,
The other peaks are uadecided with this curve becanse the re-
celver is on the ear,

especially in the peak of the external auditory canal
and the antrum, The former difference is due to the
approximate calculation which regards the end of the
external auditory canal as rigidly closed and neglects
the flexibility of the tympanic membrane, The latter
difference may he due either to the individual varintion
of the antrem dimension or to the tympanic membrane
pulling the free vibration of the antrum to itsell, as is
seen in Bg. (I11); ie, Sh#ReH S+ Sen=0
Therefore, its natural [requency 1/2x](S-+S»)/31
—R3/4A07]8, where Sy=spring consiant of the
antrum, Spe=that of the tympanic cavity, K= vis-
cous friction, and Af=the mass of the air in the
aditus ad antrum, From Diagram IT, 5,+S»<5;
consequently, the measured value in the henring
curve 1/2x0($1+50)/ M~ R2/MMT is less than the
calculuted one 1/2n{S,/ALBH. Therefore, according
to the abinined henring curve, it is rensonable to recog-
nize that the peak of 900 cycles corresponds to the
resonance vibration of the tympanic membrane, the
peak of 2000 cycles to that of the external auditory
canal, the peak of 3000 cycles to that of the anirum,
and the perk of 8500 cycles 1o that of the ossicles.

This iden can be illustrated by the following fact,
thut when the telephone receiver iz attached o the
car of the subject, the peak of the exterpal awditory
canal (2000 cycles) disappears in the characteristic
curve of the car as shown in Fig. 5 and Fig. 6.

o018
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Fro, 7, The frequency-encrgy distrilution for specch by Crandall
and MacKenzie, See Plys, Rev, 17, 221-32 (1922).

THE MEANING OF THE HEARING CURVE

(n) The difference of sensitiveness between 100 cycles
and the first peak in Figs, Sa, b, and 6 is always nbout
50 db in hoth tests, with the recciver on the ear and
with the receiver detached from the ear, This difference
of 50 db on the normal hearing curve appears to me to
correspond to the nctual amplification of the middle ear.
This fact has anothet important meaning in diagnosis
in otclogy. For instance, this constant difference will
deerease in the case of ntitis medin when the stiffness
of the tympanic cavity increases Lo that of liquid.

(b) The figure of the hearing curve which has three
munin peaks (F-17-I11) is significant in the intelligibility
of speech of which the energy curve beging to drap at
250 cycles, ns shown in Fig. 7. When compared with
the cnergy of average speech power at 200 cycles
(0.024), that (0.002) at 1000 cycles is — 10 db, that of
1500 eycles (0.0005) is —17 db and so an. From this fact
and the above-mentioned hearing curve, we can under-
stand that the important acoustical role of the middle
ear is amplification of the speech pawer in the frequency
range of 300-5000 cycles or more, When this amplifica-
tion was decreased due to the dysfunction of the middle
car, the intelligibility of speech and syllable articulation
wia decreased In my experiment. 'This result corre-
sponds with that of Harvey Fletcher’s experiment.!

(e} The abnormal displacement and damping of the
first peak and the fourth peak in the test in which the
receiver i3 detached from the subject’s ear may be
availalle in the disgnosis of pathological changes of
the tympnnic membrne and tympanic cavity.

_-"1!. Fletcher, Speech and Hearing, Chapter ¥V, pp, 27989,
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The Audihility of Thunder
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The relatively short ranpe of nuthhllny of lhtmder is exptained by use of the observed vertical
distributions of temperature ane wind velocity in the neighbiorhood of thunderstorms,

INTRODUCTION

T has been pointed out by Humphreys! and
[requently verified that thunder is seldom heard
at distances greater than about 23 km from the
lightning flash. Lightning which is not accompaniel
by audible thunder is sometimes referred to as
“heat” or Ysheet” lightning, although the physical
characteristics of “heat™ lightning and lightning
accompanicd by thunder seem to be identical, It
appears that the inaudibility of thunder is subject
to a simple explanation, which, to the writer's
knowledge, lhas not hitherto been given, The
explanation requires calculations of the refraction
of sound rays resulting from temperature gradient
and wind shear, subjects which have been discussed
by many iavestigators,® The cffects on audibility
of attenuation and diffraction are not discussed
here,

THEORY

The magnitude of the effects of temperature
gradient and wind shear may be determined easily
by modifying the theory given by Rayicigh.® Fram
Snell's Law we have for the wave train which js
propagated horizontally at the carth's surface

sini=¢/co, (1)

where 7 represents the angle between the incident
ray and the vertical; ¢, the velocity of sound at the
point corresponding to £; and ce, the velocity of
sound at the ground, But since the velocity of
sound in air is proportional to the square root of
the absolute temperature, (1) may be written

sinf= (T/To)h, {2)
tani= (T/{Ty—THL (3}

Since the ratio of the specific heats and the pas
constant depends somewhat on moisture content,
T and Ty should be interpreted as egquivalent
temperatures, defined as the temperature at which

YW, I, Humphreys, J’hyms of the Air (McGraw-Hilt
Calupnn Ine., New York, 1940), p. 441,

110, é Rny!ugh The Theary of Sound (\Iad\!:llml Catu-
p.m Lud., London, 1896), pp. 120-138; .J. W, Whipple,

f:, Roy, Metcor, Soc, 61, 285-308 (1935); I , Rothwell, J.
Acous Sac. Am, 19, 205-221 (1947),

? . W, S, Rayleigh, The Theory nmemd {(MacMiltan Com.
pany, London, Lid., 1896), pp, 129-13

the velocity of seund in dry air equals the velocity
#n site, This refinement is unnecessary for the
present purpose,

From {3) it follows that

du/de=(T/(Fy—TH), h

where v and 5 represent, respectively, the horizontal
and vertical coordinates, If we assume n linear
lapse rate given by '=7y—az, cquation (4)

becomes
dv=[(To/az)— 14, 5
Standard tables give as the integral of (5)

x=(1/a)(as(Th—az))!
—{Tofa) tan—t(as/(Ta—az))h, (6)
However, it is convenient lor the present problem
to integrate (3) after first expanding in a Taylor
series, In this way we find that the path of the
critical ray is given by
a=2{To/ayizd = (1/3)(c/ To)lat
= (1/20)(a/ Do)l — oo, (T)
The ratio test shows that the above serics converges
rapidly within the troposphere (z<10 km) for the
observed range of a and T Since only the first
term makes an important contribution, the paths
of the eritical rays are very nearly parabelas at
low clevations,
. integration of (4) in the case of non-linear lapse
rates may Dbe accomplished by expressing the
temperature by the firse few terms of a power series
and proceeding as above, For the problem discnssed
here, only linear lapse rates will be considered
since greater accuracy in describing the wvertical
temperature distrilution was not considered neces-
sary,

An estimate of the refraction (o be expecled from
shear may be made by considering the path of a ray
propagated horizontally in the positive x dircction
at the carth’s surface in an isothermal atmesphere
with negative shear, T'his ray is refracted away from
the carth, and is analogous to the orfitical ray
discussed above. If we assume

vo=c+Vy vectVsing, and V=T,—gz (8)
we may write in place of (1)
sing= (o ( Vo—Bz) sind)/(c-+ V). (2

Here, Vo represents the haorizental compenent of

411
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Fira. 1, Path of raya i.'mgent to canlt’s surface al pasition
of observer for P'=J00°IS and o=9.8, 7.5, 55°C/km. The
coardinates are: horizontal distance {x) and vertical distance

-3 N .

wind velocity parallel 10 the sound ray at =0,
and A represents the horizontal component of
vertical shear lying in the plane of the ray. Usually,
# depends on 5, but an estimate of the maximum
curvature due to shear may be made by assuming
8 constant. Then we have, from (9)

sinf=e/(c482), (10)
tanf=c/[2efa--41778, (11)
The path is given by

o f LA (12)
U g0 [(2es/8) 42

For valnes of s2c/8, the second term under the
radical may be neglected, giving
a=[2es/a]N, (13)
The paths given by (13) are parabolas. They
may be compared approximately with those com-
puted from (7) by comparing 473/a and 2¢/8. I
Ty=300°K and e=3.3X10' em/sec., it follows that
the paths of the critical rays resulting from temper-
ature gradient and from shear are nearly identical
when 8/a=55 cm¥/see,/IK. The {ollowing values of
vertical wind shear (8) and of vertical temperature
gradient (a) result in nearly identical paths of the
critical rays,

a*C/km) Blnietern fsec,/km)
5.8 4]
7.5 4
5.5 3

The values of shear listed here are not larger than
those frequently obscrved in the atmosphere so it
must be concluded that shear may madily con-
siderably the curvature due to temperature gradi-
ont,

In Fig. 1 the paths of eritical rays are shown as
computed from (7) or (13) for «=9.8, 7.5, 5,.5°C/km
or =6, 4, 3 meters/sce./km and Ty =300°K. For
cach lapse rate or value of shear, sounds which

FLEAGLE

originate to the right of the corresponding curve are
inaudible at the origin, whereas sounds which
originate to the left are audible, Symmetry with
respect to the origin exists for the rays resulting
from temperature gradient (but not for rays result-
ing from wind shear) so that similar regions of
audibilicy and Inaudibility exist within any vertical
plane passing through the observer. It is, of course,
equally true that sounds which originate at the
arigin are inaudible within the region to the right
of the appropriate curve.

Since the curves shown in Fig, | are very nearly
parabotas, in the simplest cases of negligible shear
the regions of audibility approximaie parabolbids
of revelution with the ebserver at the vertices, The
region of inaudibility is the portion of the atmos-
phere outside the paraloloid of audibility.

The ranges indieated in Fig, 1 are often modified
by factors not eonsidered here, For example, the
ringe of audibility is extended by diffraction of the
wave front tn the region to the el of the origin and
by layers of stable lapse rate. On the other hand,
the range is reduced by attenuation within the
atmosphere and by fentures of the terrain which
hinder the horizontal propagation of the critical
ray in its final several kilometers and also by
super-adiabatic lapse rates [frequently present
during the day just above the ground,

CONCLUSION

Within thunderstorms the vertical distribution
of temperature approximates the pseudeadiabatic
rate, ahout 5 to 6°C/km. In the unspruraced air
surrounding the thunderstorm the lapse rate is
appreciably greater, approximately 7 to 8°C/km .}

From Fig, 1 it is apparent that if an average
lapse rate of 7.5°C/km is assumed, thunder which
originates at a height of 4 km has a maximum
range of audibility of 25 km if shear is inefleetive,

The vertical wind shear near the base aof mature
and dissipating thundersterms studied by Byers
and Braham is directed toward the storm and
appears to be about 1.3 to 3 meters/see./km P
consequently, sound whieh eoriginates within the
storm must be refracted away from the earth, In
this case the shear les in the plane of the critical
ray throughout a large portion of its path so that
the maximum range of audibility ns cemputed from
(6) or (7) probably is reduced appreciahly and
uniformly in all directions. The observed small
range of audibility for thunder, therefore, follows
directly from the normal temperature and wind
distributions within and in the neighborhood of
thunderstorms.

4 8§, Pesterssan, TFPenther Analysis and Forecasting (McGraw-
Hill Company, inc, New York, 1940}, pp. 50-85,
(19"1];)' R, Dyers and R, I, Dralian, _r Metear. 5, 71-86
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This paper presents amethod for caleulating the performance of acoustic cirenits contiining Fned
tlucts, *Fhe dinmeters of the ducts must be less than ene-halfl the wave-length of sound in free air,
"The cases of long and shoet cucts are teeated, For the laner, eouivalent eloctric] cireuita are given,
and some discussion is given concerning the equivalent electrical ciceuivs for fung ducts, A brief list
of formulus applicalile to filters employing lined tubes is given.

INTRODUCTION

IT is the purpose of this paper to consider the
lined tube as an acoustical clement and to show
how this element may bLé combined with other
acoustic elements (sce Figs, 1 and 2), The assump-
tion will be made here that the wave-length is long
compared to the lurgest transverse duct dimension,
Distributed parameter formulas will be given lor
the lined duct which cnable one to follow a syste-
matic precedure for caleulating the performance of
various combinations of lined ducts and other
acoustic clements, The use of these formulas will be
illustrated by a few examples. One of the important
applications of lined tubes is in their use as acoustic
filter elements, and it is shown here how the theory
of acoustic filters developed by W, P. Mason? for
rigid tubes can be adapted for use with lined tubes,

The assumption described ahove puts no restric-
tion on the length of the duect, However, in some
applications the length of the duet is small com-
pared to the wave-length of the sound propagated
in it {duct length <3-wave-length). In (hese cases
it is possible to make further simplificntions and to
derive equivalent electric circuits using lumped
parametiers to represent a lined tube. Several ex-
amples are given showing the applications of these
circwits. It is to be pointed out that lumped
parameler representation can be applied to tubes
of arbitrary length but that the procedure requires
caution. A briel discussion of this is given for ripid
walled tubes, and it i3 believed that the results
obtained are applicable to most cases met in
practice,

DISTIL[BUTED IMPEDANCE METHOD

When a lined tube is part of an acoustic cireuit
there is a straightforward method for caleulating
pressures, velocities, and impedances. It is simply
this: Start at the end of the system farthest from
the sound generator. Then, working towards the
gencrator, compute the acoustic impedance at the
various juncrions in the circuit until the impedance

* Part of a dissertation presented for the degree of Dactor
of Plilosophy in New York Univenity,
Y\, P, Masan, Bell Sys, Tech, ], 6, 258 (1927),
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at the generator is obitained. ‘Then, working forward
from the generator, ealculate the various velocities
and pressures, In this process the composite im-
pedance which exists at the end of a lined tube is
used as 2, in Eq. (3) and the impedance at the end
of the tube nearest the generator is taken as zo,
Other impedances are caleulated by standard
acoustic theory, When computing pressures, ve-
locities, and impedances at the ends of lined tubes,
the following formulas can be used, They may be
derived by making suitable approximations in the
general solution to the duct problem, Thisreduction
is not given here because it is not necessary for the
purposes of this paper.**

w=vol{ A4/ Ad)
+[zo/ (50 coshilzppd 22 sinhilzeD) ], (1)

pr= pollse/ (5 coshilonl 5, sinhilaoel) ], V)]
ty=g.[{£at 3. tanhiPaged) /{2a-}2e tanhiTaaet) ],  (3)
Bo=#&/Tz00s (4)
where:

Aymarca of opening into tube on side neareat the sotind
generatar (cmt),
Aumaren of duct cross section (cinT).

v lincar velocity of air at entrance to tabe ait side of hole
Ay nearest the generator {em/see,), Il the hele A, were
closed by o piston, vo would be the lincar velocity of
the piston.

v=lingar veloclty of air inside the mbe at end Tarthest
from generator {onifaec,).

fo=acoustic pressure Inside tizhe it end of tube nearest the
genertor (dynes/em?),

prencoustic pressure inside tube ar end of tube farthest
fram generator (dynes/cint),

Im tube length {oin),
yeoea longitudinal propagation constant,

k=awfe,

symcharacteristic impedance of tube in (pc) units; pressure/
{pcXlinear velocity).

symimpedance of tube terminavion in {pe) units) pressure/
{pc ¥ linear velocity),

w=input impedance of tube in (pc) units; pressure/(pc
Klinear wvelocity). Dressnre and velocity nre taken
inside the tube and not inside hole Ay,

** Complete details may be found in C, T, Molloy, The
Propagation of Sound in Iubes Lined with Sound Absorbing
AMaterial, Doctoral Dissertation, New York Unjversity, 1948,
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F1G, 1. Rectangular ducet.

The writer® has given an approximate formula for
I'za0 applicable to ducts of arbitrary cross section
where the lining is formed of strips of absorbing
materinl of constant width whose long edge is
parallel 1o the duct axis. In the present notation
the formula is;

l‘sgu=Esz-llk(L/A,[)'(l/é.)]l, (5)
1/5,= ;\";ju/(w.-)s.-). ()

where:

L= duct perimeter {em),

Iimowiclth of (fth) strip.

semacoustic impedance of (ith strip in (pe)} units,
=number of strips.

The preceding Eqs, {1)-(6), together with stand-
ard acoustic theery, permit the analysis of any
acoustic circuit in which lined tubes are present.
The use of these formulas will he iltustrated by a
few examples,

LINED DUCT OPEN AT ONE END

Consider o lined duct having a circular cross
section of length (), cross-sectional area (A.), and
radius (#) driven by a piston of area As At the
end of the duct remote from the piston a large
flange is asswined to exist, The acoustic impedance
at this end is therefore the well-known impedance
ol a piston mounted in a bafile and radiating ont
into space.?

s 1= ((2ka) ) ]+ LS1(20a) fha i (T)

1C. I, Malloy, ). Acous, See, Am. 16, 31 (1944),

AP, M, Morse, Vibration and Sound (McGraw-1ill Baok
Company, Inc, New York, 1936), p, 254,

T, MOLLOY

where Jy is Iessel’s function of the first kind and
order ane and §) is 4 Struve Function, Equation (7)

- insertedfinto formulas (1)=(3) will yield any of the
pertinent acoustical quantities direetly.

LINED DUCT COUPLED TO A VOLUME AT ONE END

Consider the smine system as above except that
the end of the duct remote from the piston is closed
with a thin rigid plte having a hole of arca (S) cm?,
The duet communicates through the hole with a
rigicl walled closed container of volume 1 em?,

If (v) is the linear velocity of air in the hole (3),
and fw) is the linewr velocity of air in the duet a
very short distance in {ront of the hole (S), then
lsy continuity of velume flow we have:

oS5=p1d4, {8)
and since the pressure is constant we have:
Sto/p) =dulvi/p). .»

Or

S/ze=Aufo: and  z=(A4/5)z5, (10)
where £, is the acoustic impedance of the volume V
and is given by:

2= =S/ Vh (1
Sa= = (Auf VR, (12)

This (s:) can be inserted in the fermulas (1), (2),
and (3} and the acoustical quantities of interest
computed,***

and

FILTER THEORY

The theory of acoustic filters in which wive
propagation occurs in the Nlter elements was first
given by W, P. Mason® in 1927, In his lucid article
Mason treats fileers composed of a ntain tube having
rigid walls conneeted o regularly spaced  side
branches. His treatment includes the ceffect of
viscosity., In his paper Mason shows that the
equivalent electrical circuit for o rigid wall tube is
an electrieal transmission line in which there is no
leakance, However, in developing the theory he

1 "

§ \—mqlu WALL AT R
DUET LIKING
FiG, 2, Circular duet,

*** e raitss and resistance of the hole hyve been neglecied.

-
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Fra, 3. Exactly equivalent T newwork.

makes use of the fact that the lenkanee is zero only
in the calculation of the propagation constant of
the main tube of the filter and in the calculation
of the characteristic impedance of the filter main
tube. The form of his pressure and velocity func-
tions remain unchanged even il leakance s present
except that new definitions are required for his
propagation constant and characteristic impedance.
Since Sivian® has shown that the lined tube is
equivalent to an electric transmission line in which
leakance is present, it follows that Mason's theory
of filters can be taken over in lote when the changes
noted above are made, Since the derivation of filter
formulas using lined tubes as elements would pre-
ciscly parallel that given by Mason for rigid tube
elements, only a list of formulas giving the main
results of lined tube filter theory is presented here,

SUMMARY OF LINED TUBE FILTER
THEORY FORMULAS

Pus= pn[cnsh(i'rw) - (-—s—l) sjnh(z'ua)]. 13)
S0

—vp[cusll(i'a:u)~ (ﬂ) sinh(:‘nn‘)], (14)
I

Zutar tanh{ing)}
I[ ] (15
g+, tanh(ing)
(e ——-—) tanh({1'/)
2apdla (16
Sr==Z&, .
i s a .
1+ ( coth({T')
Zﬁu.‘l o -
= Mg defined by equation (5).
b
Te =Fr (17)
coshio = cm]:(Zzl‘I)-}-( ) sinh(2{1V), (18}
2zp4
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tSNH{lI"lJ
A

VA

7 é&coru@ seomH{ED

16, 4, Exactly equivalent "24"™ petwaork,

ISII+SJ",

§=10 |og‘:n[
|5n+5'|:

1

. (19

E]

cosh{ina) - ( = sinh(fna)
5

The type of filter te which the above formulas
apply is the same as that shown in Mason's! Fig, 2,
It comprises (n) identical flter sections, Each
section has a main tube and a side branch, The
side branch is placed at the middie of the main tube,
Thus, in one section the main tube has a length
(21) while the branch is placed at a distance (#) from
each end of the section,

pa=pressure at end of sth scesion,
vy =[inear velocity at end of meh secting,
o= pressure at input of Ist filter seetion,
vom lincar velocity nt input of 15t filter section.
zomimpedance atinput of 1st filter section.
s.mterminating impedance of gth filter section,
zymcharacteristic impedance of flier,
a.mcharacteristic impedanee of main uthe,
sy imputlinee of side hranch of filter,
s,mimpedance at input e Dst fitter section looking teward
the source.
o= propagation constant for filter,
T propagation constant for min wihbe,
#=number of filier sections,
$abalf the length of ome filer section,
Agmparen of main filter wibe,
Apmarea of sicte branch npening,
JLemmain tube perimeter,
dminsertion losa die to flter (h)— (assumes filier main
tahe has the same cross-sectional area as the tube of
the aysten {n which it is inserted),
Nete—All impedances are in (pe) units, Le,, pressure/
{peXlinear velocity),

EQUIVALENT ELECTRICAL CIRCUITS

In the previous paragraphs restrictions were
placed only on the diameter of the duct (Siviant
finds on the basts of limited experimental data chat
the duct diameter must be less than 3 the wave-
length of the sountd propagated in free space). If
to this restriction we add that the length of the
duct be less than d-wave-length, it is possible Lo

“L. J. Sivian, [, Acutis, Soc. Am. 9, 135 (1937).
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IiG, 5, Lumped parameter equivalent circuit for lined wube.

write an equivalent clectrical “Tee” for the duet
using lumped parameters. As a matter of fact this
equivalence is not “one to one" since a given duct
system can be represented by several equivalent
electrical circuits all of which are valid, For example
a lined tube may be representecd as a *7Tee™ net-

“work, a “Pi'" network, a Lattice, ete. The discussion

here will be limited to a **Tec' network, The other
types can readily be worked out from this by use
of well-known transformations,

References® on electrical transmission line theory
give the derivation of the exactly equivalent *Tee”
and “Pi" networks for the long clectrical line. In
the nomenclature of this paper these networks are
shaown in Figs. 3 and 4,

If the impedance () i calculated from either
of the above two networks it will be exactly that
given by Eq. 3. If now we impose the conditian
that {<3/8 then the scries arms are given correct
to about § percent each by using only the first term
in the expansion of tanh(ill/2) and the shunt arm
is given correct to about 10 percent by using anly
the first term in the sinh{il'!) expansion. Under
titese conditions we have:

oo tanh{10/2) = (k/ 1) (iT1/2) =ik} /2, (20)
—-i—askl‘ 1 7i0) = (/AN (21
hGTD (h/TYQ ivh = kfip/re. (21)

Combining {5) and (21) there results:
1 sinh(il¥)

Shunt arm impedance 30
1

] ATy

The lumped parameter representation of the “Tee”
lbecomes as shown in Fig. 5. For low [requencivs
and the case of uniform lining on all duct walls the
following approximaltion is valid:

zomer—1cothd =r+1/kd, (23)

s\, L. Everitt, Communtcation Engineering (McGraw-
it Book Company, Inc, New York, 1931), p. 171,

(22)

T. MOLLOY

1l 10l
LoL(HENRIES)  LoR(HENRIES)
Ao e
afAd
[ (u)r(omas)

2OHMS] 6u 8 3loHMS)

{FARADS} c,-(%":)é
'_]-‘Tmnnosl

16, 6, Lumped parameter equivalent elrenlt far lined tuleo
shawing lining impedance as resistance and capacitance in
series,

where r=resistive component of lining impedance
and (i) Is the thickness of lining. (This approxima-
tion is valid only for essentially homogencons
linings, such as arce mostly used in practice, It does
not hold if the lining is a compeosite structure.)
For some commercial materials the (r) has been
determined® and can be read directly from curves.
Equation (23) shows (s,) to be a resistance and
capacity in series, When this is inserted in the
previous circuit there results the network shown in
Fig, 6.

Note—In all the equivalent circuits used here the imped-
anees are in Ype" units, 17 it is desired o utilize these circuits
s that pressire §s analogous te Impressed volge nid veloclty
analogous to current in o branch then all {mpedance values
must he multipliedd by (pe=41,5), This mcans that all in-
cductances and resistances must be multiptied by (H1.8) and
all capacitances divided by (41.5),

NUMERICAL EXAMPLE

The following calculation of circuit canstants is
for a 6-inch dizmeter cireular duct lined with Johns-
Manville “Alracoustic'’ whose length is 13 inches
and which is terminated in & large flanged open end.
Reference [requency = 100 c.pis,

Length (}) =15 inches=38.1 cm,

Diameter=06 inches,

re5.0 cm, d = 3,20 {reference 6, Fig, 2, curve ¢),
(Au/1L)=1/38.1-7.62/2=0.1,

A2
TV

I —
s

T4

FiG. 7. Lumped parameter equivalent eireuit for lined duct
with rigicl termination.

4., Beranek, J. Acous. Soc. Am, 12, 14 (1940},

!
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Le=38,1/(223,44 X101 == 5.54 X 10~ henries,
C=38.1/(3.44 %100 =1,11 X 10-* farads,
R=0,1%X5=0.5 ohm,

C1=(10X3.29) /(3,44 X 10%) = 9,56 X 10 farnds,
2, =0,014-0,10{ ochms {Eq, 7).

If the length of a duct is greater than F-wave-
{ength, at the highest frequency for which lumped
parameter representation iy desired, it may be
divided into sections and each section represented
as an equivalent *Tee" terminated by the succeed-
ing section. It is evident that some cousideration
must be given to the choice of the length of each
of these sections, Since the performance of cach
“Tee" deviates from that of the tube section
which it represents it is clear that the nctwork,
representing the whole tube, being itsell a com-
posite of several "Tees" in tandem, will deviate in

its performance from that of the tube which it

represents, Further it is o be expected that the
deviation of the network will reflect the cumulation
of errors of the individual *Tees" composing it,
It is this consideration which makes the proper
sub-division of a long tube so important, The case
of a rigid walled tube has heen studied and esti-
mates of the cumulative crror obtained. It is
believed that these results can be used lor most
practical cases even when the tube walls are not
rigid, If a rigid walled duct of length (7} is sub-
divided into () equal sections vach of length (I/n),
then the equivalent circuit is composed of (#)
"Pees” in tandem, each *“T'ee’ of the form shown
in Fig. 5, In this case z,= «, T'he relations between
the input and output, voltage and current have
the same form for this network as do the input
and output pressure and velocity in the tuhe. “T'he
differences between the twe cases lic in - their
propagation constants and characteristic imped-
ances, For the tube we have;

M=wlfe; Characteristic: impedances=1,
For the network we have:

Ul (wl/) + (n/24) (wi/me)?: (wl/ne) <&l
Characteristic impedance == {1 — {cwl/20e)%)},

The network (') and charncteristic impedance
can be inserted in the wbe distributed parameter
formulas and the deviations (or any particular case
computed. The errar in the argument of the hyper-
bolic functions for the network as well as the
characteristic impedance can be expressed in terms
of the ratio of the length of one section to the
wave-length and the number of scetions,

Error in T =(n/24)(wl/nc)*= 1034 (radians),

Characteristic impedance= {1 — (w//2ne)*)}
={1-9.870m*),

A2 £
£l LI
Y
] c e, R,
cl

G, 8, Lumped parameter equivalent circult for Jinuel duct
with open end,

n=number of sections into which tube is sub-
divided, and
m=}nud

This concludes the discussion of the theory of
lumped parameter representation for a lined duet,
For purposes of illusteation there are given below
the equivalent electrical circuits for some acoustical
systema which include lined ducts,

SYSTEM #1

Lined duct with rigid termination,
The networlk for this case is shown in Fig, 7.

p=(pe units),

& =1/2c (henries),

C=1/c (farads),
Re=(Au/ILyr (ohms), and
Cr=(L/A}d /e (larads).

SYSTEM #2

Lined duct with an open end and a large flange
on open cnd,

For this case the terminating impedance is given
by Eq. (7). However, it has been shown? that this
impedance can be represented approximately by a
resistance and an inductance in parallel, The
circuit for the flanged open ended tube then
becomes the one shown in Fig, 8.

£ £ e e
—TVP T ATP——

G'[_ %R q R ¢ R
= =6, [ Fe
F1G, 9, One section of filter having main tube lned and side
branches which are lined tobes rigidiy teeminated,

1, B Bauer, J. Acous, Svc. Am. L5, 223 {1914},
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20,8, C, R and C exnctly ns defined in System #1,
Ry=1.44 ohms, and
L1=2.47 X 10~* X (duct rading in centimeters),

SYSTEM #3

Acoustic filter having main tube lined and side
branches which are lined tubes rigidly terminated
(sce Fig. 9).

L=/ (henries),
C=1/c (farads),
R={d4/IL)r (ohms),
Ci=(IL/A0)d/ e (Tarads),
fo: Length from beginning of scction to side
branch (i.e, hali the section length) {em),
A= Cross-sectiopal area of main filter tube {cm?),
L= Perimeter of main filter tube {em),
r=Acoustic resistance of main tube lining (pc
units),
d ="Thiclkness of main tube lining {cm),
Ly=(As/An) (u/26) (henries),
Ca = (A n/.‘h) (hjfc) (fnrnds),
R.q = (A,:/A n) 4 (A:y,u’[n]-n) Fg = (Au/[nLu)J’n (ohms),
Cor=(Au/A)(EpLn/An)dnfe=({nLufANdn/c}
(farads),
lp=Length of side bragch tube {em),
A 5= Cross-seetional aren of side branch tube (em®),

T,

MOLLOY

L= Perimeter of side branch tube (em),

ra=Acoustic resistance of side branch tube {pe
units), and

= "Thickness of side branch lining (em).

RESULTS

1. A method for calenlating the performance of
acoustic circuits containing lined duets is given,
The dinmeter of the ducts must be less than ene-half
the wave-length of the sound in frec air but there
is no restriction en the duct length,

2, The relationship Detween Mason's rigid tube
acoustic filter theory and the theory of acoustic
filters composed of lined tubes is pointed out and 2
brief list of filter formulas is given,

3, The lumped parameter equivalent circuit for
a lined tube of length less than enc-cighth wave-
length is given and examples are given of its pse,
Some discussion of the equivalent circuits of long
tubes is also given,
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Sound Transmission through Multiple Structures Containing Flexible Blanlkets*
Lro L. Brranpk**
Acoustics Luboratory, Massachuselts Tnstitule of Techuology, Cambridge 39, Mussaehuselts
AND

Grorce A, Work**
Physies Laboratories, Harvard Universily, Combridge 38, Massachusells
(Received April 18, 1949)

A general theory of sound transmission for normal wive incidence is developed for a strucwere
contaiting two impervious layuers, an alr space, and 1wo aconstical Wankets, Equations for more
simple structures are derived from the general case by setting some of the paraneters equal to 2ero,
A number of design charts are presented giving sutenuation in decibels es, frequency for different
structures with specific acoustic rusistivity of the Llanker materinl as i parmcter, Experimental
results are found to Le in good agreement with the theoretical predictions, 11 is found that panels
deviate from mass law Lehavior as their thickness is Increased. Mass law behavior is cbtained for
pancls of any thickness when a Juninated construction i wsed 1o damp out flexural waves,

1. INTRODUCTION

AS part of a World War 1 program for quicting
aireraft, Nichols & af, studied experimen-
tally"? a series of six attenuating structures. Each
of these structures is o special case of a more general
multiple structure consisting of two impervious
layers {pancls), an air space, and two flexible
acoustical blankets. In the present paper an exact
theory is developed for predicting the attennation
characteristics of these structures as a function of
frequency for the special case of normal wave
incidence, The resulting equation gives the ratio of
the pressure incident on the structure to that
radiated into a perfectly absorbing termination.
The air space and blankets are treated as elements
with distributed parameters and acoustic {mped-
ance boundary conditions at the interfices,

Use is made of the results obtained in an carlier
paper® relating the propagation constant and char-
acteristic impedance of homogeneous, porous blan-
kets to the fundamental parameters of specific
acoustic resistivity, density, and, to a lesser extent,
structure factor, volume coeflinient of elasticity and
porosity. From the charts presented in reference (3)
the prepagation constant and characteristic imped-
ance were found and then inserted into the formulas
derived here to give design charts of attenuation
as a furction ol frequency.

Experimental attenuation-frequency cata ob-
tained on 18X 18-inch panels using a madified form

* This paper was presented at the Thirty-Fourih Meeting
af the Acoustical Society of America, December 12-13, 1947,

** Dyring the caurse of this research this author held a

ohn Simon Guggenheim Fellowship and warked jointly at

LLT, and Harvard University.

*** Now at the Los Alamas Seientific Laboratory, Los
Alamos, Now Mexico,

V Nichols, Sleeper, Wallace, and Ericson, J, Acous, Soe,
Am. 19, 428 {1949‘)!.

¥ Wallace, Dienel, and Barnnek, J. Acous, See, Am. 18, 216

{1916},
1L, L, Reranck, J. Acons. Soe, Am, 19, 556 (1047).

of an apparatus described in reference (2) is com-
pared with the theoretical predictions. Some data
obtpined on single panels are also presented 1o
indicate the increased attenuation made possible
through the use of a “sanclwich” type construction,
such as bonded Jayers of duraluminum and mica,
The apparatus appeurs to he a suitable method for
measuring attenuation at normal inecidence, Ex-
tension to larger panels and other angles of wave
incidence appears to be feasible. A cooperative

effort to develop a similar type of apparatus for i

measuring panels as large as 88 feet is now
underway at the Acoustics Labaratory at the
Massachusetts Institute of Technology.,

II. THEORY

The structures te be considered are shown in
Fig. 1, Firse, let us derive a general equation for the
basic system, Structure V. Results {or the more
simple structures (0-IV) will then be obtained by
setting some of the parameters cqual o zero. In
Fig. 1, Structure V is composed of: (1) an im-
pervious layer (e, dural sheet) of sucface density
o1 (2) an air space of thickness 4, (3) a fexible
Llanker of thickness 4y, (4} an impervious layer

STAUCTURES
o 1 ] z
q g P o, ”}:
é s
ki bedf b da ot

F16, I, Sketches of the six principal types of structures
discussed in this paper.
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FREQUENCY

(e.g., septum) of surface density e, and (5) a
second flexible blanket of chickness da.

Sound is to be propagated through the structure
as a plane wave, starting with o magnitude py at
the surface of the left hand impervious layer, 1t
will emerge from the right hand side of the o,
blanket with a magnitude g and is assumed to
continue on inte an "infnite" (pg) medium, [n
order to calculate the ratio of #, to py, and hence,
the attenuation or transmission loss, we will need
the ratio of pressures at successive interfaces. The
pressure in the blankets or air space will be given
by the well-known solution of the one-dimensional
wave equation

p=A cosh{bx-), (1)

where x-is the distance from a terminal impedance
Zyp, b is the propagation constant for the medium,

andd
y=coth=(Zr/Z,), (2}

Zy is the characteristic impedance of the medium,

AND G, A. WORK
vugos
i),
l'nu‘l\ . .
h /“‘._‘{,,';",?,“ Fio. 2, Ratio of pressures on
N the grlmﬂry and secondary sides
of Structyre O expressed in

degibels, “Fhe secondary side is
assumed lo be terminated in the
characteristic impedance of air,

9 @

e, of an infinite medium. Equation (2) follows
directly [rom the impedance relation

Z=Z, coth(bx+y) (3)

by setting Z=Zpat x=0, ‘

In the air space b=ju/c and Zo=pc, in the
blanket b and Zp will he complex functions of the
fundamental parameters of the blanket; specific
acoustie resistivity Ry (i.e., specific acoustic resist-
ance of a unit cube of the material), density pm and,
to a lesser extent, steueture factor £, volume coelfi-
cients of elasticity K and Q and porosity V. In-a
previous paper charts (Figs, 1 and 2 of relerence (3))
were presented, giving the magnitude and phase
angle of the propagation constant, b, for the case
of flexible {soft} Dblankets, A flexible hlanket is
defined as one for which the ratio K/Q is greater
than twenly, where K and @ arce the volume coefii-
cients of elasticity of the ajr in the blanket, and of
the acoustical material, respectively. 1n this case
we are neglecting the highly attenunted wave

-]
et ([ (] | o

"ﬁ Ry | B I
g’ N g’
B N :
; - AU T S
H NN
¥ I 3
: N ¢

M et Yoo T fgom

FREQUENGY FREQUEMCY

F1G, 3. Ratio of pressires on the primary and secondary
sitdes af Structure | expressed in decibels, The secondary
side is asstmed vo b lerminated in the ciapneierlstic im-
pedance of air,
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associated with the skeleton, so that it is possible
to express the pressure, #, as a hyperbolic function
involving a siugle propagation constant (see Eq, 1),
If we make the further assumption that the porosity
¥ is greater than 095, then the characteristic
impedance of an infinite sample is found from Eq.
(27) of reference 3,

Zom (jK/wV) b, 1C3)
The impervions layers will be assumed to have

no stiffness so that their impedances can be repre-
sented by fwe, where ¢ is the surface density. With
the help of Eq. (3) we can determine the impedances
at the interfaces of the layers of the structure. In
the following we designate the impedance looking
from left to right by Z;, where the subscript ¢ refers
to the interface, Proceeding [rom left to right (sce
V of Fig. 1), Z; is the itmpedance as scen from the
right side of the first (o)) impervious Inyer, Z3 the
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impedance seen from the air space-blanket inter-
face, ete, We find

AND G. A

WORK

‘The ratio of pressures on opposite sides of each
impervious layer is given by the impedance ratio
huecause the velocity is continnous, The ratio of

= 5 3 . .

‘:G"' ;:c, (5) pressures on opposite sides of the air layer or
Zi=Zy coth(bda-+¢u), (6) blankets can be found from Eq. (1), As was done
Zi=Z ot jur, (7y for the impedance, ket us designate the pressure at

. a particular interface by an appropriate subscript,
Zy=Zycotbdi i), (®)  proceeding in order from left o right (po and pg
Zy= 6 coth(Ful /e-¢1), (9 have already been defined). The pressure ratios

. are seen to be:
where the ¢'s are, from Eq. (2},

i = 1 juai/2 13
pumcoth=H(e/Za), (10) ol Juei/ 2 "
Yr=coth=(Zs/20), (1) o/ pr=LeoshGul/e+¥) Ncoshgn,  (14)
vi=coihY{Z:/pe). () £a/ pa=[cosh(bdy-1- 2} ] /coshis, (15)
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(16)
{17

f)_,/f).‘ =2;/Z( =1 +j“a'o/zil
P/t = [coshi{bda--¢,) )/coship,.

y Multiplying together Eqs. (13)-(17) gives, of

T utn

course, the desired ratio p/ps. Utilizing Eqs. (5)~
{12) to reduce the Involved praduct, ane oblains,
after several expansions of the hyperbolic functions,
the following general result for Structure V,

Struciure V

po/ ps=[x1 coshbd,+x; sinhbd, ] coshbd,
+ v coshbdy 5wy sinhbedy ] sinhdds  (18)

THROUGIH
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vy ALofpet(Bpe/Zo+ Aua,/2) (21)
=4 ~wape/ L3848 (22

and,
A =cos{ul/e) — (w1 /pe) sin{wl/c) (23)
B=sin(wi/e)+ (wer/pe) cos(ul/c). 24

Setting various parameters equal to zero in Eqs.
(18)-(24) we obtain the lollowing results for the
derived family of structures.

Structiere I'V; de=0, dy=d
Po/ pa=xq coshiid +xu sinhid (25)

where
ay=A Bt Awe, /o) (19)  Structure ITT; =0, dy=d
xa=AZo/pe—Bwa,/Zu+iBpc/Zs {20} Pof pv=ux1 coshbd 43 sinhbd (26)
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Fi6. 8. Difference in decibels hetween the attenuatian
provided by the structure shown en the geaph and that
provided by the damped meta] panel of density wi. These
graphas illustrate the agreement between theory and micasure-
ment for four dierent types of structures.

Structure I dy=0,0,=0, d,=d

Lo/ pi={A--7B) coshid
+(d Zofpc+iBpc/Zo) sinhbd  (27)

Structure I de=0, 0,=0,1=0,d1=d

po/ps= (14 jur i fpe) coshied
A (Zof et juwas ) Zo) sinhbd  (28)

Structure O; dy=dz=0
po/ts=mi=A+F(B+Awe,/pe). 27

Two additional structures, designated Partitions
Type 1 and 2, are special cases of Structures O and
1V, respectively,

Partition Type i;d\=dym=0, 0,=0,5¢

pa/pr= A+ i(B+Aue/pe) (30)
where, o= in Eqs. (23) and {24},
Partition Type 2; d1=0, l=0, sy =0, =g

o/ ps= (1 2jwe/pe) coshbd - (Zo/pe—ulo?/ Zape
+jwa/Zs) sinhbd,  (31)

Because the expressions above for attenuation
are quite complicated, design curves for each type
of structure have been prepared, The design charts,
presented in Figs, 2-7, give the attenuation of cach
structure for varions values of the depth of the air
space { in cm, the thicknesses of the two blankels
dy and ds in cm, and the specific (unit volume)
resistance of the blanket Ry in rayls/cn **** It is
shown in reference 3 that R, varies only slightly
with frequency, and is approximately equal to Ry,

**** The warl ray! was adopted in reference 3 as the uait
for the ratio of sownl pressure to linear particle velocity, In
the e.qga. syatem it symbolizes the units dyne-sec, /o,
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the fow resistance per cm thickness measured by a
steady air flow method, It has also been found
that variation of the density alone of an acoustic
blanket has very little effect on the propagation
conslant for the materials,

IIl. EXPERIMENTAL RESULTS

In Figs. 8-10 the theoretical predictions are

compared with data obtained using the modified
form of the apparatus described in Fig, 3 of refer-
ence 2. An array of nine speakers, forming an
essenlinlly zero acoustic impedance source, trans-
mits sound through an 18X 18-inch sample which
is terminated by a pe impedance. The incident and
transmitted energy are mensured by microphones
on opposite sides of the structure under test. The
principle modifications to the apparatus consisted
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Fi6, 9, Difference in clecibels between the atiepuatian
provided by the structure shown on the graph and that
provided Iy the dwmped metal panel of density oy, These
raphs show the difference between theary and mensurement
or two types of structures with different blanket thicknesses
aned air space depths,

in filling the air space between the londspenkers
and the (m) panel with an acoustical hlanket in
which nine holes equal in diameter 1o the loud-
speaker diameters were cut. Also, abserbing ma-
terial was placed around the edges of the air space
between the (o) panel and the blanket, or o, panel.
These added nbsorbing materials prevent lateral
standing waves in those spaces, As will he shown
later, it is also necessary to use @ well-damped
panel in the oy position of Fig. 1 in order that
weight=law attenuation will be achieved.

Figure 8 shows a comparisan of theory and of
measurcment for the same material (J. M. Stone-
felt) in three different structures. In Fig, 9 there
is shown for two structures the effect of changing
cither the thickness of the absorbing blankets or
the depth of the air space. The ordinates of these
graphs jndicale the increased attenuation obtained
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over that which would be obtained for the single
sheet of dural (o) alone. The agreements are seen
to be satisfoctory.

In Fig. 10 we show comparisons of calculated
and measured data for two structures using three
widely different Lypes of materials {or the absorhing
blankets., In these cases the data were inken by
Mr, H, F, Dienelt with the carlier version of the
18X18-inch apparatus.® The agreement between
measuredl and enleulated data for Structure V is
good. For Structure 111, however, systematic differ-
ences exist at high frequencies, These systematic
differences occur because transverse standing waves
in the air space between the panel and the loud-
speakers were not damped out as was the case in
the modified form of the apparatus and as was
assumed in the theory,

In airplane applications the principal concern is
to reduce the high frequency components in the
airplane neoise. Such reduction improves speech
intelligibility and comfort for passengers and crew.
A comparison among the five different structures at
1000 and 5000 c.p,s. are shown in Figs, 1! and 12,
1t is seen that Structures 111, IV, and V differ litte
from cach other. However, Structures HI aml V
pregent an absorbing face to the interior of the
cabin which reduces reverberant sound, At both
1000 ¢.p.s, and 5000 eps the improvement of
Structure |V over Strycture 111 is of the order of
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Ing, W, Difference in decibels hetween the atieanation
pravided by the structure shown on the graph und that
provided by the dumped metal panel of density #, These
rrapha show the difference between theory tnd measurement
ar {our radically different l[\;pES of malerials in two structures,
‘The systematic differonce between high frequency data amd
theory for Structure 111 is explained in the text.

 Mr, H. F, Dienel, Ceuft Laboratory, Harvard Univeesity,
Now at the Bell Telephone Laborutaries, Murray T, New

Jersey.
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FiG. 12, Relative perfarmance at 5000 g.p.s, of Structures [-V
as o function of specifie dynansic resistance of the Hanker,

three decibels, If 2 non-phearbent interior finish is
permissible because of the existence of rugs and
upholstered seats in the cabin, then Strecture [V is
the best at all frequencies, Ilie relative importatice
of transmission loss and sound absorption in alr-
plane quicting niy be understood by study of
previous papers.?

IV, WEIGHT LAW ATTENUATIONS FOR PANELS

In the basic theory it is assumed that weight law
attenuation is obtained for the impervions septa,
This assumption requires checking, The attenuntion
of a series of dural panels with surface densities
varying from 0.25 to 5.5 |b./ft.* was measured in
the 18X 18-inch apparatus. Qut to a (requency of
about 1000 ep.s, each panel appears to follow
weight law reasonably well above its major resonant
frequency. Above 1000 e.p.s., however, it was soon
discovered that for certain surface densities the
attenuation is actoally less than that for lower
surface densities, A curve illusteating this fact for
indamped single pancls is shown in Fig. 13, These
data are the measured attenuations in db at 3000
e a8 a function of suriace densicy. The zera on
the ordinate refers to the attenuation obtained for
the 0,25 Ib, /1.2 panel, The actenuation which should
lie abtained {ram weight law considerations is given
by Eq. (32) and is shown by the straight line of
Fig. 13,
Theoretical weight law attenuation

=10 logy[ 1 4+ {we/pc)*] db. (32}

*L, L. Deranck and . W, Rudmose, Trans, A5, 0MLE, 69,

89-97 (1%47), L, L. Beranck and #, W, Rudmose, J, Acous,

Sac, Am. 19, 357 (1947), H, W, Rudmose and L, L. Beranck,
I. Aero, Sci. 14, 79 [I947).



i

426 Lo L. BERANKEK

Tamz I, Transmission Joss {n db,

Difference
Itween
Normal Normal Ratulam Ratndom randuni und
Iecldence Ineidenee incldence Incidenre sl
By, (32) Eq. (33) Eq. (1) liy, (33) inciclence
15.7 10 11.6 59 4]
26 2n 1.3 13.3 6.7
36 30 21.6 2.6 A4
46 40 36,4 30,4 2.6
56 50 154 30,4 10.6
66 60) L6 A8.6 3]

At high lrequencies, the difference between theory
and measurement is of the order of 17 db.

[t should be nated that Eq. (32) differs from the
classical formula for weight-law attenuation ex-
pressed by Eq. {33).

Classical weiglit law attenuation
=10 log il 1+ (wa/2pc)] dix.  (33)

The explanation for this difference, is that Eq. (32}
gives (he ratio (in db) of the pressures on the two
sides of the panel, while Eq. (33) gives the ratio
{in dh) of the pressure at a point befare and afrer
the panel is inserted between the point and the
source. Because, for (wo)T3> (2pe)?, pressure doubling
occurs when the panel is present, the attenuation
is six decibels greater for g, (32) than for £q. (33),

The deviation from theoretical weight nw men.
tionedd in the paragraph preceding the last is
attributable to the existence of flexural sound waves
traveling in transverse directions in the panel. This
conclusion was checked by making the panels
highly damped, such that the transverse waves
were made ineffective, For the damping, sheeis of
mica weighing abaut 0,06 1h./fc3, were cementd
1o thin aluminum panels and these panels were
then combined to ferm sandwiclies covering o range
of densities from 0.25 to 2.5 Ib./ft.4 Attenuations
measured for these panels were in good agreement
with weight law, except at very high frequencies
(above 6000 ¢.p.s.) where the attennation hecame
somewhat higher than weight law, The results af
these tests at 3000 c.p.s. are shown potied in Fig,
13 as open circles,

V. RANDOM WAVE INCIDENCE

Even when panels are sufficiently damped so
that they follow weight law for normal wave inci-
dence, London® has shown that the average atienu-
ation for random wave incidence is considerably
lower than that given hy IZgs. (32) and (33). He
detives a comparison between the normal and

& Albert London, “Teansmission of  reverberant  souned
through single and double walls,” submitted to the Inter
national S‘yulpnsillul on Naise, Londan, July 1M8 To e
pablished by the Physienl Socieny of London tegether with
other papers of the Symposium,
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random transmission lass values for panels which
follow weight taw for normal incidence, ‘The results
taken direetly front his paper are shown in colunins
2, 4 and 5 of Talde [, Colummns 1 and 3 have heen
added to give actenuation in terms of the ratios of
the pressures on the two sides of the panel, That
is to say, columns 1 and 2 are direet comparisons
of 12gs. (32) and (33) for the sime surface densiy.

V1. OFFICE PARTITIONS

It is interesting to compare the calenlations of
this paper with data published by Gorlon® on an
office partition composed of two sheets of metal,
separated by about theee inches, in which an ab-
sorhing blamket wns introduced. Caleulated and
mensured data for this structure are shawn in Fig,
14. A comparative curve correcting lor the differs
ence hetween random and normal seund incidence
is shown by the heavy dashed curve in Fig, 14,
The cerrcetions of Table I were applied to cach
panel separately. The difference between the caleu-
lated and measured diata of that figure s due,
poerhaps, to the fact that the edges of the Gorton
panels were not vibration isolated {rom cach other,
Henee, there was o flanking path through which
sound could be transmitted, Further experimenta-
tion would seem to he profitable to determine if o
significant improvement for that type of demount-
able panel could he affected, using 2 difierent type
of construction incorporating vibration isolation
betwern the two faces,

VIL CONCLUSIONS

A study of the graphs and the equations leads 1o
the conclusions :
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(1} The theory and measurement of sound trans-
mission through the structures of Fig. 1 are in goad
agreement for normal wave incidence.

(2) The charts given in Figs, 2-7 show that for
best results at low frequencies the over-all depth of
the structure gshould he as great as possible,

(3) At high frequencies the absorbing hlanket
between the two impervious layers, o and o,
removes the resonant peaks and appreciably in-
creases the transmission loss,

(0 When there are no acoustical blankets
(Structure O) the attenuation at low frequencies is
that of a simple filter camprised of o serics mass ¢,
a shunt condenser (//pe*), and a serics mass o,
working into a pe termination. These elements will
resonate at some frequency (see Fig, 2) where the
attenuation will be subslantially Jess than that of
the panel alone. Above that frequency, the attenn-
ation increases rapidly until the wave-length ap-
proaches twice the separntion /. When l=pd/2,

where # is an integer and A is the wave-length of -

the driving [requency, resonatce occurs, At the
resonance peaks the atlenuation is a minimum and
is given approximately Ly the formula:

w¥oto)?

P

Min, atten.=10 !ogm[1+ :ldb. (34)

This equation says that at the resonant peaks, the
two panels act as though they are one panel with
a surface density (re-0.). Between these resanant
peaks the maximum attenuation is given approxi-
mately hy

wo)?
Max. atten,=10 Iogw[l-{--——-——]
pﬂcl

wie 2
+10 |og[1+—-—-J db, (35)
pe?

(Note that because of the definition of attenuation
used the values (for W™ p%d) of each of the
logarithmic terms js six decibels higher than that
usually given in the literature.) This equation says
that at the poimts of maximum attenuation, the
two pancls act as though each was terminated by
pc and that their attentations were linearly additive,

(5) With the acoustical blanket in the airspace
between the two septa the attenuation at the low
requencies is nearly the same as that without it,
except that the value of the shunt capacitance is
inereased by about 40 pereent hecause of the change
from adiabatic to isothermal compression in the
gas (see reference 3). At the high [requenctes, the
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Fra, M, Comparison of caleulated and measured data un a
typical metnl oflice partition, The c!llfcrmlcc lutween musure-
ment and theary at high frequencies may be due to fanking
transmission.

maximum attenuations for Stractures |V and V are
given by the equation:

Max. atten, =Iq. (35)
+[8.686+ Re{b)-d ]~6 cby,

where Re(b) is the real part of the propagation
constant of the acoustical blanket, and o is the
sum of the thicknesses of the Dlanket in the struc-
ture in cnn ‘The six db term in Eq, (36) is included
because of pressure deubling at the interface be-
tween the absorbing blanket and the o, interface
layer. This equation says that the effect of the
blanket in the airspace is to provide a pe termination
for the ay panel. Also, it decouples the two pancls
from each other so that their attenuations are
separately additive except for the 6 db pressure
doubling term just mentioned. In addition, there
is an attenuation loss in the hlanket jtself given by
the second term in Eq. (36). At these frequencies,
the airspace £ in Structures [V and V has no effect
on the attenuation beeause the wave (raverses
the space sulfering only a phase shift,

(6) For random wave incidence at high fre-
quencies the values in the Gfth columa of Table |
should be subtracted from the weight law atrenna-
tion of Eq, (32) for each impervious septum used in
the structure,

(7) In the design of office partitions, the pancls
on the opposite sicles of the pardtions should prob-
ably be vibration isolated to obtain full value from
the elements of the structure,

(8) At normal incidence, weight law attenuation

(36)



428 W. W. CARRUTHERS AND D, I, LOYE

is achieved for thin panels only if they are suffici-
ently thin or sufficiently damped that flexural
waves in the panel are highly attenuated.

{9) These studies suggest that a series of pancls
of different surlace densitics made of alicrnate
layers of metal and bonded mica would serve as
coleulable gtandards of transmission loss for use in
test laboratories,

(10) The agreement between measurement and
theory is consistently satisfacrory enough that the
extension of the 18X18Inch apparatus o the
measurement of the transmission loss of large
panels is indicated,
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Building to the Acoustical Optimum New Mutual-Don Lee Broadcasting Studios

Wartur W. CARRUTIIERS
Stidio Division, Don Lee Broadcasting System
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‘The acoustieal design aml construction of the pew Mutuad-IDon Lee Droadeasting Studins in
Hollywood were done under novel and very favorable arengements, First, o careflul check was
made of the aptimum acoustical characieristics to which it was decided 1o design the studios. Some
of the hest auditoriuma for broadeasting were measured, and from these dati as well as comments
regurding the excellence and shorseomings of these auditorionms, e optinium chiaracteristics for the

new wludios were determined.

During the course of construction, ncousticr]l measurements were made several times for the
purpnse of "iailor-making® the acoustical chameteristics of the stdios, On the basis of the measgre.
ments, it was found that only o few minor modifications in acousiic treatinent were necessiry, sich
as changing the mountings of the Acousti-Celates materialy in order to change the low frecquency
absorption characieristics as desired, and the areaa psed of these materiala,

The resilis are, close agreement berween optinum and fonally measured acoustieal charcteristics,

and very satisfactory broadeast progriums,

N contemplating the building of the new Mutual-

Don Lee Broadeasting Studios in Hollywood,
California, a design philosophy was developed for
producing eptimum acoustical charcteristics, The
design proceclure is described herein for the four
principal stodios, used primarily for large musical
hroadeasts, which is the same general plan followed
in the design and construction of the smaller studios,

I, OPTIMUM STUDIO CHARACTERISTICS

Important considerations under this heading are
the answers to the three questions discussed in the
{ollowing paragraphs,

A. What Is the Size Requirement?

The size of a studio should he determined by the
type of programs to he broadeast from it. In order

to fulfill the desire of the management for highest
quality musical Dbroadeasts, it was necessary to
provide [arger stndios than had previously been in
penerad use, Dr, Stokowski ence said “Arc is o
Iabit of mind.” Since we have usually heard
orchestras in halls bearing certain relationships in
pize to the orchestras playing in them, there is an
emotional satisfaction when this effect is repro-
duced, The quality of the reverberation of & large
room is successfully reproduced at the present time
only in rooms of commensurate size,

A person listening vo a broadeast program re-
guires for realistic enjoyment that the direct sound
reach lis ear augmented by reverberation char-
acterized by the natural surroundings, Lacl of this
cffect lessens his ability to visurlize the orchestra,
As the pumber of orcheseral instruments is inereased
in a studio of insufficient volume, the impression of
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added orchestral size is notincreased proportionally;
however, where the number of instruments is small
compared to the volume normally asseciated with
a studio having optimum reverberation, it is pos-
sible with proper pick-up to create an effect of
numbers in excess of those actually employed, In
order to satisfy the acousticnl requirements of a
symphony orchestra, a volume of 170,000 cubsic fect
was chosen, jn accordance with data regarding
optimum size, for each of the four major studios.

B, What is the Optimum Reverberation
Characteristic for the Studfo?

In 1936, Norris and Nixon' described curves
representing  optimum  reverberation  times for
broadcasting studios of varions sizes. Maxficld,
Colledge, and Friebus® described in 1938 a family
of optimum reverberation time curves for motion
picture scoring atages as shown in Fig. 1, These
times are slightly higher than those recommended
by Morris and Nixon,! particularly for small rooms.
Potwin's data, published in 1939, was in agreement
with that of Maxfield, Colledge, and Fricbus?® In
1947, Gurin and Nixont reaffirmed the optimum
reverberation times of Mortis and Nison.!

In order to correlate objective data with the
subjective experiences of management, producers,
artists and engineers, some first-hand information
was required. In the growing art of broadeasting,
the optmmm reverberation characteristic for a
given room size has been somewlat controversial
lilke most things dealing with the aesthetic, How-
ever, on the basis of our most satisfactory listening
experiences, programs from certain music halls and
studios were generally considered hest, The rever-
beration time [requency characteristics of some of
these musie halls were measured. There was an
unmistakable trend in the results towards higher
reverberation times than previously had been con-
sidered optimum for broadeasting, An average of
these measurements, moedified by comments about
cach relative to desirable changes, became the
reverberation characteristic taken as a basis for the
design of the new studios.

It is to be noted that the reverberation time
frequency churacteristic determined from  these
mensurenients to be optimum and shown as the
dotted line on Figs. 2 and 4 (plotted to a larger
seale on 4), is substantially higher than the broad-
cast optimum that has been used in years past.
For instance, the curves of Fig, 1 indicate that a

LR, M, Morris and G, M Nixen, "NDC studio design,”
1 Acous, Soc. Am. 8, 81 (193
I Maxfield, Colledj.e, and Fr:el:llﬂ. “ Pickup fnr sound
nmuun PICUII’E'I, J. Soe, Mot Pict, Eng, 30, 656 (193
#C, C, Potwin, "Architectural acoustics,” Archit. I‘urum.
Sc{)lcmher 1939,
M. Gurin and G. M, Nixon, "A review of criterla for
L'Il'Q'ldl’."lBl. studin design,’ J. Acaus, Soc, Am. 19,404 (1947),
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Frs. 1. Optimum reverberation times for broadeasting,

studio having a capacity of 170,000 cubie feec
should have a reverberation time of slightly more
than 1,1 seconds from 1000 to 4000 c,ps., and 1,7
seconds at 50 c.p.s. The aptimum curve of Fig, 4
indicates that the reverberation time from 1000 to
4000 c.p.s. should e nearly 1.4 seconds, and at
50 ¢.p.s. approximately 2.4 scconds,

It has been customary in describing optimum
reverberation time characteristics to show them to
be flat above 1000 c.p,s. Measurements that have
been made of various auditoriums indicate that
quite generally the measurced reverberation time
characteristics slope downward at frequencies above
4000 c.p.s. {to 8000 c.p.s.). This is attributable not
only to the absorption of the acoustical materials
on the walls, ceiling, and floor of the auditariums,
but also Lo the ahsorption of the air which is quite
appreciable at high frequencies. Decause of the fact
that a study of the exact shape of the optimum
characteristics at the high [requencies has not
been made, within the knowledge of the authors,
the optimum curve is not shown above 4000 c.p,s,
It s recognized, however, that the most satisiactory
auditoriums from which orchestras have been
broadeast have characteristics which slope cdown-
ward at the high frequencies, 1t is the firm convie-
tion of the authors that an auditorium of the
approximate size of the four largest Don Lee stucios
wotld have an unnaturally sharp and undesiralily
brilliant characteristic if this downward tencdency
at thie high lrequencies did not exist.

C. What Factors in Construction are
Important for Sound?

It is important in the construction of a studio to
eliminate external noise and vibration. To this end,
cach studio was designed hasically as an isolated
outter 8-inch thick concrete enclosure within which
was the inner studio of wood construction with
tlimensions conforming to the optimum ratio 2;3;3.
In order to minimize undesirable refllections between
walls, the inner walls were angled Lo avoid parallel
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F1a, 2, Studin 1, reverberation time chivacteristics,

stfaces, The celling and [Toor surfaces were also
made non-parallel.

In order to provide adequate, but avoid excessive,
sound diffusion and give room character, the walls
and ceiling were alternately teented with different
arens of convex and flat surfaces, Wood was used
ott the stage floor, on the curved surfaces of the
walls and ceiling and on some of the {iat areas in
order to provide the rich 1onal effects which experi-
enee has indicated are obtained by the use of wood.

The studios were designed to have not only
optimum acoustical characteristies butarchitectural
beauty as well,

II. BUILDING TO THE ACOUSTICAL OPTIMUM
CHARACTERISTICS

The next problem was to design the studios to
canform to the aptimum acoustical characteristics,
In earlier building history, such an undertaking
would have been difiicult. With the increased
information now available regarding the acoustical
characteristics of materinls, it is possible (o caleulate
the sound treatment for o given studio more
accurately than formerly, Because of the lack of
information regarding some of the materials, how-
ever, the polyeylindrical surfaces being one of the
materials in particular about which not enough
information was availahle, it was decided 10 make
acoustical mensurements during the course of con-
struction and make slight adjustments in the
acoustical treatment whieh  the measurements
might indicate to be desirable. Arrangements were
made in conneclion with the construction program,
to install one type of material at a time as {ar as
practicable, and make acoustic measurements be-
fore and after each instwllation. The resulrs arc a
unique family of curves, and talles of acoustic
absarption characteristics deseribed helow. This
Yeailor-making' of the acoustical treatment proved
to be very wvaluable in adjusting the acoustical
characteristics accurately to the optimum,

in ealculating the reverberation time frequency
characteristics, it was essentinl to realize that the
polyeylindrical surfaces, provided primarily for the

difusion of the sound, had a maximum absorption
at a low frequeney, These polyeylindrical diffusers
were constructed of sheet plywood bent over convex
forms, The convex forms were macle of ribs which
were spaced at irregular intervals in order to avoil

“plywood dinphragms of similar sizes, which other-

wise would vibrate at frequencies within a narrow
hand, and therchy produce undesirable resonance
vibration effects. The pancls were damped by
means of a Celatex lining, 1 addition, the seats,
carpet, drapes, and acopstical treatment, all were
considered carefully in the ealeulation of the
acoustical eharacteristics of the studios.

Acousti-Celotex was chosen as the acoustic treat-
ment because of the witde variety of acoustical
characteristics available with different thicknesses
and mountings, and because of the fact that these
materials can be painted with eil paints or otherwise
redecorated without impairing the acoustical char-
acteristics, Arrangements were macde in cennection
with the design of the studios to make changes in
the Acousti-Celatex during the course of construe-
tion, if the acoustic measurements indieated ntiner
modifications to be desirable, Changes in the type
of Acousti-Celotex and its mounting (directly
against bare surfaces or on furring strips either 127
or 24" apart) were costenplated. Under these
conditions, the absorption frequency characteristie,
at the low frequencies in particular, could be varied
over wide limits,

I, ACOUSTIC MEASUREMENTS AND
CONSTRUCTION

The Tollowing is an cssentially  chrenologienl
account of the measurements made in Studio 1,

Decenrber 30—"1he studio consisted of a concerete
shell with a rough wonden rool (sce Fig. 3), The
reverberation time varled from 7.4 scconds at 30
e to L6 seconds at BOM c.p.s, (see Fig, 2).

Mareh 18.—The installuion of the polyeylindrical
surfaces an the ceiling and walls was camplete, and
the entire installation of the ceiling was finished,

16, 3, Picture of Stadio 1, at the time of the first
measurements, Pecember 30, 1937,
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Fie. 4. Sundie 1, reverberation time ¢lsaracteristics,

with Acousti-Celotex or other materials installed
in strips between the polyeylindrieal diffusers. The
reverberation time at 50 c,p.s. was reduced from
7.4 to 2.8 seconds (sce Fip. 2} Above 2000 c.p.s.
the absorption was increased only a small amount,
The absorption at the low frequencies was attribu-
table Inrgely to panel vibration of the pelyeylin-
drical and flat surlaces of the inner walls of the
stage and audience seetion,

It was decided at this time, as a result of a study
of the measurements, to install the remainder of
the Acousti-Celotex directly in contact with the
hard wall surfaces instend of on furring strips, The
purpose of this change was to reduce the absorption
of the Acousti-Celolex o a mintmum at ihe low
frequencics.

Mareh 25, —The Acousti-Celotex installation on
the walls was complete, The mid-range lrequency
absorption was increased in particular. The low
frequency absorption was little changed, as was
desirable (see Fig, 2),

April 16.~The construction of the wood foor
of the stage was complete, There were no unde-
sirable resonance vibrations of the floor to change
the smoothness of the reverberation time frequency
characteristic. This had been accomplished  in
particular by putting extra stringers between some
of the wood floor supports, which caused the
natural vibration frequencivs of the lloor, therefore,
to be varied as is desirable,

The reverberation time under these conditions
was slightly greater than during the previous
measurements, largely because of the removal of
the building paper that had covered the Noor of the
audience section and the remeval of the Acousti-
Celotex that had previously been stored in cartons
on the stage. The doors had been hung and were
elosed.

April 23—The seats had been installed in the
audience section. The absorption of the seats
reduced the reverberation imes substantially ac
the low as well as the mid-range and high fre-
quencies (see Fig. 4), Reverberation chamber
measurements of the seats during the planning
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I116. §, Studia 1, reverheration time characteristics with
slage drapes open and closed,

period had indieated good absorption over the
entire {requency range,

May 5—0Ozite lined carpet had heen installed in
the andience sectien. In order to avoid absorption
at the low frequencies as completely as practicable,
as previooas measurements had indicated to be
desirable, a single rather than double thickness of
carpet lining was used, This producer! the desired
results (see Fig. 4).

It is to be noted that above 5000 c.p.s. the
reverberation time was higher than during the
previous measurements, These data were rechecked
and the effeet was found to be a real one, un-
doubtedly actributable to higher humidity condi-
tions duripg the Jatter measurements, which would
result in tess ligh frequency air attenuation, Such
conditions will not recur in these studios die to the
aperation of the humidity contral equipment, the
installation of which had not been completed at the
time of these measurements.,

June 17~—The windows in the monitor and
client's booths, and four heavy drapes as well s
strip of ecarpet on the stage, had been instailed
prior 1o these mensurements. The measurements
were made with the two rear drapes open, and also
closed so as ta shue off the rear portion of the stage,
The upper curve of Fig, 5 indicates that with the
drapes open, the reverberation time charcteristic
was above optineam over the requency range from
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Fr6, 6. Swdio 1, reverbemtion tme chartcteristics
after completion, June 30, 1948,
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Fic, 7. Picture of Stadio 1, alter completion, June 30, 1948,
taken from the rear of the andience seciinn,

200 to 3000 cps. With the drapes closed, the
characteristic coineided almost exactly with the
optimum over the range from 200 to 2000 ¢.p.s.

June 30, —Aconsti-Celotex had been installed on
two, additional pancls-of the stage to complete
Studio 1, The final measurements, made with the
drapes open, are in clese agreement with the
optimum characteristic {see Fig. 6). Two pictures
of the completed studio are shown as Figs. 7 and 8.

The measurements, represented by the charneter-
istic of Fig, 6, were made in three groups. Firse,
the Joudspeaker and the microphone were cach
placed in five different positiens on the stage, The
average of these measurements is shown as the
heavy line of Fig, 9. Next, the loudspeaker and
microphone were cach placed in five different
positions in the audience section. The average of
these measurements is shown on the same figure
as the doteed line, Next, the loudspeaker was placed
in five different positions on the stage and the
microphone in five different posicions in the audi-
ence section. The average of these measurements
in shown as the light solid line on the same figure,
In making practically all the reverberation time
measurements referred to in this article, the loud-
apeaker and microphone were each placed in ten
different focations as far apart as practicable, “The
characteristic curves are the average of ten sets of
data in practically every case.

Measurements were made June 30 of Studio 2,
which had been designed to be practically the same
as Studio 1. This characteristic is shown as the
solict carved line of Fig. 10, Measurenents had been
made in Studio 2 previously, which were in goad
agreement with the corresponding measurements
thit had been made in Studio 1 at essentially the
same stage of completion, Studio 3 was measured
August 17, the results of which are shown as the
dorted curved line of the same figure, The char-
acleristic of Studio 4, August 4, 1948, is shown as
the dot dashed curved line, The characteristics of

Frc. 8 Pievre of Stdio U, after completion, June 0, 1948
taken from the stage,

these three stidios are easentially alike and are in
good agreement with Studio 1 and the optimum,

I¥, ACOUSTIC ABSORPTION CHARACTERISTICS

At the time that the Don Lee Studios were
designed, less was known about the acoustic ab-
sorption frequency characteristics of pelyeylindrical
diffusers than most of the other materials used in
the studio construction, ‘This was one of the most
important mawrials about which information was
reguired because of the relatively large areas in the
studins. Two other importane parts of Studio 1
equipment were the 350 deeply cushioned theater
seats, and the carpet. From the acoustic measure-
ments made o the studio before and after the
installation of the polyeylindrical diffusers, hefore
and after the installiution of the Acousti-Celotex on
the walls, before and after the installation of the
seats, and before and after the installation of the
cirpet, the absorption [requency chiaracleristics
have bueen caleulated, These materials were meas-
ured in this instanee under the conditions of use
rather than wder the unnatueal conditions of the
reverberation chamber, These measurements, there-
fore, are of the absorption contributed by these
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Tape 1, Polycylindrical diffusers Studio | calenlaterd
abserption ceefficients,

Frequency In cycled Ahsarption coefMictents

ner setand Iy pereent

50 7
60 3
a0 24
an 23
125 23
250 17
300 )
1090 8
2000 2
Jood [
4000 7
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Tame I, Acousti-Celotex 3" and 13 (equal areas)
sereweed 10 Acousti-Lock hoard, Swudie 1, Caleulter average
whsarption coellicients,

AMA absorptlon coefticients Avernge absarptlon
in perceat mm’f-_l-nu oPi'('
atd 13" Acoutstl-

37 Acanatl- 17 Aconsti- a
Lelorex Celntex Cetatex culendated

Freguency
in cycley serewend acrewed ftoin geverberation
et arcniil ter AL Boagd  to AL board Average  measnremenis
125 2 14 12 20
250 15 42 20 37
ann 01 0% A 7
1000 7 7 0 75
2600 m 60 65 72
3000 58
4000 1% 50 57 51

materials to the acousticnl characteristics of the
studio,

A. Polycylindrical Diffusers

The first measurements of Studio | were made
December 30, 1947, when it was virtually a conerete
shell, The characteristic is shown on Fig. 2, and
the Studio is pictured as Fig, 3, The next measure-
ments were made March 18, 1948, alter all of the
polycylindrical diffusers had been installed on the
ceiling and walls, and the Acousti-Celotex acoustic
treatment had heen installed on the stage eciling,
From these data, together with the information
obiained regarding the absorption [requency char-
acteristic of the Acousti-Celotex, the characteristic
of the polycylindrical diffusers was caleulaved, This
is shown in Table [, 1t will be noted that the peak
absorption of 31 percent was ohtained at a fre-
guency of 60 cp.s, and that the absorption aver-
aged about 8 percent ahove 125 e.p.a.

B. Acoustl-Celotex

The next major change made was the addition of
the Acousti-Celotex acoustic treatment to the walls,
Almost exactly equal areas of % thick and 1}"
thick Acousti-Celotex were installed between the
measuremertts of March 18 and March 25, 1048,
Both of these measured chamcteristics are shown
on Fig. 2. From these data, the average absorption
coefficients at the various frequencies for the two
types of Acousti-Celotex were caleulated. The
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FiG, 10, Reverheration time charcteristics of Stadios
2, 3, and 4, following completien,

results are given in Table T1. Tt will be noted that
the principal differences between the Average AMA,
cocflicients and those ealculated fram the measure-
ments, are that the ticter are higher at 125 and
250 e.p.s, and lower in value at 500 c.p.s,

C. Seats

The seats were installed between the acoustie
measurements made April 16 and April 23 in
Stuclio 1 (Fig. 4). From these data, the absorption
irequency characteristic of the 330 seats was deter.
minedl. These coeflicients are compared in Table T1]
to those determined in a reverberation cliamber
prior to the construction of the studios. 1t is to
be noted that the low (requency absorption of the
seats, meastred after installation in the studlo, is
higher than the absorption as measured in the
reverberation chamber; and that the absorption at
the high [frequencies is ower as measured in the
stuelio,

D, Carpet

The carpet was installed in Studio 1 between the
acoustic measurements of April 23 and May 3
{(Fig. 4). It had Deen determined prior to the
installation of the carpet that a minimum low
frequency absorpiion was desired from the carpet,
in arder te make the studio characteristic conform
closely to the optimum. The earpet lining was,
therefore, limited to one thickness of material, The
calculated absorption frequency characteristic of
the lined carpet is shown in Table 1V, 1t is to be
noted that the carpet absorption is less than 30
pereent below 1000 c.ps. The absorption reaches
its maximum value of 30 percent at 3000 c.p.s.

V., CONCLUSIONS

In the design and construction of the new Mutual-
Dan Lee Broadeasting Studies, the desired studio
characteristics were first determined by means of
measurenents of some of the auditoriums which
breadeasting expetience indicated to be best. Next,
the new studio acoustical characteristics were
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Tante 111, Seats Studio | ealeutated absorption.

Tam.e IV, Carpet Studio 1 ealculaled absorption coeilicients.

Alorption in

Frequency nnley mensured Abwnrntlon fn
1 cyclen ina reverbwration unics mensnred
NET KCCRHE chiamnlier in Studio ¢
125 2.3 3.0
250 2.4 3.7
500 2,7 3.4
1000 3.3 kS|
200{} 3.2 3,7
Joon 3.2 3.0
4000 4.5 3.4

“ailor-made” o the desived charneteristies by
means of acoustic mensurements made at Intervals
during construction, and by minor adjustments in
the acoustic treatment indicated to be desirable hy
these measurenents. The results were close agree-
ment of the final characteristics of the studios to
the optimum, Furthermore, the design optimum
was [ound to be a more reverberant characteristic
than had been in general use,

Erratum: On Diffraction through a
Circular Aperture

Jonn WL Mias

Departiient of Engiueering, University of Californin,
Lo Augeles 24, Californio

[+ Acotte, Soc, An, 21, 140 (1940}

I'TH reference to our recent Letter vo the Editor, D

Harold Levine of Harvard Universicy has pointed sut
to us that the variatianal principte, when applivd to the static
field in the nperture, is exact thravgh terms of arder (ka)*and
not "victually exact,’ as we stated. Our arithmetic was in
error, and the coefficient of the term {kn)? in the transmission
coeflicient should have been

(4/9— 4 /5%) 2003915071

Frequency In eycles Absorptlon eoelBicients
per secuntt In percent
115 1
250 15
300 M0
1600 an
2000 ki)
3000 K]
4008 31

The resulis that have heen obtained, including
comments of management, artists and radio list-
eners, particularly regarding orclestra broadeasts,
have been very excellent, 1t is realized, however,
that it may take some time for stucios of this type
to gain genernl aceeptanee, [t is expected as expert-
ence is gained in the use of the Don Lee Studios,
that additional information will be obtained which
will lead 1o the preparation of a supplementary
article.

which is equivalent to Bouwkamp's figure of 0.039160 to the
same number of significant fgores, Tn aceition, Eq.-(8) in
reference 1, should have read

T/ om R G+ )Y,

Erratum: Adaptation of the Ear to Sound Stimulil

E. LAk ano o Zwislockt
HMasle, Steilgerland
[J, Acnua, Soe. Am, 2T, 135 {1949)]

ILLISECONDS, not microseconds, Throughout this
paper, the tnit of fime ia the millilsecond, which
through ercor was abbraviated as psee,
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Letter to the Editor

Noise

Ratrn MARVIN McGratn
Flawtharue Works, 1Pestery Bleciric Campany, Chicago, Hilinois
April 2, 149

ERMIT me to join with My, Frank Mass)! in ueging that
mare time In the meetings tnd more space in the Tanrnal

lie devated to the "applicd” phases of the field. The coming
meeting in New York is scheduling papers under the heading
"Acouatics in Safety and Comleet' nnd I am sure, aler read-
ing over the abatracts of the papers that will be presented,
that anly the surfice will be seratehedd, T am imterested in the
eflects of noise on human beings and 1 would like to hesr
papers on what the lhnits of safety are for industrial exposures,
what the effect of noise is on laboer turnover, quality of procuct,
and absentecism. I am intereste in what practical steps can
be taken to correct adverse environmental conditions, I am jn-

terested in actual rulings by industrial commissions on chaims
made for hearing losses; in the type of lewislation that should
Le enacted, and in the viewpoint of labor and mapagement
toward the "noise™ problem. 1 am interested in noise Tevel
measurement and the hearing acuity measurement of the ins
dividual. T am joterested in standards of comnfort as well as
annoyance niel what can be done 1o increase the esmfore of
workers and redace 1he *threat” 1o his safety.
In my apinion fully hall of the program at our meetings
shoukl be devoted to the “applied” phases of the Geld. In tsis
sy we can leen how others are antacking the preblems
witl whicl we in industey live day after day, s T see it, the
indusirial poise problem is one of the must unexpslored fields
in acoustics.

““;rml: Massa, "Theory versns Practice™ Jo Acous. Soc. Am. 21, 141

Acoustical Society News

Dates of Future Meetings of the
Aconsticel Soclety

The fallowing dites have been set for meetings af the Acons.
tical Soclety and Chairmen of the Progrin committees have
leen appointed:

November 17-19, 1948, St, Louis, Missouri, Chafrman: io-
pitssonr KERON C, Monrical, Washington University, &t
Louis, Missouri,

June 22-24, 19350, State College, ennsylvania. Chairman:
Prorissor Haxolh K. Scundi¥c, The Pennsylvanin State
College, State College, Pennaylvania,

Navember 9-1t, 1950, M.1T., Cambridge, Massachusetts,
Chairmunt Prorusson Ricparn H. Dowr, Massachusetts [n-
gtitute of Technology, Cambridge, Massachusetts.

Spring 1951, Miantie City, N I. Cloirmgn: D Hagey F,
Ouson, RCA Laboratories, I'rinceton, New Jersey.

Frll 1958, Chicage, Illinvis, Chairman: D, HaLe ] Sanise,
The Celotex Corporatian, Chicago 3, Hlinois, This will be a
joint meeting with the other socleties of the Amerjean Insti-
tuta of Physica,

Cumulative Index to Volumes 11-20

In 1932 the Acoustical Sucicty published a Cumulative
Index to Volumes 1-10 covering all papers which bad appeared
inenr Journal fram 1929 to 1932 as well as the cantemparary
papers in other journals from 1987 to 1939, These wern
classified according 1o suliject and also iclesed accarding to
authar, This index was mailed at that tme to all members,
but copies are still available ae the Ameriean Tnstitoie of
Physics ot §4.50,

It had heen the plhn 1o extrapolate thit experience nwl to
publish & stmilar cumulative indes covering the next ten
voliumes, “This wrned out {o be a very serious finnncial
prablem, The field of acoustics had become very active during
the period, the number of titles of acowstical papers compiled
from other journals had vasily aaliplied, the reviewing of
acatstical patents had been starial, and the Jowenal itsell
was publishing an increasing ammber of pipers per yaese, 1L
was reluctantly decided that the Cumalative Index would
have ta be abandoned for financial rensons,

Meantime, however, the ONK lad made plang to support’

the prepartion of p bibliography of aconstics. Iy good fortune
the plans of each group became known to the ether, Inasmuch
a8 the Jowrnal of the Acoustical Sociely of America was the
only jourpal devoled 10 neonstics which had been published
throughout the entire period from 1939 to 1948 awd, since this
journil had already prepared references to acoustical litera.
wire appearing elewlhere and to acenstical patents, it was
conclided that the cumulative index of this materin would
meet the needs of the ONR, Compilation of this material into
inteprated lsts has therefore beea supported hy ONR contract,
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‘The new Cumulative Tndex to Volumes 11-20, 1039-1048,
isa volume of approximately 500 pages covering papers in onr
own Jouraal, contemporary literature from other journals,
and patents, These are classified separately nccording to
subject and again by authar or inventor, This very usefu)
volume has heen made possible by the many hours of hard
work during the past teasyear period by those members of the
Society who have compiled the material, namely, Aritbur
Taber Jones, Floyd A, Firestone, Herbert A, Eef, and Rahbert
W. Young and his stafl of cleven patent reviewers whose
names are listed in the Index itsclf.

This new Ciwnulative Index is being sent free of charge o
Ml members of the Acoustital Sociely, Others may obiain
copies by sending $5.00 to the American Institute of Physics,
57 East 35th Street, New York 22, New York,

Results of Questionnaire on Journal Policy

The advice of the Society membership was sought last year
in a questionnaire designed to nsslst the officers and the Execus
live Council in determining a suitable publication policy in
the fnce of rising publication costs and continuing shortage of
paper, Over 480 replies were recelved representing more than
nne-third of the tota) Society membership, The check lists on
Yeevommended action” and Ydegree of interest” were dili-
gently exceuted, and 4 large number of cogent supgestions
were recelverd on the questionnaire and in forwarding lettors.
A brief statistical annlysis of the cheek lists, with duw respeet
for correlation cocflicients and power spectri, suggested that
more vitlue would accrue from a detailed study of the appended
comments and suggestions, The statiatics, however, provided
t validating confirmation of the concluslons drawn from the
verbal discussions,

The replies were gratilylng and informative, The cons
slructive criticlsma and suggestions are proving useful in
glving guidance to the memburs of the Council, and a number
of the suggestions bave already been incorporated in the
Journal,

A stricter editorial policy {s now being followed and con-
tinual scrutiny given to matters of layout aud size of cuts,
The new “Suggestons to Authors” an the jnside (ront cover
encourages practices that aid editorinl economy, Unnecessary
duplieations and verbosity are to be discouraged, Although
the Editorial Board looks for n high standard of material, it
will not reject papers of real intereat to (he Soglety in the
Interests of economy,

Space will soon be saved by placing the Table of Cuntents
on the back cover, where it is really casier to use, Arrange-
ments have been made 1o reduce the number of patents
reviewed and the number of figures reproduced. The ques-
tionnaire replies emphasized that too many of the patents
listedd ara simply gadgets and not of sclentific interest; that
Information appears too late to be of much ase to the patent
minded; aned that persons really interested in such matters
-abtain the patent bulleting directly, Other frequently ex-
presecd opinions, which are wder consideration, include ne-
ductlon of papers which deseribe only facilities and not res
seatch as such; reduction of material on musical instruments
{with a fow notable obiectors); and reduction of naterial from
contract-sponsorcd work that {s given fully clsewhere.

Several pointed out the need for more Sustaining Member-
slips, an arrangement that {s smtoally beneficial 10 the
Society and to the Sustaining Member.

A very wide range of interests and opinions was brought
out by the questionnaire; this is a patiral omeame of the

SOCIETY NEWS

hroad scope of the Sociely's activities and the wide range
of subject matter encompassed by the field of acoustics,

Tn summary, ic was clear that mest renders like the Journal
and wonld e willing to pay more if necessary to maintain o
ligh standard of well presented articles, AL the same time,
many useful suggestions for economy were given and are
being pat into prictice,

The assistance of Avis M, Clarke in analyzing and reporting
the results of the guestionnaire i8 gratefnlly acknowledged.

Ricuarnh . Bolr

Certificate of Appreciation to Dr, Hallowell Davis

A Certificate of Appreciation was recently awarded to Dr.
Hallowell Davis “for ouptstanding contribution to the work of
the OMce of Scientific Research and Development dusing
Warld War 11" Dr, Davis is Director of Research at Central
Institute far the Deaf, and Peolessor of Mhysiology and Re-
search Professor of Otalaryugology at Washington University
in 51, Louis,

Dr. L. L. Beranek to Lecture on Acoustica at
the University of Buenos Aires

Dr, Leo L. Beranck has accepted a teaching position as
lecturer In acoustics at vhe Instituto Radintecnico of the Uni.
versity of Buenos Aires for o three-month term this summer,
The Institute Radinteenico las been in existence as i divislon
of the University of Buenos Aires lor five years and they are
now attempting 1o expand their currienlum to include grad-
witte work, Dr. Bermnel: i being asked to organize n canrse in
acaustics that will he carried on by the school after he leaves,
He also will be expected 1o cender assistance i the seating up
of a general post-graduate course in mdio communieations,

Death of Dr, Edward B, Stephenson

D, Edward B, Stephenson, Superintendent of the Me-
chanics Division of the Naval Rescarch Labartary, died
Friday, Muay 6, at the age of 67, in San Francisco, T, nnd
Mes, Stephenson were visiting their san, in that city, follawing
I>r, Stephenson’s participation at the All Nuvy Laboratories
Conference at the Navy Electronics Laboratory in San Diego,
where he was chairman and discussion leader of the program
entitled YEducational Programs in Navy Laboratories,”

Dy, Stephenson came to NRL in 1924, He scrved as Asso-
ciate Superintendent of the Sound Divislon uniil 1948 when
he heeame the first head of the newly estallisbed Mechanicy
Division, While in the Saund Division, Dr, Stepliensan was
responsible far the research undertaken on Subaquacous
System of Artillery Fire Control andd the Virtual Target for
Underwater Seynd FEelo Ranging: he held the patent rights
for Loth, In 1931 e received the Navy Department's Bene-

ey
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ficial Award of $2000 (one of the highest maonetary awards
given by the Navy) for research in “Quartz Crystals.” In
addition 1o hia research, Dr. Stephenson ook o very active
interest in administrative activitics, In 1945, he received the
Meritorlous Civilian Service Award for outstanding service
to the Navy, His citation read s follows:

For autstandlsg pdmislatratlve aud organtzational wbility for ineetin

tie wur need of mpldly expanding the teehinical work of the Sousw

Division wlth e simwltatcons geed o the techulcal developunene

nued orientatlon of new pernannel ta lts work, This effective coopdlnation

made podaible efliclent serviee ta the Fleet,

For many years, e served as Chiirman of the NRL
Efficlency Rating Commiltiee and was Peoldeny Secretary of
the NIRRL Scientific Presram Hoard, He helped organize the
Civil Service Board of Examiners for Scientific and Technical
Personnel in the Potomac River Navil Command, He served
on the MIT Committee on ‘Thesis Acerediting and was o
member of the Navy Advisory Conumittee Jor Scientlfic
Personnel,

Before coming to the Labortory, Dr Stephenson was o
Physicist in the Office of the Chief of Engincers in the War
Department; during World War I be served ns 2 Major in the
Engincer Corpa of the U, 8, Army. A farmer eollege professor,
Dr. Stephenson taught at Knox Callege (where he received
hia B.S. and M5, in Physics) for several years, at the Unie
versity of Illinois (where he received his doctorate), and ar
the University of North Dakota. In 1943 his alma mater,
[Knux College, honored him with the honorary degree of
Doctar of Science.

Dy, Stephenson presented many sclentific papers to varios
scientific and techaical societies and was frequently invited as
speaker at many national and internntional meetings; he was
a member of the Awmericn Physical Society, the American
Association for the Advancement of Science, the Acoustical
Soclety of America, the Geophyslcal Union, the Philesaphicn]
Society of Washington, the Cosmes Club, nnd Phi Beta
Kappa, Sigma XI, Phi Delta T'heta, Gammin Alpha fraternities,
‘The most recent occasions when he represented the Laboratary
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at international mectings were in August 1948 when be
attended the International Unien of Geadesy and Grophysics
in Oslo and in Seprember 1948 whep he nitended the-Intere
national Congress of Applied Mechanics in London,

Born in Sparta, Wlinois, on January 19, 1882, D, Steplene
san spent most of his carly carcer in the micdwest that he
Joved so dearly, and was very proud that he was a *farm hoy."
He will be long reinembered not only for his scientlfic contri-
butions and aclievements, but also for his whalcheaete:d
human relatonships, OF him, it can truly be saidz

1le was ot lemler, 508 4 driver;
He wun furcefnl, unt arrognant;
le waw belpful, not patrondzing

He waa frlendly, not familiar;,
He wan sympathelc, sot sentinental;

it wid cendident, not dagmatic,

Chicago Acoustlcal and Audlo Group

‘Tms I8 written to describe brielty the history af the
Chicago Acoustical amd Auclio Group, About two years ago,
a group of acomstice] ind awdio men in dds ares ogreed
that the ASA, and the LILE, were not jn o position 1o
satisly their desire for tocal activity fn their fields of endeavor,
A technical society was discussed and initinl organizational
meetings were hekl, One of the persons who devoted much
effort to the formation of the saciety was D, Vincent Salmon,
He was the ariginal president pro tem but in January, 1949,
left the Chicago aren for the West Coast,

Fourmal mectings with speakers cammenced in October,
1948, and eontinned monthly, A constitution was accepled at
the February, 1949, meeting, An imporiant pare of the con.
stitution was the provision of meats to become affiliated with
a sociely such as these mentioned abave whep the niembere
ship so desired, With the acceptance of a constitution, four
officers anel three members of the eseoylive council were
elecied, the seven then constituting the executive council.
These are: President: H, C. Hanoy, Viee President; ]. S,
Bovens, Treasurer: S, 1. KtavMan, Seerefary: G, L, Bon-
YALLET.

Remaining Executive Council Members: 11, J. Sanse, for
3 years; I, I, Samunisoy, for 2 years; M, A, SwiTtt, for 1 year,

An annual meeting was held in May, 1949,

Under the original president pro tem, the uhove ullicers,
and a large number of interestesd and hardsworking enthn-
sinsts who became members, the program for its first year was
found to have Leen very satisfying in content and also to
have see a high precedent, The program {or the approaching
year {8 naw being formadated and appears interestng and
Lenefigial, We hape to achjeve the puepose of the sociely which
is to foster within tie Chicago areir the diffusion and increase
of the stientific and engineering knowletlge of pcoustics and
nudio engincering, and ta eneoyrage the Interchange of idens
and the promotion of high prafessional stanidards among its
members,

New Assoclates

Wuyne A, Beaverson, Electro-Voice, Inc,, Buchanan, Michigan

Kahert W, Benson, 10 Faculty Lane, St, Louis §, Missouri

Raobert W, Curr, 2929 Burling Streer, Chicago 14, Nlinois
(Shure Brotliers, Ine, 225 Y. Thuron, Chicigo, Hlinols)
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Cassius M. Clay, Jr., Room 500, MIT Gradunte House, Cam-
bridge 39, Massachuseits :

Keaneth S, Cook, Depactment of Physics, University of
Connecticut, Storrs, Connecticnt

Edwin A, Doane, 1156 Constance Street, Pasadena 5, Cali-
Tornia (Western “Frumleau Streptomyein Laboratory, Olive
Viaw, Califurnin)

Perey W, Gatz, 73 Miles Avenue, Grea Kills, Seaten Islax! 8,
New York (Teachers College, Columbia University, New
York, New York)

Robert M. Hoover, Ondoance Research Lalioratory, 1 O, Box
3G, State College, Pennsylvania

Kenneth R, Larson, . S, Gypsum Company, 1233 West
Diversey Parlewny, Chicago 14, (llingis

Belred ‘T, Marsh, 281 W. Bagley Roml, Derea, Olio (NACA,
Clevelad Airport, Cleveland, Ohio)

David Mintzer, Acoustics Laboratory, Massachusetts Insi»
tute of Technalogy, Cambridie 32, Massachusety

Liotet 0, Schotr, Bell Telephone Laborutories, Mureay 1111,
New Jersey

William M. Seeley, Jr,, 743 Craig Avesne, La Camada,
California
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Martin 1, Sperber, 9507 Luelid Avenye, Cleveland 6, Ohio

Glepn 1, Tisdale, 015 Westaver Road, Wilmington 79,
Delaware

Vietor Twersky, 1244 Lincoln Place, Brooklyn 13, New York

George I', Wakefiekl, The I, W, Wakefiehl Brass Company,
Vermilion, Ohio :

Willium T, Watlking, The VHampshire Carporation, I O, Box
82, Reanoke, Virginia

Louis Zernow, Ballistic Rescarch Labortories, Aberdoen
Draving Ground, Alberdern, Maryland

Reinstated Membiers: John W, Brocks, Gy 8. Cook, Marcus
R, Turrnt

Resigned: Renel S, Alford, R, 1, Mugg, Douglas F. Winnek,
Members

Deceased: Edwin E, Colpits, Fellow, Walter F. Smith, jr.,
Member

Pellows 207
Members 1036
A ssocintes 185
Total Menthership 128
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Current Publications on Acoustics

T, A, Finagtong
3318 Fessenden Street, NV, Washington 8, D, C.

Boolt Reviews

Cotllon. Awthur Lyvkns [hoeiow, pp. 8t4-xive Drinceton
University Press, Princeton, New Jersey, 1248, Price
.00,

The author of this book is the Bell-Master at Princeton
University, and the honk was weitien hecitpse enthuslastic
visitars 10 the Princeinn corillon often aslk abowt the carilton
and about bella in general, The book serves admirably its
purpose of providing a straightforward and imeresting acconnt
of bells pnd the possibility of bel) music, and it will be read
with pleasre by many persons beside those who hear the
Princeton carillon. ‘There are three chapters, The firat tells
the hlatory of the Princeton cacillon, The seeomd deals with
the arigin and develepment of Bells and caeillons, “The third is
on the carillon i Amwericu,

Mr, Digelow defines a carillon as "' An instrument comprising
at least two octaves of fixed cup-ghaped bells arranged in
chramniic series and so tuned ag to produee, when many such
bella are soundued 1agother, concerdant harmony, Tt is normatly
played from @ keyboard which controls expression through
variation of touch, "This is the definition adepied at the
Sixth Congress of the Carillon Guild, held at Princetan in 1946,
Thus i carillon requires Dells in which the partin) tones of ane
o ot jangle with those of anather that is heard at the same
time, wad the carillonneur must develop the art of making
use of these bells in such a way as 10 ke into decount strong
partial tones, and must combine the Lells in such a way ns to
oltain effects that are musical. No mere reproduetion of
harmanies that were written for other instruments is adequate,

Mr. Bigelow sketches the history of the varying shapes of
Liells, from the time of Nineveh and Babylon, threngh Roman
tintinmabula and early Irish bells, to the thirteenth century,
and then to the Glwenth centary and mare modern Lells,

Iu the carillan at Princeton thesw are forcy-nine bells, antd
the clavier i in an imusually satisfactary location—close o
all the belts, above the lirger ones il below the smaller,
For the larger bells the action i of the Dutely “broek™ ar
“brecches” type, and for the smaller it is of the Flemish
“tuimelaar” or "tumiler” type. These 1wo types of actian pre
explained cleirly with the aid of excellent diagtams, During
the war the Princeton cariflon was enlarged to its present size
hy the addition of twelve small bells, With fonndries at home
wnd abroad converied for war, it became necessary for Mr,
Bigelow himself not only tu ind metad far the additional hells,
biut also to cast and tyne then, He already had a wide under-
standing of such mavters, but he can hardly fitve carried
through this work withoot learning meeh while doing it In
fact, e atates that there are probably not moee than six or
seven nten living whe are capable of tuning satisfactorily the
Daclls of a carillon,

As to the pleasure and satisfaction 1o be deeived fromn o
carillen Mr, Bigelow points out that the number of bells “is
in iteclf no griterion of its musical qualities or of the amount of
pleasure to be derived fram it, Some smatler sets of two or
three oetaves wiy charm the fistener as much as carillons
Lwice thelr size, There is, owever, a limit to the type of music
which miy be played on a smaller instrument,”" On o carillon

—f
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with o larger ntmber af Dells {4 s, however, possibfe 1o
“achivve effects throngh scales anc extensive arpeggios which
a smnller instrument cinnat produce,”

. N

The book is enriched by twelve pages of phatographs, amd

- by some information about fifty-eight earilions in this country

and eight in Canada, Tn is o boak that every one who tales
any jnterest in bells will want to read.
Awriivr Tangr Joses
Smith College,
Novihampion, Massachusetls

Propesed American Standard Acouwstical Terminclogy, Feb-
ruary 1049, American Standards Association, 70 East
45th Strest, New York 17, N.Y, Price $1,00,

The new trial edition of the proposed revision of the 1942
Standard Acoustical Terminology was prepared umder the
sponsorship of the Acoustical Society of America with special
cooperation of the Institute of Radie Engincers, Inc. As in-
dicuted in the foreword, this edition is issued for trinl and
study fora period of six months, nfter which it will be proposed
for adoption us an American Standard with whatever correc-
tions the trial haa indicated,

A camparison of the new proposed sundard with the 1942
standnrcd shows that it has over five hundred definitions com-

pared to about one hundred and Rfty, The inereise s Inrgely |

in six new sections reflecting recent scientific dovelopmenis,
These are: Ultrasonics, Recording and Reproducing, Usder-
water Sound, Geperal Acoudtical Instruments, Shack amd
Vibeation, New material is also included in the six sections—
General, Architecteral Acousties, Hearing, Sound Trans-
mission, Transmission Systems, and Music—which appeared
in the earlice version,

Many of the definitions in the carlier edition have been
revised to conform with the results of rescarches made during

the intervening husy seven years. As an esample, major
changes appear in the concept apd mothod of speeification of
Articulation and Intelligihility, ‘These are now recognized as
Deing Jess definite and more intimately tied in with the method
of measurenent, The new definitions indicite more exacuy
what facrors muest be specified,

‘The hasie principles fallowed in the new version are essentis
tlly the snme as for the older version, Multiple meanings for 2
term have generally Been avoided, amd each definition is ns
complete as poessible, using only words found In & sandard
dictionary except where specifie reference is miade to another
term within the glossary, To make the standard more yseful
to nonspecialists many of 1he terms have, in addition o an
accurate statement of the mnning wxplanatory paragraphs
in the form of nates contining backgronnd miterial and
disenssion, Two additiona) tables also appear in this jesue:
one i table on Stndard Water Condidons listiog the velogity
of sound, the density and the gconstical impexlanee of fresh
amd sea water as a function of salinity and temperadure; and
the second o table of conversion factors foe the present acons-
tical waits s the mks unia,

“This standared shonld have widespread value 1o all persons
interested in acoustics and allied felds, Tt gives the specifica-
tion writer, the manufacuarer, the rescarch worker, the field
worker and the customer i common laumm].e which i3 at once
necerate anc yet simple compared to that in many other tech-
nical fefds, Fow forcigm words amf few Yenined" words appear
which would wmar the feeling of nnderstanding in discussions
Letween the specialist and the less teehnical person,
he propose] standard should be earefully studiod by all
persans interested in acoustics in order tn locate nll errors so
that these can be eorrected fn the final edition, .

C. F. Wnusci
Hell Telephone Laborutories,
Murey I, New Jersey
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References to Contemnporary Papers on Acoustics

Awraur TABER JONkS
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Switzerland, 7 and B (Nos. 45 /), (147=-1948), Ann,
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~%

PR
'

23

2.7

REFERENCES TO CO
La Nouvelle Maison de In Radio, & Stockholm (The
New Broadeasting Studio in Stockholm), Bull, ULR,
(No. 262}, 564=506 (Nov, 1H 7} Ann. Téldcammun, 3
16291 (Feb, 19:48),

Demonsatration Studie for Sound Recording and Repru-
duction and for Seund Film Projection. Ihilips Tech,
Rev, 10, 196-204 (Jun, 1449), 21
Mensuring the Coeflicient of Friction of the Air Passing
Throuxh Porous Walls and Subject to Acoustic Vibra-
tons. S, N, RIEVKINE and §, 5. Tousmaxsky, J, Tech,
Plays., U‘SSR 17, 681692 (June, 1047). In Rll'ﬁl'lll
Ann., 1élu:mtnnuu 3, 17616 (May, 1948),

Acoustlque Archlteclurule' Meszure des Cocmciems
d*Absorption dea Matérlaux (Architectural Acaustics:
Measurements ol Absarption  Crefficienns), A, i
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review L 1333 in Apn, Télécomman. 3, A 434 (Oct,
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ficlala (Localization in Elevadon by Means of an Arti-
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Sept. 1948}, 16
Dincussion of Present Methods for Testing Auditory
Function, Manrviy T, Josgs. Anpn, Otol. Rin, Laryog,
57, 311-323 (1948). Psychol. Abstr, 23, 508 (Feb.
1049}, 47
Amplifienteurs pour Sourda {Amplifiers for the Deal),
G. Levy, Toute ln Radio (No, 125), 151-152 (May,
1948), Ann, Télécommun, 3, 18252 (July, 1948). 48
What Shall a Hearing Ald Dot A, P, Myxpiks, Hearing
Aid 2, 12-14 [Now, 1948), 9
Hearing Alds and Audiometers, Gr. Brit, Medical
Research Councll. 74 pp, (Aug, 1947}, Available from
British Inflormation Services, 30 Rockefeller Plaza,
New York 20, New Yaork, 45 cents, 50
Tn Amplificateur da Surdité {An Amplilier for the
Deaf), Haut-Parlenr 24, 5H4=-545 (Sepr, 9, 1948), Ao,
TélScommuen, 3, 20516 (Dec. 1948), 5t
Sew Ref, 83,

Basi della Moderna Audiologla (Bascs of Madern Audio-
logry), A, Az, B, Bocea, A, PrLLucrING and A Vaco,
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Tn Tralian,

Senaibllisation Auditive par Stimulation Blnuuriculn[re
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Cravassit, Nuall, Miol, 137, B85 (1943). ]’sychal
Abstr, 23, 563 (Feh, 1045,

The Minlmum Audible Energy. M., Di Viirs, :\u.n
to-Laryng, Stockh,, 36, 2i0-2315 (1948). Psychal.
Ahsir, 23, 1131 (Mar. 1049}, 54
Decibel and Son: A Reply to Dr, Tumarkin, 5 H.
Mvcixp, Acta Oo-Lacyng., Stockh,, 36, 225-229
(1948), Paychol, Abstr. 23, 1132 (Mar. 1949}, See Ref,
3§ in J. Acoust, Soc. Amer, 20, 881 (Nav. 1948), 55
Influenice of the Preceding Item [Ref, -+1] in Mensure-
monts of the Nolse=Masked Threshold by the Constant
Method. ThLsax H, Sciarer. Amere. Psycholegist 3,
33D (1948). Abstrict, L1
See Refs, 58, 107,

La Telﬂphonlu et lo Probldme du Brult 4 Bord des
Avions (Telephony and the Problem of Noise in Air-
plapes). P Coavasse aml R, Lensans, Amg, Téld
conunsnn, 3, 45-56 {Feb, 148). Abstract 19225 jn (hid,
A 381 (Awp-Sept, 1948). 57
Het Verband Tussen Maskering, Toenhoogte-Gewaar-
wording, en Luidheld (The Relation Between Masking,
Sensation of Ditch, and Loudness), H. Mo, PTT.
Bedrijf 1, 24-27 (19417-1948), Wit French summary,
Ann, Télécommuen, 3, 20368 {Nav, 1948), 58
The Effect of o Thermal Moasking Nolse on the Pjtch of
a Pure Tone. Eany Scitonerr and Jopw Conrsa, Amer,
Paycholoyist 3, 358 (1948), Abutract, 50
Ganerallzation of & Reference Scale for Judging Plich.
DaxaLn h, JounsoN, Awmer. Psychologist 3, 358 (1948),
Abstract, 60
See Refs, 58, 59,

Uber dun Dorzeitigen Stand der Theorle des Hirens
(The Present Situation in the Theory of Ilearing).
Erwrn MeveR, Naturwissenschaften 34 (Na, 12), 358,
Swmmarized In Germun in Funk und Ton 3, 110-121
(Feh, 1949), 61
On the Labyrinthine Transformation of the Acoustic
Vibrations to Pitch-Differentiated Nervous Impulses.
5. H. Mvoisn, Acta Ow-Laryng, Stockh,, Suppl,,
(No. 68), 53-80 (1948). Psychal. Absir, 23, $71 (Fub.
1940y, 62
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Now Instruments in Acoustle Resoarch, V. Dbl
‘Brllel and Kjar's Technical Review, Navaa, Denimarls,
{No. 1), 8 pp. (Jan, 1949} In Eaglish, Descrilies a new
clectrodynnmic high-speed level recorcer amd o new
leat-frequency oscillator, i
Use of the Transmisslon Measuring Set, Gronar W,
Cunran, Autlio Engng, 33, 26-29, 37-19 (Fel, 1949). 64
The “Spnograph.” Elements and Peinciplos, [, Duey-
rus-Grar, Schweiz, Arch. Angew. Wiss, Tech, 14, 353
362 (Dec, 1948), In French, 65
Audlo Frequency Networka. R, Expalt. Radio News
38, 14-19, 26~27 {Nov. 1947); 14~18, 28-31 (DDec, 1947),
Ann, Télécomman, 3, 16453 and 16885 (Mar,, Apr.
1048), i 66
Audio Messurements. ], 1), Gooprin, Radio News,
Radio-Electronic Dept., 12, 10-12, 26-27 {Jan. 1949), 67
Investigation of Hole Injection in Transistor Action.
1. I, Havxes and W, Snockeey, Phys, Rev, 75, 691
(Feb, 15, 1940), 68
Theory of the Sheck Tuba, G. N. Parrkrsos, Bull,
Amer, Phys. Sac, 24 (Now 1), 21 (Jan, 26, lUlO).
Abstract.

Reading Ald for the Blind Pronounces Printed Lettaru.
Fravk H. Rockert, Electronics 22, 130 (Jan, [949). T
Efectos Sonoros Electronlcos { Electronirally [Imitnted ]
Sound Effects). [% 13, Saw, Rev, Teleg, Argentina 34,
05-98, 123 (Feln 1946), Aun, Téldcomman, 3, 19222
(Ang.=Sept, 1948), 71
La Pratique do PAmpliflcation et de la Distribution du
Sen (Prectical Ampliication oned  Distribution of
Sound). R. pit Scurreih, (Editians Radia). 320 pp,
450 Iranes, Reviewed in Tonte la Radin (No. 123}, B4
{Feb, 1948), and in Ann, Téldcommun, 3, 1. 1242 (May,
1948), 72
The Double-Surface Translstor, Jonn N, Snive, Phys,
Rev. 75, 689-690 (FFely 15, 1949, 7
Les Avertlsseurs Sonores {Acousiic Annunciators), P,
Steitle, Ingrs, et Techniciens 29, 13-15 (Aug.~Sept.
1947), Ann. Télécommun, 3, 20769 (Dee, 1948), 4
Photoelaetric Waveform Generator. Davin [, Sun-
STEIN, Elecironics 22, 100-103 {Feb, 1949), 75
Audio-Frequency Distortion and Nolse Measurements.
A, B, Tiiesser, Gen, Radio Exp. 22, 5-7 (Dee, 1947).
Anp, Télécommun, 3, 17786 (June, 1948), 76

Locating Gallstones. Eric A, WaLRER, E, G, Thuns-
Tox, and C. K, Ky, Electronics 22, 92-93 {Mar,
1949), 7
La Matériel de Mesure Acoustique Telemnc, A [a Folre
de Parls 1948 (The Telemac Acoustic Measuring Ins
strument Shown at the Paris Faie in 1048), Measures
13, 206-207 {June, 19-13). Ann, Télécommun. 3, 20770
{Dee, 1948}, An acoustic extensoshter, 78
Thermometer Listens to Temparature, Science Tilus-
trstced 3 (No. 12), Summary in J. Franklin Inst, 247, 68
(Jan. 1949), 79

See Refs, 2,11, 13,

Quelques Remarques sur la Couthe de Reproduction
Soners d'un Amplificateur B.F. (Some Remiarks an the
Curve of Sound Reprodustion with an Auwdie Amplifier).
A. Baun, Radio Service, Switzerland, 7, 1006-1007
(July=Aug. 1947} A, Tééconunun, 3, 18755 {Aug~
Sepr, 1948), §0
Les Amplificateurs & Sélectivitdé Varlable pour DBusse
Fréquence (Variuble Selectivity Amplifiers for Low Fre-
quencies), I, Garen Radio Techn, Digest 2, 105-110
(Apr. 1948), Ann, Télécommun, 3, 1877 (Aug~Sept.
1948). ]|
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19, 31, 84, 85 (Dee. 1947), Ann, Téldeonumun, 3, 160642
{Mar, IQ-IB). 113
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Audio Rogng, 33, 11-12 (Feb, 19490 A comtinuotsly
variable system providing imost and cut for both weble
antl bass, 115
Ultra Loudspealer is Auto~-Truck Size, P, 11, TitonsexN,
Ratlin Electronics 20, 22-24 {Oct. 1948), Ann. Téld-
camien, 4, 21233 (Jan, [249), 116
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s11A Wide-Range Qscitlator for Audio and Supersonic
Frequencies, C. A, Cabv, Gen, Radio Exp, 22, 1-5
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36, 211-016 (July, 1948}, 132
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16663 (Mar, 1048), 13

3,16 Naw Automatic Sound Slidefilm System, W, A, Patuek,
1. See. Mat, Pict, Engrs, 52, 320-325 (Mar. 1949), -1
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5.16 Recording and Reproduction of Sound. O, Reanand R,
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19262 {z\ug.—Supr. L), To e ysed in place of bells in
towers destroyed in wir, 190

6,2 The Purposes of Investigaling the Sound of Church
Bella. I3, Twesnavs, Arch, ek, Dbertragung 2,
207-H18 (Apr.~May, 1H8). In German, 11

6.2 See Refs, 138, 202,

6.3 Player Intonation Differences as Related to the Beil
Taper on Tramypeta, Jouy C, Wingrin, Aner, 1%sychol-
ogist 3, 338-339 (1948), Abstrace, 192

6,5 Early History of the Organ, Wenrt Arsn. {(Medieval
Acnudemy of America, Cﬂmhridgu. Massachusetts, 1918),
25 pp, 100, Reviewed in Noes 6, 301 (Mar, 1949), 193

6,5 The Contemporary Ameriean Organ. Wiketas [lanr-
son IBarses, (. Fiseher pad Hrn, New Yorle, o, 4,
1948). 349 pp. $2.50. Short review in Notes 6, 313 (Mar.
1949), 104

6,5 ILloctroaceustic Measuromenis of the Famous Baroque
Organ in Upper Swabia. VWV, Lorrersostk, %, Nalur-
Turscli, 3a, 20E=308 (May, 1948} In German, 195

6.7 Les Instruments du Quatuor {The Instenments of the
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2,450,911
2.5 ACOUSTICAL STRUCTURE

Arthur D, Park and Norman A. Johngon, nssignors te Arm-
strong Corlke Company.
Qctober 12, 1048, 6 Claima {Cl, 20-4).

T'he nconstical treatment deseribed consists of hlocks or
tiles of wn incombustible felted maserial, sueh as glass fiber
Loard, cemented o a wall or ceiling sirface, and o deconvive
surfacing of larger shueets of glass fhre bonded mat applicd by
adhesivie 1o the sound absorbent material, The wdvantages
of & monolithie, ncombustible, decarative treatment are
cited.—H]S

2,420,686
4.5 HEARING AID AMPLIFIER

Harry B. Shaplro, now by judiclal change of name Harry B,
Shaper, assignor to Sonotone Corporation,
Muy 20, 1047, 0 Clalma (Cl, 170-171).

A circuit for a hearing aid amplifer {5 deserilied sneh thay
the gain of the pmplilier will remain constnnt for sod inputs
up toa level of 76 ar 80db, but the gain will decrease Tor sound
inputs above aboit 80 db so as 10 reack 4 maximn: nutput
with about 1004t input level, "Thos the amplifier will act in
the usual manner for inputs below about o 70db Jevel aml so
hackground noise and nther reladvely undesired sounds wilt
not be pverempliasized in the absence of specch inpuy, such
as wonld be the case with i attomulie voleme contral opere

ating o give  constant power antput, ‘The circnit includes
rectification af n portion of the ontput from the power tube,
1o provide a chinge of bins valtage on the control grid of the

first tube, but o anch o way that the hias is wot sufficient, ta
eause rectilication and accompanying distortion.  The effect
is nchievedd in parl by the screen grid cirenit,—WIK

2,424,348
4,5 HEARING AID EQUIPMENT FOR CONFESSIONALS

Nicholas V. Cosson,
July 22, 1947, 1 Cleln (Cl. 179-1).

This deseribes n circuit for use in a chureh confessional in
which there iv o microphone in the priest's cubicle and a
receiver in the cubicle of the penitent, se that the pricst oy
converse with a penitent having deficient hearing, When the
receiver 8 taken off its hoolz, the electrical circuic is closed
wind the headng il sysiem is pat oo operntion, The preseat
modifivation provides that when e receiver is taken ofl ita
hook, there will be a visual signal as a lighted lamp io the
priest's cubicle and alsa another signal such na an electric bell
at some distance frnmn Lthe confessional, as at the rectory, The
olect js to give umple potice wheir nnauthorized persons,
sucly as playfnl childeen, might tamper wich the hearing aid
system, he istant signal can be wiened off by the priese by
means of & switeh i bis enbicle,— WK

2,424,935
4.5 HEARING AID ATTACHMENT FOR SPECTACLES

George P, Kimmel,
July 29, 1947, 9 Claima (Cl. 179-107).

‘I'his deseeibes the mounting of a bone canduction receiver
of 2t hearing aid on 1he bow of & palr of speciagles, The object
is 1o avoidl the wse of Uie usual head i becese this is cone
spicaous and beeanse it is sometimes uncomloctable, The
apectacle bow should preferalily hive o subsiantia! cross
seetion, and can b midde of plastie or other suitble aserial
which will resist torsion, The rear-end portion of the baw has
wn aperture extending downwardly and inwardly toward tihe
heid, this apertire portion being reinforced by o mewl sleeve
arosned the bow, A rod or tongue (s into this apertiere aod
carries the bone conduction receiver which rests against the
mastuid bune with a pressure contributed by the torsion of
the bow, Adjustment is accomplished by moving the tongue
in the aperatnre~IWIK,

450
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2,437,049
4.5 EAR PROTECTOR

Rohoert H, Sailsbuty and Edward M. Oehser, assigners to
Consolidated Vultee Alreratf Corporation.
March 2, 1948, 1 Clalm (Cl 128-152).

‘This ear proteciar comprises a pair of cups of soft or flexible
rulber adapted to enclose the ears and also to extend nround
the bony structure back of the ear. These rubber cups are
held in place by a headband with Nexible connections to the
cups so that the rims of the cups may adape themselves 1o the
contaurs of the ear and jis vicinity, A stiflening disk s held
in the flat back of each cup nnd covered with o sound ab-
sorhing malerinl,—~FWIK

2,447,470
4.5 NOISE INSULATING RING FOR EARPHONES

Joseph E. Valentine, nssignor to Oxzyn Company.
Augunt 17, 1048, § Clalms (CL 176-156).

This is a construction te hold & amall type earphone to e
ear anud to pretect the car from externil noise, A eroular
earrier plate with a diameter on the arder of the major axis of
the ear has mounted in [t centrably o holder of o small receiver,
which has artnched to it an ear insert of soft material with
n centeal hole for sownd transmission to the ear canal, The
carrier plate has mounted on it a soft annular pad to rest
nguinst the side of the user's head to conform itselfl to the
shape of the user's ear, and large enough to cover most of the
ear, The careier plate with its attachments is held in place by
shitable means—FWIK

2,450,328
4.5 BONE CONDUCTION UNIT

Hugh S, Knowles, nssignor to Zenith Radlo Carporation.
January 18, 1949, 2 Claims (Cl. 179-107). .

This relates to o bone conductian receiver for use with a
hearing aid and designed to tansmit meehanical vibrations
to the bony structure of the user’s head, being wsnally held
rather tightly over the mastoid bone buck of the ear, The
present arrangenent is designed to prevent excessive loroe of
the unit against the head of the user by giving o warning of
such excessive foree, This warning or nolification consisis of o
reduction in output die to a change in the magnetic air gap
when the pressere becomes excessive, A screw i spring are
mngement provide an adjustment of the pressure point at
which this reduced efficiency becames efective.~FWIC

2,436,384
5.1 SOUND RECORDING DEVICE

Harvoy Fletehor, John F. Miiller, and Karl D, Swartzel, Jr.,
aasignora to Bull “felephone Laborntories, Incorporated.
Fabruary 24, 1948, 12 Claims (CL, 274-1).

Clatim 6. “A device for recording sewnd waves in a sound
field produced by a moving or remote sound source comprising
a ensing or shell adapted to be projected into said seand field
in proximity to said source, n sound responsive member
mounted within said castog, 0 sonnl record medinm in co-
operitive refation thereto to recard the sounds cansing re-
spanses from said sownl responsive member, and means’
operated by the mavernent of said casing 1o and through the
sound field to move said recording medium relative to saicl
sound respensive clement, said lasemenioned means being
located inside said casing or shell."—RWY

. 2,447,018
, 5.1 THREE-MAGNITUDE RECORDER

Georgo Keinath,
Augugt 17, 1948, & Clalms (CL 128-2,05).

This is an antomatic means for showing the relationship
Letween three variables, two of which are represeated in the
ustad Coriesfan coonlinates andd the third is represented by
the thickness or frequency of the recorded marks, In one
embadiment, the sound of pulse heats is recorded ns o function
of time and the jightness of a tourniguet fastened 1o the
arm.— WY . .

2,450,033
51 HORN CONTROL

Lawrsnce D, Ba)l, Asslgnor to Dell Alrcraft Corporation.
QCctobor 12, 1948, § Claims (Cl. 177-7),

“The invermtion comtemplates o horm contral aydiem for
aatamobiles or the like whereby when travelling at relntively
low speeds operator-actuation of the usual horn contrel pushe
buttan an the antomebile steering colinn will result in pro-
duction of & modulated horn signal of the inteemittent and for
subtlued “courtesy tom'' 1yper wherons under higher wavel
speed conditions the sume actaation of the hom centrol bution
will procure usual, full volume harn signals for as long as the
liorey control bunion is depressed,"=—TRWY

2,139,666
58 LOUDSPEAKER DIAPHRAGM SUPPORT

John F, Marquis, amsignor to Radle Corpacation of America,
April 13, 1948, 2 Claims (C1, 181-31),

Thia is the patent on the RCA accordion-edge speaker.—
FIIS .

2,440,078
5.8 RADIQO CABINET AND SPEAKER MOUNTING

George F, Devine, assignor to Genera! Electric Company.
April 20, 1048, 3 Clalms (CL 181-31}.
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By tilting the leudspeaker, it is possible to install it in a
radio cabinet having limited vertical space, A reflector 32
directs the high frequencies out af the eabinet.~FHS

2,442,701
5.8 ACOUSTIC DEVICE

LEdward C, Wente, assignor to Bell Telephone Laboratorivs,

Incorporated.

June 8, 1948, 11 Clalms (Cl. 181-31},

A domed diaphiragm for horn-type Iowadspeakiers is duescribed
in this patent, Radial corrugations extend from the damed
porton of the diaphragm 1o the supporting struciure, The
deptls of the carrugations increases in proportion to 1he dis-
tance fram the dome,—FEHS

2,445,276
5.8 ELECTRODYNAMIC LOUDSPEAKER
Franl Massa,
July 13, 1948, 8 Clalms {CI. 179-115.5).

The inventor has analyzed the performance of the con-
ventionsl direct-radiator moving-coil lowdspeaker by familiar
and straightforward methads, From the analysis the inventor
concluded that by o sujtable choice of voice coil mass and
dinphragm size, it is possible to mike a direct-radiaor towl-
speaker having an efliciency of 50 percent,—FHS

2,435,031
5.9 DETONATION PICK-UD

John R, Burmns and John M. Whitmore, assignora to General
Motars Corpotation,
January 27, 1948, 5 Claims (Cl, 171-209),
This is o magnetostrictive pick-up designed for measuring
the vikrations caused by detonations within an internal com-
bustion engine.—RWY

2,435,231
5.0 ACCELERATION PICK-UP
Albert . McPherson,
Fabruary 3, 1948, 5 Clalms {Cl. 201-48),

This is an acceteration pick-up of the strain gage type in
wlhich "the pick-up component has sirain sensitive wires
functioning simultancously as an clastie suspending clement
and an axinl guide'—RWY

2,435,254
5.9 DYKAMIC STRAIN PICK-UP

Walter Rumberg.
Fobruary 3, 1948, 3 Clalms (CL 201-52),

Thlg dynamic steain pickenp, suible for recording aireraft
viliration, I3 characterized by lerge voliage sensitivity, The

Ig.-af springs 15 and 19 are so sesigned that there is neady o
lincar relationship between the displacement of element 9
and the current in indieator 23.—~R\WY

W, YOUNG

2,441,075
5.9 ELECTROMAGNETIC THROAT MICROPHONE

James Samuel Paterson Roberton, nssignor to International

Standard Llectric Carporation.

May 25, 1948, 6 Claims (Cl, 170-114),

The microphone i an inertis-lype magnetic microphone,
To reduce exteral nalse plek-wp, the cose is isolated from the
transilucer clement, and abso from the plate which touches the
threat, by a fexible coupling,—FHS

2,443,069
5.9 VIBRATION PICK-UP

John M, Tyler and Vincent E. Thornburg, assignors to United

Alreraft Corporation.

June 22, 1948, ¢ Cleims (Cl. 171-209.)

A vibration pick-up is dikclosed in which the “movable
clement,” a pivoted arm, remaing more or less sationary in
space while the frame of the instrument vibrates with the
object to which it is seeured, A coil en the pivoted arm thready
an air gap in & magnetic gircuit consisting of a pernpoent
wingnot with innee and outer pole-pieces cureved In pardally
taroidal shape, ‘This construction praviles maximum genern-
tion of valtage in vhe coil and permits magnetie damping of the
pivoted arm.—GIC

2,428,168
5,10 SEISMIC WAVE DETECTOR

Goorge B. Loper, assigner to Secony-Vacuum Oil Comapny.
September 30, 1047, 11 Clatms (CL, 177-352).

Thei invention relates to means lor insuring the firm engage-
ment of a a-uannc wave detector with the wall of a drill hole
at any depth, Bt is operated [rom the surface in such o way
that by the control of tension jn a stuspension rope or the
connectng cable, spikes fuleenmmed at suitable points engage
wnd dig into the wall of o hole while the detector s presse!
against the apposite wall,—GI

2,449,085
510 SUBMERSIBLE SEISMOMETER SYSTEM

Raymond A, Peterson, assignor to United Geophysical Com-
pany, Incorporated,
September 14, 1948, 7 Clalma (Cl, 1#7=-352),

The inventjien relates 1o means for the suspension of seisnue
meters in water, giving eMclent transmission or coupling 16
the seismometer of the seismic waves in the water, while
climinating tmost of the undesirable extranenus waves. [t is
carrivll out by the use of a non-resonant pladformn suspended
at some distance beneath the surface of the water from a foue,
A vsnler of such ffoats wmay be gronped into a systent along
a course at which It is desired to recelve seisniic wives—GIS

2,461,344
513 SIGNAL TRANSMISSION AND RECEIVING
APPARATUS

Harry F. Olson, assignor to Radio Corporation of America.
‘February 8, 1049, 6 Clalms {Cl, 179-1),

I'his is concerned \\'n.h n personalized sound system, so that
an fndividual miy reecive nosound slgnal withoue disturbing
others who do ot wish so lisiep, or withoue the knowledge of
thuse for whom Ue soundt is not intended, An electrical current
of the desired audio signal frequency is modulated by an
ultrasanie frequency and the resullant Is connecled to an
ultrasonic loudspeaker whicl will produce modulated wlira.
sonic compressional waves in the air, Thuse ulirasonic waves
are received and demodulated Dy a snall device in the e of

,——
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the listener, so that the lstener will hear the originnl uelics
frequencies, Such a device might consist of two parts, first a
transducer with the eltrasonic seuml input and with a cor-
responding electrical autput, and secendly a square litw teans-

- dhucer with the modulated ultrasonic electrical input and with

a demodulated sound output containing the audio frequencivs,
These transducers might be of eleciromagnetic type similar 1o
telephione recelvers, except that whe square law unit wonld
not have a permanent magnet. Other types of teansdircers are
also possible, Tt Is suggested that the wlirasonic [oud speaker
b elirected loward che listener,=—FWK

2,404,026
5.16d METHOD OF AND SYSTEM FOR
TRANSLATING SIGNALS

Joseph G. Beard and Robert W. Harralson, assignors te
Radio Corporation of America.
July 16, 1946, 12 Clalms (Cl. 179-100.4).

Thia parent is anocher in that group in which r-f oscillations
ure used 1o obtain a volige or current propartionl to
physical displacement, lts particular advantage lies in the
Tact that the resuliant signal is independent of amplitade nnd /
or skmnll frequency changes in the r-f ascillntor and of physical
shock and microphonicy in the ascillatory eirenit, 1n addiion,
the oscillator may be crystl copgrolled if such stability is
clesirabte, These abjectives are realized by meand of o balanced
rectifier circult, composed of diodes or other rectifiers 15 amk
16 which have a conimon load resistor 21 and separite winable
input circyits 17-27 and 23-28. The Inputs are wined to the
same frequency, which ffers sliphtly from the frequency of

" the r-f oscillator, and they are ferd by the coupling colls Gand 7

in sueh u manner that sormally eqial and opposire voltages

oay
ammarah

are genentted across 1bo resistor 21, However, the mohile
element 29 4 8 commen part of the wming capacitors of the
input cireuits, and any motlon imparted to it will decrease
the resonant frequency of one input and inerease that of the
other, thus cavsing u larger voltage in the first and a smaller
voltage in the second, or vice versa, depending on whether
the oscillater frequency I helow or’above the frequency to
which the inputs are normally toped. The pet resalt is 1o
generate n differcntinl voltage ncross 21 which is representative
of the displacement of the movable elemunt. The elaims cover
numerots combinations and Include the use of the method far
phenograph pick-ups and miccophones,—WW-0

2,418,501
5.16d PHONOGRAPH STYLUS MOUNT

Richard A, MocDonald, assignor to Flexograph, Incorporated.
Aprll 8, 194, 6 Claims (Cl. 274-38).

In this invention the basic iden is that the stylus point is
carried on the end of a shart offset arm which is free to rotate
about the axis of the main shank, "Uhe canstruction reminds
one of a bed easter, [t s clalimed that such a stylus, when
playing o record, will antomatically arrange itscll dangent
to the record groove by an action stmilar to tkat in which a

caster trails behind the leg of 2 bed when the laceer is moved
laterally. Several constructions are shown, It all are characs
terized by Dhaving the arm inseparahly associated with the
main shank aml having the [tter of such size as witl fic a
stamdard pick-up chuck, In ose form the swivel element
carries o second ehuck {n which a standaed stylus may o
inserted, ‘The isvenror clims thar the device js equally
eflicacious for preventing wnequal sylus wear and groove
damage in both lteral and verricl recardings, thangh no
mentjon {s made of how well such a device will tsansmit
lateeal vibrations o the associated trnsducer,—\WV-12

2,421,010
5.16d TURNTABLE DRIVE FOR PHONOGRAPHS

Herbert L. Hartman, assignor to The General Industries

Compnny.
June 10, 1047, 2 Claitns (Cl 74-206),

This fnvention pertains to an fmproved mounting for the
itller wheel in rim-driven phonograpl trntables, Older de-
signs are saicl to he deficient in that the Idler wheel pressed
with unequal forces againat the wratable ritw and the driving
roller andfor the idler monnting plate allowed too much
vertical pliy, which gave rise to speed variations and rumble,
‘The present design is specifically concerned with eliminatiog
vertieal play in the particular mounting wherein the idler
wheel is allowed o lnternl motion along o horizontal axia which
{s free to rotate about an offset vertical nxin, The idler wheel
35 4 earvied on the veetieal ahaft 24 which s rmly actached
to the U-shaped mounting plate 20, The twa sides of the U,
21 and 22, sfide in horizonial stots peeusately cul in the
projections 16, 17, 18, and 19, of an [-shaped block pivoted on
the vertical shaft 14, which in turn is firmly atiached to the
melar mounting plate 7, The [-block js provided with nvertieal
tubular flange which forms a sufficient bearing for the shaft
14 5o that any rocking motion of the block s eliminated, A
speing 23 pulls the idler mousting plate and hence the wheoel
vvenly against 1he rim 5 and the motor spindle 24%, A stop 23°
prevents disassembly when the turntable is removed . —\WAV-D

2,426,061
516d ELECTRIC PHONOGRAPH PICK-UP
OF THE CAPACITY TYFE
Rend Snepvangers, essignor to Radlo Corporation of America,
August 19, 1947, 15 Claims (Cl, 179-100.41),

This invention covers an Improved type of phonograph
pick-up, wherein the clectrical signal is vbtained from the
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variations in the eapacity of a small condenser formed by
stationary plate and o plate Mstened to the movable element,
The former is mounted vertically on an insulating hlack
carried by the pick-up arm and witl such an orfeatalion 1hat
its plane is parlled e the axig of te arm, “The movible cle-
ment mny be foemed fram varionsly shaped pieced of sheet
metal beat nt right angles to make o vertieal phite and an ex-
tended easentially-horlzantal rewd, or it may be shaped from
rectangular wire to give a horizontal flat section and a vertical
slightly wedpe-shaped portien, In every ease the vertical
plate, or o portion thereof, provides the necessary lnteral coni-
pliance. The stylus point may be affixed to either end, though
generally it is careied by the hoeizonial part, and the opposite
end is firmly anchored 10 the insulating block, It is claimed
that the various farms of the design resule in (1) low driving-
point mechanical impedance to redice recorr wear and the
cffects of arm resonnnees, (2) high torsional siiffness 1o
prevent rotational mation, {(3) low vertical stiffness 1o accome-
date the maotion due to pinch effect, (4) wide-range reapansy,
and {8) simplicity of falwication —WW-D

2,424,607
5,16m MAGNETIC RECORDER

William P, Lear, ansignor to Lear, Incorparated.
July 29, 1947, 13 Claims (CL 170-100.2)

The mechanicd design for a maguzine type of magnetic
wire recorder is disclosed in this parent. The magazine encloses
two wire reels, a level winid muechanism, and a magnetic head
structure, Also Incorporated in the magazine are locking
brakes which are sutomatically released when the magazine
iy artached to the recorder, an elapsed time indientor with
limit switches, and a spring loaded idler which shouldl tend
to prevent wire breakage during perlods of high acceleration,

l.

2,425,213

5.16m MAGNETIC WIRE TELEGRAPHORHONE
SYSTEM

David F. Sunstejn, aseigner to Philco Cotporatlon,
Auguat 5, 1947, 16 Claims (CL 179-100.2

This {s an extension of some of the ideas disclosed in Patent
2,458 315, Tranaverse wire recording is wsed, In this cse, two
recording heads ore used as well as wwo reprodiecing heads,
In each case the beads are disposed at right angles to each
other, This essentially gives two recording and two repro-
ducing channels, One channel §s used for the audiosignal, The
other is used for recording a control signul. The secondray
signal can be used ta control an expander if compression is
nsed during recroding, [t can also be used to actimte 0 motar
which rotates the reproducing head structure to fnsure that
the tudio reproducing head will always be aligned aleng the
axis of fux corresponding to the audio recording—LCH

2,426,838
516m ENDLESS TAPE MAGNETIC RECORDING-
REPRODUCING DEVICE

Hutry B, Miller, asslgnor to The Brush Development Coni=
pany.
September 2, 1947, 15 Claims (CI, 179-100,2)

This 13 a patent for a drive mechanism for an endless tape,
The tape is tuken from tl.u: insitle of a spirally wound coil,
then theeaded around o driven fly-wheel 37, a gulde whee] 38,

W, YOUNG

-
a2

then agaln around the ly-wheel 37, and finolly back to the
autsite of the apirally wound coil,—LCH

2,458,315
516m METHOD AND APPARATUS FOR REPRODUC-
TION OF ANGULAR MAGNETIC RECORDING

Devid E. Sunsteln, assignor to Phileo Corporatlon.
Januery 4, 1049, 18 Claims (Cl, 279-100.2).

This patent discloses a reproducing system which is in-
tentled 10 compunsate for the wwist effect in reproducing o
transverse magnetic wire recording. Signals fram iwe repro-
duciog heiids 2 nnib 3 ave disposed at right angles to each other,
The signads from these two heads wre used 1o modnlate & pair of
balimeed modulators 4 aml 5, The oueputs from the modulators
are added in a voliage adder and one of the side bands s
separted froom the other in a flier 8 The outpat from the
filter is fed ime another balaced modulator ¢ where it s
demnodulated wul then Gliered in a low pass Glter 10 wo give
finally an audio output represented by the following equation:

cn-#mcm(ﬂﬂ-f-ﬂ}.

I this equation, 4 and B are the amplitades of the audio
signal and the carcier, respectively, A7 is the angular velocity
coreesponding to the audinfrequency, and 8 Is the ungular
pasition of the flix axis relnive to one of the heads, This
cquation shows that the amplitude of 1he final audio signal
is independent of the angle 0.—~1.CH

2,410,439
517 PERMANENT MAGNET ELECTRODYNAMIC
TRANSDUCER
Walter E. Gleean, asslghor to Permoflux Corporation.
April 27, 1048, 2 Claims (Cl, 179-115,5),

This is a very detailed patent describing the construction of
muoving-coil carphones of the insert type,—FHS
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2,445,486
6.4 DRUM PEDAL APPARATUS

Frederiek ], La Londe,
July 20, 1048, 14 Clalms (CL 84-422),

‘This drum pedal mechanism is supparted an a bar nearly as
long as the diameter of the drae, The bar is clamped at its
encde to the connter hoop,—RAWY

2,446,508
6.4 DRUM PEDAL

Milton E. Crowell, asalgnor to H, & A. Selmer, Incorporated,
August 3, 1948, 9 Clalmas (Cl, 84422},

“The primary ebject of 1he inventlon is to proviile a device
Jatving a beater, an operating pedal, and & tensioning spring
wherein the relationship of beater to the operating pedal s
adjusiable o regulate the stroke of the pedal required to
uctun‘}vhu heater without varying the tension of the spring”

2,440,032
6,7 PLAYING BAR
Olen H, Yatos.

Septomber 7, 1048, 5 Clalms (Cl. 84-310).

Intended for the assisiance of boginners playing Hawafinn
aor similar guitars, the playing bar is so shaped that it facilitates
the correct holding of the bar.~GK

2,440,124
6.7 MUSICAL INSTRUMENT

Arthur Hordenh Kimmonas,
September 14, 1948, 1 Claim, (Cl, B4-267),

‘This guitar-like instrument has but three strings, The 1wo
on the vutside are supposed 12 be tuned to the same pitch
permilting the playing of the Insteyment by elther a right- or
a lefe-handed player.~Gi<

2,449,800
6.7 PICK FOR STRINGED INSTRUMENTS

Robert C, Gallelr,
Septomber 21, 1948, 2 Claims (Cl, 84-322).

The characteristics of reveral picks of different thickness are
combined into one, the thickness of which is tapered from one
end to the other—GIK

2,450,210
6.7 STRING DEPRESSOR FOR STRINGED MUSICAL
INSTRUMENTS

Hawatd L. Sprague.
Septemnber 28, 1048, 1 Claim (Cl. 84~315),

‘I'he fnvendon consists of push-buttons supported in a
frame that nmay be atrapped to the neck of a lute type instru-
ment, Connected with the buttons are depressors that miny
have one nr more fingers for depressing one or more strings
simultancously between frets for the production of tones or
chards, [t{s inteaded for persons having lnrge finger tips, wha
capnat accurately depress n string withont interforing with
adjacent ones,—Gi

2,452,307
60 MUSICAL KEY CONTROL

James A, Koehl, nesignor to Central Commercinl Comapuy.
October 26, 1948, 7 Clalms (Cl. 201-55).

The invention refates to electsic swhehes intended for the
use in connection with playing keys of clectrical musical instru-

ments, A plarality of such switches fa arranged In such a way
that, as a key la depressed, the switches open in sequence, each
jnserting an cleerrical resistance inte a shunt across the ame-
plifier input, This will couse a gradual ipcrease in volume of
the tone praduced, amd also enables the player te control the
velune by enly partly depressing the key—~GEK

o 2,457,846
6,10 TREMOLO DEVICE FOR ACCORDIONS

Walter Gerher,
January 4, 1949, 7 Clalms {C), 84-376).

An intermedipte partition fs provided between the bellows
and the somding sectlen of an accordien, This pactition
Tas aperatares in iy, one of which is coversd by o reed,
The reed s vibrated by the air flow feam the hellows, thus
cansing an amplityde tremolo, An operating button near the
keyLoard permits the damping of the reed and exposes another
opening in the partition peemitting the Iree passage of air for
ateady tones withont vibrag=GIC .

2,458,653
6.10 DOUDLE VALVE FOR ACCORDIONS AND
LIKE MUSICAL INSTRUMENTS

Rend Seybold,
Junuary 11, 1949, 2 Claims (CL. 84-376),

The invention discloses a doulde valve for accordions so
arranged that the excess pressire between the playing blast
ane the atmosphere is first relieved before the sound holes
are completely open. Closing i similar in reverse order,~GK

2,450,212
7.7 MUFFLER

Joasph J. Thomae,
September 28, 1048, 4 Claims (Cl, 181-43),

in this mufller constraction cold air is drawn into the mufiler
by a sort of venturi action or *injection cones,"” It is clajmed
that this actian will eliminate smoke by burning unnsed giues
and will also coal the mudtler—CEN

2,452,723
7,7 SPARK ARRESTER SILENCER

Rolund B, Bourne, John P. Tyskewlcz, and Arthur E, Chase,
nes/gnors to The Maxim Silencer Company.
Novembor 2, 1948, 3 Clalmas (Cl. 283-94).

“This patent reporta an improvement over carlier spark
arresting mufllers, The backpressure of the centrifngal spark
arrestar is reduced by a system of vines which decrease the
rotational velocity of the gas leaving the siteacer,—-CEN

2,453,240
7,7 ACOUSTICAL WAVE FILTER FOR PNEUMATIC
HAND TQGLS

Gustay V. A. Malmros, assignor to International Business
Machines Corporation.
Navember 9, 1948, 1 Claim (Cl, 181-48),

The exhause of a paewmatic land ool normally bas an
objectionable siren effect, In this patent o small collecting
chamber in combination with its outlet slata form a wave
filter or mufller, It s claimed dhat chis construction produces
anly n high pitched hissing sound instend of the lower fre-
quency siren-like sound —CEN
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2,455,065
7.7 WET-TYPE WATER-SEPARATING STEAM-
INHIBITING EXHAUST MUFFLER

George Wohlborg,
December 14, 1948, 12 Claims (CI, 181-52),

This patent deseribes a mmitler in which water i mixed
with the exhauat gns in order to quench sparks and reduce
oxhaust naise. The water iv then sepaeated [rom the s by
centrifugal action and the gas is beated so as to reduce the
visibility of the steam in the exhast, This exhaust system has
been designed primarily Tor sulaparines in ocder (0 prevent
their detection in wirtime,~—CEN

2,456,512
7.7 MUFFLER FOR INTERNAL-COMBUSTION ENGINES

George V. Johnson,
Decomber 14, 1948, 3 Claimas (Cl, 180-54).

For certain applications, it is easential that all sparks be
eliminated from the exhaust ol {ntemal combistion engines,
This patent deserilwes o mfller in which the exhaust gas s
dirvetind at Lthe surfnee of i Lk of water so thac the sparks ane
quenched in the warer, Tt s clabmed that muling is accom-
plished by expanding the gas above the water and by *splash-
ing the water abour,” Te appears Wt the patent is Hmited to
the construction in which the sitle panels of (he mmilier are
an integral part of the elgssis,—CEN

2,416,353
9.6 MEANS FOR VISUALLY COMPARING SOUND
EFFECTS DURING THE PRODUCTION THEREOF

Barry Shipman and Robert H, Guhl,
February 25, 1947, 10 Claims (Cl, 35-1},

Though other applications nre possilile, this invention s
essentfully noteaining device, by means of which the instan-
taneons wave form of the sound produced by a pupil cin be
compared with that of a *“teacher,” vither live or recorder,
The sigsals derived from the two senrces are amplified in
separate channsels and viewed on two oseillographs, placed
close together, or on one oseillograph. o this laer case, che
signals are Ted 1o an clectronic switch which samples first
one aetd then the other at o sufliclently rapid mte to cntse (wo
separsic fraced 1o appear, one above the other, on the fice
of the CR tube, Ao addivional feature is o menns for vieeying
the sweep rtle of the ascitlographs xo as to get instantaneonsly
a aynelronization with the fundamenial of the signal. This
is useful in cises where the pupil is singing or playing a musical
insteument, and it is acceaplished by using o deviee similar
10 a0 organ keyboard, When a particular key is degiressed it
miodilies the sweep rate elther divectly, by introducing different
components into the sweep ciresit, or intfirectly, by actuating
i relay which does the sime thing. A wonitoring londspeaker
is incladed By the apparalos—WW.D

2,438,526
13.11p SYSTEM FOR DETERMINING THE
DIRECTION OF A SOURCE OF SOUND

Charles H. Waterman, assignor to Submarine Signal Com-

pany.
March 30, 1048, 9 Clalms {Cl, 177-352).

Many bearing deviatlon biadicitors used jn sanar operate
o the tobe compartson principle with a split hydrophene,
‘This patent descrities a circuit for intensifying the difference
between the tweo valtages to be compared, The two signals
from the split hydrophone are fed into similar amplifiers, A
part af each outpat is rectified and used for differential control
of the minplifier gains,—L3,

W, YOUNG

2,438,580
13.1In COMPENSATOR FOR DOPPLER EFFECT

0. Hugo Schuck, assigner to the United States of America,
March 30, 1948, 5 Claima (Cl. 177-384),

In sonar eche ranging equippient a device called an own
Doppler anllifier eliminites the frequency shift cause] by
the motien of the searching shijr Dae such deviee is described
in this patent, By either manrual or automitic means &
capacitance I viried in proportion 1o the product of the ship's
speed by the cosine of the refative hearing of the soteml heap,
Thig capacitance contrels the tning of vither the ransminer
ar the reciever so 18 ta compensate for the Doppler effect of
the ship's motien, Whiatever frequency shift remiaing heiween
the truesiitted signid and an echo j8 thes due entirely o the
motich of the target~—L13

2,443,647
613.1tn ELECTRICAL APPARATUS
Charles H. Waterman, assignor to Submarine Signal Com-~

pany.
June 22, 1948, 1 Clahm (Cl. 234-1.5),

In sonar echo ranging or depth sounding it §s common te
record the echoes on @ chart of special paper, A stylus, travel-
ing over Uhe paper, produces o marck when an electrie signal is
applivd. Avadlble recording paper has o dynamic moge be-
tween the faintest and the darkest mark coreespontding (o
abour 7 db in the electrie signal, By a comproessor cireuit
deseribul in the patent this T-lb rage at the stylus s macde
ta represent i dynamic mnge of 40 b in the cche,—1.14

2,244,060
13.41n SYSTEM FOR RECEIVING SOUNDS IN
THE PRESENCE OF DISTURBING NOISES

Leon Jo Slvian, assignor to Bell Telephone Laboratories,

Incorporated,
June 29, 1048, 4 Clalins {Cl. 177-386),

Interference from a loeal souree, sueh as a listening ship's
own grepeller, cin be rednees] when twa hydrophones are
connected tnapposition, One Wydrophone i3 stiffness cone
trelled and pressure operatel, The other is mass cantrolied
operated by pressure gradient, Paridoxically, they are Jocated
as close as possible to the disturling source, “The directionality
of 1he presiure grudient hydreophene §s helpfal, but the Tin-
portant effeet is an inherent properly of somd propagation.
A pressure gradient has two compoenents, Oae viries inversely
with the distance, and the other inversely with the square of
the distance from the source, Close to the soarce, the inverse
squane compatent predemioates, and prodnees the najor
portian of the respunse of the gradient bycdrophone, T the two
liydrophones have equal and appasite responses to the inter-
ference, thu pressire operated one gives the predominant re-
spanse Lo a signal from a remote source, Because the phase
angle belween the componenis of pressure gradieny varies
with distance, the interference can be exactly bakinced aut
anly at a single frequeney. However, if the hydrophones are
segarated from the source by 1/20 of the wave-lengih of the
lighest frecency wsed, the interference s reduced at least
2(4 decibels, Obviously, the wility of the method s limied
1o very Jow frequencies. A mathematical analysis is given in
the patent,—LB

2,437,084
13,11t MICROPHONE ASSEMELY

Gabriel M, Giannini, assignor to Automatic Electric Labora-
tories, Incorporated,
March 2, 1948, 5 Clalms (CL 170-116),
This patent descrihes n directional micraphone which can
be mounted on the periscope of a submarine, This miceophone



P

REVIEW OF

is constnicted 50 no damage resalis when the submarine is
sitberped —THS

2,437,270

13,11t MAGNETOSTRICTIVE COMPRESSIONAL
WAVE TRANSMITTER OR RECEIVER

Robert L, Peek, Jr., assignor to Bell Telephone Lahoratorfes,
Tncorpotated. '
Mareh 9, 1048, 8 Claima (Cl, 177-386),

The sugmesosirictive core of shis iransducer §s i the form
of & rectangular Joop which can be renslily assembled as o
stack of laminations, Two opposite sides of the yectangle
ire the aesdve ees which expand and eommer in Jongituding
vibration, The arms of the core which join these logs nre
eflective suly as connecting links in the sysiem, The oore is
polarieed by o permanent magnes havisg s poles pear the
ends of one armn The fux from the magnes tivides between
two paths in the core, The waeful Aux Bows shrough the two
feps aad the arm which conneess their far ends, The vseless
M 1akes the shorter path throwgh the arn between the pales.
A portion of this arm has its cross section reduced by a stot
fo pravide o high reluetance for the unwanted polarizing fliex,
Since the reluctance of the core s relatively high at signad
frequencies, Uhe constriction at the slot does aut signilicantly
increase the reluctance to the alternating fux aronnd the
rectangular core,—L13

2,437,282
13.11t ELECTROACOUSTICAL TRANSDUCER

EBdwin E, Tumer, Jr., assignor to Submarine Signel Conipany.
March @, 1948, 8 Clalms {C]. 177-386).

This pateat describes a magnetostrictive traastucer ol
type commonly used for echo ranging or depth sounding, A
Targe number of magneosirictive inbes ? are secured by forced
it joints o the back of the diaphrgm 1, The diaphragm and
tubwd constliute a resonant ball-wave-length vilwator, with
a wodal plane In the tubes hut dose 10 the diaphragm, Bach
vibrating tube 7 is surrountud by a cofl 12 which is supporied
by the cover 5, The transducer is polirkzed by Alnieo rods 13
interspersed between the tubes, The magaet rods are atso
supported by the cover, amd extend into clearance holes in
the diaphragm,

For frequencies beiween 12 and 30 kilocycles per second,
transclucers of this type are made with dianphragms some 16
inches in dinmeter. Secondary lobes in the directivity pattern

nre reduced Ly disiribiting the driving force so that the din

phragm vibrates a3 a clamped edge disk. This shading is
accomplished by anaalir grouping of the coils and by ap-
propeiate eannections of the groups, OF course, the directivity
pattern in receiving is the same as in transmitting—I1.5

ACOQUSTICAL
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13,11t MAGNETOSTRICTIVE SUBMARINE SIGNAL

TRANSMITTER OR RECEIVER

Hubert K, Krantz, assignor to Boll Telephone Loboratarles,
Incorparated,
Aprll 6, 1948, 7 Clalns, {CL 177-3806).

Varions marnetastrictive irapsducers are deseribod in which
the activee element is o hollow cylinder in radinl vibration,
The eylindrical core may be o stack of annular kuninagions,
or & apirally watnd ribhon of magnetostrictive marerial, The
core 4 linked with a teroida) coll, This assembly is prowered
by a surraunding howsing and an internal picee of rabber,
Guly the inner surface of the vibrating ring is ncoustically
coupled 1o the water medinm by the mbber. The rubber
ceupling member may be a solid plug, with one enil in contace
with e witter, and the ther end backed up by a mewl
resonalor, Another embodiment has several cores arrngeld
coaxially around a rubber tube, open to the medium ar one
or bath ends. The direetional chareteristic is cantrolled in
this case by suitable spacing of 1he cores and appropeinee
phasing of the enils, A broad frequency respense cun be oh-
tidned with severnd cores, of progeessively different size, as
sembled on i conical rabheer ube,—~-1L1B

2,438,026
13.11t MAGNETOSTRICTIVE SUPERSQNIC
TRANSDUCER
Edward E. Mott, assignor to Bell Telephone Laboratories,

Incoporated.
Aptll 6, 1948, 8 Claims (Cl. 177-386),

A companion to the Krantz Marent No. 2,438, 925 shows
fuether variations of the hollow eylinder priveiple, with par-
ticular emphasis on the type M-5 crusducer, In this design,
fourteen cap-shaped clements are mounted in a plage arcay,
The rings 14 ace surronnced by pressure release mateefal Lla
ane have negligible acoustic loading on thele auter siefaces,
Kadiation pecters st the inner surfaces where the rings are in
contact with the Houid medivm, The cavities are closul ol
the baek by learl plates 13 whiclt rest against a Corpreae sheet
11, Euch lead backing plate, together with the adiocent hnlf
of the liquid in the cavity, forms a quarter wave-leegth re-
sonator at the operating frequency., Transducers of this type
have been bidle for operation over o G-kiloeycle hand with a
mid-frequency of 2§ kilocyeled per second,

o%@
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Each ring 14 cantains a spirally wound core of magnetas
streletive materfal, impregoated with phenolic matesial o
prevent parasieic vibration, The core gl its toroblal coil are
molded in more phenolic material, in which copper dust is
dispersed for better thermal conductivity, Design date for
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the core include heat treatment aned magnetic properies of
two magnelosteictive allaya, By suitable design, efficiencies
as high as 88 percent have been obtained for indivithal ring
clements,—LB

2,438,036
13,11t ELECTROMECHANICAL TRANSDUCER

‘Warren P. Mason, assignor to Bell Telephone Laboratories,
Incorporated,
April 6, 1948, 1 Clalm (Cl, 1'77-386),

The bearn of a sanar transducer way be broadened by it lens
which alse sorves the function of a seand window in the
hausing, The material suggested for the lens is a synihetic
rithber which has a higher velotity of propagation than water,
Accardingly a convex lens eauses divergence of the sound,
Excessive thickaess of rubler may be nvoided with a Fresnel
lens shaped like (he glass lens of a searchlight, A single rubber
lens permits spresuling the beam 1o a total width of 45%, This
angle can be daubled by placing a wecond lens in frant of the
first—LB

2440003
13,11t UNDERWATER TRANSDUCER

Frunlt Masan, assignor to The Drush Development Company.
May 4, 1948, 15 Claims (C1, 177-386),

A flexibfe hose, with small wranscfucers spaced ul frequent
intervila along ita several lmndred feet of length, is designed
to be wwed through the water. Requirements of water-
tightnesy, tensile sirength, and ability to withsiand explosions
at close range, are all satisfied by a rubber hose reinforced
with steess cords, Because a hose of this kind is not ncoustically
transparent, windows of plain rubber st be jnseried where
the translucer elements are Jorated, Each tranaducer, with
its windows, is comained fn a metal housing whieh also serves
as a splicing slesve to join adjacent lengthe of hose, Either
piezaelectric or magnetestrictive elements may be used, The
details af the rather Tntricate coastruction, and some of the
assenbly processes, are deseribed at considerable length,—LI

2,443,177
13.11t SUBMARINE SIGNALING APPARATUS

John T, Beechiyn, ossignor to Submatine Signal Company.
June 15, 1948, 15 Clalms (Cl, 177-386),

Along magnetosteictive tube fadivided by flexible conplings
Inta sections of suitable length. Each coupling is fermed by
expantling o portion of the tube jtself Into a bead which is
compliant to longludinal vibration, The section Letween
tubes have bongivdingl and circumlerential resonances which
maty be separately chosen in any cesired relationship, A
variety of designs are illustrated, some with arrays of several
tubes, The mbes are watertight and may be immersed directly
in the sound medium, Taterpal electric windings may be

. arranged for either circuanferential or fongitudinal magnetiza-

tion of the jubes.~-L]

2,443,178
13,11t PIEZOELECTRIC VIBRATOR

Huge Benlofl, assignor to Submarine Signal Company,
June 15, 1048, 5 Claima (CI, 177-386),

A resonant traneducer s described which s very similar
1o one covercd by Patent No, 2,406,792 [Reviewed [, Acous.
Soc. A, 20, 8t (1MB)]. In both versions, the crystals nre
cemented fn recesses jn resonant metal blocks, ‘e blocks ire
attached to the bick of o radiatiog plate,—~LB3

2,444,040
13,11t PRESSURE COMPENSATED SUBMARINE
SOUND TRANSMITTER OR RECEIVER

John H. King, assignor to Bell Telephone Laborstories,

Incorpotated.
June 20, 1948, 5 Clalms (CI, 177-386).

In calibeating hydraphones, & commonly usec source of low
frecuency sounid s the wype 4B projector, Essentially, it is
the well-known Bostwick spealeer adapred for onderwater use,
Since the thin complinnt diaphragm of this transducer cannot
withstand appreciable difference between external and ins
ternal statie pressures, oomechantsm 38 provided to balance
then within 0,02 ponel per square Inch, Whenever the ey

ternal pressure exceeds the internal, water rising througly the
tube 38 lifts o Aoat in the chamber 36, thus closing o micro-
switeh 35, This switch energizes o solenoid valve whicli releases
compressed nir from the reservoir 24 and 15 into the interior
of the housing, Whenever the internal pressure exceeds that
of the water, thw valve is closed and the excessive air is
vented through the il pipe 50 The ball check valve 46 and
49 prevents necidental flonding of the projector,—L13

' 2,444,061
13,11t MAGNETOSTRICTIVE DEVICE
Robert L, Peek, Jr., assignor to Belt Tolephone Laboratories,
Incorporated.
June 29, 1948, 11 Claims (Cl, 177-386).
A block of laminations 15 i suppurted at the nodes of
Hexural vibzation for is Tundamental mode, The supports 13
are the pole pivees of a permanent magnet 14, The signal ecail

10 passes through a alot in the laminated blnck, Alternating
flux Nowing around the slot adids to the polarizing ﬂ'ltx on one
side aned oppases it on the other, If the laminadions have

—
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sufficlent remanence, the permanent magnet way be climi-
mated, The supports 13 may then be of resilient rubber, The
Linse 10 i3 only the Lack cover of i complete sonar transtducer,
in whieh the block 15 is coupled 1o a dinphragm by a pad of
rubber, The device has advintage at low frequencies hecause
the flexwral mode requires refatively small dimensions, A
black 24 inches long resoiates at § kilocycles per second,—1L13

2,444,011
13,11t ACOUSTIC STRUCTURE
Hugo Benioff, nesignor to Submatine Slgnal Company.
July 13, 1948, 2 Claims (Cl 181-0,5),

To avoid 'turbulencu, sonar transducers are commonly
streamdined by a surrounding housing, or dome, of thin steel,
The thin siweel shell is reasonably transparet to sound at
narmal incidence. At obligue Incidence, however, reflection

TIHE JOURNAL OF THE ACOUSTICAL SOCIETY QF AMERICA

or rertiation occurs a8 o result of fransverse waves in the
whell, The dome described in this patent 4 resigned to danp
out the transverse vibration, Tnside the steel shell s a second
shell of aluminum, aml the thin space betwesn the wvwn is
filled with o viscons stbstance such as asphalt or pitch,—LD

2,444,067
13,11t OSCILLATOR

Ldwin B, Turner, v, asigror to Submarine Slgnal Comapny.
July 13, 1048, 6 Claima (Cl. L77-3846),

This patent deseribes a sonar trawslucer in which con-
centric magnelostrictive tubes are seeueed o the back of o
radizting plate, The tubes distribute (he driving force over
the entire radiating arca, which may he two feet or more in
diameter, Exciting coils are located o the annofar spaces
between the concentric tubes, —LB
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Program of the Thirty-Seventh Meeting of the Acoustical Society of America

Hotien Sratuir, New York City, NEw Yorg
May 5, 6, and 7, 1940

Acoustics In Communications

1. Tavited paper uv Hawny I, Ouson, RCA, Priuceton,

New Jersey,

Contributed Papers

2, The Acoustlc Impedance af Closed, Rectangular, Loud-
spealtar Housings. WiLLarn F, Merkee, Frang H, Stav-
MAKER, AND LYNN L, MewwiLL, Stromberg-Carlsan Company,
Rochesier, New York (15 min,).—Direct-radintor loudspeakers
are often mounded with the back of the diaphragm working
into o completely enclosed space, Conventional theory states
that when the mnxbmum linear dimension of such an enclosure
is small compared with the wave-length, the ncoustic Im-
pedance which it presents to the loudspeaker is capacitive nnd
is glven by the expression Z= —jf/w(V/pc?), where Vs the
enclosed volume. Since it has not beon established how amall
an enclosure must be before it is “small compared with the
wave-length," the foregoing expression ia Frequently wsed, at
low awdioflrequencies, to ealeulate the ncoustic impedancy of
closed londapeaker housings, and In many cases ite use results
in conslderable error, [t is shown here that while the impedance

of a closedl, rectangular honsing is capacitive at very low fre-
quencles, il passes through zero as the frequency Increases
und becomes that of an inertance ay tha frequency of the first
nornd mode is approached, For a typleal housing, 114 22"
22", the puint at which the impedance presenterd to a very
suall speaker passes through zero ocones in the vicinity of
70 copuie at this frequeney the maxinnm linear dimension of
the enclosure is less than one seveath of the wave-length at
this Frequency, These resulis are obiained by lollowing
methaods given by Morse for determining the pressure dls-
tribution throughout o ream, Assuming A point-sonzee lotd-
speaker, the pressure at the senree is calenlateed ny the swmma-
tion of the pressnres due 1o the normal modes of the enclosure.
Mueasurement of the pressuee at the hack of the lowdspeaker
diaphragm support this analysis, From measurements of the
pressure distribution over the surface of the loudspeaker
diaphragm, we may deduee that the magnitude of the aceustic
impedance which the enclosuee presents to the lewdspeaker
diapheagm nnd the frequency at which the reactance becomes
zero dlepend npan the dimensions of the loudspeaker dia-
phragm as well as the dimensions of the enclosure,
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3. Non-Linear Distortion in Dynamic Loudspeslors De to
Magnetic Effects, \V, J. CuNninanas, Yale University, New
Iaven, Cowneclicul {15 min)—Two sources of non-linear
distertion in a dynamie londspeaker are considered in this
discussion; both are related 10 the wagnetic charicteristics of
the driving mechinism, The ficst 1ype of distortion arised due
to o force of attraction Letween the voice coil, careying
current, and the iron of the field structure. This force variea
a8 the square of the eurrent and prodyces second harmunic
distortion. The force may be related to the space rate of
change of self-inductance of the voice coil as it moves in the
ulr gap, The mugninnde of the distortion produced in this
woy may be severa] {enths of one percent, and js greater far
law frequencies and farge eorrents, Tlds distortion may be
reduced by proper proportianing of the voice coil and field
structure, and by using & short-circuitee] winding on the ficld
structure, The second type of distortion arises due to nons
uniformity of the magnetic field in which the voice coil moves,
This cficet is well known qualitatively, but vquations are
given here for its quantitative evaluation, These equatjons
indicate that the distortion characteristically is less than ene
percent, and s greator for large amplitudes of motion, If the
voice coil is centered in a symmetrical field, anly odd-ornder
distortion is produced, If the field is not symmetrical ahout
the vaice coil, cven-order distortion is also present. This
distortion may Bie reduced by proportioning the voice coil
and ficld structure so that the mean field in which the cnil
moves remains as constant as possible.

4, A Continuously Adjustable Filter for Audiofrequencies.
GLENN E, Tisoawk, Yale University, New Ifnven, Connecticnt
(15 min.)—An clectranic instrument has been developed to
aperate ns o flter with cut-off frequencies continuously ad-
justable over the audio spectrum, The cirenit consists of a
lowspasa and a ligh-pass network in the form of four-terminal
impedances, ‘These may be used singly or connected in tandem
to give band pass action. A single control selects the cut-off
frequencey of each network over o range of 10 o 1, while a
decade switch extends the overall mnge ta 100 to 1, or more,
‘The low pass sectlon provides a pass band flat within 1 4b
below the cut-oll frequency, Attenuation past eutoff i at
the rate of 18 db per octave down to the noise level of the
circuit, “The high-pass section provides n pass band flat
within 2 db above the cut-off frequency. Suppression is more
than 32 db for the first octave below cut-off, and the attenias
on continues to inerease down to the noise level, Noise is at
least 60 b below a signal of one volt. The voltage attenuation
in the pass band of the complete filter is about 6 db, The
principle of operation of the jnstrument is hased an active
leedback networks using only resistance and capacitance.
The variable elements are ganged resistors, whose values may
be in error by severnl percent without affecting the pers
formance described, Because there are so high gain stages in
the eirculs, distortion and noise problems are reduced to a
minintanm,

5. On the Propagation of Sound in Narrow Conduits.*
Osaan IS, Mawanot, Haroard University, Cambridpe, Massa-
chusetts (15 min.),=7The annlysis of the propagation of seund
in narrow wbes has usually been restricted Lo shapes yielding
tractable mathematival expressions, A great aumber of prac-
tical applications do not fall within these categories and
await a solution, An appreximate solution of sufficient accu-
tacy for oarrow tubes of arbitrary shape has been derived,
The derivation has been applied 1o 0 multiple capillary tabe
formed Ly filling o conduit with circular wires, a device

often used n8 o high acoustical impuedarce. The theoretical
predictions check satisfuctorily with the experimental resules,
1t is belivved that die results of the analysis will be useful to
other similae applications,

* This work wos suppatied In part by the ONR umler froject Optder X of
Contrct Niorl-76,

&, Simplifled Acoustic Impadance Monsurements. [ AV,
LEeoNARD, Universily of Celifernia @t Log Angeles (15 min)—
This paper describes an impedance measuring assembly cons
sisting of a pision and pressure microphone arrnged in such
a manner that the ratio of the pressure 1o the particla velocity
My b measared in both magaitiede and phase at e surface
of the piston, The assembly measures the driving point im-
pedance at the surface of the piston, The sample 1o be meas-
ured i3 confined in & tube of diameter equal to that of the
piston and Is plced almost in comact with the vibmting
surface of the piston, Thus, the pressure and particle velociey
at the sutface of the sample are presceibed by the velogity of
the pisten and the speelfic acoustic inpedance of the sanple,
Constructional details and performance characteristics of the
assembly are given,

7. The Least Discriminabls Intensity for Random Noise, ].
Doxarn arits, U, S, Nawl Medical Research Laborntory,
7. 8, Notal Submarine Base, New Lowidon, Conneclicut (15
mim)—Whea a comtinnous white neise is inercased in in-
tensity for one second every [i{th second, a subject can be
asled 10 judge when such increases occur, A revice using
woving tape 1o record 3 subject’s reaponses largely eliminates
invalid judgments, Under these conditions, the just noticeable
inercase waa meusured at cach of severnl sensation levels
from 3 to 50 4b, A surprisingly slight loss of discriminatility is
found as the aver-all sensition level decreases fram moderately
lowd to very weak, Diflerences between the present data and
previous esperiments can, however, probalily be attributed to
differences in the manner of computing zero sensation Jevel,
The just noticealde increase which ia the largest theoretically
possible is inferred to be something %ss than 3 db, reasoning
from the psychophysical carve for the noise v, no-noise
Jadgment, The just noticeable difference is found to be sone-
what smaller thian by the above methad when the subject s
forced 1o Judge whether the sccomd of two short woises is
loudet or softer than the first. Tt s possilble thar 1his secom|
twethod drives the subjeee more nearly o his physiological
limit, If so, it shonld perhaps receive speciad attention,

8, Unlform* Speech-Peak Clipping in & Uniform* Signal-to-
Nolse Spectrumn Ratle. DaniEL W, Makmiv, RCAL Vichr
Division, Comden, New Jersey (15 min.),—A graphical func.
tian T¥(r, &) has been determined experimentally, in which 11
is ward arteulation, r {s the relative Jevel of unelipped specch
ned the noise, and ¢ is the amount of uniform, symmetrics),
speech-peak clipping. Preemphiasis of the speech signal gave
ar approximately wniform speech spectrum prior 1w clipping,
Unifora, mndom noise was mived with the clipped speech
before  post-equalization, makiog the final noise spectrum
slmilar in shape o the speech spectruns. The real-car response
of the earphones was compensated electrically to yield a ual-
forut orthotelephonic response for the communicstion system,
in the frequency range contributing significantly o articula-
tion index, For constant clipping oy the function 1P(r, cn}
approaches Wy, 0) as n limic for sufficiently large values of 1,
For e<<r5, W W(r, M), For the case of no clipping ()
when translermed to IP(1), A being ardeulation indes,
resembles closely the curve by Pollack,

* Uniformley here sbenitiva uniformley with reapect to frequeney.

-
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Acoustics in the Arts

9, Invited paper uv Winnun T, Ranrnoromew, Horpand
Unirersity,

Contributed Papers

10, The Acovstics Department of the Julllinrd School of
Musie, Haxny L. Rouws, Juilliard Selool of Musie, New
York (15 ming—In recognition of the ever incrensing des
nendenee by musicians upon acoustical engineering toche
niques, an Acoustica Department was ealallisled in the
Juilliard Schoot of Music jn 1947, This Department has the
follawing funetions: 1, To conduct courses In musical acousties
for degree and diplama students. 2, ‘o recard stuclent and
faculty performances nad al) School concerts, 3. Ta superyise
the technical nspects and production of the hroadensts of
Schoal cancerts, Some obsorvations on the wark of the
Department are made and discussed,

1, Anelysis and Synthesls of Specch-Like Sounds,* Frang-
LN §, Coornr, Joitn M, Borst, AND ALVIN M. Lunzna \
Ilnskins Laboratories, New York {15 min).—The suuly of the
nereeption of speech is aided by instruments capable of repre.
senting physical patterns which - aee complex in frequeacy,
time, and futensity, The sound spectrogriph developed by
Potter and co-workers provides visnal patterns which are
highly suggestive for the isalation of the distinctive aspecis
of auditery patterns, However, comparison sad judgment by
car ate desirable, and this requires additional instrumentation
to play back modified spertrograms, or completely synthelie
spectrographic patterns which «differ only in the particular
characteristic under examination, The spectrograph developed
for these studies recards an [lm, portmying a dynamic range
of ea, 40 db by a lincar density variation of 2.0, The use of o
Ihotofarmer to control the recording light permits compensa.
tion for nou-linearities af other camponents, or the intentional
intraduction of high contrast {compression), black-1a-white
reversal, or intensity-contonr characteristics into the spectro-
grams, The pattern playback uses these spectrogeans directly,
or after retouching or printng, to control the madulation at
syllabic rates of an optical scanning beam which is then con-
veried into sonnd, Synthetic spectrogrmms, hand-drawn on a
trnsparent medium, are used in a similar manner, Spectro-
rraph and playback were designed for specific application to
speech-like sounds and o studies of the perception of such
sounds, Design considerations and performance data are
discussed,

* Thia rescarch was made porsible by funda granted by Carsegle Corpars-

tlan of New Yark,
** Also, Wealeyan Unlverulty,

12, The Spenking Machine of Wolfgang von Kempelen, I
I, Tannéezy, Budapest; (Absirace and Presertation by Ionier
Ddiey, Bell Telephone Laboratories, Tne) {15 min.).—Wolf-
gang van Kempelen made slgnificant cantribytions to the
investigation of the lmaman mechanism of speech production
arotnd 1770-00, During the preceding centiry there had been
considerable speculation on varjous aspects of speech by
linguists, teachers, physiologists anc others. Kempelen be-
came interested fram the standpoint of the problum of the
deafeand-dumb, About this time also Professor Kratzenstein
produced five vowel sounds synthetically with some degree of
satislaction. Wempelen whe made a habby of building in-
triguing meehanisms  proceeded experimentally 1o st up
mechanical equivalents of the parts of the human voca!
system on a ent-and-try basia, He used o bellows for the lungs,
a slit membrane for the glottls, n box with twe variable

cavlties for the mouth and a set of controls for the varjous

opttings—lips, nosurils, amd tonguepatate, With some use of
ane hand for resonance effects he fingered the leeya ta produce
all the eonsonant and vowel sounds or approximations therelo,
The quality was evidentally good enough for visiting abservers
1o recognize o number of words, particularly Italfian and
French, Kempelen was thus the firsy 10 produce a complete
synthetic speech mechanism which he deseribed in delail in a
hook titled Afechanisnus dee Menschlichen Sprache nehst der
Beschreibung sciner sprechenden Aaschine published in 1791,
Far general intereat the oral presentation wil inchude otler
early specch-produeing machines.

13, The Effect of Room Characteristics upon Vocal In-
tensity and Rate, Joun W, BLack, Kenyon College, Gambier,
Okis {15 min.}.~=Groups of 23 males read 12 test phrases in
each of eight roams. The rooms represented (wo slzes, shapes,
and reverberation timea, Microphones ted 10 twa meters that
registered vacal Intensity and, in one instance, duration of
the phrases. Each eet of neusurements was treated by
analysis of variance. Both rate and intensity of reading were
affected by the size and reverberation time of the room and
tot by the shape, Rate was significantly slower in the larger
and the less reverberant rooms, Apparently voeal intensity

vas greater in the smaller and less reverberant rooms; and
readers conslstently incrensed their intensity as they read the
12 phrases In the less reverberant rooms. Differences in this
regaxd, oceasioned by the sound 1reatmient of the rooms, were
highly significant, .

14, Musical Seales and Thelr Clessifleation, J. Murrav
Bamnounr, Michipan State Callege, East Lansing, Michigan
(10 min),—A musical seate {3 a sectuence of musical lntervals
in a certain rangy, such ns an octave; 4 moide is a eyelic
permutation of a scale; a key is a mode at o certain pitch-
level; o raga is a melodic pattern of o key, Most writers,
confusing scales and maodes, lave listed fewor than 1 the
possille scales, e older writers, such as Delezenne, Gandillat,
Lllis, and Matherly, were further limited by harmonic cons
siderations, Slonimsky's 1330 scales and melodic patterns
(1947) are mostly ragas, in which as with Schillinger (1914),
symnetry is paramount; Slonimsky's pentatanic and hepa-
tonic seales are actunlly modes, The inverse of o scale contains
the same intervals in reverse order, The complerent of a
scale containg all the notes of an setve nat In the sele itacll.
A seale may be measured by e towl meanssquare devintion
of all its intervals, the index for complementary pairs of seales
differing by a constant. ‘The notatlon of o heptitonic scale as
a barp scale (with seven different letter names) agrees with
the devindon index. However, the Tunction of notes in the
scale may often be expressed by fewer than seven letter namea
or by two names fer the same note,

15, Influence of Humidity on the Tuning of a Plano,
Rosrrt W, Youxs, San Diegs, California (15 min).—A six-
foat grand piano has been sturied for tha change of its tuning
with relative humidity, During mare than o year of ohserva.
tions in the living room in which the piane s lecated, the
refative humidity varied between 20 and 70 percent, The
change of tuning lagged the rise and fall of hiemidity as if
the suucture were characterized by = *lime constant” of
thearder of 15 days, The refative husmidity weighted according
to this time constant varied only hetween 35 and 62 percent.
Within the three centeal actaves, the tuning of this 30-yeur
old piano rose on the average 5 cents {0,3 pereent in fre-
queney) for cach increase of 16 percent in weighted relative
humidity, This rise would result if the sound beard wanld
swell enaugh te lift the bricdge at the end of the A (440 epys.)
string 0.5 mm,
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16, Twenty Years of Research in Phonologieal Blophyaice,
C. H, Vourxur, Washington College, Chestertnwn, Maryland
(20 min),—This Interim report will emphasize the great
number of books published which were of prime intercst to
the research worlker in this speciality at the time of the found-
ing of the Acoustical Society of America. It will contlnue by
autlining the development of the broader Issues with reference
to the glattzl source, lablal coupling and give pacticular
attention ta the recently suggested hypothesis that the gloteal-
Iabial tube may be nn acoustic filter,

17, Comparison of Performances of the Same Melody
Ployed in Solo and In Ensemble with Referonce to Equal
Tompetud, Juat, and Pythagorean Intonations. Jamues [
NrckursnN, Uuiversity of Kunsas (introduced by Arakd M.
Snaall, Navy Electronics Laboratery, San Diego).—A study
waa made of solo and ensemble performance of the same
musical material as related to systems of intonation postulated

by certaln scoustical, musical, and psychological theories.
In particular, it was desired o clheck carbier Gndings that
unaccompanied performance andd listener preferences approxi-
mate ythagorean intonatient2 and 1o exienl 3 similar line
of investigation to ensemble performance. Solo and ensemlile
performances by 24 well-tained string gquaeiet players were
recorded from which siratified radom samples of tones were
obained fue frequeney anilysis, This analysis was auude
Uhrongh the uae of 16-mum sonnd-on-film loops with o cheomatic
stroboscape {Straboconn), The results confirm earlier findings
for unaccompanied melodies and indicate that Pytlagorean
intonation is aiso moest typical of ensemble performinnce,
This tendency appears o dominate any “cultural coniis
tioning" which may exise for enealaempered intonation,

L Paul ©, Green, *Vinka Indonatlon," I, Acaie, Soc, Au, 9, 43-44 {1937,

1A, M, Small anib Harrett Stogt, Present-day preferences [or cortaln
meladle lutervnls in the nutursf, eaunl-temperst, aned Dyilagorean scules,
Jo Acoun, Boc, Am. 10, 256 (A) {1230).

Invited Papers

18, Acoustics in Communieation, D, Ratru Bown, Bell Telephone Laboratories.

19, Acountica In Comfort and Safety, Dr, Vern O, Knunses, University of Culifornia at Los Angeles.
20, Acoustics and Modern Physics, Dx, PinLir M. Morse, Massachusells Instilute of Technology.

21, Acoustlcs in the Arts, Dr, Hanvey Fuuteuny, Hell Telephane Laboralories.

Papers Presented at Bell Telephone Laboratories, Murray Hill, New Jersey
22, Welcoming Addcass, D, RaLri Bows, Direclor of Research, Bell Telephone Laboralories,

23, Demonsteation Lectures {(Arnokl Auditorinm),

24. A, Recent Research on Barium Titanate Used us a Transducer Material, W, P, Masox,

25, B, Recent Studles of Transistors In Transducer Applications. R. L. \WaLracy, Jn,

26, C. The Ring Armature Receiver—An Improved Transducer for Telephons Uso, W, C. Jonns.
27, D, Actlon Pictures of Sound—A Motion Pleture Portraya! of Dynamic Speetra, R, €, MaTies,
28, E. Mathoda for Focusing, Gulding, and Refracting Sound Waves, Wixnstox E, Iocxk.

Acoustics in Comfort and Safety

29, Invited paper iy Luo L, Deranes, Messachuselts Instis
tnte of Technology.

Contributed Papers

30, San Diego County Falr Heatrlng Survey, H. W, Himes
aso J. C, \WrosTrn, Psychology Division, U. S, Nauy Llec-
trenfcs Laboralory, Sun Diegn, Califorwin (15 wmin).—A re-
corded hearing test similar in part to the Rell Telephone
Labaratory's Worldl's Fair "Test was given at the San Diego
County Falr, In addition ta the absolute pure tone thresholds
for the five-octave frequencies 440 c.p.a. through 7040 c.p.s, o
white naise inasking threshold was fonnd for 880 e.p.s, and
3520 c.p.s, A repore wns made by each of the appraximately
3700 participanis as to age (within 10 yenr groupings), sex,
munical training, noise environment, and known hearing
difficulty, Statistical breakdown of hearing losses s a function
of sex and age agreed in general with the carller study.?
Funellonal relationships indicate that (a) musical training
was negatively related to hearing loss especially with the
older age groups, (L) noise environment was positively re-
lated to hearing lass at 3520 c,p.s, for males and () declared
(known) hearing difficulties correlate with actual hearing
losses, Masked thresholds, in general, show teends shuilar 1o
those of the absolute thresholds in refationship to the above
factora, However, these trends are not as pronounced ns those
shown by the absolute thresholds. Subsequent analyses aned
work on masked and absolute thresholds on naval reeruils
will supplement these results, '

m:l..Ll% ;J'fil.'!m"flfuof Montgoemery, and M, B, Gortluer, J. Acoun, Sac,

31, The Sounds of Digease-Carrying Mosquitoes.® W, 1.
OFFENHAUSER, JR, AND Morrton C. KAILN,** Depariment of
Public Health and Preventive Medicine, Cornell Universily
Medical College, New York {15 mlij.~In the summer of 1947,
thie anthors made recordings of o mumber of apecles of native
mosnuitoes in West Africa, The equipment used to make the
recoedings Is descrild, and some of the records obtajved are
listed, In the summer of 1948, the authors went to Cuba where
they recorded the sounds of the female Anopheles albimanus
moseito, The recordings were played bick in the Husille
Swamp there for the purpose of calling male mosquitoes of
the same speciea. Relatively large nwmbers of mosquiloes were
Eilled in ¢he sound-haited trap, 1t is belioved that this was the
firat time ¢hat o saund-baited trap has heen used successfully
for catching mosquitocs, Mosquito sounds nre quite distine-
tive; gross differences occur and are readily detected both by
listening and by wave analysls, In general, male sounds seem
higher pitehet than female; examination of sound speetros
grams stuggests that the diference is due in considerable degree
to the differences in harmonic emphasis, All fundamental
sannds seem to eccur in the center of the sopic range (from
300-100¢ c.p.s.); all mosquito sonads are rich in harmonics,
All mosquite sounds are warble-modulated; some at a single
vibrato rate (in the order of § c.p.s.), athers at a double rate
{with the higher rate in the opler of some 3 times the lower).
In some tones, some larmonics are rather completely inters
rupted or pulsed, while the foawdamental remaing quite une
disturhed, Warble amplitudes are usually quite large, The
fumlameneal pitch often Jdrilts; in ooe case, for example,
there was a 25 percont increase {n fundasiensal pitch in as
little as 0.05 sec, Generally speaking, mosquitoes o not

W
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respond Lo sine-wave tones; this may explain why the toses
they generate are complex. Mosquito sonnds are low fn energy
level, A rough measurement has been macde of the total sound -
power outpnt of the insect whose soumt was used for sound
baiting the trap used in Cuba, The power was in the order of
10- watt, With such u low power level, it ia difficult to obtain
high signnlto-noise ratios as we know them in conveationil
high quality sonmd recording., Pespite this, it has heen possilie
to furn qut recordings frequently with as muel as 50-db
signalsto-noise ravio. The usual operating nuisances of micro-
phonics, hum indaction, noise, and the like are encountered
in aggravated form,

* Alled Ly n gract from the Tropleal Diseases Suudy Section, United
Stﬂu Pubtle Health Serv!

e,
Amtociate Prafessor of Publle Health nnd Prevensive Mediclue, DI
rector of Paranltalogy,

32. The Acoustlc Gallstons Detector. [, G. TuursToN AND
Eric A, Waexen, Ordnance Research Laborgtory, The Penn-
sylvanin Stale College, Stale Colfege, Pennsylvania (15 wmin,),—
A serious problem during a gnllstone aperntion is 1o determine
if all the slones have been removed, and, if not, where they
are lecated. They may be in the bile ducts, in the gall Wlacdder,
or even in the liver itself, An clectro-aconstic instritment to
ussist in this determination has been devised, [1 consists of a
very small trnsducer mounted on the end of a slim metl
rod, This is connected through a cable tea standard amplifier-
loudspeaker system. The chamcteristics of the system are
auch that when the dilater touches healthy tissue no sound
is emitted; but on striking n stane, a ringing sound Is emitted,
Anather variation of the probe uses a Bakes dilator mounted
in a handle containing the crystal. Sill another variation
which js being prepared 1s ro Le used for locating kidney stones.

33, Universal Phonograph Styll. Joun D, Rean, Crosiey
Division, Avee Munufucturing Corporalfon, The advent of
Yglow speed" records with small grooves has created mes
chanical problems In phonograph reproducers in that the
needle size and [n some cases the tane arm weighe has to be
adjusted ns well as the speed of rotation of the record. This
leads to undue complexity of operation, Several solutions Lo
the problem in the form of wniversal styli which will it bath
standard and small groaves will be presented and the relative
merits of cach canpared,

34, Levels and Spectra of Noise In Industrlal and Resi-
dentinl Areas. G, L. BoxvaLLET, Armour Research Foundalion
of Hlinois Tnstitute of Tecknalopy, Chicago, Hiineis (15 min.),—
At the Cleveland meeting of the Acoustical Saciety, in No-
vember, 1948, some data were presented on the peise in and
near transportation vehicles, These were taken ng part of the
wark on the Chicagoe Noise Survey. The survey includes in-
vestigation of noise canditions in industeial zones and in
residentinl areas, and some data on these now are available,
‘These consist of over-all nolse taken with a sound level meter,
and epectra taken by the use of an octave band filter unit.
The noise conditions vary with the scason, and the data on
industrinl neise, up Lo the present, were taken when factory
doors, windows, and other openings were not open to the
extent they are In warm weathier, Further investigation will
he made in this respeet, [t is diflicult to Intecpret residential
area noise levels since the noise sources may be traiffic condi.
tions rather than indnstrial noise, However, data have been
analyzed and the attempt has been mace to obtain meaningful
Information. Stdes of characteristic over-all aml octave hand
tevels will be presented, Stucdy of the dat indicate that the
average spectrum is peaked below 300 e.p.s., and the sound
energy percycle drops about 9 b per octuve toward the higher
frequencies,
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35, Sound Teanemilssion of Walls With Knewn Receiving
Rapm Conditlons, IV, G. Tyzzug, ., G, RaMik, AND ], ANCHLL,
Armonr Researeh Foundation of inais Institute of Tecknologyy,
Chicago, THinods (L5 min,).—I"revious study of an improved
sound tensmission measuring technique at the Riverbank
Acotstical Lahoratories was reparted at the November, 1948
meeting. This technique was shown 10 have promise in meas-
uring properties of test walls instead of properties af the test
walls plus the adjoining rooms, Further study has shown that
practical measurements can be mads which are directly
refated to the effective "impedance” of a tese wall or panel
with random sound on the incident side, The random incident
sund s pravided by the sound field of the reverbemtion
clamber, An exploratien las been mafe of the transmitted
sound Geld in o narrow room with hard walla excent fora very
absarbent will opposite the test wnel. Reselts are given which
indicate n fairly uniform energy fow from the tese paned 10 the
absorbing wall. The elfect of high @ eross mades, which do not
greatly affect this energy flow, can be minimized by the use of
velocity micropliones directed toward the test panel, Sinee the
area of the test panel is Jess than the cross-sectiona] area of the
roam at which measurements are made, u correction must be
made, This is a Tuncton of frequency singe consideralde
beaming is found at the higher frequencies, By the use of
pressure microphones to oliain an average sound pressure on
the incident side of the west wall and velocity microphones in
the transmitted sound feld, chirt recordings can e made,
giving incident pressure and trmsmitted velocity as a function
of frequency. Exumples are shawn for several test walls, and
also copves of efective wall impedance versus frecquency, An
analysis of the probable error in these mensurements s given
aml compared with some of the errors in the older 1echnique.

36, ‘Iranslent Sounds in Rooms. Davep Nintazr, Acousitics
Laboratory, Massachnselts Tnstitule of Technelogy, Cumbridge,
Massachusetts (15 min.).~—Drevious work an ncoustical tran-
sienta, where the result is obtained by a Fourfer asalysis of
the steady-stite response of the system, hos been considercd
by Morset* and Holt,® Their results are in the form of a summai-
tion over resonant modes, and da not give a glmple pleture of
the effect of each reftectian, The case of transients in ane
dimension (planu-wives) is solved lere by applying the
Laplace transfarm to the wave equation for the velogity
potential, and to the houndury conditlons, The boundary
conditions assumed are a given particle-displacement at xw=0
and o serics resistance-inertiance-compliance termination at
x=), The transfarmed velocity potential is then expanded as
& reriea, nnd the inverse tansforin is obtained in the form of o
(fnite} serics of 1erms, the ath term representing the efect
of the #th reflection from the termination. The same method
is alsa applied to the case of a rectangular romn with a point
soniree arbitrarily located In it and each wall having an
arbitrary impedance, By using plane«wave expansions around
image points we may salve the transfarmed wive equation
in the form of a series of integrals, which are then approxi-
mated, The fnverse teansform js then taken, nnd the velocity
potential is abtainest as a swmmation over the reflections be-
tween the walls of the room, The oral presentation of this
paper will be confited to a byfel description of the method
and] to graphical presentation of the results,

19, M. Marse, Vibeation und Sound, Second Ed, (MeGraw-11I1 Bock
Cn'lrlslmlv. fne., New York,

1944},
P, M, Marse rnd B, 1. Bolt, *Sounil waves i pocoma,™ Rev, Mod. Phys, .

16, 6% (1944).

37, Some Practical Problems Involved In a Study of the
Industriul Noise Problem. RaLrir Marrin McGratil—
Medical nuthoritics all agree that the noise problens is serions,
How serious it is for n given Industry can only be ascertained
by a propesly conducted noise survey which will give data on



464 ACOUSTICAL SOCLETY OF ANMERICA

the noise levels to which its industrial workers are subjected
and an audiometric survey which will give data on the hearing
acuity of workers subjected to such environments, Noise level
meters, filter sets and analyzers, and andiemeters are available
with which ta conduet these surveys, There is need for stand-
ardization in the methods iy which the two surveys are con-
dueted and interpreted, There in need, alsa, for data on how
the adverse effects of najse upon personnel in tirn allect the
quality of the product, labar tuenover, alisentecism, accidets,
and compensation claims. Industry, confronted with a serious
prablem, eannat wait for claborate refinement of data but
mist act with the data available. Fartunately, tudusiries all

over the country are acting and the steps being taken are
reviewed. Mare before and after studies are needed to help
+others tackle theie problemy, The sieps taken at Hawthorne
are summarized with o brief review of the fundamental theo-
retical problems invelved in compensation claims, The role
that the Acoustical Suciety of Americit can play in coordinating
the ellforts of all arganizatione interested in assistng industry
to salve the nolse problem is ontlined briefly,

38, Method of Calculating Hearing Loss for Speech from an
Audiogram, Hanveey Fuuerenen, Bell Teleplone Loboratories
Awreray IHilt, New JSersey,

Acoustics in Research

39, Invited paper uv Cuasntes Wrervin, Bell Telephone
Laborateries,

Contributed Papers

40, Proposed Acoustls System for Ordnance Research
Laboratory Water Tunnel. Paun M, Kexmo, Ordnance Re-
search Laboratory, The Pennsylvanic State College, State College,
Penusylvanio {15 min.)—A\ deseription js given of the acoustic
muthods nnd equipment for deteeting and lecating sources of
cavitation on wndeewnter badics aned propellers (under test)
inn the high speed water tunnel now under construction nt the
Ordnance Research Laboratory at the Pennsylvania Swure
Colloge. Sound arising fnside the tunnel will pass throngh an
acoustically transpirent window to an external tank in which
is placed a siwall piczoelectric erystal hydrophone at the focus
of an ellipseidal reflector. The source of sound can thus e
located because the hydrophaone is most sersitive 1o saunds
originating at the conjugate focus of the cllipsaid which is
inside the tuonel, The reflector and hydeaphone nssambly hos
three degrees of freedons,

41, Acoustlc Filter for Water Flllad Plpes. R. M. Heoves,
D. LAIRD, aAND L. N, Mier, Ondnance Research Laboratory,
The Pennsylvania Stale College, Stale College, I'enusyleania
(15 min,}.—It is anticipated that some of the awxiliary equip.
ment to be used in conjunction with the new water tunnel
under construction at the Pennsylvania State College will be
particubarly soisy in the ultrasonic frequency region where
certain low Jevel acaustic measurements are to be made, This
potentially nolsy equipment Inclydes such itens as o deaerator,
an energy dissipater, and n pressure control system which ane
located in a water Joop, external te the main tunnel section
‘Ta elTectively isalate this loop acoustically fram the remaimler
of the tunnel wheee the acoustic measurements will be made,
it has been considered desirabla to design an acoustic filler
which ean be inserted at the junctions of the loop with the
tunnel, This filter should serve the multiple funetion of re-
ducing the sound trassmission teougle Uue pige walls ad
through the water in the pipes wlhile permitting the passage
of relatively large valumes of water at small losd of pressure,
The prollem of isolation in the pipe path is a fairly common
one and essentially requires the use of sound attenuating
gasket material. However, the Isclation of the water path is
more complex in that waler must be allowed to flow while
sount is attenuated. In this case o honey-combed structure of
n pressure release material is used. This paper discusses the
hydranlic cansideration of the problem and presents the results
of acoustle transmission measurements on the filter compo-
nents, ‘Fhe measurements include: 1, The frequency charace
terlstics of the aconstic filter under free feld conditions,
2, The veansmission properties of the isolating gashets mounted

dn the pipe flanges, and 3. The effective respanse of the filter
and isolation guskets combined,

42, The Properties of Gaseous Sclutlons as Revealed by
Acoustic Cuvitation Measurements.* 7, G, BLakr, [n,
Harvard  Universily, Cambridge, Mossachusetts (15 min)—
That very sniall gas bubbles ean serve as nuclei for the forma-
tion of cavitics in liguids ls well estahlished. That experimental
abservations an the ruptare of liquids can be interpreted only
on this basis Is perhaps not so olwvious but nene the less true,
In the present series of experimenta on acoustic cavitation
in water, two distinct types of bubble formation cccur. Oue,
the violent formation and collapse of vapor-filled cavitivs,
results framy mechanical instabdlity of gas nuclei. The ather,
relatively quiet gns hubble formnation, eccurs asa consequence
of the slow growth of noclei by “reetified" diffusion of «lis-
solved gas from the surrounding liquid. Each process has
thresholid of excitniion by a sound field; which has the Iower
threshaled in any given case depeads largely upon the con-
centrtion of dissolved gas in the lguid. Measurements of
the acoustic eavitation threshoeld in conventionally *dener-
ated” water, as n funetion of temperatare apd ambient
hydrostatic pressuee, reveal how the equilibeium size of gas
nielel depuends upon these variables. Miservations on sonically
induced effervescence: o sitnrated solintions pravide ae Teast
a nualitative explanation Tor the pobse length and viscosity
effccta observed vlsewbare. Cavitation at the surface of o
sound projector apparentdy s profoundly affected by ad-
snchueit gases, The conclusion thae gaseous nuclei exlst mate
ar less in equilibriym with selutians not supersatueated with
gas I8 contrary 1o the conventinnal theary of gnseons solutions,
Stabilization of auclel in the surface cracks of suspemded solid
pactieles {5 a very plansible buc not entirely satisfactory
explanition. Revision of the theory is a tempting sulject for
speculation,

+ This woek waeaupported In past by the ONH nader Profect Order X of
Contract NSorl-70,

43, The Rippls Tunk us s Devico for Stadying Wave
Propagation.” 11, . Rux, Plysics Departurent, The Pewnsyl
wittin State College, State College, Pennsylounia {15 min.)—
The ripple tank has proven 1o be a useful instrment for
studying wave propagation, particularly wave patterns arising
feam inhomogeneities in the mediup, We have buile a wank
3 fr. by 2 ft. in which we preduce ripples in tap water with a
mechanically driven vibrator consisting of a strip of plate
glass, The wave field is observed directly or photographed by
meana of straboscopic iMumination, the wave erests acting ns
teaises to focus the (ransmitted light ina plane at o convenient
height above the water surface, Refraetion, interference, and
diffraction efleets are produced with the help of ebstacles
made of glass or plastic, Boh phase and amplitide measure-
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mends are possihle to 2 fair degree of aceurney, Good agree-
ment has been found with the elenlated ncoustic field re-
sulting from transmission of plane waves through n vertical
cylinder of warm air. We have Leen nble 1o simulate rather
closely in the ripple tank the radiztion field experimentally
oliserved in alr above o Bigh leequency plston sonrce a few
witve-lengths in diameter, “The ease with which certain types
of acaustie field, for which no specllic theory exists or which
would be diffienlt to measure dircetly, can be simulated amd
ohserved makes the tank an important research tool in the
aicoustics laboratory,

* Part of chis work was domse uader Contract No. W 360139 se-32001, U, S,
Army Signal Cerpy Ifnglseering Laboratories, Bradley Beach, Kew Jeruey,

44, A New High Speed Inkless Recorder, A. W, NiEmany
AND L, P, Rutrz, Sound Apparalus Compuny, Stirling, New
Jersey (15 mino~~A portable instrument is describod for
recording level changes or low frequency wave forms an a
Z-inch wide strip chart. A novel serve system, employing a
pawet driven siylys, is utilized, giving a greater feree-10-mass
ratio than has heretofore been possible, Recording speeds in
excess of 1000 b per second on a logarithmic dh scale are
attainalle, with a continuously variable stylus-speerl contrel,
A novel Teed-back loop used in conjunction with anthunt
cireuiis makes possible very mpid siylus movement insuring
maximum accuracy and swbility. Eight synchronous chart
speeds from | to 200 mm/sec. are push-Twitnn selected for
accurate time axis vecording, A take-up chart spindle iy pro-
vided for continuous recording. Especially designed for acous-
tic reverberation sludies, L provides accurate means for
investigating low reverberine chambers of 0,1 second, and luss,
reverberation tine.

45. The Present Status of Piczoelectric Transducer Crys-
tals, MHans Javer, The Brush Development Company, Cleve-
famd, Olide (153 min.).—The piezeclectric ehamcteristies of
transtycer cryatals may be expressed i terms of electrome-
chanical coupling coeflicient, mechanical compliance coeflic
cient, and dielectric constant, all referring to the mode to be
applied, and the density, The modes consistersd nre Tace shoear
{utilized in the rarque "Bimorph™}, laternl expansion, thick
ness expansion, and thickness shear. Propertics nat readily
expressed [n clrenit terms but of the highest practienl impar-
innce are dieleetric and mechanieal strength and permissible
tempertire rive. Rochelle salt offers a coupling cocMicient of
0.5 ar moere, combinad with foicly high mechanical compliance
and high divlectric constant for face shear and lateral expan-
slon, Quartz combines a rather low coupling of about 0.1 with
law electric compliance; these factars are disndvantageous for
west transducer applications but inay he autweighed by excel-
lent atability, The newer crystals, ammeninm diliydrogen
phosphate (ADD) and lithium sulfate monohydrate (LH),
combine Mair stabilivy against atmospherie conditions with
intermediate dielectric canstant and conplings about 0.3, the
former for face shear amd literal expansion, the [atter (or

thickness and volume expansion, Neutral plassinm tartrate
(DKT) In face sllmr or lateral expansion is indicated for
transducer nses requicing faiely high coupling, up to 0,25, with
a low temperature cocflicient of resonant frequency. Polarized
barium tiwnate cermic takes {ts place besides the single
crystals, It combineslow mechanical compliance and very high
dielectric constant with conpling of 0,20 for the hveral ex-
pitnsion and 0.5 for the thickness expansion. It may be shaped
into curved transducer vlementa, A comparative table for these
antl some other substances will be given,

46, Scattering of Ultrasonlc Waves In Water by Cylindrieal
Liquid Filled Obstacles.® Pavl Tamanrsin, Brown Dniversity,
Providence, Riode Ithend {Inteoduced by R, B, Lindsay) (I5
min.)—The scattering of an underwa ter ultrasenic beam from
uifectively infinitely long eylindrical liguid fitled obsiacles is
studicd, The wave-lenggth of the rdiation used is 1.3 mm and
the obstacle dinmeter i3 13 mm, thus placing this type of
scattering between the extremes of scattering from obstacles
large compared with the wive-length, and seatiering from very
senall obstaeles, In a previous paper*® the. obstacles studied
were alr and hll.'LI, uffording the two exiremes of pe mismatch,
and the seattering was found to be o diffraciion phenomenon,
The present communication cdescribes the scattering patterns
produced by u eylinder of methyl alcehaol, the first of i series of
liquidsused tadetermine the type of scattering (i.e., diffsaciion,
refraction, or conihinations) procduced, as the ac of 1he ohsiacte
is varied slawly from valoes smaller, to vitlues greater than that
of water,

* Work aupported by Noavy Contract X6 ori-215, Tk Qrder 3.

o ;:H[i. Hayer, 1 Tamarkin, und K. 1, Lindsay, J. Acous. Soc, A, 20, R58

47. Absorption Measurements in Magnesium Sulfate.* I,
T. Buyen, M. C. Swri, axe R, Barenrr, Hrown Uaiversity
(15 miny—Ulueasonic absorption measirements ire rupumd
far dilite water solutions of Mg80., For frequencies in the
range 3 to 10 megacyeles, the measurements ore made hy
mueasuring the reetified autput of a erystal detector. Measure-
ot proportonl v the acenstic sty are made along
the axis of the rdiatled beam, and the abserptian bs calenlited
from formulas which 1ake {no account the spreading of the
beam and the size of the miczophone. In this copnection, the
necessary muasirenient of the wave-lengtl of the radintion can
be made by use of the spatial modulistion of the acoustic signal
Iy the electromagnetic picksup,? Measarements at frequencies
in the range 10-30 megaeyeles are ousle with a conventional
radintion pressure lolance, Measurements are reporied for
vatrious concentriticng at the different Frequencies, “The valyes
obtained indicate an increase in the absorption coellicient
which is approsinaicly linear with concentrtion.

* Wark supparted Dy e GNHR gnder eanteact N6 ofl-215,
T, W, Labaw and A, O Willlama, I, ). Avous See, A, 19, 30 (1947),
11, W, Labaw, J. Acoun, Soe, A 1T, 19 (1945}
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Contributed Papers

48, Techniques of Reseurch Used in Quieting Machinery
and Applinnces, 11, C. Harey, Armonr Research Foundation of
Hitingds Insbitute of Techralopy, Chitagn, Minois (15 min).—
As our age becomes more industpialized, the prablems of
fuieting machinery amd appiances—whether they occur o

industry, oftice ar home—Dhecome mare numerons and more
difficult, The economy of using improved research methads
antl compotent scivitiic personnel is emphasized, Determing-
tion of qualitativedain (spurce of encrgy, source of radintion,

relative spectral distribution, relative intensity of frequency,

peaks, ewc,) is usually more important than spending excess
time obtaining quaniititive dita (peecise souml intensity,
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exact (requency spectrum, percent harmonic content, etc.).
The importance of analysis of sound energy saurces, soun
rdintion saurces, atd coupling facters betweon them will be
emplusized, A system of analyzing noise problems, by
schematic disgrame giving the energy flow between sound
energy sources and the surrounding propagating wedium, will
he outlined and illustmted by actual data from typical rescareh
prablenis,

49, Method for Quieting Ram Jet Motor Test Stations,
\W. B. Snow axn C, J. T, Youse, Kellex Corporalion, 233
Droadwey, New Vark, New Yark (15 min),—The Applied
Physics Laboratory of Joling Hopkins University, opernting
under coptract with the Burean of Ordnance of the U, S,
Navy, set up during the war a testing lnhoratory for ram jet
motors at Forest Grave, Maryland, o short distance outside
of Washington, I, C., in a location surrounded by open
country. Posywar buildiog in the neighlorliecd made it neces-
sary to quiet this installation if eperation were to continue at
the same location and the Kellex Corporation undertook
tesign of the revisions, Since very large volumes of air and
hot gases had wenter and leave the test cells, it was necessary
to design a duct system which offered exeremely low resistance
ta gas flow, hue high attenniation to sound, This paper gives a
briel description of the resulting construction which has
aflawedl the Inbartory 1o continue operation in the midst of
a restdential community.

50. Acouatic Absorption Coefficlents at High Frequencles,
WiLLraat S, Cramnr, Naval Ordnance Loboratory, While Oak,
Sitver Spring, Marylamd (15 min.},—The nieasurement of the
acoustic nbsorption coeflicient by o steady stae methed was
carried outat frequencles of 9, 20, and 30 ke for seven different
materials, This involved the construction of a sound chamber
with facilities for creating a diffuse sound field and a sample
area whete materials could be inounted, The averige intensity
in the chamber was measured with the sample aren covered
with the materinl under test and the results compared with
similar measurements when the area was covered siccesaively
with a material of negligible absorption and when it was open
to the air outside. The expression giving the absorption coeffi-
cient in terms of these three refative intensity readings Is
derjved,

51, Trannmisslon of Reverberant Sound through Double
Walls. Atnunr Lonnow, Natiomal Buresu of Standords,
Washington, D, C. (15 min.),—In a previous communicationt
the transmisaion of reverberant sound through homogeneous
slngle watls was investignted theoretically and experlmentalty.
The attenuation of an obliquely incident plane sound wave
upon trnsmission through a single wall was computed and
using the custenary reverberant sound field statistics the
attenuation was integrated over nll angles of incidence to give
the average transmission loss, A similar technique ia employed
in this paper in studying the transmission of sound through a
dnuble wall consisting of two identical single walls, The ma-
terials comprising the double walls are the same as was used In
the single walls, ie,, aluminum, plywoad, and plsterboard,
From the single wall experimental results, an expression for the
wall impedance, Ze, for cach material, was determined, this
expression contalning ierms which include the effects of the
mnss, dissipation ar resistance, and fexural motion of the wall,
“This value of Zy is used in the double wall theory o compute
the transmission loss for a double wall, Goad agreement was
obtained hetween theory and experiment.

EA, Londom, *Trausmisslon of sound through hionogencons walls,™ J.
Acoud, Sae, Anw 20, 395 (Abatrace 641 (1948).

52. The Sound Absorption of Perforated Rigid Facings
Backed by Porons Materlals, L, \V, Sermrver, UL S, Naval
Orduance Test Station, Pasadena, Culifornin Asp 1. W,
Liaxarn, University af Culifornia a! Los Angeles, Los Angeles,
Californin (15 min.).—A chart Tor designing specialized ab-
sorption characteristics wtilizing performied rigid facings
lacked by porous materials has een presented by R, BL Bolt
in [J. Acous. Soc, Am. 18, 917 {1947}7. Ia order to check the
validity of these charts, reverberation chamber measurements
liave been made on six different combinatlons comprised of
three different perforated Tfacings and two different pacous
hacking materiala, ‘The perforated facings were selected toyield
naximal absarption in the rmnge 300 to 2000 cycles per see, and
the fow resistance of the backing materinls differed by ap-
praximately 10 to 1. The results of these measurements in
comparisen to the values predicted by the charts nnd the
measired surface imgueclance of the backing material will e
presented.

53. The First Symmetrical Mode of Vibration of a Conlcal
Shelt, H, C, Hawoy, Armonr Research Fotndalion axp I3 8,
RAMAKRISUNA, Iinais Tustilute of Technology, Chicago, Hlinafis
(15 min.).—An aid in the design of Joudspeakers would be a
solution of the vibration of a conical shell. The genera) solition
I3 excewdingly coniplex, but o partiat solution ean be obtained
for the lawest synunctrical modes, the ones which appear to be
mast important in londspeaker performance. The conical shell
can e considered 1o he divided into dentical radinl L,
‘I'he vibration is thus found to correspand ta a beam whose
width varics linearly with the distance from the apex, and
whase atilfness varics inversely as the square of the distance
from the apex, The prablem, therefore, reduces to a fourth-
order cifferential equation, Pawer serius solutions of this equa-
tion are given In this paper, Hawever, for the truneated cone
the necessity of using four boundary conditions leads 10 very
compticated caleulations to abtain the eigentones, A more con-
venjent niethml for obtaining the first synunetrical mode ta the
Rayleigh-Ritz methol. For the free-free vibreatinn, a simple
function is found te fit the boundary conditions. This leuls
ensily to thecaleulation of Lhe resonant frequency, McLachln®
hiw teasursd the fundamental frequency of swech a metallic
cone obtatning 4000 c.p.a. for its first symumetrical mode, The
ealeulated frequency, using the method ontlined above, is 3700
¢.p.8, ‘The firat symmetrical mosde in loudspeakers occurs at S00
to 900 c.p.s. and is controlled greatly by the houndary condi-
tions at the skiver, spider, and dust cap,

N, W, MeLachlan, Loudtpeakers (Fheory, Pecformipice, Testing, Derien),
{Oxford University Press, New York, 1034),

54, The Acoustle Impedance of a Bubbly Mixture and the
Determination of its Bubble Slze Distrlbutlon Funetion.,
Nogsman Davins anp E. G, Tuurston, Ordnance Research
Laboralory, The Pennsylvania State College, State Colloge,
Peunsyhanin~—\ statistical method s developed  whick
eiables nn analytical hubble size distribution to be forawled
froms the raugh size grouping usunlly obtained with practical
methods of experimental observaton, This method is applied
1o data taken from phatographs of bubbly, turbulent water,
The resulting function iz used with certain known formulae
for evaluating the acoustic impedance of such o mixture, A
brief physieal interpretation of the effects predicted by the
theory is given,
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55, Kinetle Theory Equetlons for Sound in Gases, Hixny
Hanmison (10 min.),—By applying Enskog's first-order solus
tion of Roltzmann's equation one cin find kinetic theory
annlogs of Rayleigh's equations of continuity, momentum, and
energy. Ty specalizing these equations to ene dimension, ane
olitains equationa describlng the propagation of plane waves of
arbitrary amplituce, By further restricting these equations to
amall amplitude perturbations on a upiform medium one ob-
1#ing n first-order wave cquation, containing all loss effects,
Thie kinetic theory equation is almost identienl with the
equation which Raylelgh uses to discuss viscous lasses alane,
The heat flow losses which Rayleigh finds appear to be the
result of tho rather artificial concept of heat conductivity used
In the theory of continuous media, A change to the kinetic
theory equations would, apparently, increase the gap hetween
theoretical and measured values of sound atienuation in gases,

56, The Absorption and Scattering of Sound Power by a
Microphone, Ricuanp IS, Cook, Natienal Burean of Stand-
ards, Washington, D, C—Someyearsago Lamb determined the
maximum power which can be scattered hy small non-rigil
objects {e.g,, resonators, microphones, etc,) loeated jn a plane
wave, Recently Foldy has found thar nn omal-directional
microphone located in o plane wave of wave-length A transmits
wmaximitn powet equal ta (9/3x) X the incident plane wave
intenaity. This result is identical with thac for aa antwenna
picking up electromagnetic waves, This paper presents reaults
showing the relation between the sound scattered and ab-
sorbed by several wypes of microphones whick are small in
comparisen with the wave-length, Microphones located in
plane waves near reflecting boundaries are included. The design
of n ticraphone small in comparison with the wave-length for
transmitting maximum power will be discussed,

57. An Experimental Study of the Velotities of Rayleigh
and Lamb Wavesa,* J. R, Frentrick anxp A, E, Mannix, Jx.,
Hrown Universily, Providence, Rhade Isiend,—QOver the surface
of a solld medium of infinite thickness Rayleigh waves may be
propagated, Ad the thickness of the wedium approaches the
order of magnitude of the wave-length of the vibrations Lamb
waves! are produced, These may be either of o symmetric ar
antlsymmetiric type across the thickness of the material, and
they travel with their own characteristic welocitivs depending
on the ratio of wave-length to mawrial thickness, Measare-
ments of velocities were made with an ltrasonie reflectoscope
by either using o single V' cut quartz cryatal to generate and
receive pulses of the wives, or by using o separate receiving
crystai, ‘The frequencies wsed mnged from ane 1o 15 megas
eycles. Moasurenwents are reported on a variety of sotld -
terfals and the results are compared with the theary.

* The wark reparted In “"'15’?}'" has been sypported (o part by the

ONR under Contruct No nzl-215/3,
111, Lamb, Proc. Koy, Soc. A93, 114 (1917),

58, Ultrasonic Radiation from an Ideal Piston Source, G, 5,
HeLLER, Brows Usniversity.—The Rayleigh formula for acous-
tic radiation froman ideal piston source reduces, under suitable
approximation given below, to the ordinary Fresnel integral
for diffrnctian through o cirevlar opening. The Fresnel integeal
is usually expressed in a serivs of Dessel functions (Lommel
function of two arguments) and reduces in the region of
validity, to the carrect solutionnfong theaxis, ta the Fraunhofer
solution at large distances, and agrees with R, B, Lindsy's
solution on o cylinder based on the piston and coaxial witd it,
In this expansion, the first term represents the Fraunhafer

solution but all the terms of the series must be included 10 give
the selution alorg the axis. An alternative expansion can be
given in which the first term reprosents both the Frnunholer
salution at large distences prdd the solution alang the nxis, This
expansion is much casier 10 handle for regions near the axis
than the first, For o piston of mdius @, viese expanslons are
valid for pointa at a distance & from the center of the plston
within a cone of half-angle & coaxinl with the piston such that
(a/d) sin®o<kr/a, where X is the wave-length, and where
(¢ /sy, = belng the distance nlong the axis from the center of
the piston,

59, Tha Threshold of Hearing for Contlnuous and Inter-
ripted Tones. Watter A, RoseNmatio asn Groxck A,
MuLek, Psycho-Aconstic Laboratory, Harvard University {15
nifn,),—The qitlet threshold of hearing for rones, as measurcd
with earphones, shows large varlations depending wpen the
methol of presentation of the tonea, When the tone ls continu.
ous the threshold may be much higher than when the tone is
Interrypted, This difference is especially marked at high
frequencics, For both continunus and interrupted tones the
thresholds were determined (1) by starting above threshold,
and progressively decreasing the Tatensity, and (2) by aearting
below threshald and progressively increasing the intensity,
With tones {mereupted at slow rates the thrashold for the
descending series lies below the threshold for the ascending
serics, This I8 the usual result ebtained with this method.
However, when the tones are continvous the descending
threshald may lie far above the ascending threshold depending
upon the frequency, and ke starting point for the desceniing
scrics,

60, The Sonalator, A 29 Channel Visible Speech Translatar,
Hazrry K. Fosten anp Etso E, Ceustr, Kay Eleciric Conte
pany, Pine Brook, New Jersey~—A heterodyne type of vislble
speech translator bas been developed with 29 channels, This
unit employs 20 separte cryatal Glters and a high speed
rotary heam comauutation tube, The heterodyne feaunre
mitkes it possible to explare any desived A000-cyele baml,
from 100 cycles up ta several hundred kilocycles, hy changing
the local ascillator crystal, The Senalator alsa employs o
last-aeting ave system and sclective ligh {requency boest of
the type found desienble by R R Pocter amd associates m
Dell Telephone Labomtorles,

61. Extractlon and Portrayal of Pitch in Speech Sounds,
0. O, Gruenz anp L, O, Scuorr, Bell Telephane Laboratories,
Ine., Aurray Hill, New Jersey (15 mind.—An Improved
method far autonwatically extracting the pitch information of
speech soundds has been devised. It employs a combination of
galn control, double detection, voiced sound selection, un-
voiced sound exclusion, and a means for counting the funda-
mental vibrations in the vaiced sound Intervals, Reliable indi-
cations 6l pitch hinve heen ehiained over i range coereaponding
to frequencies frome 100 1o GO0 cyeles for a wide variety of
voices, Severul visual porirayal imeans that have been wsed to
shaw pitch changes are deseribed, One means Involves o dis-
play of colored light which changes from purple through amber
10 e as the pirch increases, Another is in graphical form
empleylng an array of stafl-like lines wheose spacings widen or
narrow In contour fashien to show Low the pich varies with
time, permitting o detailed study of the changes.

62, Electrical Stmulntion of the Skin at Audio Frequencies,
M. B, ANDERSON AND W, A, MuxsoN, Bell Telephone Labora-
dorfes, Inc., Murray Hill, New Jersey (15 min,).~This paper
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reparts the subjective responses of observers to nliernating
patentinls applicd direetly to the surface of the skin. The eprve
of threshold of sensitivity was measmed for frequencies from
100 to 10,000 cycles, ‘The Intensity range thit could be nsed
without extrenie discomfort was also determined for this same
band of frequencies, Intensity and frequency difference limen
tests indicated that frequency discrimination is poor in this
Trequency rangy but intensity diserimimtion compares Livor-
ably with auditory results,

63. X-Ray Study of Vibrating Crystal Plates, ], E, Wi,
Acoustics Laboratory, Massachuselts Tustitle of Technology,
Canbridge, Massachusetts {15 min.).~The ability of a perfect
ceystal to reflect x-rays is markedly enhanced by vibrafion, as
lias bean reported by many wrltees, Measurements onstatically
hent quartz are given which establish a quantitative relatjon-
ship between increasedd reflecting power and rading of bending.
Severnl pictures show quartz plates in various modes of
vibmtion, light nodal lines separating the dark zones of
maximum bending, Othier types of vibration are discussed.

&4, Dispersion of Comproasional Waves in Rods of Ree-
tangular Cross Section.* R, W. Moust, Brown Unirersily.
(Introduced by R, B, Lindsay) {15 min).~=An earlier paper
[I. Acous, Soc, Am. 20, 833 (1948)] reparted measurements of
the phase velocity aof compressional waves as a Tunetion of
frequency in rectangular rods where the erasa-sectional dimet-
sions are of comparable magnitude, Two modes of propagation
were abserved cach being determined by one of the Jnwml
tinwensions, there being a discontinuity in the dispersion curve
determined by the larger side, The present paper is an attenipt
to explain the behavior of these curves using the general
methads of the theary of elasticity applivd to the symmetrieal
vibeations of an Infinjtely long lsotrepic rod, Harmanic wave
solutions of the displacement equations of motion are con-
atructed which satisfy the free-surfuce boundary conditions for
certain wave-length regions in the generml case amed for all
wave-lengths in certain limiting conligurations, Dispersion
curves are calculated and compared with the ohserved ones.
The frequencies nt which the experimenta) discontinuities
were found to occur are elasely predicted and the thearetical
curvesnre in good general ngreement with the measured valyes.

* Work sipported by the ONR nnder Sontmet Noorl-215,

65, Obliqgue Reflection and Refraction of Plane Shear
Waves in Viscoolnatic Media, I, ‘T, O'New, Bell Telephone
Labaratories, Aureay JH, New Jersey (15 min),—At sylfi-
ciently high frequencies, liquids exhibit both wviscous amd
elastic effects In shear, A recently developed method of meas-
uring the shear elasticity and viscosity of linquids involyes
ultrasonic plane shear waves, generated in o fused quartz rod
and reflected obliguely (rom a plane Interfiuce of the quartzand
the liquid, Comparing the effects ebserved in the presence and
absence of the liquid, the ehange of amplitude and phase of he
reflected wave can be correlated with the shear wave parune-
ters of the liquid, The method has heen deseribed in two res
cently published papers.h? This discussion will be eoncerned
with some of the characteristics of the waves in the two media,
which affeet the thearetical relatjons invelved in the reduction
of the data. The waves in the quartz and in the liquid are of
different typea; the refmcted wave in the liquil has non-
uniform amplitudes over the wave fronts,

1 Mpaan, Baker, McSkimin, nnd Heiny, " Measusemest of ahear elasticity
ﬂ:llll viscodity of ligubls at wliewsonic frequencies,” Pliys, Kev, 73, 930

40),
*H, T, O'Nell, "Reflecelon amd refraction of plage sheat waves {n
viscoelawtle media, V'hyw, Kev, 73, 928 {1044},

66, Improved Dovices for the Concentration of Ultrasonic
Energy. Pavn J. Ernst, Depuriment of Physics, Vilhupea
Colfege, Villangra, Pexnsstuanie (10 min ),==The wlicieney of

all existing devices for the coneentration af ultrasonic energy is
censiderably Iowered by the losses ciise by redlection, ab-
sarption, amd diffmetion, These losses, though gencrally
unavoidable, can be minimized in various ways, The choice of
suitable materiads, use of “matching coatings," design of
“stepped Tenses,” and development of “icceleration plites”
will be discussed, swmples of the improved devices shown and
mumerieal and experimental dita given,

67. A Procedence Effoct in Sound Localization, Mans
wWarnaci, Swurthmore College AND 2, I, NiwstanN anp M. R,
Rosgszweis, Herverd University~The fact that sounds are
laclized in reverberant syrreundiogs points ep o critical
proliem which has not heen explored suflicientIy. A brief
description will be given of experiments we have done which
demonsteate that there is a precedence effect, whereby the first
in line of a series of closely spaced sounds is the one which
determines the place where the sound is heard, This demon-
staation of the Impertance of first arcival makes clear how we
are able 1o discount the ambigtots clues from the reflected
sottils of an ordimary hard-walled room, More exieaded
measyrements of the precedence effect have been made by
synthesizing a sound out of four clicks armpged to give first
one pair to the two ears representing one location, then a
seennd pair 10 the vars representing n different lecation, Two
parameters have heen studied systematieally, the interval he-
tween first paie and seeond pair, and the temporal disparity of
the second pair, Al measurements were made by varying the
disparity of the first pair until the fused sound appeasred to be
in the middle of the headl. Results of these experiments will be
discussed,

48, Some Determinants of Interaural Phose Effects, 1. J.
Higsit ann F. A, Wenster, Psyeho-deoustic Lahoratery,
IHarvard University,—Recemtly the Binatral masked threshold
Tiits been shown 1o depend upon the phase angle between the
two ears for hoth the masked signal sl the masking sigaal,
These interavral phase cliects are particularly clear for pure
tones of fairly low frequency {100-8H) c.p.,} that are mashed
by white noise, Tt has been shown thae a pure tone, in.phise
at the two cary, that ia presented against a background of white
unise {s more vasily heard when the noise Is out-nf-phase than
when the nofse fain-phase ne the cars, Theconverse (8 also true,
namely, that if the wone is ont-of-phase it is more casily heard
when the nolse ia jn-phase. The masked threshiold of a 250-
cycle tone presepted against a background of noise (100 db
SPL in a 7000-cycle low pass band) is approximately 15 b
lower unser aintiphasic (tone-in, noise-out or fopa-oilt, nolse-in)
than uncer homoephasic (Lonein, naise-in or tone-onut, nojse-
out) canditions, When the same tone is maskied by another
tone whese frequency is fairly close e net close enough to
produce Leats, no such dilferences appear, These two masking
signals represent the extremes of a contimuun of complexity
along which 1he accessary chareteristics of the adequate
aiimnlus for these differences should appear, The present ex-
periment constitutes an attempt to find these eharacteristics,
A pure tone at 250 c,ps, was used pa the slgnal to be masked
throughout the experiment. Four different kinds of maskipyg
signals were used; pure tones, ‘regubae’ pulses {125 pone),
‘rangdom’ pulses favernge 125 pop.s) andd random nojse, The
sigmils were presented in frequency-bands which were varisd
in respect of band-width and center frequency, The resulls
indicate thata regular, perindic masking signal will not prodece
these interaurl phase effects, A necessary condition (s
randnmness or irregularity with respeet to tine but not peces-
sarjly with respeet to amplitude. Frequency spectrum does not
enter an any sich all-or-none Lasis But rather cantribates 10
the wagaitude of the respanse, The nearera frequency=band i
o the frequency of the masked tane, the greater are the
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differences between the homophasic and antiphasic conditians,
There is nosubstantial difference between the intermural phase
effects preduced by a narrow tersus a wide band, provided that
both bands contain the frequency of the masked tone.

69. Distortion of Accustlc Beam Patterns by Echoes and
Electric Plek-Up.* A, O, WiLniaus, Jr,, W, Iizck, ann M, C,
Surrn, Drown Universiiy,—\When the acoustic intensity is
measured, in water, along the axis of o diverging ultrasonic
Learn, with a very small piezoclectric microphane as o receiver,
the results plotted va. distance frens the source follow anly ap-
proximately the beam pattern predicted by theory, On the
steadily furling plot {s superimposed a spatial variation re-
peating at half-wave-length intervals relatively near the
source, Another variation shows full wave-length intervals
farther away, and there is a transition region between, These
variations are found with elther C\W or pulsed beams, if an
averaging detector Is used, The full wave-length variation is
due to eleciric pick-up and has previously been used to locate
acoustie wave fronts. The other varintion cannat be a standing
wave between source and microphone, because successively
reflected waves are too much weakened by divergence, nor can
it be due to standing waves in the whale tank. 1t seems to be
the cffect af the first echo returning to the microphone,
componnding with the main acoustic and electric signals, and
{alling off much niore rapidly than the electric pickup effect,
Measurements and calealations in the |-3-mc region agree
with this explanation, and suggest how to identify the correct

heam pattern from the datn, Without such corrections the
determination of wave fronta at intermedlate distinces might
be markedly affected,

*\Wark supported dn part by the ONR under Contract N6 ogl-215 Tosk 3,

70, Intensity Distribution In Ultrasonic Beams." W. KEcK,
G, 8, HuLLeg, axp J, D, Nixon, Brown University—N\ pulse
method has been used to investigate the intensity distribwtion
in the nltmsanic beam procduced in water by vibrating quariz
crystals having diske and ring-shaped electrodes, “The plot of
intensity vs. angular position was observed directly on an
oscilloscope screen, Measurements were made at a frequency
of about 1 me see,™t, The intensity disteibution found for the
disk agrees closely with theary and with results which have
been obtained by other methoda in this laboratory, Most of the
cnergy [s confined toa narrow cone with a small frction of the
energy appearing in side [obes which become practically
negligible about B diameters from the source, For ring sources
the innensicy distribution is slmilar to that for a disk, However,
the cane of the main beam becomes narrower as the ring is
made thinner, as predicted by Willkmns, Heller and Hellens
(I. Acous, Sec. Am, 20, 583 (A) (1948)). In addition a larger
fraction of the energy nppears in the side lobes, which are
discernible at grenter distances from the source than in the
ease of the disk,

* Wark aupparied iy pars hy the ONR wnder contract NG orl-215 1ask 3.
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