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FOREWOR D

This report .  Ni 121 in a series of Progress Reports  issued

b y the ’ Research Laboratory of Elec t ronics ,  contains the cus tomary

annua l statement of research objectives and summary of research

for each group. The report covers the period January  1. 1978-
December 31, l~~78 , and the source of support is indicated for
eac h project. On the masthead of each section are listed the
academic and research staff and the graduate students who partic-
ipated in the work of the )zroup during the year. The listing of
personnel In the back of the book includes only members of the
laboratory during 1978.
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II - I )t ’v ’ Iop n ien t a l  L ir e  t t e r n  (t l u t h ’  S I a t u’at o t ’ y “

I I t r a h ig h  Se n s it i v ity  Electron Optic at 1) c tc rn t i t ~.t t t sn and
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I I I  - 
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1. \l( )1 I- ( L I  F: MI(’R(~~COPY

:~, a&lt iu ~~~ and Ut-st -ar c h ~ t a 1 1

hi t- t .  •~~~~in (1. Ki’ i~ 1~ : .  I ~u’,an C,. I -.
~~ I)r. Peter IA. ~‘tt- I l i t-n5

1)r , 1 . -. t -p h -\. J t t t ,  11 I i .  (‘a r lo  U. N t c ~ la I ) r. J am es  C. IA
I r. \ rI~ - - l iutg I au 1>t’ . Stanley J. Rosenthal  1)oug las 3 - I- Iv

Graduate Students

Scot t  1’. I”u1t~’rt ( h ri stopher I ‘e r l t - v  A llen M. Raz dow
It .f Irt-v l) . Mac kl~s .It-I I  rev G. Yorker

Our rest -a rcli ~h !t- ~- t -.-~~‘~~ remain  m uch as sta t ed in H I.E I ‘r~ ‘~~ r~ s s R tpo i t  N~ ~. 1 -

IA ~
- repeat the mit t &  tduc t ion:

Measuring the variations in s~’ace and t ime of f luxt -s of neutra l no lt-cu le~. I: ni a

sample can ~ ive I of .  .r moat ion not ‘th t r w  15 t ’  obtai riahlt ~- .nct’ 101 n~z , for i i  s ta mo - . bo ~~~~ i—

cal sv s t t -ms .  IA ~‘ call the ~ 1 ‘UI ‘I tet -hnII hUt -~ usi d molt -cul t -  n h i c r o s co~~v ( M \l) and v. t
b e l i e v e  that when f u l l ~ de ’vt loIlt -d it i~ ill have the s a mma- kind of t- t ’vol i i t t ’i iarv in~~a~-t . o
h:. lo&z~ that  t - l t c t r o r i  icrosc pv and x— ray dif f raction have had.

IA hv biology rather than , say , material sd t -mic t ? 1~t -cau se in biol1 g~ there are st rue—

- 

- tures of i r i t t - r t - s t  — irthomogeneit ies — of var ious si~’ es f r o m  mic I- ,’ns to a:ii~ st romi1~ , and

neutral molecules are a natural (i.f not very agile) c. ’nVe\ or ol information about sur-
faces . b i nd i ng  properties . permeab~lit~ . int-t i~l olj~~ni. and t’n~ vmat ic rl’~~~t -ss t -s.  In
materials sc ience , ang strom resolution . ~ hid . c do not vet have , is riet d,-d to  reveal

features of interest , and the refractor~- nature of the material ( o f te n  made up of atoms
with medium to high 7) perm its the use of more energetic p:’~ .hes.

I. SCANNING I F:S VR P I’ION ~l~~l FCI U MICROS(’OPI-:

National Institutes of Health (Grant 1 ROl GM2 3 n 7 S — O  Ii

— John G. King

In connection with the development of the scanning desorption molecule :ntcrost -o pe

(SDMM) (Fig. 1—2 . p. 2 , RLE PR No. 120 . January 1978) ,  Mr. Jeffrey G. Yorker has

undertaken the development of suitable localized heaters. In order’ to supply the heat

necessary for local dt-sorptiori  of molecules from our samples , w e  have been developing
an array of microheaters called the thermal-dcsorption array (T l)A) .  This  device cii’-

cumvents many of the problems encountered previous lv when electron beams were

explored as a means of exciting dcsorption, such as insufficient intensity, the back-
scattering of electrons into the detector , and especially, sample damage b~- radiation.
Furthermore , future microminiaturization of these devices will be feasible as the micro-
electronics industry advances. The TDA is an n X n array of diodes each of which can

PR No. 121 1
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(I. MOLECULE MICROSCOPY)

be addressed by a pair of the 2n wires along the edges of the array. Diodes are needed
rather than simple resistive elements so that current can be restricted to flow through
only one junction. Calculations to determine the size of the region of power dissipation
show that the thermal and electrical requirements are compatible.

The prototype TDA is being constructed in the M. I. T. Microelectronics Laboratory
using standard integrated-circuit techniques. The prototype consists of an 8 X 8 array
of diodes diffused into a silicon wafer substrate and addressed by aluminum leads run-
ning along the tops of the devices and heavily doped p-type stripes into the wafer below
the devices. Two completed prototypes show promising electrical characteristics; the
heating characteristics have yet to be tested.

2 , SCANNING MICROPIPETTE MOLECULE MICROSCOPE

Health Sciences Fund

John G. King

In the development of the scanning micropipette m olecule microscop e (SMMM)

(Fig. 1-3 , ibid. ) ,  Dr. Joseph A. Jarrell has established, with test patterns , the ability
of the SMMM to detect differences in the concentration of helium dissolved in water.
The instrument was subsequently used to examine in vitro-dissolved helium fluxes
through toad and frog urinary bladder and Necturus gall bladder. No differences that
could be attributed to junctional pathways were observed. Significant differences were
measured in the flux through capillaries and muscle fiber. Therefore the macroscopic
permeability of dissolved -helium through toad bladder (corrected for boundary layers)
was measured in a separate experiment as being 1 X 10••’

~ cm/sec. This is nearly the

same as the diffusive conductance of an equivalent thickness of unstirred water , implying

that this tissue presents few barriers to helium diffusion. This is consistent with the
lack of differences in microscopic helium permeability through junctional pathways.

Recently the apparatus has been modified to detect fluxes of water labelled with
stable isotopes , in particular , deuterium. Result s and calculations to date indicate that Fa resolution of about 10 cm and time response of 10-20 sec may be attainable.

3, CELL SURFACE STUDIES

Health Sciences Fund (Grant 78-03)

John G. King

These studies were undertaken, and techniques of growing cells on the sample rib-
bon were developed. The departure of Dr. Dusan G. Lysy interrupted this project , and
we are currently modifying the apparatus to increase the rate at which data can be

PR No. 121 2
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obtained and t he flexibility w ith which it can Itt’ reco rd ed and unalv : t - o i .

4. ~
t()I I-~(’Ul.}.~ 1”I UX I- S IN TISSlI1-~
National Institutes of Hea lth (Grant ~ 507—t tRO7o- I ~

‘— I 
~
)

JOhfl G. K ing

W e’ have’ t -ontinued the study of mole~o -u le fluxes in tissue , a col Iabot’at ive project
w ith  I h’. Alvin I-~ss ig of the l)epai’tment of I ‘tiysi t t l ogv at lIo~ ttt~ I never ’s n y  I~le’dtca l
( ‘e-m ~~i-r . I )r. Stan ley .1. Rosenthal h a s  built the’ molt’cule flux appa ratus w hit -h t i iakt -s
Possible the simu ltaneous men stirernient ~I CL) ., production and (

~~ 2 uptake- 1 iv s et iv  iv t r i g
epithetta mounted on U ssmg chambers. ‘Ibis instr’unie’nt liii s a t ime t ’ t ’so lot i. ‘it inn the
order of one minute , w hich is very rapid for t hi s  type of work. Result s hat- t ’ r’ t ’vt ’ mt l , - tI
changes iii t ine ratio ot’ ~~~~ I., produced to ac t iv e Na transport rates in toad urtnai’~-bladder , previously not s ee ’rn. F’urther t hey e lopriient should make pt’s silt I e t ine r i m ea suz . t’ —
ment of early transient nne’tabo!i(’ ptnenoniena ~n t lnt ’ m-u ’ t i ssues . I )n’. \ tug — ‘I’ung 1 air has
made related nicasurenierits of t h e  basal rate of metaboli sin in tr’anspui’tirng t’pitht’ I mu .
A second molecular flux apparatus is being construct ~‘d t ot  study t ime ’ i’t’ lnt ive’ I I  10 pt’r—
me’abilities of cells and t ight  ,ju netioris in “loose’ epithelta ‘ with a spatia l resolution
of a few microns.
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II. DEVELOPMENTAL ELECTRON OPTICS LA BORATORY

Academic and Research Staff

Dr. John W. Coleman
Dr. Edward H. Jacobsen

Graduate Students

Michael R. Graham

I. U LTRAHIGH-SENSITIV ITY ELECTRON OPTICAL DETERMINA TION
AND LOCATION OF IMPURITY ATOMS IN Si AND GaAs

Joint Services Electronics Program (Contract DAAG29-78-C-0020)
National Institutes of Health (Grant 1 ROl GM23597)

John W . Coleman

The ultimate goal of the proposed research is the simultaneous species identification
arid spatial resolution of atoms of low atomic number in electron micrographs . The
basis for the research is Auger electron spec troscopy coupled to high-resolution elec-
tron optics. The apparatus to accomplish this is the fixed-beam Auger electron micro-
scope, which is now being made operationally dependable. The goal for the current
year, which has been met , included final instrumental buildup, with a correction in the
optical system and reengineering of the vacuum system.

The correction in the optical system was in order to bypass the undesirable focus-
ing effects due to the structure of the specimen support (Davisson-Calbick Effect). The
optics were redesigned to allow the specimen to rest at the center of a cylindrical metal
electrode. Preliminary indications are that this has made focusing far less critical.

The following vacuum problems necessitated complete redesign of the housing and
pumping systems of the Auger microscope:

1. Oil residues in the old vacuum system (although cryotrapped) were sufficient
to cause continual microdischarges between electrodes several kV apart but spaced
only millimeters away from each other.

2. These microdischarges constituted erratic changes in the optical properties of
the electrostatic lenses, thus only by chance and fleetingly would all the lenses be at
such value that designed-for trajectories would occur.

3. Further intolerable vacuum conditions (leaks in electrical feed-throughs and
unclear diffusion pumping systems) limited vacuwn to 10 minus 7 Torr , which precluded
the use of the CEMA image intensifier (guarantee void for use at such values) and also
made illogical the attempt to use Auger electrons to the exclusio-’- of other secondaries
(even the cleanest surface — necessary for Augers — contaminates too rapidly at 10 minus
7 Torr).

PR No. 121 5
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(II. DEVELOPMENTA L ELECTRON OPTICS LABORATORY)

4. W ith the old system. the foil lens was de facto impracticable since the electron-
transparent foil contaminated rapidly. i.e., within a matter of a few minutes became
electron-opaque with the accelerating voltage (20 kV) used In the AEM. Without the
foil lens, of course, correction of spherical aberration is impossible, and it is just
this correction which must be applied to realize the high spatial resolution which the
design will allow.

A new vacuum system was designed . therefore, to enable the following:
1. Use of the CEMA image Intensifier.
2. [‘se of the foil lens to correct spherical aberration.
3. Use of the magnetic prism energy analyzer without contaminating the faces.
4. Photography of the Images.
5. Use of Augers mainly for imaging.

i,N2 ‘TRAP 
~~~~~~cou~u ~~uGE

V*i~V( F~(D - THRtJ

~~~~~~~~~~~~~~~~~~~ T)~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

cAs-r~

Fig. Il-I. Auger electron-microscope vacuum-pump ing
and vacuum-housing systems.

The new vacuum system uses a copper-gasketed housing with a 100% oil-free air-
suspended air-driven turbomolecular pump made by ALCATEL. This pump was nine
months in delivery. A schematic of the instrument is shown in Fig. II- 1.
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III. SEMICONDUCTOR SURFACE STUDIES

Academic and Research Staff

Prof. John I). Joannopoulos
I)r. Eugene Mele

Gra duate_Students

Robert B. Laughlin
William R. Pollard

1. ELECTRONIC STRUCTURE OF’ IIOMOPOI,AR AND IIETEROPOLA R
SEMICONDUCTING SURFACES

Joint Services Electronics I’rogram (Contract DAAG29 - 78- C-00 2 0 )

John [). Joannopoulos, Eugene ~ilele

We are continuing our studies of the intrinsic and extrinsic surface states at sur-
faces of Group IV , III-V , and il-VI semiconductors. In this work we are using a theorem
we developed which reduces the semi-infinite surface system to an effective one-
dimensional problem that can be solved with transfer matrix techniques. The electrons
are studied w ith realistic tight-binding Ilamiltoniarms which provide an attractive and
physical real-space description of the states.

Specifically, we have been studying the nature of semiconductor metal interfaces.
V, e have introduced a new ionicity scale that accounts for the remarkable covalent-to-
ionic behavior of Schottky barriers with metal work functions. We are currently inves-
tigating the effects of submonolayer and monolayer coverages on Schottky-barrier func-
tions.

2. SURFACE PIIONONS IN BONDED SOLIDS

I’. S. Navy — Office of Naval Research (Contract N00014-77-C-0 1 32)

John D. .Joannopoulos , Robert B. Laughlin

We are continuing our studies of the nature of surface phonons in bonded solids.
Particular attention is focused on disordered systems with large internal voids. These
materials (e. g.. Si02 ) have a massive internal surface area that makes them amenable
to studies w ith conventional phonon probes (e. g., Raman, infrared, etc.). The theory
involves treating the system in terms of Bethe lattices which are attached to surface
atoms in various ways and describing the potential energy of the atoms in terms of force-
constant models. I,ocal densities of states along with theoretical Raman, IR, and neu-
tron cross sections have been calculated. These response functions have been helpful
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(III. SF:MLUONIflCTOR SURFACE STUDIES)

in ii mnm - .ovt- l ing mit ~o m n ~ of tIne puzzling experimental measurements on these materials. We
~o i~ ’ rot l~ imnv ~ ilvi d in iuve ’s t tga t tm i ~ excitations at interfaces between Si and S i t ) .,.
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IV . Pt l( )l’( ) l- \IISSION 5P1-X I’ROSCOPY

Aca ( lenhio t{ t ’se ’ari -h Staff

I’rof. 1” . Read Mci- i-c  lv

Graduate Students

\ l t t -hae l R. McClellan Neal 1). Shinn
Mich ael .1 . Sa’~ o- i s Michael l’remia i•v

I - :\Ni~I , E— H l- :SOLV I-1) l’ilo’I’ol-:\IISSI( N Sl’I-:C’IROSCOI’Y

Sr m’Vi t o ’ S  I- lee tronics I ‘m-o~ i-am ( ( ‘ontrao’ t I ):\A1 ~~ ‘t )  — 7 8  - (‘ — 0020)

1- ’ . Ro-ati \ 1 -  I - c , - I ~ , XI icloael U. \1~ ( lellan, Xl ichacl 3. Sav o - i’s

l)uring t h e  past f t - \% v t -al’s wo - have ho -en woi ’kin~ to develop a h igh ly ~o -n~ i tiv t  v o- r —
sati Ic instrument to pt m I t  ~m in o’l o c  t ron— spe .’trosc opic expe i’m muemi t s cmi surf~’ o~c —~. ‘l’ht is
work has been substant ma 1Ev -onip leted. The instrument we has’ r constructed is based
around a 180—degree spherical—sector elo ctrostat  ic electron— o - no i’gv analyze:’ capable
of rotating 3b0 degro - i-s in a horizontal plane’ and 100 oho ’gi ’ o ’es in a vertical plane, thus
enabling us t o perform angle— resolved electron— spectroscopoc measurements of all
typo’s. In addition . th e- mni- o rp o m’at :t tmn of an et ’fi & -ient  input lens system pm’ov ides us w ith
a ~‘erv large ac~-ess ib lo- range of electron e ’fle-l’g io -s we can analyze with high transmis—
sion. thus allowing us to use t ime sa mmii- energy analyze:’ in conjunction with exc itation
source-s ranging from 2 keV down to 1 o \ .

Our primary experimental ef fort in the coming yea:’ will he to use this system to
stuoh v the or ientational effect of ti me s imm ’face upon adsorbed niolecules via ang lo- — i’eso lved
ultraviolet photoemission spect roscopv.  Iii order to perform these experiments in an
optimum fashion polarized photons are required. In the past year we have built and
tested a rotatable UV polarizer which has given us i’ouglmlv ~~~ ol’ theoretica l intensity
fc’m’ lie II photons generated in a d ischmai ’ge lamp. The usc of a niulticliannt-l elt -ctron
detector (currently installed in the svs ten-o and being te -sted) wi ll provide for us the
increased sensit ivity necessary to do these experiments with the i’o’olu ,’t’d polarized
photon flux.

2. ELECTRON- ENERGY LOSS SI’E(’TROSCO(’Y

Joint Services Elec tronics Program (Contract I)AA G2 Q- 78- ( ’ -0020)

F’. Read McF’eely. Michael U. McClellan, Michael .T. Sayer ’s

In addition to the completion of our energy-analysis system . we have also designed
and constructed an electron monochromator , for performing high-resolution electron-
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(IV . PUOTOI~M1SS1ON SPECTRc~~COpy)

energy loss experiments. These experiments will allow us to elucidate the vibrational
properties of the molecules of the surface. We will be able to perform these experi-
ments simultaneously with the angle- resolved photoemission experiments. At the
present time this monoehromator can prod uce a beam of usable int ensit y with approxi-
match’ thirty—mev resolution. While we plan on a substantial effort to improve this
to approximately 10 meV in the coming year, this beam is already useful for studying
higher frequency vibrations, and. in particular, the study of large-momentum:: transfer
scatter irig .
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V. ATOMIC RESONANCE AND SCATTERING

Academic arid Research Staff

Prof. Daniel Kleppner Dr. Theodore V~. Ducast Dr. William D. Phillips
Prof. David E. Pritchard Dr. Richard A. Gottscho Dr. Kermit R. Way
Dr. Christopher H. Becker Dr. Mark D. Havey Dr. Haider R. Zaidi
Dr. Stuart S. B. Crampton* Dr. Michael G. Littman William M. Hamilton
Dr. Richard D. Driver Dr. Harold J. Metcalf 

~ 
Annie Spie].fiedel**

Dr. Alejandro Morales-Mon

Graduate Students

Ibrahim Al-Agil Michael M. Kash David A. Smith
Lawrence R. Brewer Walter P. Lapatovich Neil Smith
Timothy A. Brunner Alan L. Migdall William P. Spencer
Jarbas C. Castro Neto Philip E. Moskowitz A. Ganesh Vaidyanathan
Randall G. Hulet John A. Serri Robert E. Walkup
Allan W . Karp Myron L. Zimmerman

1. ATOMS IN STRONG MAGNETIC FIELDS

National Science Foundation (Grant PHY77-09 155)

Myron L. Zimmerman, Jarbas C. Castro Neto , Daniel Kleppner

Magnetic interactions of Rydberg atoms are qualitatively different from those of
tightly bound atoms. The diamagnetic interaction can not only exceed the paramagnetic
interaction, it can exceed the term separation, and even the total electrostatic inter-
action.

We have studied the diamagnetic structure of sodium in an intermediate region where
it exceeds the term separation and starts to display free-electron (Landau-like) behavior.
The atoms are stepwise-excited to Rydberg states within a superconducting solenoid and
are detected by field ionization. An atomic beam is used. The atoms move parallel to
the field. Motional Stark effects are greatly reduced, permitting the study of states
unperturbed by parity mixing or Stark shifts.

We have observed completely resolved levels in the vicinity of n = 28 at fields up
to 60 kG. We have been able to account quantitatively for the diamagnetic structure by
solving the secular equation for levels in the range of n = 25 to n = 31. The work has
also been extended to n = 33 at 60 kG, where the energy starts to vary linearly with field,
instead of quadratically, a characteristic of Landau-like behavior. We can account for

*Visiting Faculty Fellow from Williams College.
tAssistant Professor at Wellesley College.
*Visiting Associate Professor from State University of New York at Stony Brook.
**visiting Scientist from Observatoire de Paris, France.
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t l~ s t r uc tu re  using our pei’turbati~ t nit’throd I~as -d on a 100% — l i e  l o t  m c i i e s e m i t a t  it ii . a l t io ~ uo ’h

it is ajp.~m - e -m: t t~mat this .i; pi’ . c~e~- h is m ’ eac hin i ’ th e - h u n t  ci L m ’ - t i i i i le -~~s.

Our most r e t - c-mi t  e f fo rt S ~a \ e ’  ho-rn c r i t t e - m e - cI cli t h e ’ co ’ i is t  l ilt t toll ci a new apparatus

o o h t i , -h should permit i ts to a~~h m e ’ o e’ 100 kC. lii , io i3 tt i c t i , l’l.m~ a l e -  unde’i’ ~o a ’~ 1c m ’ em ploy-
ing a so~ t ilt ~~~ d y e ’ List -u -  m is t  -ad o a I’U1~.ro h b e’ i .os , m , ~ ic- h oo i ll pm - ‘o ide a hundred—
fold tilt i’e -as e - in u’ e ’ s~~lUtic ‘ mm .

I ‘til’ 1~~-~~t i ’ m:- ,

\1~ i-cm: I , : t m m m i e r - m m i a n , T .tm h_c— C. ( as h - c N, - t c , amId Daniel K l t - j ’ p m i e - m . I ’b i ~ ~~. R ev .
1 e’tt. - t m ) , 108, ( l’ ~t-~) .

l A R  INI- RAREI )  Di : I ’h- :& ’ l ’R :N  \ \ i  lii U \ lu i~ h:I~ m ;  A l t \ lS

.Io irm t S( - m ’ \ ’ lc , - s ? I t ’o- t m ’ o - : imc s t ’ ’ ’ ’~~m~ an: ~~‘c l m m t u - a o - t  I) .-\ .-\~~ ’ ° — 7 8 - t ’ — 0 0 . ’O m

\V ilhiaii: I’- S htc - m:ce I - ~\ .  ~ a mme -sh \‘~c j o h~’~im :it i tamm - I’hie ’o~o h t i e ’ \~ - I

I)anio - I h~ le ’pptic -i ’

e ha- i- o i e tect e -d ma c ha t  :~ mi t t  4’ m 
~ its mmi ~ U dh e- m ’ t~ at om s and t l i e  tec h nique’ of Se -Icc —

t ov e f ield ionL~~t c m: . S~ ‘ch urn atoms are - pi’eparcd in the t’s state , and the incident 111 i a—

diation induct-s t m a m m s o t m ~’n to t he.’ 2 t~p stat e. .  l I m e - radiation is supplied b’s a methyl fluoride
FIR laser. t h e - Rv oh l te - m e .~ t runs it it ‘ mm is 1’ t - c ’ cit ht into co ’ :m:cuh e umce with: time laser by app ivinm4

a field ~f \ /c :~ t . l’he ’ t i - amis i t i e s n  t a c t - s  at t i me rat i - ‘i ai pm - c ’ x i m m i a t o ’l~ 2 ’~0 MlL~/(\ ’1cm ).

h o e  radiation is det ec ted  in a pulsed uii e ’ e ht ’  at a rate of I 0 pps. The interaction time is

I . ~ Se - c - and the re-st  ‘Ilailce’ irnew re ith is ty pic -a liv I Mt I.’ - ‘Phi’ VIR power v~ as mea—
sir r e e l di m e t ’ t lv h o  us mmi i ’ a e.’a hibrated p ‘ot e m ’  me te r’ (c hic wed ht~ attenuators , and ho

t his e ’ ro i m mm ~ the h’ r ’~ ‘aol e ’n immmz ‘1 t h e ’ resonance. l’h:e’ t is ~ ‘ iime ’t imoehs agreed to w ithmin a fact or
of t oo .

The 1h-t e ’ c - t c  u c ’ c ’ t i i  h t i t i e ~5 t a  t im m e ’s of immceth:e ’ r e rmt and ~‘oth ie t e’t: t detection, it is funda-
mental iv a phio t ot m i— count Lut z dc -v t o e -  and rese ’cmh ’ les an immc o hme ’ re mm t detector in having no
inherent limitation on the de te ’ c t i o t mm ar - i-a or angular aperture. (1n the other hand, it is

narrow—handed and tunable, features usually assoc ia te -el with : a heterodvne system::.

The marginal sensi t iv i ty  ut the detector  is as taken to be t tit ’ quotient of t h e  power
needed to drive the re ’somman0 ’ e- and the cltse ’t ’v e - ol s ignal—to—noise ’ ratio. In our initial
stuilv t ime se ’ulsi t i v ity  was ~c i ~~ 

1 ~ so att/ \ ’iL’. Time’ quantum e’f l’ m ci efli’\ - was 0. I ‘~‘, although
this can he’ substantially inc ri-a se ’e h It is believed that the o thser ’ve -d 1 d m  se can be great ly
reduced, and that much higher se-mis  it ivi tv us ‘s ~iI’ he - ,

W e’ have’ also o ch se ’ rv  eel i’e so ’ mia m mc e ’ IR ahtso i’pt ion at 10.8 u and 118 ~~~, a lthmough we
have’ not studied the sv st en: at it ’s i ri detail. Our method sh ould he app lit’ a it It ’ t im roughout
the Ill spectrum, and in the mil l imeter—wave region.
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(\‘ . ATOMIC R 1-:SUNANCJ-: AN D SCATTERING)

L I lL  E D  R m\ I/Al’ l( iN A N 1) I’I IO1( iI( IN 1/A l’  I( iN

1.  S. I)epartme’nt of l l m e m L ~\ (Grant LG —77 — S— 02 — 4 37 0 )

\I ichmael G. I ittn:an . Mu -h a t - I  \1. Nash , Vt illiamrm P. Spencer ,

:~~. Gammc ’ s! i  Vaid anathian . l)am:io’l Nleppnci’

Vt e’ have ’ undertaken a study 1’ the role of nonadiabatic - c - f lee ts  on field—ionization

processe s. llrieflv . if a Rvdberg atom is subj ected to a rapidly increasing electric
iielct , it can make ’ transitions to other states as t he  electric field sweeps the energy
l e v e ls through successive i t - ye - h  ant i —c ros s im mgs. The ionization characteristics of the
sv~-tem are then dominated by the properties of these levels , rather than the initial state .

The- process by which an atom “jumps ’ to another state as the energy levels are
swep t through an anti-crossing is called the Landau-Zener effect. We are studying the

Landau- Ze’nei’ effect in a two-part  program . The first part comprises the accurate

m apping of an a m it i -c I - tss in 2 in order’ to dete r-mine the parameters which enter the
Landau - Zener theory- This is essentially comp leted. \V e. ’ have mapped a group of
cr o s s m mm ~z s between the ii = is  and n = I°~ levels of lithium, using a civ dye laser with

10-MHz u’t-solution. :\ number of the crossing s appear to be good candidates for studying

the I andau-7.ener ef f e c t .

We have also studied time anti—crossings the-o i’ctica llv . Our calculations are in good

agreement with the observation, and give us confidence that anti-crossings can be re-
liably calculated for many Rydberg systems.

Vt e have also undertaken photoionization m-neasureunents of Rydberg atoms. Ph oto-
ionization from Rvdberg states is important to energy transfer in stellar atmospheres
and in plasmas. Relatively little.’ experimental work has so far been carried out on
photoionization from excited species. Our initial studies are on photoionizatioml near

the continuum e’dge . where the cross sections vary most rapidly. W e  have employed a
CO2 laser to photoionize Rvdherg states of sodium, and have observed both s and d
states on the range n = 12 to n = 20. The experimental results are still preliminary.
Nevertheless , the’v are in qualitative agreement with calculations that we have carried
out base d on the Coulomb approximations.

Publications

Michael G. Littman, Michael ?sl. Nash. and Daniel Kleppner , Phys. Rev. Lett. 4 1 , 103
(1978).
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4. SPIN—ItO1.ARIZFI) II\ hiR(~~ l- ’N

Nationa l S c ienc e - Foundation (Grant 1 )MR 77 — 10084)
National Aeronautics and Space- A ( himllmfl strat letf l  (Grant NS I— I 0.51)

Danie l Kleppner , Th omas .1. G:’e- ~- tak . Stuart S. 11. (‘ rampton,
Vt mlliam 1). Phillips . I)avid A, Smith , Abel W e ’ imi ri it

Vt e have developed a source of atonmic hydrogen at liquid-helium temperature , and

have studied the properties of 11 on frozen Ii, using spin resonance. The ?e. ’m’tt - f ield
hypert’ine transition has been observed wit h atoms stored in a bulb coated with solid 11z~The frequency shift due tei  wall collisions and the transverse and longitudinal relaxation
times have  been measured.

Time cold—hydrogen source should have a number of applications in atomic and
surface physics, as well as in the production of spin-polorized hydrogen.

~~
. EFFICIENT EN1-: U~~Y - T RANSFER PUOCESS1-:S

Joint Services Electronics l’rogr’am (Contract l)AAG z~~- 7 8 - C - 0 0 2 0 )

Ne il Smith, David 1-: - Pritchar-d

Using a technique for selecting velocity based on the Doppler shift , 1 . 
~-e have coin—

pleted study of the ve loc i t y  dependence of the tota l cross section l’or collisions which
change the fine-structure level of Na atoms. 3

Na(3P 17~ ) X = Na( 111 1/2) + X ,

where X can he an atom or a molecule. Tl mese cross sections ai’e typically 100 A , and
we found that the target determined whether the~ imicm’eased or decreased with velocity .
For some of the target atoms we studied, the veloci ty dependence has subsequently ho’em’s
measured in a crossed—beams machine — this has enabled us to simow th at our technique
gives re liable results within 5’~’.

We have also completed a theoretical paper 4 in which we have been able to give a
procedure based on Fourier transforms which can remove time thiei’nial averaging inherent
in this technique , as well as in seve -’ral oth er classe s oX’ co llision experiment.

References

1. W . D. Phillips and I). 1- . Pritchard, I’hvs. Rev. Lett . 33 . 1254 (1 0 74 ) .
2. .1. Apt and D. F. Pritchard, l’hmvs. Rev. I.ett. 37 . 91 (1976) .
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~~, 3 -t am id 1° . 1- . 1’ r lt - .- imar- ol , 3. l ’ho s, 11, to h e ’  ~‘uhi ished .
4 , N. ait~- I’, A . H m’ ’~o a c e - x ’ , H. 1). I t rio- e m ,  .e’,ici I h 1- . l’rite.’hma rd , .1, (‘he.’iii. Phvs. t~O ,

1 - id t I, ( 1  ‘lI’~~, 
-—

m - . IlL l A l l  i D  5 1 1  1)1 (it - ’ l-TX( ’ lf l I i_ S T A I’L l- ’ N l H t~’i-TlL’\NSI-’ i 1~
I’i1(.~~’ i S S h S

I .5. .-~mr f o rce ’ - 1 t f f ~~-~ ’ of ~~‘ i t ’ mmt i fmc  Re’scar ~’h (Grumit A 1 ’ ( 1 S H _ T m _ .zt~ ’.z)

Ibralmm :n :\I— .-\tzil . I’ i m n- z : m o  :‘- Hm’u mir me r , Rich iarah I) . I ‘ r i v e t ’ , .A lam: Vi . Karp,
L’a’: ,i i- . i’ r ’ m t ~- ha ’  .i . Nei l Smith , \lai’k I). Vt

(lilt’ of the mm st pm’ o i a lc i t - mnt ’ las t me.’ ~ollisions i :m o - o c l vm mm tz m m :oie ’~’ule.’s os Rotational
1 mie ’ m’ ~ v Transfer ( U I II . Vt e ’ have’ a lea SU i t ’d rate.’ c onstants fot’ t h e - RI-:T pi’ c cc ’o’ ss

N a~ ( o , I )  ~ — \.m ,(v , ,~~~~~
) 

~ N~~

os here V 15 t I c ’ -- hi-at - -mm.: I ~~,ict 01111 IUIII1’o- i’ , is the ’ l ilt ma )  :-~‘ tat io ’ mmal quantum number ,
N is a r’a :-~~

- — ~‘as ,ct - m acc ) ~ ~~
‘ 

r ~~ t~~c incr~’as~’ in i’otat iomla 1 e-ne ’m’~~~. We ’ u s e .’ a tunable

~~~ ‘ Ia “a t - 
~

‘
~~

‘; -  dat e t he - do ’ stt ’ t’d inotta l lt’~ c - i - and observe t lot ’ I’c so lt l u g  lht lc °l’o’SL’ e’miC e.’
is mt h a ic ’~i,’~-hi’ -a ’ , t tom -  t~- a — - uiit~ ’i’ t h t - m ’ c ’j ’ iilat ions of the’ lt ’ve ’is.

PLc ’ t ’e ’~~~lt -n our t ’xpe ’:’~meuit with ~~~ imi collision with Nc ’ are sh own in
l i z .  — I i~iie ’i’e ’ 05 e ’ plot t) n’at - c~ c : ist ami t  d mo i c l e d  h~- a translat tonal H) and a

spit: ( N )  de ’ii~~it~ ‘i final sta t  c ’S o e ’ i ’s ims t ’uie.’rg\’ t n’a::sfe ’m’ , The 1 ’osj t i \e ’ ~~i- data

fall on the’ Same ’ l imit ’ as t hos e ’ sv ithm m mo -gat m o o ’ ~~l- due to out ’ use oX’ a novel
spa:— s pat e ’ b i t ’ t om’  N is uchi assumes c’ot ise ’ m’ i’ation of the magnetic quantum mio i n~o —
ite.’r. i- ti rt) ie- rmco re ’ , the’ data follow a poss’ei’ law 1, rath er than the previously
acce pt i’d e - x pormt ’nt ial ~ap l a w .  Vi e ’ bai t ’ applied th is power— sea Itn~z law to

~‘the.’r e ’ x per iul lc -nta I and t)it’o:’ ct teal data 4 and found it to be.’ sUpt’i’tor to the.’ e’XpO—

umo -ut ia l gap lass’ in c -ye ar case.
Vi e’ are currentls- me -a sut’ing the veL’~’t t v  .lept’ndc’n~’s’ of the.’ abc’s-c RE’r pro—

c ’ t ’SS hr ims i r m iz t Im e ’ I ~opplem’ s i m ift to vary time vt ’lo~- i t \  couiipommc ’tm t ci the excited
muohecu It’ a lo ’ mm c z the.’ laser ’  tteam. To i’e’chiic ’t ’ the a\- e.’rag big chim e to unselected
translation de ’g m’ t ’ e ’ s of freedom we.’ have lle’\’ elope’ch a new de’convo’Iution pi’~’~’cchui ’e. ~
W e are cii rm’ c m lt I mneasui’:ng the ve’lo~ ity dependence of U FT in Nu~ —Ne ’ e.’ol h i—
S iOfls.

PR No. ifl IS

— 
~~~~~~~~~~~

--
~E_-:-~~~~~ ~- ---a~-

~ 

~~~~~~~~~~ - . ~~~~~~~~~~ 



_ _ _ _  _ _ _  

_

; -

- 
~~~

T _ ,
~~~I C , 1 I  ~~~i -

No 2 (I8 .J0)
~~~

’

- • A~~0
4 - ’0

N

io~

~ io~~~~~~~~~\

~~~~ 
“
~k~ 

~~~~~

10 - 0 0

10 500
IAE r l  (c m”)

Fig. V- I .  k/( N 0R) versus E~~ Dashed lines are power-law
fits to data for individual j . Solid lines are all a
single power—law function which fits all data well.

PR No. 121 16

-~~~~~~~ -~~ ,- —— . . ~~~~~~~~~~~ - ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ -—~~~—.—~~ ‘~~~~~~~~~~ ~~~~ -~~~~~ -- - ~~~~~~~~~~



_ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(V .  ATOMIC RESONANCI-:  AND SCATTERING)

References

I. T. A. Brunner , H. I). Driver , N. Smith , and Ii. E. Pritchard, Phys. Rev. Lett . 41 ,
85o ( 197~ ). —

2 . T. A. Brunner , H. D. l)x ’iv e’r , N. Smith , and I). F. Pritchard, J. Chem. Phys. 70 ,
2 115 (1 979).

3. H. D. Levine , R. B. Bernstein, , P. Kahana, I. Procaccia , and E. T. Iipchurch, J. 
- 

-

Chem. Phys. 64 , 796 (1976) .
4. D. E. Pritchard. N. Smith. H. U. Driver , and T .A . Bruriner , J. Chem. Phys. 70 ,

4155 (1979).
5. N. Smith , T. A. Brunner , R. D. Driver , and D. L. Pritchard, J. Chem. Phys. 69,

1498 (1978).

7. STATE-RESOLVED DIFI-’ERI- NTIAL CROSS-SECTION MEASUREMENTS
USING DOPPLER VELOCITY ANALYSIS

National Science Foundation (Grant C 11E76-8 1750)

John A. Serri, Richard Mittleman, Alejandro Morales-Mori,
David E. Pritchard, Christopher 11. Becker , James L. Kinsey
[James L. Kinsey is Professor in the Department of Chemistry, M. I. T.j

We have demonstrated a new technique for measuring inelastic differential cross
sections. This method, named Angular Distribution using the Doppler Shift (ADDS) is
based on the idea that atoms are excited into resonanc e by a laser at frequenc y v only L
when the projection of their velocity along the laser beam, v~ = v cos 0

cm ’ is equa l  to

c(v-v )/v . The frequency v represents the rest-frame resonance frequency. By
tuning a laser beam which travels along the relative velocity axis of two intersecting
atomic beams and recording the subsequent fluorescence signal as a function of v from

one of the beams , we directly obtain the center of mass differential cross section versus
cos The collision process studied was 1

Na*(3P 1/2 ) + Ar — Na*(3P 3/2
) + Ar - .002 eV.

The first excited state of sodium (3P112) was produced by a laser beam tuned to the
3S 112 to 3P112 transition. A second laser beam, plac ed on the relative velocity axis

and tuned across the 3P312 to 4D sodium transiton, analyzed the scattering angle of the
Na*(P3/2) produced by the structure state-changing collisions. Figure V-2 compares
our experimental results (points) with an ab initio calculation convoluted with the experi-
mental resolution profile and the appropriate hyperfine structure.

The ADDS method is now being applied to rotational energy transfer in diatomic
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(V.  ATOM IC RE SONANCE AND SCAT TERING)

sodium ,

Na , (V , .1) 4- .- \r  — Na ,(V , .1’) ~ Ia f AE .

w here’ V is the vibrational quantum n umber. ‘I’lre’ eXpe’ri ment USc ’s two laser’s , nmw
modulate the’ chimer peipulation e~f time ’ ii:itia i St a te ’  ( I’, .1) amid the other to anal~-i,t’ the final
sta te ’  (\ ‘ . .1’).  ‘I’hrc angular distribution of the fiumal state (\‘ , .1’) resulting fi’onm inelastic ’
coll isions with the argon will he’ nle’asured by fluewcsct’nce from time Doppler—tuned tn’an—
sitmon N1 

~ (v . t) — \ 
1
ii(0~ .1 i 1). (‘ol Ii s mom is which connect states (v . j ) and (v . j ’) W i l l

tu rerm he’ i soI~it c d by phi~i se de ’t c ’ e ’t r u g  at the modulation fm’equeiu,’v of the laser tuned to the
(V , ,T) le’ve’i.

l ’h e’st - mrieasui’ e m mm e - m it s iii 11 u t ’ e.’e~ r e.huictt’d in a neis’ Ci’e’s set h—beams machine’ which uti—
li-i. c’s Campargue m lo ’ l ’ ’ Ic’ source’s to produce high—intensity molecular beams with:
narrose.’ veloc’ it ’~ distribution and low internal te nm pe m’atu re . (‘onstruction is com-
plete , and at the pr’ e ’s e m :t time we are performing beam d iagnostics on the’ di timers
usin g laser— induce’d f luorescence.’. ‘, ui’ immediate ,ihie’c tmv e ’  is to optimum ~‘ e ’ time produc ’—
tion: of rotationally cold Na., and to f urt hme’r l’e’ i I tm ~’e t Ime i’e’ locitv spi’ e’ad , current ly I O”o
1-’WiU\l .

H cC e’ re ’ mmc ’e ’ a

I. W . I). Phillips . 3. A. Se’t ’ r i , I), .1, 1- 1v . I) . t: . Prits’hmard , K. H. Wa s ’ . and .1 - 1 - Kinsey,
Phvs. Res.  I vt t .  41 , 9 7 (10 75).

.~. H. I’. Saxon . U. l- . Ot~~c’ni , and H. I hr . .1. (‘berm - i . i’iivs. e7 , 2e 92 (1 0 77) ,

I. H, (‘lmnmpai’gue and .1. P. lii’etom:, Fm:ti’opie 42 . IS (10 7 1).

8 . MOI 1-~ ’t 1 1-AR sPi-:(”rHoScol’y

Nat ional Sc i e ’ m r ce ’ h” ounrdntinm: (Grant Pt I \ 7  7— 091 ‘~ S

Mar k 1). flayer, Vt a Ite ’ i’ P. tapatovich. Philip 1- . Moskowit7
David 1- . Pritchard

Vt e’ a re stu d y ing weakly bound clint omit’ molecules. ‘rime \ ‘am: tier \Va~ ls molecule
NIL’l r bin S been p n’oduc ed in a SU~ t’ V Sc ‘nrc expaus i on. and Ia scm’ — i ndue.’ eti bound — bound
transitions have he’e’n obser ved. The spe ’e.’ ti’a obtained extends earlier data of Smaller
and his c ’o— wor ke ’m’s . 

1 and shi e~is- s much hitiWi’tel unseen strut’tnm’e, particularly in the
region where’ t Ire excited s ta te ’  is ci ose to dissociation:, A long — range ana2~’~ is . ‘ ut i li; big
the new data, is current ly in pr’ cig re’ss . Aura 1vsi~ of the spe ’ct an at tributable t o the high-
est vibrational le’ i- e ’ t s  of ’ t h e’ -I ‘II cxo ’ ited state’ (and comparison to spectra fi ’ e ’~ i NaN e ’)
should v ie’ Id information about tire e ’husl ‘s- c’ 1I’~~ state . ‘l’hm is would cemiplete ti re ’ experi-
mental determination of all potentials necessary to calculate line—broadening and
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atomic co11isi~ n pr  a’e ’sse ’s  lot’ thus -s v s tem m i . This will Provide a sharp test ni theoriesfor these proces5~.5
Future plans inciu€l~ st ime is-i ng the free-hotu d transitions in NaIle .
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Prof. Ralph 11. Staley
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Roger W. Jones ,John B. KinneyManfred M. Kappes Jack S. Uppal

1 .  PHOTOACOI’STIC SPECTHOSCOpY OF SURFAC ES

,Toint Services Electronics [‘rogram (Contract DAA G2 9-78 .C-OO2 o)
National Science Foundation (Gran t DMH-76-80895)

Ralph If. Staley, Manfred M. Kappes. John B. Kinney

Vie  have been working to develop a new technique, photoacoustic spectroscop y (PAS),
that will be used to characterize the physical and chemical pro perties of solid s. Heat
re’ leased when light from ar-i intensity-modulated source is absorbed produces periodic
temperature and pressure changes in gas in contact with the solid; this effect can be
used as a sensitive means to measure the light absorption and allows spectra to be ob-
tam ed from solid samples win ch are otherwise difficult or impossible to study. A photo—
acoustic spectrometer has been purchased from Princeton Applied Research Corporation
with capabilities for studies in the ultraviolet-vmnible..near..j nfrared range (200 to
1 600 nm) and which allows microprocessor manipulation of the phrase and magnitude
data obtained from the experiment. Additional cells h ave been built for this instrument
to allow control of the gas environment of the sample and to permit studies of liquid-
solid interfaces. The first of these will be particularly useful in studies of’ photoaction
spectra, where the observed signal arises from photochemical processes that produce
or consume gas molecules.

Photoacoustic spectra have also been obtained iii the infrared using a civ CO2 laser.
These experiments have provided the first demonstration of photoacoustic spectra of
solids in the infrared, a capability that n-tar well prove to be the most important appli-
cat ion of this new technique. This promises to make it possible to obtain infrared spec-
tra of monolayer concentrations of chemical specie’ s on the surface of single crystals.
Sensitivities adequate to obtain such spectra have not been available using other tech-
niques. Development of instrumentation to obtain photoacoustj c spectra throughout the
infrared is continuing.
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(V I.  INT ER FACLA L CU EMI STRY)

2. (‘ILEMICAI l Y  MO1)IF’IEI) SURFACES

Joint Services Electronics I’rogram (Contract l)AA G29 .-78- C-0020 )

Ralph II. Staley, Manfi’ed M. Kappes , John B. Kinney

Covalent bonding of organic functionalities to surfaces , in particular thw Si. 5i02
surface, is being studied as it affects the electronic properties and cimt ’mi: ica l reactivity
of the surface. Three types of behavior are of particular interest: (1) Effectiveness
of certain redox-active species such-i as ferrocene to prevent corrosion of the surface
and to mediate surface redox chemistry in phnotoelectroc lremical applications; (2) ph oto-
chron:ic and electroctnromic behavior of dyes covalently attached to semiconductor sur-
faces for use in display and information storage applications; (3) work function-i ruodifi-
cation by covalently attached monolayers of molecules containing large internal dipole
moments. Chlorosilane reagent s are used to accomplish covalent attac h ment to the

semiconductor surface. Photoacoustic spectroscopy, infrared spectroscopy. x-ray
photoelectron spectroscop y ( ESCA). and work-function and electrochemical measure-
ments are being used to characterize the results.

PR No. 121 22

1 
-

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — —-- ‘~~~~~~
-
~‘ i - - - - - — --



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

VU. X-RA Y DIFFUSE SCATTERING

Academic and Research Staff

Prof. Robert J. Birgeneau Dr. Dan Davidovt Dr. Paul M. Horn*
Prof. Peter S. Pershan4 Dr. Peter W. Stephens

Graduate Student s

Gabriel Aepph Paul A. Heiney Martin C. Kaplan
Evelyn M. Hammond Cyrus R. Safinya

Jotht Services Electronics Program (Contract DAAG29-78-C-0020)

Robert J. Birgeneau

We have now completed construction of a two- spectrometer x-ray diffuse-scattering
system based on a Rigaku 12-kW rotating-anode x-ray generator. The system is de-
signed in such a way that one may easily tail or th e instrumental resolution function to

optimize studies of structure and fluctuations in a vast range of physical systems.
Angular resolution of 1. 8 seconds of arc and sample temperature control of 2 mK
between 10 K and 500 K are available. We are currently implementing a position-
sensitive detection system to allow rapid scans over a wide range of scattering angles,
again with continuously variable resolution. Our current research program emphasizes

structure and melting transitions both for monolayer physiadsorbed films on graphite
and for layered liquid crystals. The surface experiments involve in situ high-precision
vapor-pressure and surface-coverage measurements. We now discuss our individual
projects.

1. MELTING AND COMMENSURATE-INCOMMENSURATE TRANSITION
OF KRYPTON ON GRAPHITE

It has traditionally been assumed that only surface-sensitive probes such as low-
energy electron diffraction (LEED) could be used to study monolayer surface films.
However, for a variety of experimental reasons L.EED is extremely limited in the in-
formation which it can provide. Accordingly, we have initiated a study of monolayer
surface overlayers using x-ray scattering techniques. Our first experiments were per-
formed on krypton physiadsorbed onto exfoliated ZYX graphite. This system is partic-
ularly interesting because the ideal krypton-krypton interatomic separation is quite
close to, albeit slightly less than, a natural superlattice (‘~T~ X ‘~Ji) spacing provided by

*Vigiting Professor from Harvard University.
tVisiting Scientist from Hebrew University, Jerusalem. now returned.
*Visiting Scientist from University of Chicago.
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the- (0001) graphite-plane substrate. V i e  find that for less than monolayer coverage the
krypton forms a commensurate ~~ X ~~3 structure at all temperatures. Furthermore ,
for -ov e’ rages greater than 0.9, tIne’ melting transition is second-order with the critical
h -hiav i of the.- 3—component Potts lattice gas model as predicted by theory, 1 With in—
cre.-a~ t n1L~ -ovt’ rage th e- krypton undergoes a two-step commensurate-incommensurate
transit ion. The details of this transition are still being investigated.

2 . ~~l-RU(’T[}fl-: 01” X1-NON—ON—G RA PIIIT I-

~ cnon prov ides an interesting contrast with krypton-on-graphite in that the solid
\t-non-interatomic spacing lies intermediat e between the graphite (0001) -L~ x -fl and

2 superlattices. Vi e find that xenon for nearly all coverages and temperatures forms
dO incommensurate , floating solid hexagonal overlayer. We have carried out a detailed
study of the two-dimensional solid—liquid-gas coexistence near the triple point at 99 K.
Our experiments confirm that a triple point may indeed exist in two dimensions , in con-
trast to much thit orc’tical speculation to the contrary. However , the 2D solid exhibits
anomalous properties; in part icular , the solid-structure factor varies drastically as

the relative amounts of 2D solid and vapor are varied. This may reflect a fundamental
instability of line interfaces in two dimensions. W ork on this most interesting system
is continuing.

3. NF.~ L-~TIC-Sr~IECTIC A TRANSMISSION IN BILAYER
SMEC ’I’Ic—LIQUID CRYSTALS

I ~~
- Gennes has proposed an elegant model which establishes an isomorphism between

the rieniatic-smect ic A transition in liquid crystals and the normal metal-superconductor
transition in metals. However , because the liquid-crystal interactions are short-range.
one should observe true crit ical behavior rather than mean-field behavior as in a super-
conductor. W e  have carried out a detailed study of the mass-density critical fluctuations
in three bilayer smectic-liquid crystals CBOOA, 8OCB, and 8C B.2 In all cases both
the smectic susceptibility and the longitudinal correlation length exhibit helium(d = 3,
n 2)- like critical behavior as predicted by de Gennes. However , the transverse cor-
relation length appears to diverge more weakly, probably due to the highly anisotropic

elastic forces in the li quid crystal.

4. TIlE NATURE OF SMECTIC B LIQUID CRYSTA LS

Smectic B liquid crystals constitute or~e of the most mysterious phases of condensed
matter. These systems exhibit considerable positional order in all three dimensions ,
vet they have a number of liquidlike properties which distinguish them from conventional
solids. No rigorous model for this phase has yet been proposed. However , an important
clue may have been provided hr Ilalperin and Nelson who show that in two dimensions
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(VII. X-RAY DIFFUSE SCATTERING)

melting may occur in two stages with the solid first losing its positional long-range order
at T 1 and its ortentational order at a higher temperature T2. The intermediate phase
has been labelled “hexatic. ” We have proposed a model3 in w hich the smectic B essen-
tially corresponds to stacked hexatic films. V i e  have shown ti-tat this model appears to
be consistent with all available data. h igh-re-solution x-ray experiments are now under
way to test a number of the predictions of our model.

References
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VIII. QUANTUM ELECTRONICS

A. Laser Applications

Academic Research Staff

Prof. Shaoul Ezekiel

Graduate Students

James A. Cole Philip R. Hemmer Glen A. Sanders
James L. Davis Bruce W. Peuse Robert P. Schloss
Stephan C. Goldstein Donald R. Ponikvar Robert E. Tench
Richard P. Hackel Jack Wo losewicz

1. DOPPLER-FREE STIMULATED EMISSION SPECTRc~ COPY d

AND SECONDARY-FREQUENCy STANDARDS USING AN
OPTICALLY PUMPED LASER

Joint Services Electronics Program (Contract DAAGZ9 -78 -C-0020)

Shaoul Ezekiel, Stephan C. Goldstein

We have developed, in collaboration with H- W. Field and J. B. Koffend , a new
Doppler-free stimulated emission spectroscopic technique using a cw optically pumped
laser (OPL). The molecule under study forms the gain medium of the OPL. The tech-
nique can also be used to generate a set of laser-frequency standards covering a sub-
stantial spectral range. We have demonstrated this technique by observing narrow hyper- —

fine structure features in an 12 OPL with linewidths of less than 1 MHz . This allowed
us to perform high-resolution spectroscopic measurements of the complete hyperfine
structure of several rotational-vibrational levels in the ground electronic state of 12•
The data was fitted to obtain values for the nuclear electric quadrupole coupling con-
stant (eQq ”) arid the nuclear spin-rotation coupling constant (C” ) for v ” from 0 to 83.
The observed variation in eQq ” may be due mainly to the spin-orbit interaction of the

state with the O~ state ,both of which share the common 3P312 +
2 P312 dissociation

limit. The observed nonzero values for C” are due to the perturbation of the X ’~~
’ s tate

by the I g component of the fig state which dissociates into two P312 iodine atoms.
In addition, the 12 OPL laser has been actively stabilized to one of the narrow 12

hyperfine components within 1 kHz.

References

1. J. B. Koffend, S. C. Goldstein, R, Bacis , R. W. Field, and S. Ezekiel, “ Doppler-
Free Stimulated Emission Spectroscopy and Secondary Frequency Standards Using
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2. oft- 1- ;uvAI’ lo\ ( - t i ’  NoN— iuui- :Nrz lAN A I3SOH1’ ’I’ION i lNi-: Sh APE

01’ A S’l’li( )N LY I)H IV l-~N ’1’W0— I LV h-A - ,-\ TO~\1

Natio nal Se.’ i, rR - l’oundation (( i’ant P11Y77-07 1 ~é~)

,I int S, - rv iee ’s 1-Aectronics Program ( Contract t )AA G2 °-78 .C-0020)

Shaou i I-; ’zt- kiel . I” re.’de. ’rick Y . \Vu , Philip H. h e m mer

W -  have.’ eonducte ’d carefu l measurements of t hit ’ power-broadened absorption line
shaç e of a tw o -  levi- i atom in an atoni ie be ’am as a function of the intensity of the mono—

(‘hr’flfllati(’ d ~‘ivifli~ field. ~fl-i results showed that at low dr’ivini~—f ield intensities, the

absorp tion t im- sha pe’ wa s indeed l,ore’ntzian . as expected. h owever, the line shape
t~ -catn ~’ Sk~’Wt ’d as the t’ield intensity became much larger than the saturation inten—

s i t v -  l’his d~’pa i t u i ’ e ’ front Lorentzian line shape’ is due ’ to atomic recoil. By allowing

fm~ atomic recoil w e w~ ‘c able to obtain a ye t ’y i~ood fit to the observed line shape.
Our e.’ xpe ri n i~ - u t s  we.’ ii’ conducted on an atomic be am of N a pre pared as a two - level

S V S t t ’tfl by op t ical  p u mp ini~ utsini~ a sinu~le— f reqt ie ’ nc v o- —p olar i zed cw dye laser locked

the 3 
~~

S j / 1  (l” r~~) — 3 2 p
312 

(F’~ 3) transition as described elsewhere. ’ A second d e

I k -u - , also ~ ~~ - polarized , is mad, - to interact with the two-  level atoms farther down the
at in  ie i’ t -am . and the resulting f luorescence is n-ioni tored as a function of laser fre—

~~~~~~~~~~~~~ This line’ — shape nieasurenient was t’ t’ 1)e.’fltcd for different laser intensities. To

i~t~ unifnrn-iit of the laser intensity in the interaction i’i’i~~Ofl, ti-ic fluorescence de—
tt ’(’ted was limited to that emitted from a sm all central  area of the interaction region-

Reference ’s

H. i- : - ;~
- -v , ’ , I” . V .  ~V u , and S~ Ezekiel ,  i’ hys- Rev. A i cr ,. 277 (1 c ) 77) .

3. OHSI-;ilv AT IoN 01-’ SI IINATI’HAI, LINI-:w1i )THS USING TWO-STEP

E l  SONAN ’I ’  S’~ 
- -~TTI-:RIN ; I N 12 VA 1’OR

Nati onal Seie’nc,- Foundation (Grant l ’11Y77 -07 1 56)

m int  Se ’i’Viees Electronics Program (Contract l ) A A i A 2 ’t _ 78~~C_ 0 O2 0 )

Shaoul I 7 t -k i ( ’ l  , Richard P. h l a c k e l

W~ ’ have i ,hs - u-v , ’ cl  lj ni ’w ii lths narrower than the natural width using a two— step

cc s ‘uiant scatte rine.i s ’lie ne in a folded configuration in 12 vapor. The measured width

of the I uu n-s at ~~~~ A is $t~ ki I ;’. with the ma or contributions to the width stemming

from instrumental broadening mechanisms and laser ,jitter in our present setup. These

extremely sharp line -s which . to our knowled ge ’. are ti-ic narrowest recorded in the visi—

h1~- re’g j oin of the spe ’ - t i-urn. ta v e a number of important applications. In addition to

I’H N - c .  12 1
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l) opph’ r - - fr - ’~- stimulated i’ i iu r s s i ’ uu spe ’~ t i os i ’opv if t l i t i u u ~aI Iv uincr  ur  da t , - ii I v~ -~ s ,  t hese-
l iar - i - n w  L ’ ~~oriariCe’ s can ic ,  used as unique Iu du~ r - e-s ’ I uu ! i cru  i i l n .— l i i  in, - s t i - i \  -

collisional i’ffe.’e ’t~ 01 s p e c i f ic ,‘n, ’i ’dy l,’v, - l s  and es -
~ 1, - r i - u I , - , - liii, - —, - lasi’i’ — f i - ,-~~-. u , - u  y

st au nd:tr ’d s .  It should also ice - ni le - c l  that ht -~-aiis - th~~ e .- l e t ,  i c l i r e -  lHi,~ - , ~~~ l’ a’r iii t t -  ms
or ~ii~ It ’n ’t i le ’ s , can l’e ’ \- e i’\  sharp, t In -  freque.’ncv c l u f f e . - r ’ ,- i ie - e -  ‘ c t \ ~ ‘ i ~ u u n ~~’ auni ~- i  I t  ( c c i

be ’ t ~e .een t\e. , probe-s usuui c a comnion ptI1i~h’ ( iiia\ he ,- - t a h l i - u u ,  , \ t i - , u n ( - [ \  a¼ -c urat i Iv.
This suggests applications to sI’e’~’ti’c’s1 ’cp\ arid li’e ’qUe.-nc s tauica id -;  ri Hi- /
microwave/ F’ IR re’I~ ions risini~ optical las t - c s .

Re’l’ei’ e . -u i c t -s

I. H. P. hlackel and S. i- z - k u t ’ l , ~( i lnse i ’v a tL , ui of Stihnatuit ’a l I in~-~ d I n —  t r r au - l’ \e.c ’—~- t i - I ’
Resonant S at t ,- r ’ ITIL ’  in I , V ap ’r’ , -, to  l i e-  j ’ul’lislie’d.

4. \1l ASI Rh \ I l NT  01 INi UI lAl  R(~ l’AT l( iN ~ 5IN( -‘
PASSI\ 1 R I N G  Rl- ’S(iNATOII

U. 5. Air Force’ — Off ice - of Sc i ent if i c  Rt’seai ’ L’ Iu ( ( 1 a u i t  AI - ( ISR_ ~) 4 )

Shaoul 1- :ekrcl , Glen A. Sander’s , Robert P. Schloss

The drift performance.’ of an optical i’otatioii Sensor’ c ’ in p ln ’villd a passi V t  rind i- e Sn -

nator’ has been i t iVest i  ~ated. \V ith a squar e e avitv - 17 cm -cii a side, and a 1 - riiW c ’ \ ic i-nal
laser , the’ rms flucu tation iii the measurement of - - c ta t io u i  wa s  0- 4 ~ / lion r f, ’ r -  air j ute -
cration time of I second - This is cor is is te.’tit wi th  shot-  t in - c l  Si ’ - limited per form ala- c ’ cr ”~-

pee ted for the present setup. Ue ’ce rit l  v we have.’ c o n s t r u c t e d  a lar~~ei’ i t ’S o r a t o r ’  70 ciii
on a s ide . us h id  disc rete lv mounted corn poncuts . Tire.’ i t ’ so r t  a tot .  I iner%’i(I th is 00 k II
and preliminary results h ave deurionstratee.1 air m i s  drift flue t iration - cf about t 0~ I ‘~ ‘/ hnu r’
for’ an inteL’ratlon time of I second which is at least art or’dc i’ of ni a cnl i tuuni t ’ la id i ’ r’ than
the shot—n oise limit for this configuration. A thor’ oirgin exper ’ iniet ita l  as w i-Il as th in ,-
t’ &’t i cal inv est igat ion of error soc i rces is in pl od i’ess

Ue ’ter ’ e. ’ r ice ’ s

S. Ezekiel. .1. A - (‘ole’ , .1. hiaz’r’ ison . and (‘i. Saudi - i ’s ,  “ Pass ive (‘avi tv  Optical Idota-
tion Sensor. ” in S. Eze’k ie ’l and ~~. A -  l’-dia rise ’ri he ’ r ’ dc r ’  ( l-ds ). Si’ l l- F ’ ribhicuition
No- i~~7 , Li78.
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(V I l l -  QI ANTI \l I 1.l~~’ I’RONI( ’S)

~~ . M I . \~~l E i-:Mi:\ I 01- IN I: I t l’ IAI. l~0 l’.-\ ’IiON I SING A Mt 1 ’I’l ll UN
l l h f l . i ( (~ i’l’I( ’ 5.-\~ ;N.-~ ~~~~~~~~~~~~~~~~~~

[ -

, l nr t  Se ’ r ’vj c ’ s h- : te . - c t r - ~ rri~- s  l i - i c r - am ( ( i i it i : ic t h ) .-\ -\~~~ l_ 7 ~~~C~ 002O1

SP,i~~u l l:.’ c - k ie ’ I. . t arn , ’s I. I tav is

t i ,  V t t i, ’ r ’ e , 15 c ’ n r s l n h t - i a h ’ l t - m I t - I t - S t  in usinc a mult itur’n fib,’r’ SaLpiac inte.’ r’ fe r-

- - ni t , 1’ in  - t h e -  i n c -a sui’ e ’ r~ie. ’ nnt if  i t i t  rt ial in d a t  ii ‘n. Sue -h a measure-mt -nt is diff icult to
pt Id i ’ i ’ u n i t - t a r i s t ’ t I  ~

- i i t c n l r t ’c p i’c ‘cal  ~‘1 a st shift (N U PS) induced ir the fibe r’ [cv inertial
r’ n ’ t a t : - : i  is \ , i ’ \  small. h or ’  a rotat ion r a t e - ~~~ , the ’ NUPS .~~c ’  is d iv e -ri by

.
~~~~ ~~~~~~~~~~ ~~ ‘ ( 1)

~e l i e - r ’ e -  i-:’ -:‘ o is t In- duf ie ’ r ’ t ’ rh’e’ bt - tw  c c l i  t ’ I c ’ c k ~v i s e - (cw )  and courit t’z’~’ lockw use
n’\’, t c ’\\

cc ‘i t )  I’! a —., - 
~h u ift — in t h e  r u l ’ ,- r ’ , -\ i ~- the a r’ e.’a e.’nc lo~ e.’d liv ti r e ’ fiber loop, N is t h e  nunih-ce.’1’

- ‘ 1  m i n u s .  ‘ is t he - v a c u u m  ‘it a\ - c - h , - n r r n t h u  - c f the l idhi t sou rce ’ . a t t n 1 c is t he,’ ve loc i ty  of light-
‘n e ’x annd t - , if i~ = 7.  \ 10 rai l/s i-c (i.e.’ ~~ e.’ ai’tit rotation , H:1’ N 1000 turns,

I 00 c rn ~~, ti l l 0. ‘ -  ~~~. the.’ N UI ’S is ~~~- I . 0 \ I radian. Siniilarlv , if
7 , ‘ l 0~~ mel - se.’c or’ [0 ‘ 

- then ~~ 1.0 \ 10 ’ ra~ inn-

W e ,i mc - i r tv , -~ it  cat  tn1~: s e v e r a l  a; c m ache ’ S to  the measu i’ement oh’ notnrecipr’oc al
ph.ist ’ s It r f t .  In particular. we are ‘-x a nn ’  I t i j t i c ~ a scheme in ‘it’hnich different opt ical fcc —

c jnt ’nc it ’s ~o’~ ‘ i-agat C al t - cu d t i- i t ’  c l i  cc kw 1St ’ artil c orrritt ’rc Ic’c kw i se di n’ect i (iris by means ~‘f
at ’ c ’ui s t e . ’— e p t i c  s h i f ter ’s .  It-i this \‘i a’i , we rave - ac hieved a ue-ct n r ’ec ipr’ocal I-chase s h ift IflO(l—

ulation ~‘f i ~~ at a rate s mi ff ic ut ’nt lv high f - c r  s h tn ’ t —n e- c rs e .’— liniitcd performance. In addi—
ion . I is .~ —f rc quene.’v se P e m it’ is a Isci used to lock the frequency difference so that
c pe ’ r-a tuon is a lways at t i r e ’ e.’ t ’n i t  c i ’  of the ~‘t ’i’,’ fringe to avoid errors due to laser’ intensity

f lue.’tua t toils. Thus , t h e .’ fre - quet in -’ i  d iff t - r e-ric e of tIne counterpropagating beams is dir’ectlv
proportional to rotation—induced nc’ini’eciprocal phase shift.

Rt ’ft -r ’ t ’rices

1. .1. 1 . I )av is and S. 1 ‘~~ t ’ k ie.’l . - -  I’e’i’I r r i rq t re ’s for’ Shot Noise.’ 1 imited Inertial Rotation
\Ieasureriie.’nt U sinc a Mu It rt ur ’ u i l” iber Sagnac Ir- i te rf&’roiueter , “ SP1 I’ Publication
No. 1 ~~ I Q 7u ~.
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STA RE i-: i- h - i- : ’ ’i’ IN  A l ) 0 I ’ } ’ I , E H — h t H ( ) A D h ~:Nl-: l
ThIH F :l- : - I i- :v i- : I S Y S I’ l- :\T

National S it - r ic e ’ I’ oundation (Gran t I ‘I 1Y7 7 — 0 7  1 ~
Joint Se rvices Electronics h ’ moL ~r ’aril (Contract l )AA ( ;2 n i~ 7~~_ ( - ,O O2o )

Shaoul [ie ’kj e - l ,  Richard P hlacke l

We ’ are performing expei’inie’nts extending our investidations of the ac Stark e f f e c t

in an atomic be am to a oa.s ce - I l  w hc m’e Dopp ler bi’oadenin~ and also collisions must be
consiL le. ’ re .’ n I - TI-ic ex pe m ime- r i t s  so far at - i- bcj ri~ per’fo rrned with molecular iodine in a
temperature—contro l led vapor cc l  U The pump beam in this case.’ is a sintzlt’ - f r’equency
ar ’~ n-cii ion las e.- t ’  at ~ l4 S  A interacting w ith the I~~I1 iv ’ 43 ,  J’ = 12 )  — X’�~~iv ” = 0.

0~ ui
.1’ 1 ~) h) o ;c p he. ’r -broadened transition in 1,. The probe.’ is a sind le.- - frequencv
t Ive.’ laser tuned to the R 3 11 n y  - 13. .1’ 1 2 1 —  X ’~~~(v ” = ~ , 1” = 13) transit ion- In

O u i
this w a y ,  we.’ have.’ a folded tlii’ t ’t ’  — le ve l s \ s t e ’rn - The lo’iv t ’r levi - I  of the pr’obe transition
is metastable because 12 is homiionuc leam’ . T he pump and ct ’obt ’  bearirs are.’ col linear and

ac Stark-effect measurements are made for both en- and coirntel ’pmopadatiri d probe
bean- is- The absorption/gain of the.’ probe is measured by chopp ing the pump beam and

sync hronously de.’t ,’ctin~ the probe beani . The data so far ’ appear’ to be in disagreement
with t ’xj St i i id  calculat ions.

7.  MEASURErU1-:NT OF NATURAL WI E)T US IN L, RYPERFINE STRUCTU R 1-::
A TEST OF HYPERFINI-: I’REDISSOCIATION

Joint Services Electronic s Program ( Contract I)AA02 n)~ 78~~C~ OO20)

Shaoul Ezek iel, Robert E. Tench

We are performing high-resolution studies of hyperfine struc ture associated with
the P( 13) (0-43) transition in The primary aim is to measure the natural width of
individual hyperfine components so as to separate out the radiative decay contributions
to the linewidth from those due to natural and magnetic predissociation of tire iodine
B311 

1 
state. Since we have to measure widths ranging from 45 kHz to 150 k}lz at

o u
about 5145 A .  we have constructed a high-resolution saturated-absorption spectrom-
eter using stabilized argon-ion lasers. This spectrometer will also be used for stud\’ing
the interaction of with intense monochromatic radiation in the presence of Doppler
broadening.
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VII I. QUANTUM ELECTRONICS

B. Nonlinear Phenomena

Academic and Research Staff

Prof. Clifton G. Fonstad - - Prof. Eric P. Ippen Prof . Michael M Salour
Prof- I1c’rrnann A. 1-laus Dr. Fielding Brown

Graduate Students

Howard L. Dyckman Rudolf F. Haller Frederick A. Jones
Lance A. Glasser Ping-Tong Ho Silvia L. Lucherini
Peter L. Hagelstein Paolo Salieri

1. PICOSECOND PULSES FROM SEMICONDUCTOR LASERS
I.

Joint Services Electronics Program (Contract DAAGZ9-78-C-0020)

Clifton G. Fonstad, Hermann A. Haus p
The capability of lasers to produce picosecond pulses has not been exploited by

communications technology, because no compact sources of picosecond pulses are avail-
able. Laser diodes are the obvious active component for such applications, yet they

have not been successfully mode-locked.
We have initiated a program for the development of sources of picosecond pulses

utilizing laser diodes. A year ago we reported our first attempts at mode locking of

a GaAIA s laser diode operating at 8100 A in an external resonator by microwave modu-

lation of the bias current . At that time we determined the effect of the modulation on
the microwave spectrum of the detected optical output and found evidence of mode

locking in the change of the spectrum. In the meantime , the cw train of pulses has

been measured by second-harmonic generation. The pulses were as short as 23 psec

at a rate of 3 GHz. ’ InGaAsP diodes operating at 1. 2 and 1. 3 p., respectively, have

been mode- locked.
2 The shortest pulses obtained from the 1. 2-p. device were 18 psec ,

at a 2-GHz repetition rate.
We do not know as yet the ultimate limits on the achievable pulse lengths. Dis-

persion of the diode material should play a role only when pulses of the order of 1 psec

are achieved.3 W e have shown
4 that the spontaneous emission significantly affects the

mode locking. Further , we have observed that the free-running diodes invariably self -
pulsed without an applied microwave drive, emitting pulses of the order of three times
longer than those achieved with the forced mode-locking drive.2 Future work will be
concerned with the following issues:

1. Design of external resonators with flexibilit y for length and bandwidth adjust-
ments. Optimization of mode-locked pulses by adjustment of these parameters.
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(VIII. QUANTUM ELECTRONICS)

2. Pinpointing of the mechanism of self-locking.
3. Combination of forced- and saturable-absorber mode locking, using one diode

as the laser and one as the saturable absorber.
4. Exploration of means of miniaturization of the external resonator through re-

placement by an optical waveguide.
5. Design of broadband multiplexers and demultiplexers for the generation of 20~

Gbit pulse trains.

References

1. P.-T. Ho, L. A. Glasser , E. P. Ippen, and H. A. Haus, “Picosecond Pulse Gener-
ation with a cw GaA ].As Laser Diode,” Appi. Phys. Lett. 33 , 241 (August 1978).

2. L. A. Glasser , “CW Modelocking of a GaInAsP Diode Laser ,” to be published in
Electronics Letters, 1979.

3. P.-T. Ho, “Picosecond Pulse Generation with a CW Diode Laser by Active Mode-
Locking,” Ph.D. Thesis , Department of Physics , M. I.T. , September 1978.

4. H.A. Haus and P.-T. Ho, “Effect of Noise on Active Modelockirig of a Diode Laser ,”submitted for publication in IEEE Journal of Quantum Electronics , 1979.
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Prof. I it’t’niann A. I iaus

Gr’ad uate Students

S c m  l h e ’ t ’ Kim Andr~’- A .~~~ lt ’t’a ir Karl L. ~ a ug
A trio lisa I atte. ’s Peter V. V~ right

I .  St’ R I~’ACi- : ACOI’ S’I’IC ~ ,-\ v i-~ GItAi’ IN~; R i-:S~~NATO R MOt)1 S

Nat tonal S c me ’ r nc .’e ’ Ft nurnihat ion (u. rant FNG7 7 — 2 4 9 i4 1)

llt’r’mann :~~. ila ris

‘r h - it- impetus I’cc r our. r t ’ s t ’am c hn in gmat tr ig mt -senator’ s de ’ r’ ive’s fr’om their’ potential
use.’ in integrated optics. Prese nt —da y technology is riot v e t  at a stage.’ w he. ’ r ’e.- gratings
wit h peritci ls icr tine order’ iii ’ 2 000  :~ cam i be e’as i lv manufactur’ e.’d so that ideas developed
for grating re.’so nator—fi  ltcr LIe ’S ign h ave to he. ’ t i ’~ te.’d in t Ine-i  r SA\\ rca lization.

‘rite potent ial of SAW fi lter design using grating structures in-i great in its own righnt .
arid problems peculiar’ to S:~\\ device’s have to he oVercome. One.’ of these. ’ problems is

ti re spurious response.’ c i t  iiiglnvr order grating resonator me.’des. 
1

We. ’ have launched an investigation of grating waveguide mode.’s w hich we.’r’e shown
to exhibit both lower ane.I upper cutoff frequencies. Beyond tire cutoff points tire mode.’ s

w e’ re shown to become leaky. A normal mode expansion of a SAW excited by a trans-
ducer and incident upon ti-ic e ’ntr ’v plane.’ of a grating waveguide includes botin guided modes
and leak ruoc.Ie.’s — the latter contribute to tire power escaping from the.’ guide, or the.’
SAW resonator made up of sue.’h grating guides.

:\s part of tire’ in vestigat ion of Rayleigh wave. ’ loss , btrlk wave scatter by groove.’s4

and more recently by have been the subject of inve.’stigation. Tire latter results
are.’ useful in the design of post— support structures for semiconductor supei’strates of
SA~\ cort ’ e’ lators.

In further support of SAW filter design, we are’ start ing to investigate iiiginer order
effects in 1n/)

~r 
(w here.’ h is the groove depth and Kr is the Rayleigh wavelength). ‘Fine

Bragg frequency of a SAW grating is a function of (h/K 1,
)4 . and resonator design has

incorporated thnis effect empirically. We have developed a variational principle which
seems part icu lar ly suited for the thneoretical study of second-order effects. One grati-

— 

fy ing result was a very simple~ derivation of the grating reflection coefficient 2r which
was obtained by a different and much lengthier method. 4
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(VIII. QUANTUM ELECTRONICS)

We are extending the coupling-of-modes analysis with diffraction2 
to the study of

mode patterns in metal-strip couplers. In spite of their importance, no analysis of the
two-dimensional mode patterns underneath open-circuited metal strips exists today.

References

1. L.A. Coldren, H.A. Haus , and K. L. Wang , “Experimental Verification of Modes
in SAW Grating Resonators ,” Electron. Lett. 13 , 642- 644 (1977).

2. H.A. Haus and K. L. Wang, “Modes of Grating Waveguide,” J. Appl. Phys. 49, 1061
(1978) . —

3. K. L. Wang, “Surface Acoustic Wave Propagation in Grating Structures,” Ph.D.
Thesis , Department of Electrical Engineering and Computer Science, i\-I. I. T. ,
September 1978.

4. H.A. Haus, “Bulk Scattering Loss of SAW Grating Cascades ,” IEEE Trans. on
Sonics and Ultrasonics, SU-24 , 259 (1977).

5. K. L. Wang and H. A. Haus, “Scattering of Rayleigh Waves by Post Spacers ,” to be
published in IEEE Trans. on Sonics and Ultrasonics, 1979.

2. TUNABLE OPTICAL-GRATING WAVEGUIDE FILTERS

Joint Services Electronic s Program (Contract DAAG29-78-C-0020)

Clifton G. Fonstad -

We have been engaged in an effort to experimentally realize aperiodic distributed
feedback, or grating waveguide, optical-wavelength filters like those proposed by
Professor Hermann A. Haus,1 and already used at acoustic frequencies to design
acoustic surface-wave filters. The predicted effects have now been demonstrated at
optical frequencies, and a new technique for calculating the filter characteristics of a
practical structure including parasitic reflections, etc. , has been developed.2

’ ~ The
potential for applying the tunable, narrow-linewidth filters produced in electrically
tunable DFB is at present being assessed.

A periodic corrugation on a waveguide surface perturbs the propagation of the
normal traveling modes of the waveguide. At frequencies around the Bragg frequency
(the wavelength corresponding to twice the corrugation period), reflections off each
periodic disturbance interfere constructively, resulting in an intense wave in the reverse
direction. This is described mathematically as a periodic coupling between the forward
and reverse modes. The calculated reflection spectrum of a uniform-grating waveguide
is shown in Fig. VIU-la.

Any departure from perfect uniformity of such a periodic structure introduces new
features in the reflection spectrum. For example, a phase shift at the midpoint of the
structure allow s the transmission of wavelengths that are reflected in the uniform
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Fig. VIII-l. Reflection spectra for a waveguide with three
different phase shifts. D = ((3 —
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Fig. VIfl~2. Three reflection spectra showing the tuning of the passband
caused by gradually increasing phase shift.
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structure. As illustrated in Fig. VII I - Ib  and Ic , this is a ver narrow passband, and
the position of this new passband within the normal Bragg-frequency- centered stopband
is tunable by varying tine magnitude of the phrase sh ift. Such a tunable spectrum has
potentiall y importan t applications as a fi l ter , and when utilized in distributed-feedback
lasers.

The above behavior can be explained by considering tine structure as a Fabry-Perot
cav ity formed by two grating reflectors separated by a fraction of a wavelength . The
new passband is then simply one of the Fabry- Perot modes. The phase shift correspond-
ing to the separation of the two reflectors determines the position of this mode (within
the broad stopband). The tuning of the mode is the consequence of the change in tire
mode separation due to the change in cavity length.

To obtain experimental verification of this behavior, corrugations (gratings) we ’ re
produced on the surface of sputtered thin-film glass waveguides using interferometric
exposure and ion-milling. A phase shift was introduced by reducing the film thickness
at the center of the waveguide. This retards the beam in this region so that the beam
faces the following grating section at a different phase. Reflection-spectrum measure—
ments made on these filters using a prism coupler and specially constructed dye laser
clearly demonstrate tire existence and tunability of the predicted passband in optical-
grating (DFB) waveguide ftlters (see Fig. VIfl-Z). The model developed also accurately
fits spectra from filters containing nonuniformities and excess reflection, and provides
us with a good measure of the sensitivity of the filter characteristics to practical re—
strictions.

The application of these concepts in electronically tunable filters and frequency-
stable, low-threshold DFB laser diodes is currently under investigation.

References
1. H.A. Haus, “Modes in SAW Grating Resonances ,” J. Appi. Phys. 48 , 4955 (1977).
2. S. Ii. Kim, ~Spectral Characteristics of DFB Waveguides Containing Phase-Shift ,M. S. Thesis, Department of Electrical Engineering and Computer Science , M. I. T.,January 1979,
3. S. F!. Kim and C. G. Fonstad, “Tunable Thin-Film Grating Waveguide Filters ,” tobe published.
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IX. TIME-RESOLVED SPECTROSCOPY OF CONDENSED MATTER

Academic and Research Staff

Prof . 3. David Litster
Dr. Lenn C. Kupferberg

Graduate Students

David E. Cooper
Brent D. Larsen

Joint Services Electronics Program (Contract DAAG29-78-C-0020)

J.  David Litster

1. MICROVISCOSITY IN GELS AND POLYMER SOLUTIONS

Fluorimetry has long been u sed as a tool to study biological molecules and much
more information can be obtained when the fluorescence depolarization is studied as a
function of time after a short light pulse. These tools have had much more limited ap-
pli cations to the study of synthetic polymers and gels. Monitoring the dichroism as a
function of time induced by a mode-locked laser pulse provides as much or more infor-
mation as the above techniques and permits greatly improved time resolution. Tradi-
tionally nonradiativ e energy transfer has been studied by measuring the fluorescence
yield, but time-resolved spectroscopy can be used to measure the nonradiative lifetime
directly.

We have carried out a series of experiments using the laser dye oxazine-4 as a
probe of microviscosity in gels made with collagen polymers dissolved in mixtures of
water and methanol. A gel is formed when the polymers become cross-linked to form a
continuous network. With collagen this cross linking is due to hydrogen bonding, and thus
a reversible gel-sol transition occurs around 27°C. The macroscopic viscoelastic behav-
ior of the gel is determined by the elastic modulus of the polymer network and a fric-
tional coefficient with the fluid medium; the latter is determined by the local viscosity
of the fluid and a correlation length for polymer density fluctuations . We used the reori-
entation time of the dye molecules (measured by the decay of induced dichroism) as a
probe of the local viscosity. Measurements of this reorientation time in solvents (without
polymer) consisting of mixtures of methanol and water as a function of temperature
showed the times to scale closely with the solvent viscosity calculated from the mole
fractions of water and methanol and the viscosity of the pure solvents. The result s of
a series of experiments as a function of temperature for a series of collagen gels gave
the following results. In pure water the dichroisrn decay at 50 °C was 15% faster than
one would expect from scaling the viscosity; we believe this result s because the decay
is a competition between reorientation and decay of the excited state of the molecules, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~



(IX . TIME-RESOLVED SPECTROSCOPY OF CONDENSED MATTER)

Table IX-1. Ratio of dichroism decay in gel to pure solvent.

Fract ion Collagen 298° K 303° K 313° K 323’ K

0 1.000 1.000 1.000 1.000
2% 1.072 1.023 1. 146 1. 145

4% 1. 174 1.178 1. 281 1.296
6% 1. 2 56 1. 240 1.34 9 1.40 1
8% 1. 372 1. 341 1.521 1. 553

and the latter is also temperature-dependent. This effect can be normalized out by
taking the ratio of decay times in the gel to those in pure solvent at each temperature.
Table IX-1 gives results for four different collagen gels in pure water. In this system
the gel exists below 300° K. The conclusions are that the local viscosity in the gel is

to a first approximation the same as that of the pure solvent. The longer decay in gels
as the polymer concentration increases shows that reorientation is hindered by inter-
action with the polymer chains; this hindering becomes more pronounced well above
the gel transition where the interaction between polymers is less important. A quanti-
tative measure of this effect is seen in Fig. IX- 1 which shows dichroism decay for
oxazine dissolved in methanol in free solution (T = 97 ps) and in the 40 A pores of Vycor
glass (T = 129 ps); the latter dichroism does not decay to zero in 500 ps because mole-
cules bound to the Vycor cannot reorient. The curve also provides a quantitative mea-
sure of the fraction of dye molecules bound to the Vycor (37% at 20°C).

I —  •

0 100 200 300 400 500
DELAY (ps )

Fig. IX-!. Dichroism decay of oxazine-4 in methanol at 20°C.
(Upper curve in Vycor glass.)
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(IX. TIME-RESOLVED SPECTROSCOPY OF CONDENSED MATTER)

These preliminary results show that interesting information can be obtained about
gels and polymers . and an article is in preparation. Other experiments in which dyes
or fluorescenc e quenchers are bound to the polyn- iers to reveal details of pol ymer chain
motion will be carried out.

2. MOLECU LA R MOTION IN CRITICA L MIXTURES

The motion of molecules in critical mixtures can , in principle, be studied by light
scatte ring. In practice, strong quasi-elastic scattering can make the experiments dif-
ficult or nearly impossible. Time-domain spectroscopy should alleviate these problems.
We have been able to measure the reorientation of nitrobenzene by means of the optical
Kerr effect and are engaged in a study of the critical slowing down of orientational
motion in nitrobenzene-n- I-rexane mixtures.

3. EQUIPMENT CHANGES

During the past year, the stability of our mode-locked laser was improved to the
point where integration tinnes of several hours are possible. The experiment is now
operated by a PI)P 11/03 computer which-i analyzes the results on-line. A real-time
pulse-width measuring device was constructed to facilitate alignment. An N2 laser-
pumped amplifier is under construc tion to permit Kerr-effect measurements in a wider
variety of materials (e. g.. liquid cr ystals).
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Academic Research Staff

Prof. Dirk J. Muehther
Prof. Peter A. Wolff

Graduate Students

Kathleen Kash ‘

Muhammad A. Khan
Roosevelt Peop le

1. INFRARED NONLINEA R PROCESSES IN SEMICONDUCTORS

U. S. Air Force — Office of Scientific Research (Grant AFOSR-76-2894)

Dirk J. Muehlner, Peter A. Wolff, Kathleen Kash, Muhammad A. Khan , 
(Roosevelt People

Studies of resonant, spin-induced, four-photon mixing in (Cd , I-Ig)Te are continuing.
Some time ago , we reported the observation of several distinct spin resonances in our
(Cd, Hg)Te sample — a result which indicated that the crystal is inhomogeneous. This
experiment is now being used by the Honeywell group as an analytic technique to deter-
mine g-value and alloy composition as a function of position in (Cd , Hg) Te . In our work ,
we have concentrated on homogeneous portions of the (Cd , Hg)Te crystals, which show
exceedingly sharp spin resonances. At higher laser powers (in the 500 W/crn2 

range )
the four-photon resonances broaden and saturate in a manner similar to that observed
in n-InSb. The values of the spin-relaxation times , T 1 arid T~~, that we infer are com-
parable to those measured in InSb. Finally, at the highest laser powers the spin line
splits in a quite unexpected way. We suspect that the sideband is a Rabi frequency, in-
duced by coherent oscillation of carriers between the conduction and valenc e bands.
Calculations to test this hypothesis are in progress.

We have made extensive studies of carrier excitation 1 
— from donor levels to the

conduction band — as n-Ge is irradiated by intense (10. &-p. ) laser beams. In cold n-Ge
crystals, the optical absorption decreases markedly (by more than a factor of 10) in the
power range 100 kW-l0 MW/cm 2 . A kinetic model, which balances the photoionization
rate from Is levels against the rate of carrier recombination with donors, gives an
excellent fit to the data. This experiment determines photoionization cross sections,
the donor recombinatlon cross section as a function of carrier temperature , and the L’l
thermallzatjon rate of hot carriers In n-Ge.

Studies of resonant, impurity-induced , four-photon mixing in n-Ge and n-Si are
continuing. During the past year, we have observed2’ ~ resonances in the third-order
nonlinear coefficient caused by impurity levels in Si — the resonance bein g at the valley-

orbit splitting energy of the donor levels. To date , the impurity resonances in these :-
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four-photon inixin~ experiments have been studied by step-tuning the CO2 lasers. More
prec ise data can be obtained by sweeping the impurity levels with magnetic field. These
experirne~ ~s, which are now under way . will determine:

i. magnetic structure of donor levels in n-Ge and n-Si;
ii. precise linewidths of valley-orbit transitions;
iii. excitation transfe r rates between donor levels.

References
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I .  FLICTUATI()NS IN N(1NI.IN EAR SYST I- ; \IS

Jo int Se rvices } - l e - t r o n ic s  Proi~rarn (Contract I )AAG~~ — 7  - C— 00 20 )

\ladhu S. Gup ta

During the year 1978 . tiit study of thermal fluctuations in physical sv~ tcnis led to

the following four principal achievements:

a. Thermal Noise in l)riven Nonlinear Systems

A new theorem express ing the spectrum of thermal fluctuations in te rms of the phe—

nomenological response of tine s stern has been proved. It is more’ general ti-ian the so-

called f luctuation-dissipation theorem, in that it applies to nonlinear systems, subjected

to a stat ionary driving force.
1 In an attempt to understand tine scope of the theorem, a

considerable amount of effort was devoted to explicit ly stating ti-ic assumptions inherent

in the method of proof , and to exploring the necessity of those assumptions. Applications

of the theorem to e lectron devices are presently being studied and will be published later.

b. 11 ot—Electron Diffusivity in Two- Valley Semiconductors

Thermal velocity fluctuations in a two—val le y semiconductor were studied by an ana-

lytical random-walk model of carrier scattering. This study resulted in tine calculation

of the electric-field dependent longitudinal diffusivity of charge-carriers, a transport

parameter of considerable importance in high -frequency semiconductor devices. The

random-walk model has ti-ic novel feature that it models carrier motion in terms of two

simultaneous random walks , w hich are coupled. The calculated results for GaAs agree

well with the available experimental data on diffusivity.

c. Ultimate l imits to Nonlinearity of Lossless Energy-Storage Systems

A study of tine equilibrium tinermal fluctuations of an extens ive variable in an ideal,

lossless , energy—storage system led to the hitherto unknown fact that the nonlmearity

of such a phys ical system is thermodynamically limited. An upper and a l(~\~ ~~~~ bound
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were estab lished for a measure of nonlinearity of the system. The bounds were illus-
trated through the’ example of varactor nonlinear capacitors. Such bounds are of theo-
retical interest in studies of the fundamental limitations of physical devices.

d. Fluctuations and Dissipation in ln.for:nation Processing

A one-bit information storage system is modeled as a bistable equilibrium thermo-
dynamic system, with one nonthermal , conserved extensive parameter serving as the
information-bearing degree of freedom. The system is assumed to be in contact with
a thermal reservoir which serves to induce randomizing fluctuations within a state but
does not cause jumps between tine two stab le states. Such a system is shown to be nec-
essar ilv nonlinear . energy-storing, and dissipat ive during switching.4 Energy dissipa—
tion during a state change of the system , caused by a flow of the extensive variable, is

calculated by adding t le components due to the irreversibility of flow and due to the
necessity of determinin~ the state of the system prior to state change. The minimum p

dissipation required is approximately 2 k T per switc hing operation and occurs when
approximately .~ bits of information is obtained about the state of the system. It is em-
phasized tinat th is dissipation is not confined to the information storage system itself,
and therefore the heat to be removed from the system may be lower.

e. \ l icrowave I)evnces

Two other papers, describing the work of the previous year , were prepared for

publication during this year. 5 ’ 
t)
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2 . TILl. M. I. T. ‘ruHEE-I-~! I-;~ I F~N’r \IICROWAVE INTLHF’EROMETI. H
National Science Foundation (Grant AST 77-268 96)

Bernard F. Burke, Barry H. Allen, 3. Antonio Garc ia-Barreto ,
l ’ cr r y  E. Greenfj eld , Charles L. Bennett, Charles H. Lawrence
The Y.l. I. T. aperture-synthesis microwave inte rferonieter consists of two f ixed andone movable 5. ~- rnete’ r  paraboloids suitable for wavelengths as short as 7 mm. Theantenna separations are east - we st, and range between ~ and 300 meters At the currentoperating frequency if 22 GIIz, these correspond to spacings between 680 and 2 3 ,0 0 0

wave l en~tt hs -

Tht’ 22-GIj ~ radi~ mt .tt ’rs are conventional regulated ambient ternperature diod emixers ted by ci rcular polar izers. The bandwidth is 75 MHz. and the double-sideband
noise temperature is approximately 600 K. The tF~ are sampled at l~~0 MHz by 1- ( L
comparators, and are c - er rc lated and summed in eight paralle l streams at 18. 75 MHz
in a three-Level scheme. Digital delays between ô . 7 and 853. 3 ns in t~. ?-ns  steps areaccomp lisheLl by multi plexers and latches at 150 MHz and by shift registers clocked at18.75 ?dhIz . Additional cable’ dt ’ lavs of 0 . 8 3 , 1.67 , and 3. 33 ns are used to keep thesystem response within 1 percent of optimal. A Nova 820 minicomputer controls the-inting of the antennas, steps the delays , interrogates the correlators , performs aal-tin-ne fit to the fringes, and writes the results on magnetic tape .

The interferometer has recently been brought into operating condition , and we arebeginning to take data toward aperture synthesis. Panel adj ustmen ts in two of the disheshave resulted in substantial increases in antenna efficiency, which we now measure tobe approximately 0. 50. The antenna pointing scheme has been revised. Correctionsfor azimuth zero-point, gear-ratio , and collimation error and for zenith gear-r atio andcol limation error are now made by real-time computer eva luation of empirically deter-mined correction formulae . This replaces a table lookup procedure which resulted inunacceptably large pointing discontinuities at some positions in the sky. Further im-
provements in the operating system which are under way -include extension of its un-manned operat ing capability to permit an arbitrarily long sequenc e of sources to beobserved automatically.

The processing of visibility data from the interferometer will be accomplished bya combination of M. I. T. and NHAO programs on the l~l. 1. T. IBM/370 computer. TheM. I. T. software performs minor corrections related to the real-time fringe fitting.
The NRAO-VLA package (kindly provided by Dr. Eric Greisen) has been modified forour site , antenna conf iguration , and computer. This package of programs is especiallywell suited to our system since, like the V LA , we have alt-az mounted dishes and em-ploy circular polarizers . Adaptation of these programs is being completed , and debug-ging is beginning. Preliminary working versions of the M. I. T. programs exist in
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l it - t i - an, bitt (lo se ’  a- i l l  be translated into i~i ./t for c neip:et i l ’ i i i ty  wit ln (lit’ \‘ I .A package-

‘flii s el ~’vt ’iopiieeiit has value ’  t o t  oth e r u e ~~i : i e c i s  is w e l l ,  s ince ’ w e ’ e ta ’  making ,‘ x t e ’ns lve’

V i  -\ stete lit ’s tied will be’ doj iie~ neeu ’ti of the 1ii n’ ’ ’~ a ine ’. e t c  - - l io t t ie ’ e’~’ ’ i i t e e a l ly-

O u t ’  f i i ’st ~‘ a t  is to i ct’Oeiitc ’ e ’ a i i i ch -qe ia l i t ’~ maj i of the ’ sel pe ’ r ie cv a reninaint ( asslo-

j~ ’i a A . O ut ’ ve ’ai a c c . as w e ’ iee ’~~au ( this 1 i ’ o le ’c ’ t .  a nuuii be’r of ~e ibtie f laws in tine ’ svs-

teiii \V t ’ l’c t t t ic i iy , ’ red • a u ’  I w e ’  art ’ cotifideuit that they a l e ’ now at I fixed - I luring the seine lilt’ r

of I ‘~78 , a st adv ot ’ S a t e i t ’ ue  anti i t s  rings w a s  uinade , aind we derived a t e  uppe r limit of 2’~~
for tint’ apparent Iwiglntutess t euee p cu ’ a t eeu ’ e ’ of the h eap-  A iiep liteide ~tahi lily of t h e  sy s t e ’ uce

w a s  t ’ h’au’Iy a problem in t inese u i ie ’ asee i ’ ’uncui t~ , w h ich would ot he t ’w us t ’ inave’ N’~ .ltie ’(t a

h1lOi~(~ iue t ( ’i’ e ’s ting uc iea s e i t ’ e ’ inie ’iit . I ie i i i i e i ~ tine ’ fall and wi un te ’ r  of l’~ ~~ t b ’  pi- o le l e ’ nes  we re

c u’ app le ’e i wit in , and t he  sys t e ’ iee  is re ady to go. We ’ built c i rcular ly polarized fe ’e ’ds for

tin t ’ ~y~~te ’ uie , wini(’iI u ieake ’~ t h e ’ i4e ’pau’at ioul of t o ta l  — ;ee ~w e ’u’ distribution and liuie ’au’ — pola i ’ l7a—

tnin distribution far more tractable b r  s t u ’ ( iue Iv polarized snu rees suein as ( ‘as A -

(‘ahiht’ation data a t e ’ cii u’rt ’t ntly being taken with tine ~ y~~t e ’uie . ‘Fine pinase ’ stabil ity of

t h e ’ sv~ t,’ iee  has a lways  bee ’ ii go xi ( ° repeatability day - to-day).  and tine ’ sy u i t l ie ’si s of

as A sinenild pren’ e ’ ea l during t h e  s e t i n t l e e ’i’ and fail of I ‘( 7 ’ ) . A total — iio~~ e ’i’ map wil l  first

lie ’ t i ei ’ ived. followed by a icoIat ’ i~’a t ioue map. l’bee ’ t ’ e ’seili i t i oin of the m ains will lie ’ corn — - -

pau’a I)ht’ to that of tine best s teid h’~ iii ad e ’ a t  lounge u ’ wave ’ lengtins . I ~y s tudyi ung tine de ’g re’ t ’
of polarization at the slieirte m ’ wave lengtln . coin pa m’ e ’d to the’ more’ de’pola rized and 1”ai’ad ny —

rota ted lounge’ i’ ~v ave le hne l ti e s tiidit’s , we shoem Id ht’ a le It’ to ne ake a d et~ i led study of niae~ —

uit’ t i c— field stre ungti n and ~e ’ouiee tr y in t h e  remnan t . We ’  also plan t e i  m a p  the e ’e iui ipae .’t Il 11

t’egioun I )U 2 I . wink’ in reqet ires re’ lat ive’ ly few j ute rft ’ !‘oiiee ’ ter spaci tigs for a coin pie Ic ’ m ap.

‘Fine te e ‘x l  s te  p iii tine ’ luitt ’rfe romnie te r work wil l b~’ to elnumige tine’ fre quency to 1 ~ liz .

W iii It’ we’ coim hi counti nue WI-n rk i uie ~ at 22 ii -i , we ’  have tlev,,’ loped a in ig i n  — quality cooled

mixe’e’ fo e’ ‘1 e. 117. that is de’se ’ ritie ’el in our new NSl” t’ ’se arc h pi’e-npo~ al - Millimeter — w ave ’
ltntee’ fe’ route ’ try is a I t  i’ t~ e ’ iy  emm ne ’ xp lured fie hi. anti w ini Ic somiie ’ lute rt’stiung work wi l l  ma’ -

main at 22 ( II?. , t ie any of thit’ mneor e ’ alt m’activ t ’ po5sihi ii tie’s will  be bette’ t’ st udied Ii tint’

V I  .A . (Ca s A Is not a heT ’ ac tie al V I .A t n i ’g e ’ t , anti is untie It t i e ’ t t e ’  t~ suite’d to our snea l I

s y s Ic’  iii.)

In vie w of our greatly improved syst t ’mni uuni ~~e ’ tempt’ t a t  ci i t ’ at ‘I (ihi’i.. a change’ iii

ob~ ,’ u’vi iii’ frequency at the’ t hes e ’  of th e’ (‘as •‘\ svu e t  he ’ si S work is m d i  c cited. At tine’ sa uce ’

tim e’, we am ’ ’’ eIe ve’ lee~iim n g a 100—channel cu’icsse ’eem ’ u ’ e ’l a t c ’ i ’ that siteett id ii~~o be i’e ’ae iy l’or cisc ’

in e ’ am ’  ly I ~)8O . Stu d ies of ~‘iO radiation will let’ nnnde’ with tint’ s e s t e ’u ie . bitt contimuinni and

other h u t ’  s t e e l Ice ’s  will a iso be studied .

‘l’he’re ’ is a phi losop in ica  I point that shnotm Id he’ ununde t’oneeu’ning tint’ lute u’feromnne’h’ u’ -

If we’ chose’ to make’ It the mu t a p e d ’ focu s of out ’ oh~ e’ u’vi ng pu’ eeg rant,  e’oune’ entrat i ug on u’ five’
gradim ate students , t in  t ’ e ’ e ’  ecinglnt’e’ rs~ anti ofle’ ( It ’  two inostelot’ t ot al graei em ate ’s out tine ’ pro,l —

e ’ c ’ t , It won Id pr’ oce’ed at t fat’ more’ rapid par.’ . It would not then lie’ a sine all p~’o,1t’e

hieiw e’ vt ’  m ’ . and tine’ mm m i’ tin i’eist of oum r g raduma te’ atncle’nt training tund rest’ arc ii progm’auin
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would let ’ t t t ’ as t ie ’aI iv e ’ tc a u e ge ’ti A s It tece w sta mie is • th ee u t c t e ’ t ’ f e ’ t ’ enmu ee ’ te t ’  pt ’o ie ’e’ t t ’ e ’ p i’ e ’ s e ’ m I t s

atn tt l ’ t’ e ’miie ’mi tal ~‘os t ted the ’ ~ni’og t a t  cc of about $70. 000 Int’l’ V e ’ at ’  • Si m ic e ’ th e’ e ’ ht~ I m ir e ’ t ’ i t  te ~

fo re’ e’ is a l~ e ci ~e ab f ei m ’ othe t’ dt’vt ’ Iopmeieun ta I p i t a 1L~ i’ ant s. such as liii I telling n ’w  fm aei nt e ’tid~
and observing in z tm ’ eiw a t e ’ fot’ V I .hll e ’X it t ’ t ’ inne’nts , Most ~if t he’ m a  i’eb w a  m e ’  t i n i e ’e ’ t ’t it ~a’ at ’s

bias collIe t’romet I~I . I. ‘I’ . pr ivate ’ funnels , antI tint ’ m .eset It has brett t o p , t ’ ecv i t ie ’ a ut m ie i ute ’  train —

ing g rotund for stetehe ’u nts . Oum’ gi’ aditate ’ st t t de ’nts Ilt ive’ a 1w a\’ s liet’n in high dciii au th , Sii ne ’ e ’

t tne ’ \ ’  a re ’ familiat’ wi th hu a t ’ e iwa e ’ e ’ nund softwa m’ e’ . antI are ’ e ’xp ect ’tt ’uee ’,’ct in t h e ’  e lse ’ it’ tu alom’

national fat ’ ii j t i e ’~ - Tint’ inte’ u’I’e’ redu c e ’ te t~ gives a t [‘dliv t’ (fcc t lye I mit m’exiui c t ienn It, the ’ t’eti h

world it ’ iuist i’t iflie’tits , without which there’ would be no t i les , ’ t ’ v i u e g  It thus tustifle’s its

e ’ xis tt’ne.’e both as a t e ’  at ’ ic ing t~ c cc l ium~ I as a cI i’Ivt’ m’ f~e i’ flew It ’ Sc ’ a i’d’ Pt - W e have’ eteVe I oteed

tine ’ t’as t e ’s t  ro m’ i ’ e ’ ha t c i t ’  p em ’ e ’st ’ t e t  lv  j ut u s e ’ it t  m ac l i ce  a s t m ’ e n e c e t e e y ,  and f t t t t t m ’ e’ s t a t e ’ — o f —  the ’ — ar t

de’ve’ iop ncemn ts w i l l  t ’ouit i u t e t e ’  -
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XII. MICR OWAVE DEVICES EMP LOYING MAGN ETIC WA VES

Academic and Research St aff

Prof. Frederic R. Morgenthaler Dr. Aryeh Platzker
Prof. Robert L. Kyhi Dale A. Zeskind

Graduat e Students

Peter N. Horowitz Daniel D. Stancil
Leslie M. Itano Nickola s P. Vlannes

1. MAGNETIC-GRADIENT LOCALIZED MAGNETOSTATIC RESONANCES

Join t Services Electronics Program (Contract DAAGZ9-78 -C-002 0)
Na tional Science Foundation (Grant ENG76-18 359)

Peter N. Horowitz, Frederic R . Morgenthaler~ Robert L. Kyhi,
Dale A. Zeskind

We have previously di scussed the conditions necessary to cause magnetostatic waves
to be bound or confined by dc magnetic-field gradients both in rectangular slabs and
solid or hollow cylinders when the wave propagation is parallel to the surfaces and per-
pendicular to the dc direction. Although special field profiles were discovered that
allow analytic treatment of particular waves, a more complete treatment of the eigen-
value problem has been desired.

We have now solved and present ed in an invited paper , 1 at the 1978 Intermag Con-
fe rence held in Florence, Italy during May 1978 , the eigenvalue problem governing two-

dimensional magnetostatic mode propagation in thin ferrite disks when the dc magnetic
— field , H~ . is normal to the plane and varies radially as

H~
(r) = A + Br 2”,

where n is an integer and B may be a positive or negative constant.
Although the approach taken produces a nonlinear differential equation with coef-

ficients that may have singularities, an appropriate transformation of variables leads
to a better behaved function that can be expanded without difficulty in terms of simple
analytic functions. As expected , modes are found that are bound to or guided by the
rim. These are similar to the surface modes found when B = 0 , and are termed
gradient-modified boundary modes. In contrast, when B~ is large enough , modes are
formed with peak response occurring at some interior radius. These boundary-modified
gradient modes are highly localized (radially) at a “virtual surface ” of discontinuity
caused by the field gradient. It has been found for both types of mode that the velocity
of energy circulation around the track formed by the “virtual surface ” can be controlled

PR No. 121



— ‘_‘ —_‘,,‘--- __—., ----- 
~

-“e-”--- ~~~~~~~~ 
— — 

~~~~
‘ ‘.“

(XII. MICROWAVE DEVICES EMPLOYING MAGNETIC WAVES)

by the magnitude of ti-ne dc gradient. All of the B * 0 modes have nonzero volume di-
vergence of the small-dignal RI” magnetization. For the gradient-bound modes t h e
divergence is very large at or near the track.

The effects of metallic boundaries placed in proximity to the ferrimagnetic disks
have also been considered in tine calculations. With simple modification, ti it ’ theory

is also applicable to disks transfromed to annular rings by removal of their centers.
Experiments have been conducted on uniformly magnetized thin films of yttrium

iron gar net (HG) grown on substrates of gadolinium gallium garnet (G 3) b~ LPI’ tech-
niques. Several such films approximately 5 microns in thickness have been very kindly
supplied to us by Dr. h oward Glass of Rockwell International. They were grown under
their Contract F446Z0-75-C’-0045 with the Air Force Office of Scientific Research.
High-Q magnetic resonances have been observed in our preliminary experiment s on

- Zn . ,these films, and magnetic pole pieces designea to generate the A + Br field profiles
are under construction.

John J. Cooley 2 completed his study of bound mode~ in ti-nick single HG disks , and
on September 12, 1977 submitted a thesis entitled “Magnetostatic Modes Bound by dc
li-Field Gradient s ” in partial fu lfillment of the requirements for the degrees of Master
of Science and Electrical Eng ineer. A summary of his thesis follows:

The study of high-Q microwave modes bound to an intentionally nonuniform dc
magnetic field in a single crystal of yttrium iron garnet (YIG) was reported. The modes
of a YIG disk , magnetized perpendicularly to its plane , and with internal dc field pro-
files either concave or convex were excited locally by fine-wire antenna structures.
Modes with loaded Q’s on ti-n e order of l0~ varied linearly with the externally applied
bias field at a rate of 2. 8 MHz/Oe over the frequency range 2. 0 to 18. 0 GHz. The
internal field profiles resulted from placing the disk in either an initially uniform mag-
netic field (in which case the field was monotonic with the maximum at the disk edge) ,
or a nonuniform external field shaped by high-permeability magnetic pole pieces (to
approximate a parabolic internal field with the maximum at the center of the disk) .

The crystal used had dimensions of 1. 97 n-nm (radius) and 0. 33 mm (thickness),
was cut along the ( 110) plane , and had both plane faces polished to optical standards.
Excitation was achieved via two separate coupling structures: one in which the YIG
coupled two nominally uncoupled antennas. Experimental results for the uniform
external-field configuration showed that two types of modes exist. There are well-
coupled modes (10-20 dB insertion loss) which occur in a multiplet pattern (singlet,
doublet , tr ip let, etc.) and there are poorly coupled modes (30-40 dB insertion loss) which
do not follow this pattern. Experimental results for the shaped external-field configu-
ration do not show clearly defined multiplets.

Subject to the simplifying assumptions that  the variation of the dc and RF fields
in the direction perpendicular to the plane of the disk may be ignored, a formalism for
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finding the cigerimodes of a general circularly symmetric internal—field profile was

discussed and a computer algorithm implemented. ‘flne computer—generated cigenmodes

are 4)-directed and bound to circular tracks of constant radii. Families of cigenfre-
quencies which vary linearly with applied dc magnetic field at the rate of 2 . 8  MUz/Oe
exhibit multiple lle~ eneracies which suggests the possibility of multiplets. The widths
of the experimentally observed modes spectra (approximate ly 1 .5- 2 .0  GiIz) agree quali-
tat ively w ith computer-generated mode spectra.

References

1. F. U. l’tiorgenthaler, “ Bound Magnetostatic Waves Controlled by Field Gradients in
HG Single Crystals and Epitaxial Fi l m s , ” I EEE  Transactions on Magnetics,
Vol. 1~IAG-l4 , pp. 806-810 , Septembe r 1978.

2 . J. J. Cooley, ‘Magnetostatic Modes Bound by dc li-Field gradient s,” S. M. and
E. E. Thesis . Department of Electrical Engineering and Computer Science , M. I. T.,
September 1977.

2. MAGNETIC RESONANCE IN THIN FILMS CON TAINI NG
MAGNETIC BUBB l ES

National Science Foundation (Grant ENG7 &-18  359 )

Frederic R. Morgenthaler

The abstract of a paper 1 presented at the 24th Conference on Magnetism and Mag-
netic Materials, Cleveland, Ohio, November 14- 17 , 1978 follows:

We have recent ly discussed magnetostatic m odes in a normally magnet ized, thin-
— film disk that are bound to “virtual-surfaces ” created by ti -ne presence of a radial dc-

field gradient; the frequency and polarization of such-n modes was found to be a sensitive
function of the gradient. We now employ a similar method of analysis to stud)’ two-

dimensional resonance modes in a thin film containing a single magnetic bubble. When
the thickness of the bubble-don-main wall is ignored, and there is no applied gradient ,
the spectrum, as expected. contains single-bubble resonances coupled to disk reso-
nances. However, actual domain walls contain large anisotropy field gradient s due to
the often complex spin-reversal pattern. Such gradients will affect ti-nc mode polariza-
tion within the wall and the effective boundary conditions acting across the wall may be

significantly altered for those resonances coupled to exchange modes within the domain
wall. The related but simpler problem of RF exchange modes generated at a plane

“virtual-surface ” within a single-domain region is studied in detail.
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References

1. F. R. Morgenthaler . “Two-Dimensional Magnetostatic Resonances in a Thin-Film
Disk Containing a Magnetic Bubble,” presented at the 1978 Conference on Magnetism
and Magnetic Materials, Cleveland, Ohio, November 14- 17 , 1978.

3. OPTICA L DETECTION OF LOCALIZED MAGNE’lDSTATIC
RESONANCES

Joint Services Electronics Program (Contract DAAG29-78-C-0020)

Nickolas P. Vlannes. Frederic R. l~-lorgenthaler

The doctoral thesis of Nickolas P. Vlannes , now in the initial phase. will deal with
optical detection of localized magnetostatic resonances in thin LPE films of yttrium
iron garnet (YIG).

The experiments will make use of our existing Spectra Physics 125 laser tuned to

1. 15 ~ini and new optical detectors capable of responding to approximately Z-Gllz modu-
lation rates. A new optical table has been installed and the microwave portions of the

setup are currently being planned.

4. VARIABLE-SPEED MAGNETOSTATIC MODES IN UNIFORM

OR NONUNIFORM DC H I~’IELDS

Joint Services Electronics Program ( Contract DAAGZq - 78- C -0020)
National Science Foundation (Grant ENG76- 18359)

Peter N. Horowitz, Frederic U. ).lorgenthaler, Dale A. Zeskind

The S. M. thesis of Peter N. Horowitz 1 concerned the control of niagnetostatic
surface-wave group velocity on a sandwich structure composed of two ferrite rectangu-
lar slab crystals separated by an adjustable air gap. This geometry, suggested by
Tsutsumi, is a valuable one in which to study fundamental wave properties and material
constants. The thesis also contains preliminary result s of magnetic wave propagation
in thin films immersed in nonuniform magnetic fields. The abstract follows:

Magnetostatic modes of bulk rectangular slabs and thin films of single-crystal
yttrium iron garnet (YIG) are studied both theoretically and experimentally. Delay
times of up to 300 nsec (a group velocity as slow as 7. b X ~~~ c) are reported for
magnetostatic surface waves propagating along a structure composed of two 1-mum X

5-mm X 7-mm slabs of HG separated by an adjustable air gap (3 to 15 mils) between
two of the 5-mm )( 7-mm faces and magnetized normal to the 1-mm X 5-nim faces.
High-quality thin films (5 microns thick) of YIG are transversely magnetized and
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nonreciprocal niagnetostatic surface waves with delay times of up to 280 nsec are ob-
served with integrated-circuit nmicrostripline antennas spaced 0. 1 inch apart. The cut-
off de 11 fields of these modes are measured and found to be close to theoretical values.
Sur face modes for a transversely magnetized thin film are again shown to exist for only
certain angles~ 0 ~ cos

_ 1
[(w / (w +w )) 1/2

J between the plane of the film and the inter-
nal dc 11 field.

Two pole pieces were made to create a spatially nonuniform dc II field of the forum

A + Bx normal to the plane of the film. Gradients of from 110 to 145 Od ium were

tried but only w eak coup ling resulted. With only the bottom pole piece in place (an in-

plane component of the dc magnetization is expected) , strong coupling was observed
to nonreciprocal modes. Delay times of up to 320 nsec along 0. 1 inch of HG film are

observed.

References

1. P. N. Horowitz , “Variable Speed Magnetostatic Modes in Uniform or Nonuniform
dc H Fields ,” S. M. and F. F. Thesis , Department of Electrical Engineering and
Computer Science , M. I. 1’.. September 1978 .

C’ ~dAGNETOELASTIC YIG DELA Y LI NES

Joint Services Electronic s Program (Contract DAAG29-78-C-002 0)
National science Foundation (Grant ENG76- 18 359)

Aryeh Platzker, Leslie ~d. Itano, Frederic R. ~lorgenthaler

An overview of our recent work 1 on magnetic field synthesis procedures for inag-
netostatic and magnetoelastic devices was given in an invited paper at the 1978 Inter-
national Symposium on Circuits and Systems in New York , rdav , 1978. The abstract
follows:

Certain types of magnetostatic and/or magnetoelastic devices require nonuniform

de bias fields of sufficient strength to locally saturate the active ferrite element.
We imere review a synthesis proc edure for cylindrically symmetric geometr ies that

allows prespecification of ti-ne field on the symmetry axis or on a plane perpendicular
to it.

The method is then applied to the cases of both a thin—film disk magnetized normally
to its plane and microwave magnetoelastic delay line designed for linear-frequency dis-
persion over wide bandwidths.

Finally, we report construction details and test data on an actual packaged device

having greatly improved characteristics. Measured parameters for two-port operation
at S-band over a 1-GHz bandwidth include a linear dispersion factor 1) 0. 3 nsec/Milz
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and an u i - a ction b ~~~ s (untuned) f 2 7 — ~ ) dli.

Ri ft ’renc t 5

— 1. 1- . U. ~lor~ enthaler and A. I ‘latzker, “ .\ lau~nctic Field Synthesis I ‘rocedures for
ac Ot - t( s ta tic and \I au~ne toe I ast ic I )ev iees . “ I ‘roc t ’ed ings of the I i - ;  I: I- international

Symposium on (‘i rcuits and System s.  New York , ‘day 17- l’~ . l’~7 S. p. ‘~7 4 .

b . \I :~(iNET0STATIC 1-N i-:RGY 01’ STRIPE I )0\IAIN PATTERNS

Nat ional Sc it ’ nce F’oundation (Grant I-~N ;7b— 1835 9 )

,Jamcs 11. Spreen, Frederic U. Morgenthaler

Resu lts of tin d(’ctara I thesis research of James 1 ~~~~~~~ were presented at t h e
1977 Conference on ~Ia~ ul( ’tu sun and Magnetic Matcr ia ls in Minneapolis . and have been
published in the ,Journal of Applied l’hys ics (September 1 978).~

References

1. J. II. Sprt’cn , ‘ \Iauzn&’tic I)omain Wall Motion Studied Using Optical Diffraction,”
Ph. 1) . Thesis , Department ~f F1eetvie~i~ J - ngineei ’in g and Computer Science, M. I. ‘F. .
June 1 9 7 7 .

2. .1 . Ii. Spreen and 1”. H. Moru~enthaIer, “Magnetostatic Energy of Stripe Domain Pat—
terus , ’ presented at the 1977 Conference on Magnetism and Magnetic Materials .
\Iinnoapolis, I’diuincsota, November M~ 11 , 1977; published in .~~. A ppi. Plivs. 19.
15 9 0 — 1 5 9 1  (1978).
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-\cadenmie and U esearc ii Staff

Prof. Alan II. Barrett John V~ . Barrett
Prof. Philip C. \Iv t ’rs 1). (‘osnio Papa

(ftaduat. ’ Stuu1e,it~
[‘r u s e  u l la J. Ht’uuson Stephen 1 eibovie Bruce H. Rosen
.Johin J . I )a ly Peter \‘ . V~ r i g h t

I. MICROWAVE T II1- R ~I(X~ HA PI IY

National Institutes of I Icaithi (Grant 5 ROl (~~I2() 370)

Alan Ii. l3arrett , Philip C. \ lvers

We 1-nave continued to develop and evaluate mic rowac e radiometers for clinical de—
tection of breast cancer. In collaboration with l)r. N. 1.. Sadows k y of l~’aulkner Hosp ital
we have examined more than 70 W oluit ’u w it h breast cancer confirmed by biopsy and more

than ~ooo normal women, using a 3. 3 GlIz radiometer. \\ e also examined more than
25 women with breast cancer and more than 1000 normal women, using a 1. 3 Gilz
radiometer.  :\ simple quantitative cri ter ion of detection relies mainly on temperature
asymmetry between the right and left breasts. With this cri terion , observation at each

frequency gives detection of about 70~o of the cancers and a false a1arm~ rate of about
3O~o. Each of these rates is similar to the corresponding detection rate of infrared
thermography on t ime same set of patients. When the 3— GlIz and infrared data are
combined, ti-ne resulting cancer detection rate exceeds 90~’o. If microwave and infrared
examinations are used as a zero-risk first-pass screen, and if mamriiographv  is used

only as a follow-up of positive cases , then ti-ne resulting detection rate is about 90”o and
the false alarm rate can be about 1 5ro. These results are the same as those of a pro-
gram of mammography screening alone , but t he  number of women exposed to x- ravs
is reduced by more than half. Thus ti-ne combined use of safe methods such as micro-
wave and infrared examinations for breast cancer screening appears to be a distinct
possibility.

Our equipment development and testing work has continued. We have completed
and installed in l”aulkner Hospital b-GhIz tissue-matched antennas , a 6-GIlz low-noise
radiometer , and a microprocessor-based data handler. Data reduction is done in real
t ime and a hard copy of the microwave results becomes a part of the patient’ s records.
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Academic and Research Staff

Prof. Alan H. Barrett Prof. David H. Staelin Dr. Michael Shao
Prof. Bernard F. Burke Prof. Edward L. Wright John W. Barrett
Prof. James R. Melcher Dr. Alan Parrish John D. Kierstead
Prof. Philip C. Myers Dr. David H. Roberts D. Cosmo Papa

Dr. Philip W . Rosenkranz

Graduate Students

Ali D. All Rowley L. Cheng William H. Ledsham
Barry R. Allen John J. Daly Stephen Leibovic
Yaneer Bar-Yam Emillo E. Falco Terence H. Marshall
William T. Baumann J. Antonio Garcia-Baretto David F. McDonough
Charles L. Bennett John R. Gersh Bruce R. Rosen
Priscilla J. Benson Perry E. Greenfield Matthew H. Schneps
Timothy S. Bigelow Aubrey D. Haschick Diane C. Simmons
Richard L. Buxton Steven T. Kirsch Daniel D. Stancil
Alan L. Cassel Jeffrey H. Lang Paul Toldalagi

Charles R. Lawrence

1. LONG - BASELINE ASTROMETRIC INTERFEROMETER

National Science Foundation (Grant AST77-06052)

Michael Shao, David H. Staelin —

This year the one-inch interferometer facility was completed and transported to
the Mt. Wilson Observatory in California, where initial experiments were performed.
This system has a baseline of ‘2 meters and tracks Polaris. The purpose of the system
is to demonstrate the basic concept of two-color fringe tracking, which should eventu-
ally enable relative stellar positions to be measured with “1O~~ arc- sec accuracy. Such
accuracy is sufficient to detect any Jovian planets orbiting nearby stars. ’

These initial experiment s have been successful. Using one-half inch apertures
Polaris was tracked continuously with 2 arc-sec seeing, and intermittently with 3.5 arc-
sec seeing.

Future work will include two-color tracking experiments with a 10-meter baseline,
and use of siderostats so that stars other than Polaris can be observed. Such experi-
ments would be a prelude to establishment of a permanent four-inch observatory capable
of measuring positions of 10th_ magnitude stars.

References

1. M. Shao and D.H. Staelin, “Long-Baseline Optical Interferometer for Astrometry, ”J. Opt. Soc. Am. 67 , 81— 86 (1977).
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2. CONTROLLED THIN-FILM ANTENNA

Joint Services Electronic s Program (Contract DAAG29-78-C-0020)

David I-I. Stae lin, James B. Meicher

The use of a scanning electron beam for rapidly manipulating the charge distribu-
tion on a thin membrane is being studied as a method for precisely controll ing the shape
of very large (30- to 1000-rn) reflector antennas in space.

The work progres.~ed on three fronts in 1978. First, the theoretical effort has
focused on the issues of electrostatic instabilities and algorithms for control. Second,
to test these theories a 1-meter square membrane has been stretched on a frame between
plates , the potentials of which are controlled at nine points independently. To date the
basic modes have been observed, together with their stability and cross coupling . Also,
the 1, 1 mode has been biased to instability and then controlled. Third, an apparatus is
near ly constructed which will enable the front and back-side secondary-emission char-
acteristics of various metals and insulators to be studied as a function of beam energy
and surface contaminants.

References

I. J. Lang, J. Gersh, and D. H. Staelin, “Electrostatically Controlled Wire-Mesh
Antenna,” Electronics Letters 14 , 66 5—666 (1978).

3. SCANNING MICROWAVE SPECTROMETER EXPERIMENT

National Aeronautics and Space Administration (Contract NAS5-21980)

David H, Staelin, Philip W . Rosenkranz

The five-channel Scanning Microwave Spectrometer (SCAMS) yielded 10 months of
almost continuous data from the Nimbus-6 satellite, launched in June, ~975, 1

Analysis of Typhoon June (1975) has shown that passive microwave soundings can
yield wind information in two ways, by virtue of the enhanced surface emissivity due to
foam and rough seas, and by means of the observed horizontal temperature gradient s
which are re lated to winds by the thermal wind equation.2 These studies also demon-
strated that such soundings can yield reasonable water vapor and liquid water estimates
in these intense storms. 2

Kalman filtering was applied successfully to ti-ne problem of temperature profile
retrievals; the rms errors were reduced by as much as 50 percent, with moderate
improvements being more typical.3

Snow and ice observations have been analyzed at some length, and three manuscripts
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1 , 1) . I I. Staclin , p. \~, . Hostiikran: F’. I. l~arath , i-:. 1~ J~ ‘ ll imstomi , and 1. \‘~ . Vi at ei’~-~.
\ l ic rowavt ’ Sp t ct i ’~ sco plc Iimma ~ c ry of t i m e i - a r t !m , S~- iemi ~-e 1- 1 7 , ~~~~ 1 — ‘~ ~) ( 1 u ‘ 7)

2 , }~~, Vi . Rosenkranz . 1) . ii. Stae lmn . aiid N. - . G rods- - “ 1  pho~ m m  1 u~m~- ( 1  ~l 7 ‘~) V i t \ \  cL~a Scammimitig Mic i’o~t ave Spect rmmmct em’ , “ 1 . ( t ~ ‘p 11 \ s. H i-s. ~~~ 15” — 15 t’~’ ( 1  ‘1 781

3. W .  II, I edsham and I ~. ii . Stae lin, ‘ Aim l-~~temided kalnian— Uuc~ 1-i It er ~ ‘m $tt m o~spheric Temperature Profile Retr ieval with a I ‘a s s m v t ’  \1icro~ a ve  Soiiiidt i . ‘ 1 • :‘~pp i.
Meteorot. I O~ 3— 1 0 3  (1  ‘~ 7 8) ,

4 . TIH(~~ — N SAT FI.l  [T i-: \ [ ICROWAVI- Sot’Nlml-:H

U. S. I )cpartnmcnt of ( onuimerce — National Oceanic and :~t imiospiit ’ ri C -\ Lii i  i inst i~itmoii
(Grant 0 4 — S — M I ) ! — ! )

I)avid II. Staelin , Ph i l i p  W. Rosenkran:’

‘ru e f irst T iros—N Sate l l i t e  was launched October 1 3, 1 Li75 , amid time sccL ’miL i unit is

scheduled for launch in 1’) 7~~; these operational ~~ eat imer sat clii te s  each imi~- o m i’orat e foum’ —
channel passive umic rowav e spectrometers opei ’atimim~ in time “ 0— ~S GIL hand, Pime result —

mug mic rowave maps of atmospheric temperature pm’ ot iles complenmei t t hi t ’ nmaps b~ ti me
other spacecraft sensors. This research prog rim ti m focuses on deve loptiment ol’ aim miii—
proved understanding of t ime limits to performance ot these microwave sensors am id t ime
deve lopment of high—performance t’st iniat ion procedures app t’opriat e tot ’  handling time
effects of precipitation, clouds , and the surface , as well as t i i t ’ noulimm ea r, m oo — Gau ss mai m
and nonstationary character of the stat istics.

Initial analys is of time data has revealed that the inst ruimiem mt pertor ~m mat mct ’ is ex c t i l e :mt .
Software to analyze the scientific results is now beimmg prepared.

5. SC ANNING Mt I 1’ICIIANNI- l MICROWAV i ltA I)IOMI71’l H (5 \ IMR )
F:XPF:RIMF:N r

National Aeronautics and Space Admimi istm’at ion (Cont ract N :\S’~~ 2

I )avi ml h i. Stat ’ liii . Philip V i .  Rosenkranz

The two SMMII passive microwave instrimients wer e launched June 7 ‘. 1° 78 on the
Seasat satellite , and October 74 , 1978 ofl thit’ Nitmmbus— 7 satellite, lime Nmnmbus— 7 SM\IR

scans the earth over a 7$0— km swath with rt ’so liit iomms of 20 — 1 ~0 km . ti t ’peudmimg oti

frequency. The instrunments view the earth at a constant incidence angle of “0 de~ ret ’s , at

two orthogonal linear polarizations and five frequencies: t’. h, 10.7 , 18 , 2 1 , and Uhl.~.
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Paramt t t -rs that can he m~ma} ’pt ti for t u e  first time b th is instrument include sea

surface t e oip e rat m m m’e and roug lmnes s , and c ei’t aii m sii~ ‘w • i’a in. ice, and ii unuiditv pa ram—
eters. I’i~ - ef fort  t o deve lop unproved geophysical az ma lv sis techniques centers on tiit’
development of mnipr ~ed pimv s m cal models for ti me phenomena and improved estimation
ecimniques t hat appropriately reflect time nonlinea r and nonstationarv cha racter of tiit’

~‘m’~ t ’leo’~.
(m e of time critical issues iii ti me data interpretation process arises from the

f requencv—depeimtit ’ imt angular m’ vsolution of the sensors. An approach to this problem
has been developed and described. This procedure takes proper account, in a least—
squares sense , of the three—dimensional statistical behavior of time physical phenomenon
and of the t’requencv—dependent character of the sensor.

Ref ei ’eim ces

I. P. Vi . Rosertkranz , ‘hn- t--rsion of l)ata fi’om I)iiiraction—Linmited \lult iwavelemmgth
Remote Sensors.  I. linear (‘ase . Radio Sci. 13 . 10 03— 1010 (1 ‘~7S),

b. METEOROI OGICAL REMO l’l-: SI-:NSING NF:AR 2-mm WAVE1 .LNGTII

National Aeronautics and Space Administration 1 Contract NASc- 2 3m~77 1

David U. Staelin, Phiiip \ V .  Bosenkr’amiz

The 118 — Gl lz m’adiometem’ syste m was operated aboard the C\’ — °~ 0 aii’craft for the
Summer Microwave Hurric anti I ‘m’o~z ram SM lIP) during the summer and fall of 1~ 78 .
Bri ghtness tenmpe rature s we re measured looking downward at d c  am’ atmosphe rt’ ammd
rain cc Us and also upward at rain cells.

The clear aim’ data were  inverted using a linear stat ist ical  method of mtittidirnen—
sional r’e~ ressior m . ‘rime inferred temperature profile w as compared with the profile
nmeasu rm ’d by a dropsonde released from the airc raft. A greement between the two

profiles was within the expected error in the retrieval procedure . I K. This is the
first tenm pcm ’atu re profi Ic retrieval to be obtained using the 118 —Gllz oxygt ’ m m line .

7. MICROW :\\’ F SPECTROSCOPY OF’ TiLE INTERST1-:LLA R MEDIUM

National Science Foundation (Grant AST7 7— 129 t~0)

Alan II. Barrett, Philip C. Myers

During the past year our studies of atomic and imiolecular interstella~’ gas c louds
have continued, with observations of microwave transitions of 1(1. CO. CS, NH3, 112C0,
and IIC 5N, toward Bok globules, dark clouds, molecular clouds associated with H LI
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regions, and globular clusters. We have used radio telescopes of the National Radio
Astronomy Observatory in Green Bank, West Virginia, and at Kitt Peak , Arizona; Na-
tional Astronomy and lonospimere Center in Arecibo, Puerto Rico; Millimeter Wave
Observatory. l”ort Davis, Texas; and of M. I. T. h aystack Observatory.

Observations have been made of HC 5N, Nil3, and CO emission from a number of
small dense clouds in Taurus which form a streamer. The Nil3 emission was found

to exhibit a wide range of intensity variation from cloud to cloud, by a factor of — 10 .
The velocity width is very small, typically 0.5 km ~~~~ The HC 5N emission was de-
tec ted only in one cloud, TMC-2 , where the width is extremely narrow , —0 .2 km s~

”t.
The CO observations indicate that the dense clouds have temperature 10-15 K. In TMC-2 ,
the small size ( 0 , 1 pc) and linewidth of the HC 5N region suggest that this dense clump

may be a nearly stable prestellar condensation.

8. RADIO ASTRONOMY STUDIES OF INTERSTELLAR MASERS,

THE INTERGALACTIC MEDIIJ M, AND EXTRAGALACTIC

SOURCES

National Science Foundation (Grant AST77- 26896)

Bernard F. Burke, Robert C. Walker , Aubrey D. Haschick , Thomas S. Giuffrida ,

J. Antonio Garcia- Barreto

The principal aims of this research have centered on the properties of the inter-
stellar medium. In our own galaxy, the emphasis was on the properties of interstellar
masers, which are closely related to stars in their earliest stages of formation. The
extragalactic studies concentrated on the properties of the interstellar gas in Seyfert
galaxies and in the intracluster medium in clusters of galaxies.

The maser work emphasized the use of VLBI methods to.map the maser complexes ,
which consist of clusters of individual spot sources , each at its own velocity. As part
of his ph. D. thesis, Robert C. Walker showed that the apparent size of a given spot
is a strongly varying function of the observing frequency within the line. Near the line
center, the apparent size is smaller than in the wings of the line, and no model is in
full agreement with the data. A saturated maser model is closer to time data, however,
than an unsaturated model. A study of the OH maser in W3O II, the observations having
been taken two years previously in a 7-station VLBI experiment , finally neared comple-
tion. Aubrey D. Haschick , working with M. Reid of the NRAO, produced a detailed
map of the region that strongly suggests multip le Zeeman pairs. Some work remains
to be done on the enormous quantity of data that had to be reduced, but the principal task
is now complete.

A discovery was made in the W3OH water maser of a strongly time-varying line
that was followed through its entire development , and three VLBI experiments were
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perfornmed to c larify th e’ results. i’ime’ II., I complex is in ti me form of a we ll—defined arc .
plus a few o u t  Iv t u g  sources. One’ of t ime ’  sOUi’ (’ e’S in th e ’ are’ came up from a low m nt emmsi t v

ive ’r a omit ’ — week period, anti then dec lined over the following month. Th e’ light curve

a p p ea l s  to be fitted accurately b a simple pheumomenological t h e o ry . but the implication
is that a Large anmount of pump energy . l O~~ ergs or more , had to he’ released within
om me or two clays. Star—formation Ir~~ce .sse ’s m m m a ~ we ll invo lve’  ~ t mch i i lmme ’x hte ’ c t ed  irregular-
ities . but the’ current state of cosu i mogo nme ’ models lacks pre’d ict ive ’  i~~wer fur such ir-
regular phme’nome’na . which may be caused by inagmme’t ic—field merging.

Time studs’ of tiie’ intracluster mcdiunm resulted in sti’inge’nt upper limits to the quan—
m t v  of neutra l h i v t h m ’ op en inside cluste rs of ga laxie’s. A total of 15 nearby c lusters we ’ re

studied hv looking for hydrogen ahsorpti in I m e ’s against background radio Sources. ‘l’lic
ihm s e ’ i ’ v e t l  upper Ii mmii ts oim ti me demi~ it art’ 5t’ve’ I ’a I orele m’s ci f magnitude below the density

needed to Inum(l th e’ c luste rs or c lose ’  tii(’ unive rse.

Work mv it l i  t h e’ V e ’rv I are e :\ r rav  (V I A) of time NltAO in Soc.’orro , New Mexico has
hme ’guii m . and se v e  t’a I prcig ra imis have been carried out th at were desigimed, in part , to help
with (1ev chop iii cut at time e’quipnient. - lhe’ X — i’:ly still i c e ’ as sac iate ’d wit lm time galaxy
XI (‘ 21 10 was  j che ’ntj l’ieeh qim it ’ k lv , ammd ti me co incidence’ of time ’ rad io Source’ with th e’ nucleus
of ti m e ’ ga Iax~- was  estabi i~ h te ’d. ‘l ’ h ie ’ soiil’ e ’e ’ has a arc— second size and a normal radio
sj ’e ’ c ’l r i i t t i .

l’hie ’ e x t e m m ~ i vi u t o g  m’a mm iii imvdr iige’n absorption hit mes ill ga laxie ’s \V R5 (‘atmiplete ’d be’
:\ iml ire~ I). I laschic’ k in It is Phi. I). the’sj~ . Se’ve ’ra I exa ump le ’s of absorptiotm lines in quasar/
ga la xv paim’s were stud it ’d , a 1)5(1 rpt l iii Ii ties i mm Se vf e’ rt ga lax it’s w e’rc di se ’avem’ e d , and an
immi usi ma I e’xa imm p he ’ of an a hsom’pt iou line in tIm e’ radio satire e 2(’ 178 w a s  also disco\- e’t ’ e’tl .
Ahsom ’pt iomm line’s in Sev fem ’t ga lax i c’s appear to In’ a im moderatel y common phie’nonmenon.

‘(‘lit’ nmic i ow a v t  ape ’m ’ture — syumt h ies i s intert ’t ’ romiie ’te r w a s  eenimpIete’d during the report
V e ’a r. l’he “di ‘ha i uig o~n’ t’ations a r ’  pi’ocee ’d I uig . and usefti I (ibservat ii iris will be ex—
pectc( I after appt’oxi nate ’ lv t i t l e ’ ~- e’ar of engineering studies. At time same tinme . we are
deve loping a cooled 7— mm mixer that simould be useful for interferometric observations,
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2. REMOTE SENSING WITH ELECTROMAGNETIC WAVES

National Science Foundation (Grant ENG76-0 1654)

Jin Au Kong

Active sensing with dipole antennas has been studied1”6 for both monochromatic
and pulse excitations. Extensive work has been accomplished on theoretical modelling
and data interpretation for passive microwave remote sensing with radiometers.7”22

. . . ‘ . 23 — 26Active remote sensing with radars has also been investigated.
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3. A(’TIVE AND PASSIVE MICROWA\’ l-: RI- \lO’I’E SENSING

National Aeronautics and Space Administration (Contract NAS5—2’ l l 39)

,hin Au Kong

In active microwave r(’mu ( itt ’ sensing radiative’ transfer t imeom ’v — Imas been app lied
and derived fromm i time ~va ve theory. Enex’g\- co imsem ’vat io mm and asymptotic ’ so lution for
the reflectivity of a ve ry rough surface are being studied. In passive renmote se ’ m m s —

ing theoretical modeling, (‘x perinmetmtation , and data matching have liee ’tm extensively
investigated and conc lusive results arc being documucntcd. 5 ~
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Radiative transfer theory has been applied to the active remote sensing of half-space
random media. 1 The validity of the radiative transfer theory was justified by a rigorous
wave theoretical approach.2 Energy conservation and asymptotic. solutions for remote
sensing of rough surfaces are being considered. ~~‘ ‘~ Passive microwave remote sensing
of snow fields has been extensively investigated.5”’10
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Microwave Remote Sensing of Snow on an Aluminum Plate,” International Sympo-
sium on Antennas and Propagation, Japan, August 1978.

10. 5. A. Kong, L. Tsang, B. Djermakoye, H. Shin, and J. C, Shiue, “Passive Micro-
wave Remote Sensing of Snowpacks,” TJRSI Meeting, Boulder, CO. November 6-9 ,
1978.

5. ACOUSTIC-WAVE PROPAGATION STUDIES

Schlumberger Doll Research Center

Jin Au Kong, Leung Tsang

Transient solutions due to a line source in a slab medium have been obtained with
a modified modal theory applying the technique of double deformation. ’ 2 Asymptotic 

-

‘

solutions for the first compressional head wave arrival in a fluid-filled borehole are
also being investigated.3

References

1. L. Tsang and 5. A, Kong, “Transient Fields Due to a Line Source in a Slab Medium,”
International Symposium on Antennas and Propagation, Japan, August 1978.

2. L. Tsang and J. A. Kong, “Modified Modal Theory for Transient Response in Layered
Media,” J. Math. Phys. , to be published.

3. L. Tsang and J. A. Kong, “Asymptotic Methods for the First Compressional Head
Wave Arrival in a Fluid-Filled Borehole,” S. Acoust. Soc. Am. , to be published.

PR No. 121 70

~ 

:. -: ..



~~~~~~
.—-- =~~ ~~~

,—

XVI. ELECTRONIC PROPERTIES OF CHARGED CENTERS
IN Si02-LIKE GLASSES

Academic Research Staff

Prof. Marc A. Kastner

Graduate Students

Caroline M. Gee
Joseph W . Orenstein

Joint Services Electronics Program (Contract DAAGZ9-78.. C..oOzO)

Marc A. Kastner

We have demonstrated that vacuum-ultraviolet excitation of pure silicon dioxide
causes luminescence, We believe that the luminescence centers are intrinsic defects,
Excitation and luminescence spectra have been measured for suprasil (containing about
IO~ ppm OH) and suprasil W (much lower OH concentration), Since the spectra and
quantum efficiency are the same, OH is not important in the luminescence process. The
luminescenc e has a large Stokes shift: the excitation band is approximately 0.8 eV wide ,
centered at 7, 6 eV; the luminescence is approximately 1. 5 eV wide, centered at about
4 eV. A 7. 6-eV optical absorption band is known to be enhanced by neutron damage,
strongly suggesting that it arises from an intrinsic defect. Neutron irradiation of sam-
ples to enhance the luminescence is now under way.

PR No. 121 71

________ I ~~~~~~~~~~~~~~~ ~~~~~~~~~~ - .. ~~~~~~~~~~~~~~~~

~

‘

~

‘__________



~~~
—— - 

~~~~~~~~
‘ ‘— ,. 

~
- -.‘,‘.-—.-- .‘— .—.— —.,- .—,,

~
—-.‘— 

~~~~~~~~~~ 

-.——.—

~

.—‘-

~ 

— —. — —.-- .‘ — —--.—---‘----- -— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~“. —-.~~~~~~

F’ ‘I~~~~~. ~~ - — -~~ ~~~~~~~~~~~~~~ ~~~~~
“ i1~~~ ~~~~~~~~~

P L A S M A  D Y N A M I C S

L

S.. 1ILI~~ L~.



—. - ~—.~~-~~“~~‘-- ‘ ~~~~~~~~~~~~~~~~ -‘~—~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 7-~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ - - -

I

XVII. PLASMA DYNAMICS

Academic and Research Staff

Prof. George Bekefi Dr. Robert H. Berman Dr. Vithalbhia L. Patel
Prof. Abraham Bers Dr. Giuseppe Berthi Dr. Francesco Pegoraro
Prof. Bruno Coppi Dr. Kuo-in Chen Dr. Abhay K. Ramt
Prof. Thomas H. Dupree Dr. Ronald C. Englade Dr. Jesus Ramos
Prof. Jeffrey P. Freidberg Dr. Nathaniel J. Fisch Dr. Allan H. Reiman t
Prof. Lawrence M. Lidsky Dr. Robert G. Hohlfeld Dr. Giorgio Rostagni
Prof. James E. McCune Dr. John H. Hopps, Jr. Dr. Abhij it Sen
Prof. Peter A. Politzer Dr. Kwok C. Ho Dr. Nazih N. Sharky
Prof. Mikios Porkolab Dr. Vladimir B. Krapc hev Dr. David J. Tetreault
Prof. Louis S. Scaturro Dr. John L. KuIp. Jr. Bruce E. Edwards
Prof. Dieter Sigmar Dr. Stanley C. Luckhardt Edward W . Fitzgerald
Prof. Louis D. Smullin Dr. James W-K . Mark Manuel T. Gonzalez
Dr. Bamandas Basu Dr. Stefano Migliuolo John J. McCarthy
Dr. Thomas 1\I . Antonsen, Jr. Dr. Thomas M. O’Neil* Maria Elena Villalon

Graduate Students

John G. Aspinall James S. Herring Gillis R. Otten
Ahmad A. Awwad Ady E-Iershcovitch Arnold Pachtman
Mehran Baghaii Anaraki David Hinshelwood Alan Palevsky
Hossein Baghei Kyriakos Hizanidis Steven S. Piet
Bruce M. Boghosian Joseph E. Hutchinson Robert E. Potok
Teymour Boutros-Ghali David C. Ingram John E. Rice
Panayotis E. Cavoulacos Kenneth D. Jacobs Burton Richards
King-Wo Chiu Alan C. Janos Peter B. Roemer
David E. Coate Mark D. Johnston Kenneth Rubenstein
Kurt D. Cogswell Joseph L. Jones Joseph P. Rymer
Geoffrey B. Crew Peter T. Kenyon Michael Sansone
Robert W . Davis Steven E. Kissel Richard E. Sclove
Patrick H. Diamond Robert E. Klinkowstein Steven D. Scott
David S. Dvore Stephen F. Knowlton Stanley R. Shanfield
Antonio Ferreira Glen D. Krc Ruth E. Shefer
James Filreis Michael Kuperstein Earl L. Simmons
Alan 5. Fisher Brian L. LaBombard Robert L. Smith
Jay L. Fisher Barton Lane Michael D. Stiefel
Alan R. Forbes Calvin W . Lowe David S. Stone
Keith C. Garel William P. Marable Linda E. Sugiyama
Geoffrey M. Garner Michael E. Mauel George 1\I. Svolos
Paul J. Gierszewski Mark L. McKinstry Miloslav S. Tekula
Robert W. Green Thomas J. McManamy Kim S. Theilhaber
Kirk E. Hackett Yo Misaki Clarence E. Thomas
Farhad Hakimi Jean-Marie Noterdaeme Takasi Uchikawa
Robert J. Hansman, Jr. Nell S. Novich John V. Vallerga
Daniel E. Hastings John J. O’Rourke S. P. Violette
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1 Now at Laboratory of Plasma Studies, Cornell University, Ithaca, New York.
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A. Basic Plasma Research

1. NONLINEA R W A V E  INTERACTIONS

National Science Foundation (Grants ENG77-00340)

Abrahanm Hers, Kwok C. No. Vlad imir  B. Krapchev , Kim S. Theilhaber.
Hossein Baghei, Abhay 1<. Ram , Thomas M. O’Neil

This research group concerns itself with theoretical studies of large-amplitude
waves in a plasma. Thus it impacts on problems of wave propagation, plasma heating.
and turbulence in plasmas. The following is a brief summary of accomnplislmments:

(a) We have comp leted our study of the nonlinear evolution in space-time of three

interacting wavepac kets , including the effects of dephiasing due to inhonmogeneitv in the
medium. This problem appears in many branches of physics and engineering, and not
just in plasma ph ysics. Two comprehensive papers on this work are now completed and
scheduled to appear in Reviews of Modern Physics timis spring. 1, 2

(b) We have initiated a new kinetic (Vlasov) description of ponderomotive effects in
a plasma, and were able to solve some simple problems to all orders in time electric
field. These results are particularly applicable to intense laser-plasma interactions,
and they predict a new mechanism for the generation of magnetic fields in such inter-

3-6actions.
(c) We have achieved a detailed understanding of self-modulation for electrostatic

waves in a plasma , including the effects of plasma inimomogeneity. These results are
of importance to wave propagation and RF heating of plasmas.7

(d) We have completed our study of the linear evolution of the three-wave interaction
in a finite-width pump, including the effects of three-dimensional geometry and inhomo-
geneity.8 In addition, we have completed the study of the nonlinear evolution of the c on-
vective quasi-mode parametric interaction in two and three dimensions.9 Thmis , like the
three-wave problem, is also a universal nonlinear wave-interaction problem. Unlike
the three-wave problem which is a second-order wave-wave interaction, the quasi-mode
interaction is a third-order interaction (like self-modulation) describing the nonlinear
coupling of waves through scattering off of particles.

In the past two years, three Ph.D. theses were comp leted (A. H. Rein-ian . S. L. Nuip.
and C. C. F. Karney; the last two shared support from DOE). Two postdoctoral research
assoc iates (Drs. A. Sen and G. L. Johnston) comp leted their two-year stay. One foreign
postdoctoral research associate (Dr. G. Leclert , University of Nancy. France) spent
one year with us, and another one (Dr. M. i. Villalon, University of Madrid, Spain) is
currently wmth us; both are supported primarily by their governments. This year ,
Professor T. M. O’Neil of the University of (‘alifornia at San Diego, is spending imis
sabbatical within our group.

PR No, 121 76 

~~~~~ -- - -——rn ~ -- - 
_



- - - -‘r’~~.. - - ~~~~~~~~~~~~~~~~ .~~~ —-- - -~~‘- -, 
~~~~~~~~~ ~~ 

.
- -. - ~~~~~~~ _______

~~

- -

(XVII. PL.ASMA D’~N.-~MICS)
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2 . RENORMALIZATION METHODS IN PLASMA TURBULENCE
THEORY

National Science Foundation (Grant ENG77-00340) ¶

Thomas H. Dupree

Plasma fluctuations witim velocities of the order of or less ti-ian the thermal velocity
are being studied. In time stationary case these fluctuations are known as B. G. N. modes.
In the turbulent case , tlmey have been referred to as clumps. A clump is an excess or
deficiency in the local phase density as compared with ti-ic local average density. We
can picture the deficiency case as a hole and it has the interesting property of being
gravitationally bound. These structures persist on a long time scale in the plasma and

have important effects on a variety of plasma phenomena. The earlier tlmeory of these
fluctuations is being improved and a more rigorous theory developed. In particular. ti-ic
new theory conserves both the electric energy of the fluctuations and time kinetic energy
of the particles.
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3. INT1:NS1-: RELATIVISTIC ELECTRON BEAMS

National Science Foundation (Grant ENG77-00 340)

U.S. lIepartnierit of Energy (Contract EY-76-S-02 -27 i ’t )

U.S. Air Force - Office of Scientific Research (Grant A FOS R-77-3 143)

Geor~ e Hekefi

Three areas of research are now being studied, making use of our pulsed hig im-

vo1ta~ e facilities, Nureus (voltage 500 kV , current 71) kA. pulse duration 30 imsec) and

Pulserad 1 IOA (vo ltage 1. 5 MV , current  20 kA, pulse duration 30 nsec).

Magnetron Desi~~
e are continuing wit im our studies of time relativistic electron—beam magnetron.

These studies inc lude optimization of magnetron design, studies of its frequency spec-

t r a , and scaling with voltage and magnetic field. The experimental program goes hand-
in-hand with a particle-in-~ e1l computer code developed by us in collaboration with Dr.

Adam Drobot at time Naval Research Laboratory.

Free Electron Laser

Experimental and theoretical works are in progress on a novel free-electron laser.

In this device the low-frequency pump wave is a spatially periodic , quasi-static electric

field obtained by ripp ling the wall of the drift tube containing the relativistic electron

beam.

R eflex_Diode

We are studying the dynamics of the electrons in the ref lex diode. This diode is

comprised of a pinch catimode and a thin-foil anode. Time system is immersed in a strong

axial magnetic field of 10-20 kG.
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B. Plasma Research Related to Fusion

H 1. PHYSICS OF HIGH-TEMPERATURE I’LASMAS

U.S. l)epartnment of Energy (Contracts E T- 7 8 - C - 0 l -3O I~and ET- 78-S -02 .46 8 1)

Bruno Coppi

An understanding of the physics of high-temperature plasmas is of primary impor-
tance in the solution of time problem of controlled thermonuclear fusion. One of our goals
is the magnetic confinement and heating of plasmas with densities it the interval iü I 4  

to
- - 

l O~~ particles/cm 3 and thermal energies in the few kiloelectronvolt range . The macro-
scopic transport properties (e . g. . particle diffusion and thermal conductivity) of plas-
mas in these reiz inmes are weakly affected by two-body collisions between particles. The
re levant transport coefficients, in fact. are influenced significantly by the type of col-

- - lective m odes that can be excited , such as density and temperature fluctuations caused
by microinstabilities.

Relevant theoretical and experimental contributions have been presented at national
and international conferences or published in professional journals. The primary
focus has been on the experimental effort involving the Alcator A and C devices. Our
purpose has been to realize plasmas that can sustain very high current densities with-
out becoming macroscop ically unstable, in order to achieve the highest possible rate of
res istive heating of the plasma.

A lcator ’s unique propert ies, high current and particle d’~nsit ies and relatively low
impur ity concentration, have made it one of the most successful confinement experi-
ments in terms of achieving the highest known values of the confinement parameter
“nt ” and of realizing a sequence of plasma reginmes of basic physical interest. In par -
ticu lar, during 1978 a series of experiments carried out with record low values of the
so-c alled “safety factor ” has led to regimes with relatively hiizii plasma c u r r e n t s

and modest magnetic fields where the confinement time is improved iim comparison
to that obtained at time higher values of the “safety factor ” that characterize the
conventional operation of most toroidal confinement devices.

Experiments on the injection of microwaves at the lower hybrid frequency, which
for the system adopted on Alcato r A is 2 . 4 5  GHz, have been undertaken systematically
at power levels of approximately 100 kW. One of the most striking observable effects
has been the enhancement of the rate of fusion-neutron emission in deuteriunm plasnmas ,
by approximately a factor of 30 when compared to the case where there is no itmjee t ion
of microwave power. Therefore it has been possible to verify the dependenc e of
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nmic rowave penetration and en, r~~y deposition on diffe rent mac roscoju ~ paramete rs, sim c lm

as the tmm 0 ne tic Ne ld, the parti(’ I~ density and the p1 a simm a cii r ~~ nt.

Time A Icator ( device was formal lv dedicated in A pril I ‘178 , and is now ope m a t  i ime

wit im wel l —confined pl : is imm as at-id pl asni a currents of approxinm ate ly 300 k -\ - W e eec a l l

t imat the r efe t e r mc e  dt ’~ ii~t m value f ti m e total p1 astm ma c u -  t e n t is I t im e Uanmpere and that in,

of the object ives of ~\ ~ ator C is to achieve va lues  of t ime co imfi t ie tim e nt I’~ 
ranie ter ii r

l 4  3around 10 sec/ m m
A major progranm on nmicrowave hieatin~ of Alc ato r ( ‘ was undertaken with the goal

of realizing a system for i imje cti ot m of up t o .4 timem. ~awat t s  at a frequency of ~i . (‘ G liz. This

is in the rani.~e of the lower hybrid frequency for the values of the plasma density that - 
-.

are expected to be real ized . A parallel program of heating at the ion cyclotron fee —

quctmc y has also been undertaken . The ob(ectives of these efforts are to be able to raise

the nmaxinmunm tenmperature of plasmas with  peak densit ies of approxi tmmatel y h 0 ~ par-

tic le/cnm above 2 keV and to stud y their basic confinement properties in conditions
where t im ,’ ,- f f t c t i ve ness  of ohnmic heating begins to dei~ t’ade . ‘lime expe rimental program

is mnte rated with a theoretical effort for the nunmeric al sitmiulation of the plasma regimes

that  we hope to obtain.
A ser ies of expe rinm em mts carried out on time V1’ dev ice at I m a s c a t i  and on the I ‘L T

mac imit m i’ at Princeton have confirmed and extended the results that had been obtained on
time Alcator A device since l’-~74 concerning the nature of the diffusion coefficient for
the electron thernial —en e rgy  loss. ‘l’his was , in fact ,  one of the bases for the transport
model arid codes that have been developed as a part of our program , and that have been

used both to predict the performance of Alcatot ’  C and to formulate a research program

on a-part icle heating by the realization of a ser ies of compact dev ices. These are get-i-

erally called Ignitors ot~ A i phators , and represent the natural evolution of the A lcator
program into a generation of high particle (lensity . relatively small—dinmension fusion
reactors. A design study of an Alcator I) device along the san e line is being undertaken.

The Hector experiment, which was originally developed to study the confinement - 

-

properties of toroiclal plasmas w ith elongated cross sections, was moved to new and

more appropriate quarters. Regular plasma operation has restarted with a series of

new diagnostic systems.  Henmarkable results . in terms of improved equilibrium at-id
stability conditions, have been obtained by converting the basic axisymmetric magnetic

configuration of Rector into a St~’1 In ro t o r — like configu ration with imelica I symmetry. A

novel distribution of co i ls  h a s  been adopted for this and , given its favorable construction

c haracteristics, we expect that a ~~ t i , ’ s  of hii.~lmer performaimce experiments will evolve

front this.
As is traditional with m , i t ~ mi t t ,  - - ‘ 1  tp~’ i’at ion , we have maintained a system of close

coil aborations wit l national and tv t . rse as institutions for both out’ theoretical and expe ri —

imt ’ ,it :il ‘t’o~~raflis.
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I. S. l)epartnmetl t t ’ t  l-~mit ’ri~ 
( ( , ‘ml t t a c t  I-~l —  ,‘ S _ S _ i m .’ _ 4~ i~2)

.1 attics l- . \lc(’ title . I m ute I F. I tastings , eorge M. Svolo~

a. l)t ’ i ft  \ lothes Iii l’ ’t ’ i

i. t ’~ ‘t .gt ’  ‘il . S~-~’It’s , ,IUImlt ’ s F \ lc( ‘tit le

Our study is foeimst ’d ot t  the a mi a lvs is  ,ii dr i f t  niothi’s and other i c  tated low — trequency
immo&les imi low—c e ll ismoima lit ~

- , ‘ h’ a mlamia ‘ reg it ime . lorgt tor ’idal s~- stems.
In our apprea cli ii e wil l  t h U  ke use of aim tile rt ma 1 drift l~t net mc equation iv ithi appro—

j t r iate chloit ’t ’s for t ime relevant piivsieu 1 It ar at mm eter s of t h i t ’ prohlt’ni, limsotur as a st i’aigim t

cv litider , even with a h el ical field, is imot ti me true natural limit of a toroidal magimetie

field c mtmmfigur at toil, toroidal ef fec ts  art ’ inc ludeth trom t i t i ’ outset.
‘l~hit ’ sv st c m m ma t ic study ‘f the c rm’s s — ft mix emg emi~-u b e  prob lenm. the cffec 1 s t m~f s hit ’a i’ on

time stah i Ii t v  of the t- im , ’dt ’~~. the me loca hi ;at ust and the toroidal effects at’ t ’ time central parts
of tim is research. In addi t men. epm ’c ma I ot t  em m t men is g lv i i i  to notilittea t’ turbulent elect roil

behavior. 1mm part mcii tar , ii’ exaimlilmi’ the ef fects that non Utic a r stech mast ic  c t . t t s s — f l lix
electron ditt ust imu close to immode rationa l stt r locm ’s imma v have ott the stabil i ty properties
and ultimate fate of these niodes.

b. I )uift Modes iii ‘I’andem Mi m’t~o m Svs t , ’ mim s

I )atiit’ I i:. I 1ast i imi~s , .1 mmmi ’s F. Met  ‘t it le

The central cel l  plasnma ~fl the tandeimi imiit’ror i expected to hi’ h igh — beta. I hastings

(1”Y ‘ 70) developed a ge m me ra I fornmalisnl to tht ’se rtbe 5111011 fluctuations in thmt ’ bight—beta

plas im ma inc luding finite ion I it rinor ra t h u s  e f f ec t s  amid hiii s 51 mmci ’ then set up the c orm’ t’ —

sponding radia l eigenmnode problem. l’ hm is hi~ s been m-itt l v es .h ~~ ~ \V l’ U sense t v im ig (itm
tIme no— shear c isc) tiit’ so — ca l It ’d ‘local ’ approxi iitzitii,n. W oi’k in tlii s area is mi , tw di—
rected to writing computer programmis to nuimlerically locate amuh t rack the various lou —

frequency (lI’ift waves as beta is increased.
A cOtilpletC s t uds ’ of low — frequenc y drift way l’s (universal t l r t t t  mode, teiimpt ’i’ature—

grad ient drift modt’ . etc . 4 will lit’ made itu’ oil able with the important bight — beta physics
Included.

PR No. I.’ I  81

LA 
_ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _- a*,t~

-, •
~~~~~t ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-.- —~~~---- -----—-~ —.-‘-- -- —.—- 4..—.--.-- - - .  —p ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_  
~~~~~~~~~~~~~~~~~~~~~~ -

_---~~
, .- -~~~~~~~~ 

~~~~~~~

-- _

~~~~~~~~~~~~~~~~~

-- - -- - -—

~~~~~~~~~

(XVII. PIASM.A DYNAMICS)

3. RF’ IIEATING ANt) NONI.INEAR \\ A \’ES iN TOROIDAL PLASMA S

U. S. I )epa rtnment of Energy (Contract E T - 7 8 - S — 0 2 — ’1t t82)

Abraham Hers , Kwok C. Ku, Vladimir 13. Krapchev ,

John I . .  Ku lp, Jr. , Kim S. Theilimaber , Maria Elena

V illaloim, Thomas M. O N  cii

The general obiect ive of this research is to explore the use of externally applied

electromagnetic power (generica lly, “Hi” power ”) for time supplementary heating and
confining of toroidal plasnias. Particular studies are being cai’ried out to determine

the heating of tokamak plasmas with microwave power in the lower hmy hmm ’ id range of fre—
quencies , w ith t h e  results applied to current experiments on Alcator A and Doublet LI—A ,
as well as to exper iments in t h e  near future on Versator Ii amid :~lcator C.

Our studies have continued to focus on problems relevant to lower hybrid heating
of to kamak plasnmas ill general, and to understanding time receimt results of lower hybrid

heating on A lcator :~ in particular. The two most prominent results from Alcator A
are time observed nonlinear effects in the coupling of t ie  HF’ power and time strong ion

heat ing observed in a narrow range of plasma densities.
‘A e have recently ~iointed out that at till’ plasnma edge ponderomotive effects parallel

to B0. coupled ii itim the nonlinear bunching of time electrons there, can explain time experi—
menta lly observed imonlinear effects in time external coupling of lower hybrid energy to
the plasma , as seen , for example , irm Petula , Jl”T II, aimd Alcator A. I ‘Flic potidero—
motive force in the direction of ~~ produces plasma density modifications in that three—
tion that are independent of time phasing of timi’ uvaveguides. In addition. time applied elec-
tric fields at time edge are such that time electron bunching is nonlinear; titus one finds

timat (~ 11/w) = (k
11 ~~~~~ 

= (v
~1i/v~i1) 1/2 

~~~ Timis , together with time pondt’ronmotive
rippling of the plastmma surface , leads to a shift of the applied k

11 —spectrum to larger k
11

by a factor of 2-3 , winch is consistent with observations of imeating and (‘O.~ laser scat-
ter ing in .~ 1cator ,,~~,

In relation to time observed ion heating in A lcator A tiiei’e exist three possible
nlechanis mm ms : (a) by time parametrically excited waves ; (b) imy s tochastic heatiimg of time 

rlower hybrid wave or its parametrically excited waves; (c) by linear ion—cyclotron
harmonic damping of time lower hybrid wave or its parametrically exc ited waves. (En-
hanced coil is ioima I danmping at mode c otmv ersioti ca im no longer be m’eli ed upon. 4 ) The
theory of stochastic heating by lower— imy brid wave s is by imow m’elatively u~’e i 1 advanced.
In t ue  rece mmt past we have concentrated on understanding tIme possible m’elevauce of linear
ion—eyc lotron—iiarmonic damping in an inhomogeneous magn et i c  field, and t u e  imotml inear
heating aspects of quasi— mode paratmiet ric excitations. Ti me first requires (k 11~ .) 2’

(w/t21) whic h can onl be satisfied neat’ or beyoimd wau ’e c’’ imver siot m occurring at time
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center of the plasma. At the large field amplitudes of interest , however , and with tile
— above condition satisfied, stochastic heating is effective and linear theory is not appro-

priate. The relevance of parametric excitations in ion heating is less clear. Paramet-
rically excited spectra are observed in all tokamak heating experiments utilizing exter-
nally app lied power in the lower hybrid range of frequencies. These are detected,
however, at the plasma wall, and hence can not necessarily be assumed to occur in the
plasma where the heating occurs. In tile recent past , we have undertaken a detailed
study of the nonlinear (heating) aspects of the quasi-mode parametric excitation in an
irthomogeneous plasma. This parametric excitation is a prominent one since it is non-
resonant , and it has a low threshold. In the past it was thought that tile lower frequency
sideband (also a lower hybrid wave) is mainly excited by scattering of tile pump (tile
applied lower hybrid wave) off the electrons. 6 We have recently shown that for the
parameters of Alcator A (but also, in fact , for any tokamak-type plasma) the dominant
scattering is off the ions by Doppler-shifted ion-cyclotron-harmonic resonance of the
low-frequency fields.7 This may explain the ion-cyclotron-harmonic structure which
one observes on the sideband signal at low frequencies.2

’8 Furthermore, nonlinearly,
the quasi-mode excitation may be strong near the edge of the plasma. In timat case , the
pump depletes mainly to the sideband which propagates farther into t ue plasma but in a
different direction, and has a wave conversion point that is farther out in the density
gradient. Ion heating can then occur near wave conversion of the sideband by either
linear ion-cyclotron-harmonic damping or induced stochastic ion motion, as before, A
small fraction of the pump power (

~ LF/uS), where LF a low frequency, and s a sideband ,
goes directly to the ions via the low-frequency fields of the quasi mode.

Two projects have been completed. Tile first was related to current generation by
RF fields.9 The second involves a study of group velocity rays in toroidal geometry. Tile
results of the latter have been uvritten up in the Ph.D. thesis of John L. Kulp.10 

As a
result of this work, we now have a sophisticated (symbolic and numeric) computer pro-
gram and display for following RF energy propagation in a toroidal plasma, including
all of the linear effects due to plasma and magnetic-field imthomogeneity, and toroidal
geometry. The most important new result is the discovery that the applied n

11 = (ck 11 /w)
can be reduced by as mucim as 30-50~”o w imen 

~L1I and 
~~pe~~ e~ 

� 1. This can have
important consequences , especially in electron heating which is sensitive to k

11
.
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4. NONLINEAR THEORY OF TRAPPED-PARTICLE INSTABILITIES

U. S. Department of Energy ( Contrac t ET-78-S-02-4682)

Thomas H. Dupree. David J. Tetreault

The phenomenon of clumps is being studied in a plasma with a magnetic field. In
particular , the effect of clumps on the drift and trapped particle mode instabilities is
being studied. Clumps in the ion phase space density produce an enhanced ion viscosity
which appears to be very effective in damping these modes and providing a nonlinear
stabilization.

Concepts from strong plasma turbulence are being used to investigate magnetic
islands in tokamaks . Turbulent magnetic fluctuations induced by drift waves as well
as those formed through self-consistent currents are being studied. The purpose is to
determine how the resulting turbulent destruction of magnetic surfaces affects tokamak
plasma confinement,

- - Work is also beginning ott computer simulations of the structure of clumps in
plasma.
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5. TOKA \IAK RESE:ARCII: RF h EATING AND CURRENT DRIVE

U. S. Department of Energy (Grant EG-77-G-01-4 107 and
Contract ET-78-S-02-47 14)

George Bekefi , l~Iiklos Porkolab, Kuo-ln Chen, Stanley C. l.uckhardt

Wide-ranging experimental investigations involving injection of high RF power
levels are in progress or planned for the near future on time Versator II Tokamak. To
accommodate these experiments , Versator H has been upgraded in toroidal field strength
from 8 to 15 kG. This project was completed in late 1978 , and after initial studies of
plasma equilibrium in the upgraded machine , improved discharge parameters now
achieved include plasma currents of 30-50 kA , central densities of 2-3 X 10 13

cm and

pulse durations of 20-40 ms.
Currently, first RF injection experiments were initiated at the lower hybrid fre-

quency using up to 150 kW of power at 800 MHz from ~n RF system supplied by the
Princeton Plasma Physics Laboratory. In these experiments lower hybrid waves are
injected with a phased array of waveguides (grill) designed to produce a favorable power
spectrum of injected waves for heating ions or modifying the electron-velocity distribu-
tion so that a net toroidal current is driven. This later effect , investigated theoretically
by Fisch and Bers , 1,2 could lead to the possibility of achieving a steady-state fusion
reactor driven by microwave power.

In a second series of experiments to begin in late 1979, microwave power will be
injected into the torus at the electron-cyclotron frequency. For this purpose, the new ly

developed gyrotron microwave generator will be supplied by the Naval Research Lab-
oratory; the NRL gyrotron will allow ECRH experiments to be carried out at significant
power levels in the range of 100-200 kW at a frequency of 35 GHz.

In support of the basic physics experiments , a large number of plasma diagnostic
experiments are available or in preparation. These include: vacuum ultraviolet spec-
troscopy, 90-0Hz microwave scattering, first- harmonic electron- cyclotron emission
measurement , 35- GHz microwave interferometry, charge- exchange neutral-atom energy
analysis, and ruby laser Thompson scattering.

References

1. N. Fisch and A. Bers, Proc. Third Topical Conference on HF Plasma Heating,
California Institute of Technology, Pasadena , California , 1978.

2. N. Fisch, Phys. Rev. Lett. 41, 873 (1978).
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6. MIRROR-CON FINED PLASMA S

U. S. Department of Energy (Contracts ET-78-S-02-4886 and
ET-78-S—02-4 690)

Louis D. Smullin

We have two systems in operation, Constance I and II. Constance I is devoted, this
year , to the study of electron-cyclotron-resonance-heating (ECRH) as a means of damp-
ing the drift-cyclotron-loss-cone (DCLC) instability that limits the lifetime of highly ion-
ized mirror-confined plasmas. This problem is being studied by M. E. Mauel.

Constance II is a larger version of Constanc e I. When completed (about June 1979)
it will be used to compare DCLC stabilization by ECRH with stabilization by electron-
beam plasma interaction (a technique demonstrated last year on Constance I).
K. Rettman is the engineer in charge of building Constance II.

The target plasma we are attempting to stabilize is produced by the seLf-trapping
of a plasma stream emitted from a plasma gun located outside the mirror region. Al-
though this is an effective technique used by others before us, virtually nothing is known
about the trapping mechanism nor about the detailed characteristics of time plasma
stream. This problem is being studied by J. P. Rymer.

7. NEUTRA L BEAM RESEARCH

U. S. Department of Energy (Contract ET-78-S-02-4690)

Louis D. Smullin

High-current, negative ion (H or D )  sources are needed to produce the high-
energy (~~300-keV) neutral beams needed for heating of tokamak reactors. Time Dimov
magnetron source has been shown to be capable of emitting �1 amp of II. Peter Kenyon
has been studying the high pressure (p a 0. 5 T) magnetron discharge that characterizes
these devices. His particular interest is to understand the noisy (turbulent) behavior
of the discharge; he is comparing experimental results with a linear theoretical model
of the onset of a drift instability driven by radial gradients of density and electrostatic
potential.
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XVIII. OPTICAL PROPAGATION AND COMMUNICATION

Academic and Research Staff

Prof. Robert S. Kennedy Prof. Cardinal Warde
Prof. Jeffrey H. Shapiro Dr. Horace P. H. Yuen

Graduate Students

Roy S. Bondurant James S. Linnell David M. Papurt
Marcel F. Coderch Jesus A. Machado-Mata Warren S. Ross
Paul J. Curlander Nam-Soo Myung Diane C. Simmons
William P. Jaeger Jun Nakai Mahmoud Tebyani
Peter W . Kinrnan Woo Hyun Paik Gregory L. Timp

The broad objectives of our program are to (i) formulat e propagation models for
important optical channels from the underlying physical processes , (ii) determine the
fundamental limits on detection and communication performance that can be realized
with these channels, (iii) develop techniques for optical detection and communication
which achieve or approach these limits, and (iv) establish, by means of experiment, the
validity of the theoretical results and guide their further development.

1. QUANTUM COMMUNICATION THEORY

National Aeronautics and Space Administration (Grant NGL 22-009-013)
Join t Services Electronic s Program (Contract DAAG29-78-C-0020)

Horace P. H. Yuen, Jeffrey H. Shapiro, Robert S. Kennedy

The long-range goal of this investigation is to realize improved optical comrnunica-
tion, detection, and estimation in the space environment. Such improvement may be
possible through the use of quantum measurements (optical receivers) that are superior
to those now considered and the use of quantum states other than coherent states. Our
major goal during the next year is to design an experiment which will demonstrat e that
the desired quantum states, called two-photon coherent states , can be produced.

During the past year, a series of papers which resolve many of the questions con-
cerning the propagation and detection of quantum fields have been prepared and published
by Professor Shapiro and Dr. Yuen.1 ~ Also, in his doctoral research, Mr. Curlander
has shown that, for digital communication with error probability as a performance mea-
sure, the optimum quantum receiver for either pure coherent states or pure two-photon
coherent states is not markedly superior to the performance that can be achieved with
homodyning. This resolves a question that has persisted for some time.

The other work in this area has been the design of an experiment to verify that two-
photon coherent states can be produced. These states are interesting for communica-
tion because they allow the total quantum noise required by the uncertainty principle to
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be divided unequally between the quadrature components of the field, thereby permitting
marked improvement in the attainable performance, The experiment has been designed
and a means of performing it is now being sought.

References
1. H. P. Yuen and J. H. Shapiro, “Optical Communication with Two-Photon CoherentStates — Part I: Quantum State Propagation and Quantum Noise Reduction,” IEEETransactions on Information Theory, Vol. IT-24 , No. 6, pp. 657-668 , November1978.
2. J. H. Shapiro, H. P. Yuen, and J. A. Machado-Mata, “Optical Communication withTwo-Photon Coherent States — Part II: Photoemissjve Detection and Structured Re-ceiver Performance, “IEEE Transactions on Information Theory, Vol. IT-25 , No. 2.pp. 179— 192 , March 1979.
3. H. P. Yuen and J. H. Shapiro, “Optical Communication with Two-Photon CoherentStates — Part III: Quantum Measurements Realizable with Photoemissjve Detectors ,”submitted to IEEE Trans. Inform. Theory.

2. I1\~-IPROV~~~~ LOW-VISIBILITY COMMUNICATION

National Science Foundation (Grant ENG78-21603)
U. S. Army Research Office — Durham (Contract DAAG29-77-C-0048)
Robert S. Kennedy, Jeffrey H. Shapiro, Cardinal Warde
This investigation, which is carried out jointly with the M. I. T. Center for Materials

Science and Engineering, is concerned with the performance of terrestrial communica-
tion systems under conditions of low visibi lity, Our aim is to determine the extent to
which performance can be improved through appropriate system design, and to develop
the devices for achieving this improvement. The potential for improvement resides in
the energy and information contained in the scattered component of the received field.

The initial goal in the program has been to experimentally determine the magnitudes
of key propagation parameters so that a useful theoretical model of the propagation can
be developed through judicious approximation, Earlier measurements at wavelengths
of 0. 69 ~m and 2.06 ~m over our 1 3- km propagation path have now been augmented with
measurements at wavelengths of 0.25 ~ , 0.27 ~m, 0.53 ~m, and 1.06 ~m.1 

Also, a series
of measurements in fog were made over a 1000-ft path at a wavelength of 0.25 p.m in
Lubec, Me.2 During the coming year we will make further fog measurements in East- —
port, Me. , and will begin to supplement our 13-km observations with measurements
over a path of approximately 4 or 5 km. We also expect to increasingly shift our atten-
tion from the collection of data to the development of a useful multiple scatter propaga-
tion model.
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XIX. DIGITAL SIGNAL PROCESSING

Academic and Research Staff

Prof. Alan V. Oppenheim Prof. Jae S. lAm Prof. James H. McClellan
Prof. Arthur B. Baggeroer Dr. Michael R. Portnoff

Graduate Student s

Thomas E. Bordley Andrew L. Kurkjian Douglas R. Mook
David S. K. Chan Steven W. Lang Bruce R. Musicus
Webster P. Dove David C. LeDoux Syed H. Nawab
Gregory L. Duckworth David R. Martinez Thomas F. Quatieri, Jr.
David B. Harris Thomas L. Marzetta Antonio Ruiz
Samuel Holtzman Pirooz V atan

The Digital Signal Processing Group is carrying out research in the general area
of digital signal processing with applications to speech, image, and geophysical data
processing. In addition ~o specific projects being carried out on campus, there is close

interaction both with Lincoln Laboratory and with the Woods Hole Oceanographic Insti-
tution.

In the area of speech processing, over the past several years the Digital Signal
Processing Group has been working on the development of systems for bandwidth com-
pression of speech, parametric modeling of speech using pole-zero models , and en-
hancement of degraded speech. Our work in the speech area is currently heading toward
an increasing involvement with the problem of enhancing degraded speech and a related
problem, that of the development of algorithms for robust speech compression in the
presence of additive noise.

In a related area the methods of speech compression using linear predictive encoding
are being applied to the compression of data recorded in ocean-bottom seismometers.
These methods are being tested with data provided by the Woods Hole Oceanographic r
Institution.

The areas of image and geophysical data processing in general both involve the
processing of multidimensional signals. The theoretical projects in 2-D signal pro-
cessing include filter design (e.g. , 2- D all-pass design to match phase response) , the
synthesis of good 2-D filter implementations , 2- D spectrum analysis , and 2-D decon-
volution. We have been pursuing a number of projects specifically related to geophys-

ical data processing. We are applying some of the filter design results to seismic-wave

migration by implementing a program on our MAP processor. Another project , which
has been carried out in collaboration with the Woods Hole Oceanographic Institution, is k.
the development of an algorithm for data processing to measure the acoustic reflection
coefficient from the ocean bottom. Out of this work has come a Hankel transform algo-
rithm which has potential applications to a number of other problems. Another problem
area is that of velocity analysis on array data. The specific application that we are 
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considering is that of velocity analysis on well logging data. We are also pursuing a
number of other problems associated wit h the analysis of well logging data, including
the development of technique s for event detection. In another application of velocity
analysis, we have applied adaptive array processing to measure the reverberation of
acou~- t ic signals in the Arctic Oc ean, as well as the phase velocity of the seismic paths
within the seabed. Acoustic imaging from a submersible often generates an image dom-
inated by strong highlights because of the specular reflections introduced by the rela-
tively long wavelengths. We are working on an adaptive array processing method to
suppress the deleterious effects of these highlights ~rt the image.

There are also a number of projec ts related to image processing that we are cur-
rently pursuing. The work on image processing is being carried out in collaboration
with Lincoln Laboratory, and we are in the process of defining a research program which
would involve close collaboration between our group and Lincoln Laboratory. Projects
that we are contemplating include enhancement of degraded images, and reconstruction of
images from phase-only information. In both the context of image processing and array
processing, we are also beginning to explore such topics as high resolution, multidimen-
sional spectral estimation , and two-dimensional short-space signal processing.

1. LINEAR PREDICTIVE ENCODING OF SEISMIC DATA

National Science Foundation Fellow ship

Thomas E. Bordley, Arthur B. Baggeroer

If marine seismic traces are stored in their original digital form, large quantities
of data storage are necessary because of the broad dynamic range of these signals.
Since these signals are not sample waveforms of a white noise process , it is known that
the data can be presented more efficiently (e. g. , via entropy encoding). Thus, ocean-
bottom seismometers with their limited available storage are artificially constrained
in the number of signals which they can record, if the incoming data are simply stored
without processing. Since the retrieval of these sensors is difficult and expensive, it
is of significant interest to determine a processing scheme suitable for use by these
minicomputer-controlled seismorneters. This research examines the effectiveness of
Linear Predictive Encoding (LPE) in reducing the amount of storage required for data
gathered in ocean-bottom seismology.

The essence of this technique is to characterize a waveform in terms of the param-
eters of a stationary rational digital model, i. e,, as the output of a reverberative sys-

— tern, and then to store the parameters of this system and a correction signal instead
of storing the original signal. The rationale behind this approach is that if a signal is
sufficiently predictable in terms of the model , the energy in the error signal will be
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much less than the energy in the original signal. Thus , the total number of bits required
to represent the signal as an error signal and a set of parameters will be much less than
needed to represent the waveform directly.

At present , we are engaged in empirically testing this technique on data supplied
through Dr. Graham M. Purdy of the Woods Hole Oceanographic Institution.

2. IMPLEMENTATION OF MULTIDIMENSIONAL DISCRETE
SYSTEMS FOR SIGNAL PROCESSING

Joint Services Electronic s Program (Contract DA- -~G29 -78 -C-0020)

David S. K. Chan , James H. I’JcCleIlan

This researci~ has established a “state-space ” representation for studying the

implementation of a geaeral class of multidimensional discrete systems. This formula-
tion extends to cases other than the first-quadrant causal filters that are usually studied.
Using this framework , the minimizat ion of coefficient sensitivity and round-off noise
under structure transformations can be studied. The analog network technique known
as continuously equivalent networks has been adapted to the multidimensional realization
problem. Work is progressing on the realization algorithm to improve its performance,
especially for the two-dimensional case.

References

1. D. S. K. Chan. “Theory and Implementation of Mult idimensional Disc rete Systems
for Signal Processing,” Ph.D. Thesis , Department of Electrical Engineering and
Computer Science , M. I. T ., June 1978.

2 , J. H. MeCleflan and D. S. K. Chan, Realization of Two-Dimensional Systems,” Pro-
ceedings of the 1978 European Conference on Circuit Theory and Design, Septeri~~~ber 4-8 , 1978 , Lausann e, Switzerland, pp. 38 1-388,

3. EVENT DETECTION IN SONIC WELL LOGGING

National Science Foundation (Grant ENG76-24117)

Webster P. Dove, Alan V. Oppenheim

Oil wells are analyzed by acoustically testing at many places along their depth, from
which a sound velocity profile can be developed. For each test a pulse of sound is gen-
erated at the bottom of a 13 meter long test probe and received at four microphones
spaced at one meter intervals at the top of the probe.

The signal received at each microphone is the sum of many overlapping dispersed
pulses, each of which has ti avelled a different path. To find the velocities in the paths
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of interest the arrival time of each related pulse must be determined accurately. That
requires a method of reducing the dispersion of the pulses so they become distinct sepa-
rate arrivals.

To do this signal processing , we are using Recursive Least Squares prediction (the
covariance method) to cancel the filtering effect of the different paths. Then the arrival
time of the first and second pulses (which are the ones of interest) should be apparent
either in the output of the predictor or the behavior of the predictor coefficients.

4. ADAPTIVE ARRA Y PROCESSING FOR HIGH-RESOLUTION
ACOUSTIC IMAGING

National Science Foundation Fellowship

Gregory L. Duckworth , Arthur B. Baggeroer

Determination of the internal structure of a medium opaque or ill-suited to electro-
magnetic radiation is a problem encountered in many different applications. High-
resolution visualization of underwater objects through turbid seawater is the problem
currently being dealt with; however , other applications include real-time viewing of
internal movements of the human body without x-ray ’ s potentiall y harmful effects, non-
destructive testing of metallic and low x-ray contrast objects , and determination of
the earth ’s subsurface structure.

Because of their analogous behavior to electromagnetic radiation with respect to
reflection , diffraction , and refraction, but differing attenuation and physiological prop-

• erties, short wavelength acoustic pressure waves can be used to perform the above
tasks, but with a new set of inherent advantages and difficulties. For example, in the
context of the undersea environment , acoustic imaging has an advantage over optical

• imaging in that the attenuation of the acoustic-pressure waves is dependent primarily
on the temporal frequency, and relatively independent of the density of suspended solids,
whereas light is subject to intense backscattering from cloudy water. A result of this
is that the “ range-to-reverberation” limit is larger for acoustic imaging, and although

• absorption at wavelengths adequate for reasonable resolution is high, we can theoreti-
cally increase the illuminating power and obtain the desired range capabilities.

The problems with acoustic imaging stem from the need to keep the wavelengths
long enough for adequate range, SNR , and power consumption, and short enough for
good resolution and small receiver apertures. These considerations ultimately lead to
systems with small numerical apertures with the diffraction field undersampled in space
and hence , poor resolution and aliasing problems. Resolution seems to be the most
problematic issue since the large point-spread function generated by classical (Fresnel
transform) processing Is subject to tremendous amounts of sidelobe leakage from
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specular reflections. Typically a great deal of specularity is encountered since the
illuminating wavelengths are large compared to the surface roughness of the objects to
be imaged.

These problems lead us to the thrust of the current research — application of the
• “Maximum Likelihood” technique of spectral analysis to adaptive array processing of

• the diffraction-pattern samples. It has been found that the adaptive point-spread func-
tion of a system incorporating this technique yields better resolution for distributed

• objects as long as care is taken in estimation of the spatial-covariance function. The
subtlety involves making the spatial covariance look like it was formed by reflections

from statistically independent incremental areas. The work also involves determination
of the statistics of the estimators when an inadequate number of data vectors are used

• to ensure that the spatial-covariance matrix is distributed in a complex Wishart manner.
• Two-dimensional arrays that are optimized in some sense for good resolution and alias-

ing reduction with the minimum number of sensors are also examined.

5. DESIGN OF TWO- DIMENSIONA L ALL-PASS FILTERS

U. S. Navy — Office of Naval Research (Contract N000l4-75-C-095 1)
National Science Foundation (Grant ENG76-24 1l7)

David B. Harris , James H. McClellan

The objective of this research project is to develop methods for designing all-pass
filters with specified phase characteristics. Little previous work has been done on the
design of phase functions, particularly in two dimensions , since the problem is highly
nonlinear.

Several applications for two-dimensional phase-only filters await the development
of satisfactory design techniqtles. The most important is in simulation of acoustic-wave
propagation. In a two-dimensional spatial geometry involving depth and lateral offset ,
the wave field recorded (for all time and offset) at a particular depth is related to the
wave field at another depth by a two-dimensional filtering operation. The implied filter
is specified by one of two solutions to the two-dimensional acoustic-wave equation. The
filter characteristic is all-pass with the phase given by the dispersion relation of the
wave equation. A broadband digital filter approximation to this ideal response is being

• sought to enable numerical extrapolation of measured wave fields from one depth to
another. Wave-field extrapolation of this sort is an integral part of the wave-equation

• method of seismic time-section migration.
Another possible application of all-pass filter design is phase compensation of two-

dimensional recursive filters designed for magnitude only.
Recently, progress in design of all-pass has been obtained. A method whereby the
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phase-design problem is transformed to a more tractable ~-D spectral—factori zat ion
problem has been used effecti vely. And a new form of 2— I) linear pred ictio n has been
developed to perform the spectra I factorization.

i’ . TIM l :— SC:~ I F M ODI FICAT I ON OF SPEECH

U . S. Navy — Office uf Nav al Research (Contract N 0001 4 -7 S-C-0951)

Samuel l lo lt zman ,  Michael H. Portnoff

We have imp lemented an analysis — s y n t he sis  system on our P1)P— 11 computer that
pe rforms uniform-rate speed transformations on speech signals. The problem of spec-
t ral degradation and introduction of noise , which usually occur in similar systems, are
not found in th is  one. This is because the sy stem performs the transformations in the
frequency domain by means of the discrete short—t ime Fourier transform rather than
in the  t ime  domain .

In order to achieve an even more natural —sounding result, we are at present intro-
ducing nunu n i fo rm i t i e s  into the speed transformations to incorporate ’ a dependency of
the  sy s t e m  on local fea tures of the speech signal being transformed.

Qur work  has been du ’ect ed toward the development ol an algorithm to automatically
segment the speech signal into a sequence of passages for wh ich an t’xpected level of
degradation , caused b~’ uniform time— scaling , can be determined. The purpose of seg-
menting the signal in this  manner is to allow the degree of local t ime—scale  modification
to be decreased whenever the expected level  of degradation is high.

The algo ri thm use ’s a statistical analy sis of the speech signa l to determine a level
of local qu asi—s tat i onar i ty  which , based on our model of speech production , is h igh ly
correlated with the expected Level of local degradation .

~~. PARAMETER I- ~STlMATION FROM SEISMIC l)ATA

Sch lumberger— I )oll R esearch Center Fellowship

Andrew Nurkj lan,  Alan V. (~~pertheiin

The purpose of this research is to develop signal processing for a borehole (oil
we ll) sonic tool which takes into account more p h y sic s  than is found in a simple nondi s—
persive model, ‘[lie’ problem is to estimate certain parameters of the’ roc k surrounding
the  borehole f rom signals rece ived  at an array of sensors in the borehole. The actual
p hy si cs  Of the’ situation is very complicated due to the variety of seismic—wave phenom-
ena which are present .  Aside from compressional and shear wavelets, the pressure
field also contains a water (tube , mud) wave, a head (lateral, conical) wave , a
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pseudo—Ray Leigh wave , and a Stonele wave . This ~ urk  w i l l  ex amin e  the ph y s i c a l  nature

of these se~sui~~’ waves and then devt ’lol’ rot ’essing to e s t i m a t e  the .’ parameters of inter-

est from the received signals based on th is  phy sica l  nature.

8. PERI”ORMAN C E OF M A X I M U M  KN FIt ( 1I’Y SI ‘Et ’ l’It\ I.

ESTIMA TORS

Hert z Foundation F’e l lnwship

Steven W .  Lang, Jam es II .  McCle l lan

• Man problems in es t imat ion can he cenisid~~t e~l ~es t he  e’st iniat ion ot’ seine feature ’

of a power spectrum. The’ development of new iiit ’thiods of spectral es t imat ion , such
- • as various “ maximum ent ropv ” techniques . ,~ iv u s  us new te~ Is w i t h  w h i ch  to a t t ack  such

problems.
This research is concerned wi th  an ana lys t s  of the performance of var i ou s

• maximum entropy spectral estimators when the  randoiii process being obst ’rv e ’il is coi n—

posed of sinusoids in add it ive noise, In particular.  the  problem of ~‘st imat tn g t h e  s inus —
• old frequencies is considered. This problem is interesting and important in it s own

right ; the measurement of Doppler shift s in radar or the search for p er iodicit ies  iii

geophysical data might be so modeli d. It also points up some d i f f e rences  between

var ious “ maximum entropy ” spectr:tl estimators . Thus , the ’ resul ts  obtained should

provide some insight into the performance of these estimators in other situations.

• 9. PARAMETRIC MODELLING OF T I l l :  LUNGS l’ll ’I M
ACOUSTIC SIGNALS

National Science Foundation Fellowship

David C. LeDoux , James ii. McClellan

This is part of a project attempting to develop new diagnostic techniques for detect—

ing pulmonary disease i n infant s and children. In these techniques, a sound wave is
injected into the patient ’s respiratory system through the mouth. The sound is reflected

from various points within the lungs, and the reflected signal is recorded as it emerges
from the mouth. If we model the lung as a linear time-invariant system, we can deter-

• mine Its transfer function (frequency response or impulse response) from the input and
output signals. This transfer function contains information about the air passages with- H
In the lung s and can hopefully be used to detect such problems as blocked or constricted
airways.

Since the air passages in the lungs form a branching network of tubes , we would
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expect the f r e qu ency re sponse to exh ibit dips due to resonance’s of single ’ tube s and corn—
binat ions of tubes. This is , in fact , what is observed from actual data. I I o w t v e ’ i ’ , t.he
human lung con ta ins  several mi l l i on tubes and the frequency response’ is correspond—
i r i ~ lv complicated.  I h e  obiect  of this res ear chi is  to apply the techniques of polt ’ zer ()
modeling to represent the’ dominant fi ’ature ’s of the f requency response by a small  num-
ber of pa ramete r s  (po les  and zeros). It f~ hoped that seine future workers might be
able to use the parameters as a basis  for d i f fe ren t ia t ing  between health y and diseased
lungs.

10 . spl- : l- -c1 I EN ! IAN (’  I -:Ml:N ’I ’

U . S. N a v y  — Office ’ of Naval  Research (Contract  N 0 0 0 l 4 — 7 5 — C — 0 9 5 l )

.Iae  S. I . ir n ,  A lan  V. Oppenheim

l)egradcd speech occ urs in a variety of contexts , and its enhancemen t  is desirable
for man y practical applications. In our past research on this prob lem. we h ave devel-
oped several systems for enhancement and bandwidth compre ssion of noisy speech by
attempting to estimate the parameters of a specific underl ying speech model based on
the Maximum A P osteriori (MAP) estimation procedure. When the systems wer e imp le-
mented and applied to real speech data , they performed well as enhancement and poten-
tial bandwidth compression systems of noisy speech at various S/N ratios. Our l’uture
research in this area will include investigation of methods to improve our current
speech—enhancement sv st t ’n i s  and development of new systems.

1 1 .  MAXIMU M i . IKI : L I L I OO D EST IM ATION WI T I I  NOIS Y l)ATA

U. S. Nav y  — Office of Naval Research (Contract N 00 0 l4 -7 5-C -0 95 l)

Bruce Musicus , Jae S. l,im

Maximum Likelihood (ML) Estimation is a powerfu l tool for estimating model

parameters or signals from observed system output. Not onl y does it yield estimates
with nice theoretical properties , but the estimates are also easily calculated for many
useful signal models. Unfortunately , when both the parameters of the system as well
as the system output must be estimated from observations corrupted by noise , Maximum
Likelihood Estimation usuall y requires a difficult nonlinear optimization. Three dif-
ferent M l .  approaches have been proposed for estimating the signal and parameters of
a system from noisy observations. We have found iterative algorithms for solving each
of the three problems , which effectivel y decouple the uncertainty in the parameter and
signal values , thus simplifying the calculation required. When applied to a particular
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pole—i ’ eve ’ model, all  three ’ a l g o r i t h m s  iterate ’ back and forth b e tw e e n  linea rly filtering
the obse rvat ions  to e s t i t u i a t e  the signal  and f i t t ing  parameters  to th e.’ signal e’st i inate.’ by
so lving linear equations.  The th e ’oi’ e’t ical  p roper t ies  of the ’ a lgori thms,  the i r  re lation-
ship to methods pr evious ly  Pi’oPosed h~ 1 im , and t l i e i  r application to a var ie ty  of signal
models have been studied, ‘resting ot the algori thm s }‘c1’f ~Ir 1 u a T h ’ e on real da ta  has
just begun , and re s u l t s  are not yet  avai lable ’. I I ew evt ’i’ , b ecause  of thie ’ir conceptual
and algori thmic s in i p l i c i t v , as well as their solid theoretical  bust s , these ’  a lgori th ms
promise to be a useful  tool for si gnal and parameter  es t imation in the pi’e ’sence ’ of noise.

12 . WlN OGR :~I) l ” ( t t ’R I E R  ‘l ’ I tANSI ” ORM AI GORITIIM (Wl ”TA)
lMPI ,F :Ml’:NT :~’l’ 1ON

Na t i o n a l  .~ ei’~ ~n~i ut cs and Sp~ e’e ’ :\ dmin i st ra t ion  (Grant  N SG — “ 1 ‘.7)

Sved 11. N a w ab , , !ai ne ’s i i .  McClellan

Bound s en the n it  iii mum number ot data t i ’a t is fe ’rs  ( u  • e . , l oads , sto r e s , and ce ’pl cs)
required h~ W l ”l’A and I” I T  programs h av e  been der ived.  The ana lys is  is applicable
to those ’ gen e i ’al—pui’p e ’se ’ computers  wi th  at least 4 general ~~~~~~~~~~ registers ( e .  g.
the I I t \ l  ~70 , 1’ I ) P — 11 , et~’.), It was  shown that  the 1 (1OS~~point W l”T:\ requi res  about
2 l ” ~ iuoi’e data t r a n s f e rs th ia n  the ’ 1 02 4 — p o i n t  i ’ a t l i x — 4  I ’ l l’; on the other hand , t h e  12 0 —
point Ve l”T:~ has about the ’ same nunil ’et’  of data t i ’aiisl’er s as t l ie ’ iii i x e t l— rat ix  (‘1 \ -I \ ‘I \ 2 )

ve ’i ’ sion of the 1 _‘~~ — p o i n t  1.’ l” l’ an d 2. ’”~ fewe ’r than th i e r ad ix— 2 v e . r s i o n .  l ” i i iu l lv  , coinpa c i —

SoilS ‘ ‘I the’ t o t a l ’  P i ’ t ‘t~ rum execution t i n  ies ( mu lt ip licat toii ~.. addi t u ens , and t i a t  a t c a n s —

fe i’s , hut not indexing r per niutat  ions) w e . ’ re made.
A r i t h m e t i c  cotic tii ’!’ e ’tic us . such as t be t s e found in spe’ci a l—purpo s e  fas t  l o u  i ’t  c i ’

t ransforms ( l” l”T) hardware , w e ’re sui ’ve ’ve ’d and e’ate ’g oi’i .’ e d .  Simi h a t ’  s tructure’s we ’re ’
then d e r iv e d  for t h e  ‘~\ inogi ’ad Fourier  t t ’anst ’o rn i  a l~ e.t i’ i t h t i i  (\~ vrA), Rel t i t i~’c t ime—
eff ic iency plots ~ e r e  obtained for the 1024—poin t  r a d i x — 4  I ’l l’ and th ic 100$—point  W I ”  I A
as a function of the number  of real a r i t h im i c  o p e r a t i on s  exe cu t ab l e ’  in para l le l .  ‘I’his
comparison show e ’el t ha t  t hu  r e l a t i v e  t i m e  eff ic  ~‘ii..’v of t he  t w o  a lgor i t hms  in sequent ia l

• computations ge ’ne ra ) l~ c a r r i e s  over  to e. ’ases where ’ a r i t h i n t i c  pa ra l l e l ism is e’x ploite ’d .
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13. EVALUATION OF CIRCULARLY SYMMETRIC TWO-
DIMENSIONAL FOURIER TRANSFOR MS AND ITS
APPUCATION TO THE MEASUREMENT OF OCEAN-
BOTTOM REFLECTION COEFFICIENTS

t’, S. Navy — Office of Naval Research (Contracts N0 001 4 -75 -C— 095 1
and N000 14-77-C-0196)

Alan V. Oppenheim, George V. Frisk , David R. Martinez
[G. V, 1” ri sk is with the Woods Hole Oceanographic Institutiort. 1
[D. R.  Ma rtinez Is with the M . I. T. -W . 11.0. 1. Joint Program in
Oceanography/Oceanographic Engi neering.)

In a var ie ty  of applications the need arises for the evaluation of the two-dimensional
Fourier transform of circularly symmetric functions. Because of the circular sym-
metry, the two-dimensiona l Fourier transform reduces to the Fourier-Bessel or Hankel
t ransform. This research considers a method for evaluating this transform using the
“projection-slice ’ theorem for multidimensional transforms. The method is applied
specifically to the measurement of the plane-wave reflection coefficient of a horizontally
stratified ocean bottom using the fact that , for a point source , the bottom-reflected field
and the plane-wave reflection coefficient are circularly symmetric and are related
throug h a two-dimensional Fourier transform.

L 

Id. SHORT-TIME FOURIER ANALYSIS

Michael R. Portnoff

• Short-time Fourier analysis is based on the notion of a multidimensional represen-
tation for a one-dimensional signal. Specifically, a one-dimensional time signal , x(t) ,
is represented by a two-dimensional function of time and frequency, X(t , ~) ,  called a
short-time Fourier transform (STFT). Itt its simplest form , the STFT X(t , ~$ is defined
as

X(t , w) = x(T) w(t - r) e~~~~ dr ,

where w(t ) is a window function that is , in some sense , narrow in time or frequency,
• or both. In its more general form , the STET is defined using a window that is allowed

to depend on both time and frequency.
Short-time Fourier analysis is particularly useful for studying ‘slowly time-

varying ” phenomena such as speech , music , and other acoustic signals, because
rapidly varying local features appear as functions of frequency in the STFT , whereas
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slowly-varying global features appear as functions of time. Thus , the STFT is a formal
mathematical description for our notion of a ‘ time-varying spec trum. ” Furthermore,
short-time Fourier analysis is , in many ways , analogous to the acoustic processing
performed by the human auditory system.

At present , short-time Fourier analysis is not well understood, The objective of
our research , therefore , is to develop a better understanding of this method of signal
analysis , both by investigating the mathematical properties of the STFT and study ing
the STFT for specific signal models.

15. ESTIMATION OF UNW RAPPED PHASE

U. S. Navy — Office of Naval Research (Contract N 00014-75-C-095 1)

Thomas F. Quatieri , Jr. , Alan V. Oppenheim

The unwrapped phase estimation problem for discrete-time sequences was first
encountered in the development of a mixed-phase homomorphic vocoder , where the
smooth-phase estimate of the vocal-tract impulse response led to harsh-sounding syn-
thetic speech. The sensitivity of the unwrapped-phase envelope to time-domain pertur-
bations was observed to be greater than that of the log-magnitude spectrum. These
observations initiated a number of questions and answers in magnitude/phase properties
and relat ions, which are common to numerous areas of signal processing.

In particular , a theoretical framework was developed for unwrapped-phase estima-
tion from harmonic spectra (voiced speech) throug h smoothing real and imaginary spec-
tral components. Short-time homomorphic analysis and a short-time harmonic model
have led to pitch-adaptive duration and alignment requirements on time-domain window-

• ing . The underlying phase envelope is consequently preserved so that cepstral window-
ing can be applied. The result is a mixed-phase homomorphic vocoder of somewhat

• higher quality than its minimum-phase counterpart.
In addition , two alternative mixed-phase vocoders were considered: the first is

based c i linear interpolation of complex harmonic peaks , and the second on Lim ’s homo-
morphic spectral-root deconvolution scheme.

Current research encompasses the following three major topics:
( 1) A general framework of phase estimation for a number of signal-processing

applications, including speech , seismic , and oceanographic problems.
(2) More reliable methods of obtaining unwrapped phase from sampled and random

data.
(3) Investigation of magnitude/phase relations and their eelative sensitivities to

perturbations.
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1. s I ’u l) J I : s  01” SPE -:I :(’ i !  PRODUCTION AND PERCEPTION

National  Institutes of Health (Grant 2 ROl NS04332 and
Training Grant S T32 NS07040)

l e f l e t Fe l lowshi ps

Sheila I ,  B lumstein , Bertrand Delgutte . Mo rris Ilal le . Wil l iam L. Henke,
Samuel i . K ’ v ie’r , Dennis Ii . Klat t , Ral ph N. Ohde , Coh n Painter ,
•~ s e -p it S. Perkell , l) avid B. Pisort i , Kenneth N. Stevens , Victor W. Zue

a S , cn t e n t a l  Aspects  of Speech

Our r e s e a r ch  on th e ’ s e g m e n t a l  aspects of speech is examining the acoustic , per-
c ep t ual , and articulator) ’  correlates of the phonetic fea tures  that classify speech sounds
in language.  The o b i e c t i v e ’s of the work are to determine how the human perceptual and
ar t i u l a t o ry  sy s tems  place cons t ra in ts  on the selection of an inventory  of phonetic fea-
tur es , and to u t i l i ze  evidence f rom speech 3coustics , audi tory perception , speech pro-
(luct ion , and h on logv to work toward a revised inventors ’ of features.

Vt e have completed several studies of the acoustical properties and of the perception
ol’ p lace of a r t icula t ion  for stop consonants in Engl ish . and these studies have suggested
that  the l i s tener  samples the  speech s ignal in the  v l c ’ i n i t v  of points in t ime when there

• is a rapid change in the  spectrum , and c l a s s i f i e s  the sound in these regions in terms of
cer ta in  gross charac te r i s t ics  of the shor t - t ime spectrum. Further work in this area
is inves t iga t ing  the  acoust ic  correlates and the phonological evidence for features that
d i f f e :’e n t i a t e  among coronal consonants (i. e , ,  consonants produced with the tongue blade)
that  have been t rad i t iona l l y classified in terms of different places of articulation in dif-
1e’ r’e n t  languages.  Vee have also begun to examine the acoustic bases for the categoriza-
t ion of consonants as voiced or voiceless , with the aim of finding an integrated acoustic
property that applies over a var ie t y of phonetic context s and consonantal manners of
articulation.

Re search on the laryngeal features is continuing with a laryngeal  fiberscope stud y
of what the vocal folds are doing during the production of the following set of consonants:

b ~h p, b, n ’?, ph , bñ, ?b , 6. kp, gb, p’.

Each of these consonant s is recorded in carrier sentences before the eight primary
cardinal vowels. This is a follow -up on an acoustic stud y using the same data set.

As a continuation of our study of the articulatory correlates of certain vowel fea-
tures , we have run two preliminary palatographic experiments to explore the notion that

• patterns of tongue-to-maxilla contact are invariant correlates of “vowel he i g h t ”  features.
Results from six speakers with differently-shaped palatal vaults suggest that such in-
variant patterns may not exist on the palatal surfaces and that further study is necessary
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to determine whether there is soni c  other basis for postulating invariant ax’ t i , ’ula t oi ’v

correlates for the vowel ‘ ~g ht feature’s.

b. A ’  ustic Study of the I’ Contours of Cantonese T u e
0

As part of ou r research directe d toward a better understand ing f the behavior 1

the larynx and the features underlying it , we have examined the fundamenta l - f requency

(1” ) contours of the nine Cantonese ’ tones. The data wei’e ’ collected from two native
0

speakers of the Canton dialect . The corpus was designed suchi that the effects of sentence

intonation were minimized and modifications of tone contours by adjacent consonants

were counterbalanced. In addition to the “0 
contours of the nine tones, durational data

were also obtained. From the production data that we have collected , we were able to

obtain average F’ con tours  for all the tones. W e  are cu r ren t ly  in the process of svr i the-

si z in g  simple consonant-vowel  sy llables wi th  the averaged tone contours  for  perceptual

experiments.  One aim of the s tu dy is to gain some insight  into whether  these contours

are perceived and produced in a quantal  manner.

c. Study of the  Phonological Processes in Amer ican  English

The goal of th is  part of our research ts  to provide , through acoustic studies , quan-

ti tative information on the variat ion of the properties of spe ech sounds in context. Vt hen-

ever the variat ions appear to be systematic , either for all speakers or for a subset of

the speakers , rules are proposed to describe such phonological variat ions.  Over the

past year we have conducted a s tudy of the acoustic effect of a phonological process corn-

rnonly known as palatalization. In par t icu la r , we investigated the effect of palatal con-

sonan ts (IL L y/ )  on the adjacent alveolar f r ica t ives  (/ s , z/) . Our results indicate that

the palatahization of alveolar fricatives occurs much more re ’idily and completel y wh en

the palatal consonant precedes the alveolar f r i ca t ive  (e. g . ,  this ship, 
~~~ 

shortage) than

when it  follows the alveolar f rica t ive  (e. g. , Ir ish setter , tunafish sandwich) . The

obse rved difference in acoustic data can be accounted for by several hvpoth ieses ,  ranging

from explanations that are based on the relationship between anticipatory and persevera-
tory articulation to those that are raore motivated by considerations of the underlying

articulatory constraints. We are currently exploring these hypotheses by examining
additio nal acoustic as well as physiological data.

d. Experiments on Spectrogram Reading

Several spectrogram reading experiments were conducted over the past year. The

experiments werP ’ , ‘~ed to dete rmine the amount of phonetic information that is con-
tained in the speech signal or , more specifically, in a spectrographic representation of

• the speech signal.  The task involved ident ify ing the phonetic content of an unknown utter-

ance only from a visual examination of the speech spectrogram. In the first  experiment ,
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(XX. SPEECh COMMUNICATION )

f. Predict  ie. cii of Se’g mental  Duration in Lag 1 i sit Sent enc’e’s

:\ set of rule’s has been developed for the prediction ol’ segmental durat ions in any
English sentence ’ . ‘l’tw input  representation for a sentence’ is a string of sym bols drawn
from an inventory of ~~ phonemes , thre e alternative stress markers , morpheme ’ bound—
ac ’v , ~eu r t i  boundary , and c i gh it  syntactic structure distinctions. Eleven durational rules
arc’ applied t o predict , r i c o m l . s t u c  durat ion s (in ms) of phonetic segments derived from this
abstract  re ’pre ’s ent at i on .  Tat ’ rules are intended to quantif y many of the larger rul e—
gover ned change’s in duration that are associated with syntact ic  environment , segmental
position wi th in  a word , st i ’e s s , and phonetic  context. The effects of d i f fe rent  rules are
combined multip licat ively ( sub iect  to an incompressibili ty constraint) . The.’ rule syste m
is offered as a f i rs t  start t oward  mor e sophisticated and powerful algorithms.

An o i )t ( ’ e. ’t I  ye ’  evaluation of the ’ rules has beun performed in whi eh i  durat ional  pred ic—
t oe r i s  have been compared with durations measured in new paragraphs read by the author.
Resu l t s  indicate that  the rule ’s tu’c ’ount for 8~t~ O of th e ’ var iance ’  in measured sc ’gnu ental
(lurat i e)ns.  l’ erce ’pt t ia  I evaluat ion of spe ech synthesized us ing  ru le—governe ’d dura tions
indica tes  that  both naturalness rat ings  and in te l l ig ib i l i ty  of sentences svnt l i t ’s ized  using
these rules are comparable to re s u l t s  using sentences synthesized with durations
obtai ned from a natural recording.

g. Pe’rceptua] In terpretation of Durational ( ‘ l o s

The concept of a le ’x ical ly -ba sed perceptual strategy has been extended to the inter-
pretation of durational cues. Many factors influence the duration of phonetic segments
in an utterance. How is it possible to determine whether  a part icular segment has been
lengthened due to syntactic , stress , or phonetic factors? We argue that the answer lies
in the specification of expected durations for segments in the ’ representation for each
word of the lexicon. Then t h e  lexical search strategy can include durational criteria
to select among lexical candidates without unraveling phonetic causality, and , simul-
taneously , it ca n look for certain kinds of segmental lengthening and sh ortening patterns
( relative to the word tinder consideration) that indicate particular syntactic structures.
We p lan to look in detail at the ’ kinds of rule-durational systems proposed for English
to determine the relative advantages of this viewpoint.

h . Analysis of Speech Error Data

A corpus of over 8000 speech errors collected by Mer rill Garrett and Stefanie
Shattuck-Iiu .fnagel has been examined for evidence concerning the active use of this-
ti nct i c~ f~atures and markedness concepts during early stages of the speech production
process. The ~‘esults of our analyses support the view that , when segmental speech
errors occur , individual di stinctive feature values of segments rarely, if ever , move
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apanesi ’ i i i  ~‘ollahui’ation w i t l u  K a ’z u iu i ko  Y ot’uui i ,i i .

3 .  S’1’~ ’D 1 h : S  at” SI ’ l i X ’ h h  P f l 0 l) l ’ (, ’’l’IO N .‘~~N I )  S I ’ l : h - : ( ’ h l  h ) I S ( ’ h U F e I I N A ’ i ’ I ( I N

H\ ’ C 1 I I L I ) R E N  A N t )  lc~
’ ’ l ’ h l h - ;  h l h - : A R I N u , ’, — l \ h l ’ A I U E I )

N at iona l  Ins t i tu te ’s  of h ealth (‘l’i’aininii ( f tant  5 ‘I ’ ~ .
‘ N SO7 040)

Nationa l  Science Foundation (G i ’a t it s  I~N S76-~~o t 7 l ~ and flN S77 - io87 I )

( ‘ . .1. ln’flel Fellowshi p

.1 aced U ’u ’ns t eth Suzanne Uoyce , l\tai’c i t t  A . l~~ish , (~ t ’~~~ h a  G . t o ldste in

Uowar ’d L. t o lub ,  Wit  h ia ne .  I . . I lenke ’ , I .ise Moon

a. Speech and Sound 1 ‘roduc tion by I t i fants  and (‘hi lde. ’e ’tt

Measurements of var ious  parts of the vocal tract of chi ildr e ’n at dit’fere’nt ag(’s have

been stored in a computer data base and fi t ted with  growth curve’s. Th ese ’ curves are

used to sp e’ c i fv  the dimensions  of a s ta tic  model to s imu la t e ’ t h e i n i d s a g it t a l  outline of

the vocal tract at various stages of development. ‘Flue model w i l l  be fur the ’r  developed

to include ge ’tu ’rati on of area functions , I’ormant f r e q uen c ie s , and spee ’chu waveforms for

use ’ in the exp loration of the phonetic capabi l i t ies  of che.i ld i’en and th in  re la t i onship  between

children ’ s art icu latory configurations for (h i fici ’ e. ’nt v o w el s  and the c~e .nf iguu’a t  t on s  use’d

by adults.

b. Acou st  in Analv  sis of Infant (‘ r ieo’u

The ’ aim of this  project is to descr ibe  s ta t is tical l y the ( t I’ ci( i e ’r t i e ’s of t,’ i ’ t e ’s e ’h ic it ed

f rom infants who are a few days old, and to sp e’c ifv  t h e  way  in which the cr ies  of infants

known to have particular pathologies differ from the cries of norma l infants . l’wen ty— o dd

parameters of t he ’ ecu’s ol’ a large’ number  ui infants have been measured no el assembled

into a data base. These parameters include temporal properties of the ecu’s , notch ’s

of vocal—fold vibra tion . formant freque ncies . presence of nasal i7at i Oii ,  fundamenta l  fcc ’—

quency, etc. Statistical analysis  of the ’ data for normal  infants  and for su ligroups chat’—

acterized by particular pathologies u s pi ’te.cee eling . A nuodel of infant  ccv prod ucti etu h a s

been developed ba sed on the acoustic ’ theory of  spvt ’e’) i n o rma l l y used for adult sound

production , but modified by some physiological  and anatomical hypothe.ese’s for neonates,

The most important hypothesis dea ls  w i t h  the’ c’eit ’stt’ol st i •at  e ’g i e ’ s  iut ’ s ’olv e’ti i n ccv produc-

tion. It is assumed that neonates tend to control t l ie ’iu ’  muscles (especially in the larynx)

in a quantal fashion, thereby helping to explain nuc i s t  of the observed unique acoustic

phenomena found in the ’ cry.
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l’ t tc ’ hi and \ la t ’k et l  \ c  ‘t o e ’ Qua l i t ’ s  in P ar e ’n t— ( ’hu i  le t I ) isc ’ouu ’ se ’:
i t ’s an t i  Se ’i i i a t u t  i t ’s

e I m c ’ be ’en au t o  lv :  ing speech t’r un e .  i c c  ui ’dtngs c e f 1 ~ parent  — cli i ld c i  ‘ th e’  i’s~ t ions;
thu ’ cii i  leht ’ e ’ ie. iv e ’ re ae.~ ed . to  ‘c , au th t h u e ’  c’oni ’e’i ’sat to lls l i i i  ch It la( ’ e’ in a sen t is t  ru ctur ed  l a b —
c i  i’a t c ‘cv p l~~v i c  c c c i i i  s c t  t t h g .  t o e  t h e ’ ~~ t ’e’ut s ‘se e’ have found s c c i i i e ’ st unan t  t e a l  ly ihe’te’i ’mine’d
regulacit  ic ’s in  t h e’ P it e ’h range’s used in su c c es s  i y e ’ c la i t se ’s ( w i t h i n  and ucr i ’sS  spe ’ake’x’s)

and solut e ’ t ’egu lat ’i  t i t ’s in  the  l is t ’ ut c’e’I’tatn marked voi c e’ qual i t ies  ( f a l s e t t o , e’reak ~’ ‘s’c ’ice ’ ,
5 i l t ( ~ t u i g  V O i c e ’).

ci. Spe ’c ’c ’I i  I ‘io idt t ct t i t l e .  I c y  the  I ) c ’af

l ’t i  is at ’ea i t t ’ r e ’se ’at’ c ’l i  t i t ’ s ’ c c l ’ s ’e’s th e’ application oh’ acoustic t h ie ’c t t ’v  and analy s is  t o
the st ti d ’s - cc l ’ p roblem s ( ‘o luum on i  e ’flv ’tuLifl t~’i’c(l in th e’ spe ’ect t  of the ’ pz’ofoundl (leaf. (‘~e .e ’
( e. r e .g t i t l e .g  p ro t ec t  is c ’OUc ’ e ’ u ’ t i t ’ t l  iv i t  I t  comparing the  et’fe ’cts cd segmental  variables ( such
as ‘s ow < ‘I h e ’ight . c ’ c ’u usonai t t a  I c’oute ’xt , and vowel nasat i~ ation) on f u n d a m e’it t a l — f x ’ e’quency

control  in the  ~ pe ’e’Ch ut deal ’ and norma t — h i c ’ a t ’ t n g  t ’ hui  ldt ’e’n and adolesce nts.  I ‘i’e ’l in ’sinarv
re s u l t s  sugge ’st that  c ’e ’t ’t~ in inadequate modes oh’ ‘s’ocmt 1—to l d  ‘ s - i  I c t ’a t  t u tu ma be n i axin t a l l v
sc ’r e . s t t i v t ’  to suc h se’gnietitat variables and , furthermore ’ , n ’sav be’ asst-ie’iate’cI with the

cu ’t ’at i t ’ pi tch and breathy c c c  fa I s e ’t t u  vo ice  qua l i ty  c’he.a i ’ac ’teri st it ’s of ue. i any deaf spe ’ake’i ’s.
In another pt .o ,ie ’c t , a svs t e ’n iat ie ’  s tudy h a s  been made’ cii ’ t h e ’ k inds ut a u to m at i c ’s that

arc ’ P t ’ c ’st ’nt m th e’ S h C e ’c ’c’l e. of cleat’ clii ldren Wli e’fl t h e ’ s  c’cui ’scateiunte it- or ds. These anum a—
l i e ’s include pausing ( w i t h  01’ ‘s ’ s ’ ith ctu t  inspi rat ion ) , g lo t t a l i za t ion .  and e ’I ’rt c! ’s in articula—
t iun  < i f w o r d — i n i t i a l  and word—fina l  consonants. ‘l ’h ie ’ data suggest a lack of awaren ess

of many deaf ch i ldren  of how to produce phrasal units that e’ttcompass se’(liic nce’S ccl
s e’v e ’ en 1 words.

An at tempt has also been made to de ’sce. ’ibe ’ the spee ch—pr oduct  ton capabil i t ies  of
ten adventi t iously deafened adults. The most common segmental errot ’s made’ by t l i e ’~~e ’
speakers involved the product ion cii ’ the sibilant consonants /s/ and /~/. Inadeq uate’
ve ’lopharvngeal control at both the’ segmental and suprasegmental leve’ls ‘seas also ire—
quent. The Ete ’~~t pt ’e’dic’tc ’t ’s cci ’ speech errors among the ’ ten subjects appeared to be lack
of hea r ing—aid  Lis t ’ Wh ich , in turn , se’ene.ed related to the type and se’’s’ e ’t ’i tv  of a speaker ’s
hear ing loss.
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Joel Rotenberg

Na tional Institute of Mental Health (Grant 5 POi MH 1 3390)

Morris Halle

The ultimate objective of our research is to gain a better understan ding of man ’s

mental capacities by studying the ways in which these capacihes manifest themselves
in language. Language is a particularly promising avenue because, on the one hand , it

is an intellectual achievement that is accessible to all normal humans and , on the other
hand , we have more detailed knowledge about language than about any other human activ-
ity involving man ’s mental capacities.

Scientific descriptions of languages have for a very long time followed a standard
format. A number of topics are almost invariably discussed; for example , pronuncia-
tion , the inflection of words , word formation , the expression of syntactic relations,
word order, and so forth. Moreover , the manner in which these have been treated has
also been quite standard. While traditional grammars have many shortcomings, their
great practical utility is beyond question; generation s of students have acquired adequate
command of innumerable languages with the help of grammars of the standard type. A
plausible inference that might be drawn from this fact is that languages are somehow
not very different from one another and the traditional standard format has succeeded
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in capturing essential aspects of what all languages share in common. Accordingly,
much of the research of our group has been devoted to studying the common framework
that underlies different languages , the general principles that are exemplified in the
grammar of different languages. Results strongly indicate that this assumption is
indeed correct as far as the linguistic evidence is concerned.

The precedi ng discussion leads quite naturally to the question , “What evidence from
outside of linguistics might one adduce in favor of the hypothesis that all languages are
constructed in accordance with a single plan , a single framework?” It seems to us that
the most striking evidence in favor of the hypothesis is , on the one hand , the rapidity
with which child ren master their mother tongue, and , on the other hand, the fact that
even a young child’s command of his mother tongue encompasses not only phrases and
utterances he has heard but also an unlimited number of pharses and utt erances he has
not previously encountered. To account for these two sets of facts , we must assume
that in learning a language a child makes correct inferences about the structural prin-

ciples that govern his language on the basis of very limited exposure to the actual sen-
tences and utterances. In other words , we must assume that with regard to matters
of language a child is uniquely capable of jumping to the correct conclusions in the over-
whelming majority of instances , and it is the task of the student of language to explain
how this might be possible.

A possible explanation might run as follows. Assume that the human organism is
constructed so that man is capable of discovering only selected facts about language and ,
moreover , that he is constrained to represent his discoveries in a very specific fashion
from which certain fairly far-reaching inferences about the organization of other part s
of the languag e would follow automatically. If this assumption is accepted , the next task
is to advance specific proposals concerning the devices that might be actually at play.
The obvious candidate is the theoretical framework of linguistics, for while it is
logically conceivable that the structure of language might be quite distinct from that of
the organism that is known to possess the ability to speak , it is much more plausible
that this is not the case , that the structures that appear to underlie all languages reflect
quite directly features of the human mind. To the extent that this hypothesis is cor-
rect — and there is considerable empirical evidence in its favor — the study of language
is rightly regarded as an effort at mapping the mysteries of the human mind.

Additional detailed information on various projects connected with this research is
available through inquiry to the department head , Dr. Samuel J. Keyser , Room ZOD- l0 5 ,
Ext . 4141.
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\‘ao-\ling Chao M al ik  M. A. Khan Randall 13. Sharpe
Charles  I t .  (‘ox Gary F. Kopec Jorge Sianez-Guiterrez
Paul .1. (‘urlander Thueodore T. Kuklin ski  Jonathan M. Teich
Richard S. l)amon Peter V. LaMaster Victor  Torn
Mark Dit on Ion Larnel Rosalie M. Uchanski
Peter \-‘ . Dolan Donald S. I .eyinstone Peter Yanover

David A. Levitt

1. NA ’rI aAl.  i,ANGU:~GF PROCESSING

National Science Foundation (Grant SED76-8 1985)

Jonathan Allen

The objectives of th is  project are changing from research in text-to-speech conver-
sion for English to speech-u recognition. For over ten yea -u ’s , a unified set of research
projects has focused on the’ construction of a comprehensive text-to-speech system and

— it is now felt that this work has reached a level of m aturi ty and quality (of the output
speech) so that the resulting sy s t e m  can be successfully exploited in a variety of appli-
cat ions , including computer-aided instruction, reading machines for the blind , and
general-purpose computer output devices. There is a wide variety of capability con-
tained in the system , including morphological anal ysis , letter-to-sound and lexical
stress rules , parsi ng, timing, and pitch determination , phonological adjustment rules ,
and phonemic synthesis leading to the final  output speech waveform. The several algo-
rithms treating the constraints due to these domains have been developed to a high level
of performance , and have been comprehensively tested.
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(XXII. COGNITIVE INFOR MATION PROCESSING)

We are now turning to a complete documentation of the system, in the form of a

monograph , as well as a short course wh ich  w i l l  make the results  available to the gen-

eral public. There is , however ,  a continuing concern with practical electronic imple-

mentation, and we are utilizing techniques for custom integrated circuit design to con-

struct devices for the high-data-rate signal-processing algorithms. W e  believe that the

entire system can be imp lemented , using state-ol’-the-art electronic technology, in the

space of a small book , and at a cost appropriate to a wide range of systems.

As the text-to-speech work is completed , we are preparing to start a major project

in speech recognition. We feel that it is possible to recognize individual segments and

words at a much higher level of accu racy than is now done. The approach centers around

the recognition of syllable peaks , and the selective focusing on relevant cues rather than

st raightforward template matching. This approach requires a carefu l determination of

the way in which cues integrate to form a percept , and the conditions which determine

the subset of cues being used in particular environments. In order to collect the large

amount of data needed , a computer-based “ phonetician ’ s assistant ” to provide for effi-

cient interactive examination of distributional phenomena will be developed. New tech-

niques for syllabically anchored lexical lookup will also be developed , although current

plans do not provide for initial emphasis on the heavy use of syntactic and semantic con-

straints.

2. DIGITAL WIREPHO TO SYSTEPLI

Associated Press (Grant)

Donald E. Troxel. William F. Schreiber, Richard S. Damon. John N. Ratze l

Since August 1970 , we have been developing a news pic ture (Wirep hoto) distribution

system that is entirely new for the Associated Press. It is being in troduced in stages.

in such a way that at least the present standard of quali ty and service will be maintained

everywhere, with improvements spreading gradually to all locations.

Pictures are stored under computer control. An editor can then view any picture

on a TV display in order to se lect, discard , edit . transmit ,  or store that image for later

automatic dispatch. ‘~diting may include cropping. enlarging. reducing~ tone-scale en-

hancement. sharpening. combining, and addition of capti ons. No additional chemical

photographic work will be required for any of these picture-processing operations.

Transmission over the “backbone ” system linking AP bureaus and large metropoli-

tan newspapers that have substantial computer facilities will be via high-speed digital

links and will originate and terminate generally at computer-controlled digital storage

devices. Tr ansmission to subscribers will be analog or digital and at speeds and scan-

ning standards appropriate to the existing traim~iti ssIon facilities. Complete control
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will be exercised by the New York network monitor. In the absence of manual  interven-
tions, transmission to all points amon g the bureaus,  from point to point, and to regional
networks , will  be accomplished automatically.

We have implemented some of these procedures in the laboratory. using a PDP- 11
computer (300-megabyte disk). The input may be a picture fro m the AP  network , from
a local analog tr ansmitter,  or from magnetic tape . and is stored on a disk. Pictures
may be transmitted from the disk to comparable receiving points . Pictures stored on
the disk may be viewed on a TV disp la y utilizing a fu l l- f rame storage system. Editin g
facilities alread y in operation include cropping . enlarging or reducing . combining sev-
eral pictu res into one, addition of captions, and sharpening.

The multi task software operating system permits new picture-processing routines
to be integrated easily. and we plan to keep incorporating additional picture-processin g
rou tines into the system.

We are pa rticularly interested in picture-processin g operations in which the pro-
cessing depends on the local content of the picture. That is, the detailed par am eters
of a coding or enhancement scheme vary for different local areas . In this type of pro-
cessing it is of prime importance to avoid artifacts such as contours outlining these
local areas. We are also accelerati ng our interest in color pict ure processing . both
f rom the viewpoint of coding for bandwidth compression and enhancement or n iani pula-
tion.

The Associated Press has now installed the computer-based image processing sys-
tern in New York City. It is initially being used to coordinate the newsphoto tra nsmis-
sions between the dome stic and internation al Wirep hoto networks.

3. DATA PROCESSING FOR THE GRAPHIC ARTS

Providence Gravure , Inc . (Grant)

Willia m F. Schreiber, Donald E. Troxel, Leonard Picard . Malik \ l .  A. Khan .
Frank Tze-pu Chang

The aim of this project is to exp lore the feasibility of digital processing and com-
puter manipula tion of graphic ar ts qua li ty Images which are intended to be dup lic at ed
on printing presses. Specific areas of investigation include data compression . tone-
scale reproduction, enhancement , input/output hardware and sof tware.  and the econom-
ical storage and retrieval of very large amounts of pic torial data.
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1. t \ l A ~;t :  I’ l ~OC l SS tN ~~ I~~~l~ ‘I ’t I t - :  ~~U A i ’ i l l ( ’  ~th~l S

} ‘ t l ~~~i i t a~ 
(~~ ‘t t W 3 i t V  t a nt ~

t t l ~l 1 - i’ r o ’a l ,  \\ i l l t a t t t  1 -  S~’t i r t t i a r .  I’ l  ‘ -(,~u~ui ~~~~~~ N~~i l  \ t .  1-:isniz ~n

l .Lv ~ot } ‘t ib1 i ,.dtin ~’ ( out  .an v is devt ’ l~.ptnt . ~ a ( o n : p l l t t ’ t  — t ’a s t i i  sy s tem  f o r  p roduc ing

:Ui~~ ~‘L~t~~s f at’ ‘~ t - : t r tt ,oLs and s imi l ar  t i b l i c at a i n s  - flhj s tvpc ~ f Pt’iflt 1fl~Z is ~h a i t a .  -

- t -  .~ ~~ d by :i ye r v  l ar ~~t ’ numbt ’ r of d i f fe  r en t  pa~~cs . most t n t a i t i i n ~ m an y p i c tur e s .  and
lt ’~- s t t m . i t l  r uns  t ’ ’ i n p a t t d  w it h most  at h t t i b h s h i t t .~ - Thtis the  cost ~ f p la te  i t ’  ar a ’ian

a i t c h  ~~~~~ ~) r t a ’t t  at  t l i t ’ t o t a l  I t R ’ t i o f l  co s t .  f l it  t i  m • ç t ost of the \ l  :1’ ra act  is t a ’
-~- t 1 p n a n t  of an ii  proved  S v s t t t t t  f a t  the  l i i t i i t  and t o c t ’ ss t I a~ of th e c m  i ca!  e l e —

— ;‘ic p u~ s and ‘t a t  t v ; t o c  m :  t t h t c  at  n~ :ttt . t — t o be inc haled in the f inal  pa~ e s -

I ’ lm. ’ i m p m tvcd ~ v~~t -in is  ~~ ‘ ft : t t i t m t -  lo~~- t r  c o st .  hi cht ’m speed ,  amid  no 1o~~s of q u a l i t y
t l t t o m i c h  th ~ ‘: ‘~a- .i t1 ’n at  i , it c r a t ’ t i v ,  t ’o n t t ’ i m t t r t echn i que s .

The i v u k  to  1’ .’ done i t  \ I I T  ~~ ‘n s i st s  of the d e s i c t i  of a scanner  s t a t i o n  and i t s  opt ’ r —
a t ia ~ s \ s t . -n ~ . ~‘h~ s~c a l l~~, t t i t ’ s t at i o n  which i t s e l f  w i l l  P a s a t e l l i te  of t h e  l : i v l o m  I’ub—
I i s ~m t u c  ( ol:~p :l l1v s p t i b l i s h i t a ~ sy s t e m,  c o m u p t i s t s :t s m t : a l l  i pu t e r  with associated
p e m I t t ! a - m - a  I s  - l ’ti. ’se inc l ittl e a p i c t u r e  d is ; ’l av  - f u l l .  f m tna ’ r i t , m or v  . di sk  m n , m t t o m v  - table t
an t i  -

~~t i t  k - tn  ~,~~:t I t ne r  f l i t ’  ‘t a t j r i c  sv st .~n : i v i l l  !a’ r n t i t  th e  s t a t i o n  ~~~~~~~~~ s i t t i n  in
0 the  ~~~~~~~~~~~ c omis o l , ’ . to tt ’ r f o m mn . i m t t , - m - : t t t l v t l v ,  t h e  f a l ! o ~v j t i ~ o;’t t ’a t t o r i s :

ct we I avon t inst  rue t t ons  f o r  each pace . f t ’ cMr the eentv ~ . Inc ltidin~
. m t m t ti .in i si:’e of m a p hi~’ai e l e men t s .

.. Scan ‘ t c t u m , s  i nt o  the sv st ,~m i i s i m a ~ t a i ’ a r t t i ’t t ’m ’s t i e r i v e t i  f rom the l ay o u t  infor-

- \ l t \v st a l i n,~~ t n1~ - t u  I t S  Oi l  t h e  d i s p l ay  and p er for m  at stht ’t ic correct ions . if i c  -

u i  m e l  - V a n - e n t ir e  pa~~.’ o t t  d i sp l a Y  to  V t m i t ’v layout .
- I .  (~~i’~’ an1:a’ c t - . u’k i c :d  l a t a  i n lo ca l  n i e n : o m v as r equ i r e d  by  pa~ze l ay o u t  and in i t i a t e

data  t r au s f t r t a the t - t n t  t a t  sv st~- mil .

fla mio ~~~l ~ t t u  i , ’s of t l i i  s sy s t em r e v o lv e  a t .o tm n d  t l i t ’ use of a s u \ a l  I co m p ut e r .  in

~~~r : l t i m i a t 1 tt i  w i t h  a m : t litt s a i l s  qUa l i l y  laser  sc anner  and some special  —purp o se  t l i i ~i t a l
h a  r l ~v ar e .  to p. t n t  i t  i n p u t  of t a p hi ic  e l, it  a n t s  - : i ~’ s theti c c o r re ct i on s .  ant i  the or c.ar i i  :‘ a -
t io~ of data  fa t  each  t ’~ d” :~t ’c a m d i n c  to l:iv i t i t  i n fo rma t ion , all  on an interact ive basis .
and in a c s t — e f t ’, ’c t iv t  n a i m m n i m-
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~~~. I ) I ( ; r r A! .  COLOR TV ( O I ) I N I .

Sony Corporation ( ( rant)

W i l l i a m  1” . Schreib er .  Donald I ;  Troxel . Robert  U .  B u c k l e y .  geoff rey  1 . Run za

The obj ect of this research is to produce commerc ia l  q u a l i t y  color TV p ic tu res
us ing  a data  rate low enough to faci l i ta te  app lications at pre sent nonfeasible or too ex-
pensive The technique  us separate coding of luminance  and chr oniinance components,
w i t h  previously developed monochrome codi ng method s being app lied to luminance .  m i -
t ia l  work has been done by compute r s i m u l a t i o n  I)esigrt of a r ea l - t ime  (h a r d w a r e )  coder
is Under w a y .

it
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XXIII. ( t S F O ~ l INTE GRATED CIRCUIT S

A c a d e i i i x c and Research Staff

l’ t’ 1.  J n a t t a t i  :~ 1lt n Prof.  ( ‘lifton G. 1”onstad Prof. Gerald J. Sussman
I’x af .  I ) n t i t r :  Antoniad is  Proj . Paul Penfield , Jr. Dr. Glen S. \ li ranker

l’ r I .  Ronald L. Rivest

Graduate Students

Andrea l aPaugh
Guy L. Steele

1. CUSTOM INTEGRATED C I R C U I T  DESIG N

U .  S. Air  Force — Office of Scientific Research (Gran t  AFOSR-78 -3593)

Jonathan Allen

In this  project the objectives are to derive the mask specifications for a custom
integrated circuit  from an in i t ia l  algorithmic specification. Currently, the target tech-
nology is NMOS using conservative design rules. Two projects center around the speci-
fication of algorithms. In one , the algorithm is expressed in terms of a hardware design
language and then manipulated through various space-time alternatives to derive a re-
sulting algorithm with the desired performance. In the other , the algorithm is replaced
by a formal constraint representation which separates the competence of the algorithm
from its performance. An appropriate performance strategy can then be erected on
the competence base.

Another project is devoted to the study of placement and routing for subcomponents
in an integrated circuit lavr ’ .tt. We are also stud y ing techniques for artwork analysis
so that equivalent circuits can be derived from the mask geometry. Finally, we are
building a computer facility, oriented around the Artificial Intelligence Laboratory LISP
machine , including high-quality color and black-and-white graphics. The ultimate
objective is to bring together the results of the various projects in this area to form a
unified interactive design system.
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A. Signal Transmission in t i t - Au d i t o r y  sy s tem

Academic and Research Staff

Prof . V~ i l l iam T. l’ eak€ Dr. John J. Guinan , Jr .  Alan 11. Cr is t
Prof. \~ i l l iam M. Sieber t  I)r. I lo l l is  1 . I lo s ford  Donald ( . G a l l ey
}‘ t - 1. Thomas 1.  \~ eiss Dr. N e lson  V . S. Kiang J-J izabeth \i. Marr
Dr. T e rr a r i c e  R . l3ourk Dr. Mich a el  J. M u l l - a - .- F’rank 3. Stefanov
Dr. I)onald K. Eddington Ra i ,e rt  .\1. Brown David A. Steffens

Graduate_Students

Keld B aden -Kr i s tensen  Vt illiam A. Fr ezza  Thomas J.  l ynch III
Bertrand Delgutte Margaret  I~. Gifford J3iriseng \$. ang

Thomas lio l ton

1. BASIC A N I )  ( l I N I ( A l .  STUI)IES OF TI -IF AUDITOR Y SYSTEM

National Insti tutes of h ealth (Grants  5 P01 N S l 3 l 2 6  and 5 KOl NS OO1. 13 ,
and Training Grant 5 T32 N S 0 7 0 4 7 )

Nelson V . S. Kiang, W i l l i a m  T. Peake , Thomas 1. W e i s s

Research on signal t r ansmiss ion  in the ear and audi tory  nervous  sy s t em continues

jo in t l y  with the Eaton-Peabody Laboratory at the Massachuse t t s  Eve  and Ear Infirmary.

The mechano-electr ic  t ransduc tion  sy s tem of the inner ear has been inves t idatec  through
6 -

studies  of the mechanical  responses of the basilar membrane,  the intracel lular  re-

sponses in the receptor organ , 1 and the chemical environment of the inner ear. 7 Char-

acteristics of auditory nerve-f iber  responses to acoustic stimuli have been described iti

normal 2 4  and in pathological 5 ears. The expanding clinical use of compound action

potentials f rom the auditory nerve for diagnostic purposes -has made it important to

determine how these responses are related to responses of nerve  f ibers  f rom different

regions of the inner ear. 8 ’ ~ An anatomical s t u d y  has led to a description of the organ-

ization of the “feedback” system from the brain stem to the inner ear , which is sub-

stantially different from the previous conceptions. 10

References
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the Timing Characteristics of Spike Trains , ” Biophys. J. 22 , 413-430 (1 978).
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9. B. Wang , “The Relation Between the Compound Action Potential and Unit Discharges
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B. Auditor Psychophv sic s and :~ i u s  foi’ the 1 )eaf

Academic and Research Staff

I ou i s I ) . Bra ida l)ennis M. 1” reeman (.‘hai’lotte ~u l .  Reed
a rd M. Burns Rudol ph 0. 1 lauslex ’  Bertram Scharf

Shu t Li M. (~liast ’  l’hi lip W. 1 l e rman . .1 r . .‘amp bell I.. Searle
11. Steven (‘olburn Adrian .1 . M. I lout sma M a r t i n  (‘ . Sel tu lt
Leonard (‘. I lowdv A l l en  \V .  M i l l s  Wi l l i am M. Siu ’ht ’r t
Nathanie l  1. 1)urlach Paul Mihw r Richard M. Stern, ii’ .
Mary S. 1”lorentine I rw in  PolItick Carl  I - . Thompson
I)avid Franklin Wi l l i am M. R ab in ow i t ;  Edgar V i l l ehur

Graduate Students

(‘harles }‘ . Becker J ack  Goldberg Patr ic M. Peterson
1)ianc K. Bustani ante Bruce I .. h icks Micha el  :~~. l’~L’} 1L ’ll\ -
L” ra ncin e R. (lien ~‘ o~ tuko Ito Stuart M. Rosen
Mark A. Clements Michael A. Kx’asner Steven I. Hubin
Michael ( ‘. Coin Richard 1’. 1 .ippniann 1 lowaz’d 11. Sherman
Mark  F’. Davis I )ouglas H. ~look Ronald A. Siegel
Steven \‘. DeGennaro Peter .1 . ~ lu ’~~ Orlando Sotomavor— 1 )ia~’Kaigham J. Gabriel  Rosalie M. U ch anski

1. INTENSITY PERCEPTION AND l.OUl)N FSS

Na tional Institutes ot’ l l u ’alth (G rant S ROl NS 1 1153 and
Training Grant I T32 NS07099)

National Science Foundation (Grant 13NS7 7— 1 t ’8t ,l)

Louis I). llraida , Sheila it!. ( ‘hase . 11 .  Steven (‘olburn .
Nathaniel I. l)urlach, Adrian 3. M. hioutsni a , Mai ’~’ S.
Florentine, Charlotte iii. Reed. Rosalie ‘tI. Uchauski

This research continues to be concerned with the development of a unified , quantita—
t iv e  theory of intensity perception and loudness , and involves the construction and inte-
gra tion of models of sensory processes , short-term memory , perceptual context effects,
and decision making, as well as extensive psychophysical  experimentation. I)uring the
past year , work has been conducted in four areas: (i) the relation of intensity resolu—
tion to auditory—nerve firing patterns . (ii ) the relation of intensity discrimination to
loudness matching, (lii) the dependence of intensity identification on stimulus presenta-
tion frequency, and (iv) intensity resolution and loudness in listeners wi th  hearing
impairments.

(i) A stud y of the relation between intensity discrimination and the coding of inten-
sity In auditory-nerve firing patterns has been initiated using an approach introduced
by Siebert 1 ’ that is based on optimum processing of average—rate Information on
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au dit e ’r \  — n e r v u  i t  I t t ’ s. Recent L’ ( ’su ’a t c l u  r e su l t s  in both ps~ cl i i  ‘Ut - ‘ust  it ’s and aud ito ry

ph’.-sio tog\ - now d if fer  s u I f i c i u ’n t l ~ from v l d t - r  id t ’a~ that  it  ap~’t ’ar s w t ’rU i  wh i l e  to

r ’~ ork S i t ’t’ u ’i’t s f o r n iu l at  iou . 1” oi’ u - x a u i i i ’  Ic , ‘s~ cI t ~ ‘ac ‘t is t  uc  stud ies  ind ica t  u ’ t h a t

W ebet’ ‘ s I aw dot ’s not hold for t ou t ’s  at i nt e i i ~~it  I i ’s a ! ‘t ’V t ’ roug h lv 40 dl  SI  ‘1 . h u t  r a ther
tha t  i n t e n s i ty  resolution t i np r i  ‘vu ’S s ’-steniat it ’a l Iv  al ’ i’~ t ’ th is  l eve l .  In add it ion , ret -cut
ph~ s i~’Iogica 1 data d i f f e r , t o t ’  examp le , f rom t h u  dcsc ci i i to il ci i ’at e— ~ntu ’nst t  V func t i on s
and t l ir es !o’Ld ( l iS t t ’ ibut u onS i~~~ ’ut  by Siebei’t. %,‘ i i fortun at  el~ . i n i t i a l  m d i  cat ions a re  tha t
pe r fo r man c e  predicted by opt imum use ‘f :ivt ’ra ce— ra te  in ioru im at io n  out aud it  ‘r v — n er v e
f ibers  us very  s i ’us i t  i v u ’  to de ta i l s  ci t ime  a u d i t o r y — n er v e  ~h’s~’ t’ mp t mon , and tha t  th e  a~ auI—

al ’ It ’  p h m v s u  ohi ~~t~’a 1 data  ar t ’  not suff i  ~‘ient lv  conip l& ’t u ’ t o  spec if ~ thes e deta ils .  1 ) u i ’ i u u ~:

t hi t ’  coming year Wi’ plan to pre~’a re a discuss ion of t h i s  work  fun ’ publ ic~ t ion.
(ii)  Accoz’ding to a recent cxt t ’us ion of in:’ th eory ci int ens i t s -  pu ’rct ’ption . two

st imuli  are matched  in loudness if and oul\ if t l i e i  m’ in t e n s i t i e s  d iv ide  the u’espu ’u ’t i vu ’
dynamic m ’an i~es pm’opoi’tionallv in t t ’rnms of j u s t— n ot i ceab le  d i f f e i ’e i i t ’es. h o  test  th i s
ri’ed c t ion we have c inducted a s eel es of in ten sm t v d i sc  ri minat  t ‘ii and l oud ne s s— match u ui ~
experiments us in g  a common set of I i s t eum e i ’s  w i t h  normal  ht ’a ring . I )ata were oI ’t~ utie d
u ’~~t ’i’ u ’ssentia llv the ent i r e  dynamic  range for t h m r t ’ e  t v p u ’s ci sound s t i m u l i :  1000— Il ; ’

‘Ut ’ in quiet , 1000 ~ I z tone part ia f l  masked b~’ a t w o —  oc tave w i d e  noise band , and spec —

t ra l l~- fla t ~v ide — ba:~d noise. Of the f i v e  l isteners t e s t e d . only three produced r esu l t s
that had sufficient internal consistency to be us efu l  for t e st ing  the  pi ’ediu ’t ioum .  For these
thrce sub ,jec ts . the data and theory were found to be reasonably consistent.  1” ui’ t hiu ’i’ —
more , these data were found to be strongly inconsistent with  predict  ions based ‘t i

Fe chmne r ’s classical theory .  Further details  of this research have been submitted for
publication.

(ii i)  Ident i fi cat ion experiments using 1 3 tone—pulse s t imuli  ( 1000 11; , ~‘00 1115cc)
spaced by equal decibel increments  from 48 to °0 d13 S P1 were c otmuhiu c t e d  under three

di f fe ren t  pi ’esentati cii probabili ty conditions: EQ. in which  al l  s t imuli  were equal l~
l ike ly ;  Ml ” , in which the middle in tensi ty  was presented on roug hly 1/3 of the t r i a ls ;
and i’ I” , in which  each of the tw o extreme in t ens i t ie s  was  presented on roughly t/ ’~ ~ f
the t r ials .  No correct response feedback was provided. The m’esults were  ana ly ’  ed in
terms of sensitivity and bias in accordance with the pr e l iminai ’v  thet ’i’~- of in t e n s i ty
resolutioi’i~’ using a m a x i m u m —  likelihood pm .ocedure . I ’hme l i s t  end ’s generall  shif ted
their decision criteria for MI” and 1-I” conditions in the d i rec t ion s  r equir ed to increase
correct identification performance, but no significant changes in s e n s i t i v i t y  ii eec

observed relative to the EQ condition. These results are con sistent  with t h e  predict ions
of the pre l iminary  theory  of intensity resolution and the results of I ippmanfl 7 on the
effects of payoff variation , but are at variance with those of I~’u ddy

8 on t h e  effects of

presentation probability variation on tone—frequency identification. Further  detai ls  of
these results are available in Bugnacki.9
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(iv) Experiments currently under way with iuearing—iiuipair ed listeners are Cofl—

t’ei’ned wi th  t h e  nie asui ’enment of basic i n t e n s i ty  i ’e so lut i t i r u  ‘‘ver t h e  dynamic  rang e of
st~ Icc ted pure—tone  t’requenc i t ’S , and w it hu the t l e t  crn i inat  it ’l l  of loudness matches at a

g iven  f requency betw ceo the n ornia  I ea i’ and t li e i mpa i ret!  eai’ (for  Ii  st u ’Uc ’ i’s w u t hm un i —
lateral impa irm ent s) or between d i f f e ren t  f r e q u i c u i c i e s  iii t ime  same i ’ai . ( fo r  Ii s tein-cs
wi th  high — f r e q u e n cy  I t i s  s) . In addi t u t  ‘ii , u e a ru beg i t inu tig  a st i n ’s t i f  n uea su r t ’ i i mc ’tm t  s ci’

t i i t ’ var iab i l i t y  of lu ’t i i ln t ’ s s  comparisons I ’t ’tu ceo tIme norma l eat ’ and t h e  i i im pa mre d  ear
in order to obtain a quantitative measure of signal distort ion in the u lu lpa ir c ( l  ear . This
prog ram includes listeners with a wick ’ v a r i e t y  of type and sever i ty  of h earing loss , anti
us  undertaken both to p r ov ide  ins ights  in to  tIme perceptual abnormal i t ies  associated with

hearing impairments  and to check the validit y of our theoretical models. During the
coming sear we plan to prepare the resul t s  of these measurements  for publication.
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The pri mary objective of this research continues to be the development of a unified
quan titative thmeory of binaural interaction th at is applicable to a wide variety of binaural
phenomena and that is consistent with neurop hysiological data) 5 A secondary objective
is to app ly our understanding of binaural interaction to the problems of the hearing-
impaired. l)uring the’ past year , significant pro gress hmas been made in a variety of
proj ects , including studies of both norma l and impaired hearing.

In one project , we have completed two binaural detection expe i’imeimts with  pseudo-
random noise niaskers to examine the relative contributions to the variabi l i ty of the’

— decision variable from the random ness of the st imulus (external noise) and from time
stochastic natui’e of t ime internal pr ocessing (internal noise) .6 The first experiment com-
pares detection performance measured in a two-interval , temporal forced-choice para-
digm for two conditions : the same noise waveforms in both intervals of a trial versus
statisticall y indepen dent samples of noise in the two intervals of a tr ial. TIme second ,
one-interval , experiment compares performance differences among ten samples of noise
wavefor ms , each used for about 1000 trials ,  Two interaural configurations were studied.
In the f i rst , t hi t ’  s t imuli  at t ime two cam’s Were ’ identical ,  In the second, the target tone
was inverted at one ear , although the noises at the two ears were identical. In the first
configuration (NOSO). internal noise ’ dominates externa l noise, and in the second (NOS’rr),
the variance of the external noise is comparable to the variance of the internal noise,
These results are surpr is ing to us and wi l l  be pursued fur ther  with addi tional experi—
ment s.

In a second projec t , we are testing binaural hieariug models that use subjective
lateral position as the sole decision variable . 7 

We measured the just —noticeable dif-
ference (j nd) in in teraural  time delay for several values of the reference interaui ’al t ime
delay for tone stimuli. 8 

We concentrated our re search in th e region between one-fourth i
and one-hiatt  the period of the tone because the model predicts very large ,jn ds in this
region. Our results and our subjects ’ reports of their impi ’essions cast serious doubt
on the validity of the position model, We found no large interaural  t ime JmI s, even for
values of interaurat  time delay for which the position model predicts the largest ,j nds .
Furthierniore , the subjects report th m at th ie perceived lateral Position of a binaural tone
is not a single , we l l—def i ne d  image as assumed by tI m e position model , and that cues other
than lateral position are often used in interaural t ime discrim ination for large time
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delays whe n the position-based cue is not h elpful.
In a third project , we’ are investigating the effect of a masking noise on intez’aural

time discrimination. The jnd in interaural time dela y for a narrow-band noise signal
was measured for several different interaural conditions of a wide-band masking noise .
Th e narrow-band signal is a 1/3-octave Gaussian noise band centered at 500 l I z  with an
overall level of approximately 56 dB SPL . time same a t each ear. The masking signa l
is a Gaussian noise including frequencies from 250 l i z  to 1500 Hz , also pres ent e’d at an —

overall level of 56 d13 SPL. T h e  interaural conditions of the masker include the ’ inter-
aurally identical case (NO) . the interaurally inverted case (N i t ) ,  and time interaurall y
uncorrelated case (N 1J). We also used maskers with an interaural delay of T = 100 ~s
(NT), with an interaural attenuation of a dB (Na ) ,  or with both delay arid attenuation
(N T , a ) ,  where a is realized by atten uating one ear and is chosen to center the masker
when both r and cm are present. Several relations held consistently fo r all four subjects.
First , the masked ,jnds were always larger than time jnds measured with no maskin g.
Second , the progression of increasin g difficulty (increasing j r ids) was NO , NV , and NT .
Note that this progression is exact ly opposite to that expected from detec tabilit y results.
Third , the NT , C case is more difficult than N T or Na.  Note that this is consistent with
the notion that the jnd task is easier when the lateral positions of the maskem ’ and target
are separated within the perceptu al space; however , this notion was not applicable con- -

sistent ly for the rest of the conditions measured. We are continuing to test some of
these conditions.

In a fourth project , we are investigating the jnd in the int eraura l correlation of
Gaussian noise. We are measuring the dependence of the ~nd on bandwidth at two i’ef-
erence correlations , +1 and 0, Gaussian noise waveforms with eight different band-
widths from 3 Hz to 4500 Hz were synthesized with the narrow-band cases centered at

— 500 Hz. For seven of the bandwidths , waveforms were synthesized via sums of random-
amplitude , random-phase cosines , one every three Hertz. For the 4. 5-klhz low-pass
case, waveforms were generated from Gaussian-distributed random numbers. At each
bandwidth , waveforms were randomly chosen for each representation from an available
set of 64 waveforms. In measurements so far , j nds from a reference correlation of -Fl
have been determined for three subjects. The j nds obtained are about 0. 04 for the wide-
band waveforms (greater than 1/3 octave) and decrease to 0. 004 for the narrow-band
waveforms (less than 1/3 octave). These results , together with results from a reference
correlation of zero, will enable us to answer questions about the spectral characteris-
tics of our correlation pr ocessors and help us to interpret binaural detection perform-
ance for narrow-band stimuli.

In a fifth project , we are investigating the discrimination of Interaural time delay
of the envelopes (onset and offset) of tone-burst stimuli. We are measuring the jnd in
the Int eraural de lay of the envelope with no ongoing delay. This jnd has been determined
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for three rise times (5 , 50 , and 150 ms) and two frequencies (500 and 4000 Hz) for four
subjects at 74 dE SPL. Also , the level dependence of the ,jnd at 500 Hz was measured
for two of the subjects. The j nds are a few hundred microseconds for all subjects at
4000 Hz , with only a slight dependence on the rise time. At 500 Hz , except for one sub-
jec t , jnds increase from a few hundred microseconds to about a millisecond when the
rise time increases from S ms to 150 ms. One subject shows exceptiona l results at
500 lIz; his jnds are 2 ms , 20 ins , and 35 ma for the thre e rise times measured. (His
audiogram was normal and the results were repeatable.) For the two subjects tested at —

various levels , the measurements show very large increases in the jnd as the level de-
cr eases. For example , the m d  at 14 dB SPL is 90 ms. The j nd is approxi mately in-
ver sely proportional to the pressure in dynes/cm2 for low and moderate levels and —

asymptotes to a constant value at high levels.
In a sixth project , conducted in cooperation with the Eaton-Peabody Laboratory of

the Massachusetts Eye and Ear Infirmary, we have made relatively crude but reliable
measurements of spatial resolution and interaural discrimination in a number of persons
with heari ng impairments and in a group with multiple sclerosis , in addition to a normal
control group . Measure ments include: the minimum audible angle ( MAA ) in the vertical
median plane , the MAA in the horizontal plane at eight reference locations around the
head , the jnd in interaural time delay, and the jnd in interaural amplitude ratio. The
standard stimulus was a pair of broadband (250 Hz-b kHz) noise bursts of one-sec
duration separated by one second , although additional measurements with other stimuli
were occasionally performed. Subjects with several types of hearing impairments were
used , including unilater al and bilateral condu ctive losses, bilaterally symmetri c sen-
sorineural losses, unilateral Meniere-type losses , acoustic neuromas (all surgically
confirmed vestibular schwannomas), and unilateral dead ears. The bilateral senori-
neural group was divided into two categories according to their performances on speech.
discrimination tests. Results were relatively uniform within each category with the
exception of the acoustic neuroma category, which showed large intersubject differences
in all measurements. Results are generally consistent with the notion that there are
separate processors for interaural timing information, interaural level information ,
and spectral information. Each of these types of information can be interfered with
separately. For example, conductive losses, which degrade all three types of infor-
mation, resulted in the poorest performance , and subjects with bilateral sensorineural
losses and poor speech-discrimination performance showed poor use of spectral infor-
mation (as reflected in the vertical MAA and th e horizontal MAA on the sides) but
relatively normal use of time and intensity information (as reflected in the jn ds and the
horizontal MAA ahead or behind). In subjects with multiple sclerosis and with audio-
metrically normal hearing, It was found that the ability to use each of the types of
Information could be compromised independently.

PR No. 121 132 

~~~~~ ,, ._..,~~~~~~~~ ,, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~—.—~~— — -



_ _ _ _ _ _ _  - - - -
~~~~-~~-~~~~~~~~~~~~~~ --~~~

(X X I \ ’ - ( ( ) ~ , t \ l t N i ( ’ A ’ I ’ l O N ~~ H I O h ’ i I \ S R ’ S t

A sevt mi t l m i~ m’~~t i e t  is  ~‘ mmct ’rnt ’d  ~ m th  m m m o r e  ea i’ t - t u  I m m u ’ a  so i’ t m i m o m m t s  of b inaura l int er-

act ion in tn ( I i v idua l s  w i t h  we l l — def in e ( l  h ieai’ing ht ~~~~~t~~ of v a r i o u s  tvp t ’s. Mu ch of our work

to datt ’ has bi ’t ’mi eon~’t ’ i ’mmt ’d w i th i  t im e development t~~i a set ~ f prog rain s ~ h t c h  p e i ’nmit s t h m t ’
nmeasurcmt ’n t  of jn ds for  t i t h  m ’ t ime  om’ intt ’nsi tv .  Oat ’ t) i’~~ ra in  coast ri ict s act s  of miUrro ~ —

hand not s ’  waveforms wi th  spec i f i t ’d bandwidths , ~‘onter fm’ t ’q ut ’ m m c i t s , and relat iv i ’ &le la ~ s.

‘rime others  control expt’ri nit ’nt s ill a very  t’lt ’xib lt ’ u av , mmmc l ud ing  th~ ‘p1 ion ot sul i s ta t i t  m a t

int eraction between t ltt ’ expt ’ri nu ’nt cr and t i i t ’  ii ~ I t - c t .  ‘L ’hmt ’ t ’xpt ’rLmt ’nt& ’r cami . ~ r t x —

a m m i p le . present  s t im u l i  at equal Si ‘I I the t ‘~ t a m ’ s . p reset  the at t enmia t  t o i l  I t - a c~ ‘ a m ,

or present the st i m i m u l t  undt’ i’ m h ~t ’ct cout r ot  for A UI h or ‘ 
~‘t-ut t ’m’i tm ~ ad j u s t m n t ’nt. Us

the selected si gn a l  l t’v e is . t l i e  t - xp t -r m m n t ’ n to z ’  ~‘an I - st  s e m i s i t  m v i  ty t t ~ t’it imt ’z’ m m m t e r a u r a  I t i m e

or interaur al i n t t ’n s l t v .  The expem ’imenter can ~-l ioost ’  t o  pm ’est ’nt a set ‘I sti m i m u i m  at a

se l t - c t t ’d h’~- c ’l , in wh i ch  case’ the program di si .l avs  t ime ’ c u m n i m l a t  v i - pt ’rt ’e ’ll t ~ ‘m i’ec I a f t  t -r

each trial and a summary  of the run inc lud ing  d’ a t the  end of each bloc I~ of t r i a l s .  A l t t ’r—

nativel y , Ito ~‘ai m s ’iec t a “ 1 ‘ESi’ ‘ adap t i v e  pm’ s edt im’ t - h obtain  a im t ’st m oat  c of t ime t ad , or

he can t’le ’ t to pres ent sing Ic trials at se lec ted  s t i m u l u s  i’~ ra no - t em ’s  so that  he ~‘a i i  t ra i i i

th i e  subject and/or make a sub l e c t m v e  est mate  of t he imid .  ‘limo p1’o~ ra i i i  is now b eing

used in ai m ex t e n s i ve  stu d~ of a s i i h ’ i e c t  wi t h  a s ims l o ’~-t e d  aco ims t i~~- n ouron lu .  S i i m c e  th is

suh~ect is avai lable  o mm l v a short t ime b efore stt rgt ’t’V , t i m t ’ f l e x i  i ’ ih itv  of the  i~i’~~~i ’ami i  has

proved ve ry  h e l pful and the imit era ct i~’e t’eaturcs have been t ’spe -c to l i v  impor tant  by a l low —

lag e f f ic ien t  select ion of par ametem ’s.
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This research is concerned  w i t h  the (It ’Velopment oX ’ i mproved speech— m ’ t ’ ce p tm o mm aids I 
-for persons suffering from hearing loss and of fundamental  undt’rstandnig on t ime limita-

tions of such aids. During the past y ear ,  our work in t h i s  area has cont inued to focus 
- 

--
on the problem of matching speech to residual audit ory funct ion .  The work  in this  area
is directed toward improved signa l— processing  schemes fom’ people wi th  sensorincural
impairments,  and include s the study of linear ampli ficat ion, amplitude compressi on .
and frequency lowering.

(Xm r research on lineai ’ amplif icat ion is concerned with modelling the dependence
of speech-reception perform ance on the speech mater ials , time back ground tnt er fem ’ t’mice ,
the listene r , and the’ lm nea r —a m p i  if ic at  ion system. In it ial work on this prot ect  focused
on time extent to wh i ch  :~ r t i cu l a tj u n Th eory I —5 can lie used to predict the dependence of
word int el l igibi l ity  on f requ ency—gain  characterist ics  and pr esentation level for listeners
with specified audiometr ic configurations, In general. the theory was found to yield re in—
t ive lv  good pred ic t ions  for a group of l i st eners  with  steeply sloping , h i g h— freque ncy
hear ing loss , although it u as necessar~’ to assign a single number , the p r o f i c i e n cy  factor ,
to each listener in or der to derate performance relative to that  for l is teners  wi t h  normal
hearing. Further details of those results are available in Dugal. ~‘ Future work on this
project will  be concerned with evaluating time theory for listeners with a wider variety
of audiometr ic  configurations, with the determination of opt imum lineax ’—amplj f icatj on
systems for specified configurations, and with time developmen t of a model for the pro-
ficie ncy factor.

Research on amplitude compression for listeners with  reduced dynamic range has
been primarily concerned with obtaining further insight into the negative i’esult~ obtained
in our initial stud y of time effects of niultiband amplitude compression on speech inteili—
gibilitv for persons with sensorineural losses. ‘ We ha ve duplicated the critical port ions
of our ini t ial  stud y on listeners wi th  normal hearing, employing spectrally shaped noise
to simulate the Io~~ e’s (in te rms of elevated threshold , m’educed dynamic range, and
recruitment) of the listeners wit h genui ne impair m ents test ed in the init i a l  study . Roughlyspeaking, the results of this study show that , althoug h the normals with simulated losses
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gen eral l~- obtained h ighem ’ sct ’m’es than the imp aii’ed l i s t  ~‘ mn - m ’ s , the m ’ olat ly e  pt ’rioz ’ n ~O l t t

of the ~-au ’iou s s igna l—proc e ssing  t r a m m s f o m ’mna t ion s tested was  ind ep endent  of ii l i e t l u e - m ’  t in ’

loss was  genuine or simulated. Sp ecif ical ly , tim e resul ts  for  the normals . hke tim e - i’ e ’su l t s

for the impaired , showed no advantage fom ’ compression over linear  ampl i f ica t  ‘ m m w i t h
appropriate hugh—frequency t -mp lmas i s .  l” ur t imer  dcta~ls of these m’ t - sul t s  am’e ava t  labh ’ in
l)eGennaro.8

Our research on frequenc~ lowering for lis teners  with negl igible he ai ’mn~ at h ig h
frequencies employs a p i t ch—synchronou s  t i m m i e — d i l a t i o n  t e chn ique  w it im w a r p i n g  of s l i t ’ i ’ t —
ter m spectra - and has included three mator proj ects :  (i) a study of t i m e  efl’ec ts  of  t m ’ a i n —

ing on the perception of f requency—lower ed  consonants . ( i i )  a s t u dy  of the t ’iIt ’cts ‘f
lower ing  and warping parameters on t ime d u s c r i n u in ab i l i t v  of f r e q u en cy—  lowered co n s~’—
nants , and ( i i i )  a studs’ of the perception of f r e q u e n c y— l o w e r e d  vowels .

( i)  Naive l isteners with normal  hear ing were  trained to i den t i fy  a set of  7.~— ( ’\’
nonsense syllables processed by frcqtme ncv lowering or low—pas s  f i l ter ing t~’ bandwidt h s
of 1000 and 1667 l i z .  Pr e— and post —training identif icat ion te s ts  indicated that , although
substant ia l  increases in performance occurred for both processing condi t i otis . gm’eater

improvements iv crc obtained fom ’ the fi ’equencv— lowered condition . In the p ost—tra ui uig
tests, subjects were generally better able to ident i fy  the f i l tered mater ia l s  th m an the lou —

ered materials , but achui eyed h igher Scoi’es for the 1 N ’7 — Hz banduu’idth couidituot i in a
noisy background when frequency lowering was used. Analys is  of identif icatmon em ’m’ ~ ’rs

suggests that th ie relatively good performance obtained in quiet—background tests for the
fil tered materials may have been due to weak low—fr equency  cues less r e s i s t a n t  to a t i —

dmtive noise than the recoded high—frequenc y  cut ’s introduced by frequency lowei ’ing.
( i i )  Di scr iminabilj tv  measurements  were made omi 89 pail ’s of consonants (in ( ‘\‘

nonsense syllables), including contras ts  oX’ voicing , manner, and place , for a va r i e ty
of lowering , warping, and f i l ter ing conditions.  In general , for a given bandwidth , , ‘vt ’I’ —

all performance for lowering was roughly equivalent to that for filtering for those warp-
ing conditions wh ich left low—frequenc y components relat ivel y intact .  Warping conditions
which altered low—frequency components (such as linear lowering — proportional fre-
quency reduction) resulted in overall performance inferior to that for low —p a ss  f i l tering.
The ranking of the various processing conditions on the phonetic contrast categories of
voicing and marinem ’ was similar to that for overall performance , altho ugh m the discrimi-

nability of specific types of manner contrasts was different  for f i l t e r ing  and lowering.
For exa mple , fo r contrasts of aft’ricates wi th  plosiu ’es and fm’icativ es , pe rformance was
better for lowering t itan for fil tering , while for contr asts of nasals wi th  st’miyowels the
opposite was true. Performance on place contrasts , w lm ich was general ly  inferior to
that for voicing and manner contrasts for all processing conditions , exhibited time same
characteristic. For example , higher performance was obtained on filtered materials
for place contrasts within semivowel and nasal sounds, but on lowered materials for
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p l a c e -  ~
- t i t  i- ,tsj f f i ’mca t  L y e  5 u tn I s .  l ime t’ t ’s t l  I t s  of t i m  s ( I i sL - r m m n h m m a t  l o l l  t ’X pt ’l ’ i m i ie m t a re

t’ ’u g h l v  s t a i m l a m ’  I t  t i i t ’ ~- t ’i i ~~ ima ut I i ’ - m i t  i f i c at i on  expe - r i m t i ~- nt descr ibed  abo v e- ,

i i )  1 )i sc ri iii  u.i t mon ami d i dent i f t  t a t  ton t e s ts  of fi l t e r ed  and lowered u- ow t ’ls in

ì i ’ / —  \ — / t , 
- 

~-ol1t  t -x t s  ui t -r e coudu1 -ted using na ive  mm o m ’nm a l— i iea r im ug  l i s teners .  1) i sc r i min ab m l—
it ii a s  f ti m i d t - be i m t c i t  fo r  m u a t t - m ’ i a l s  pr oce ssed to a 1 0 0 0 — I  i~ bandwid th  ei ther by low—

.1- -s f t  I: e m -  t i i ~ om ’ it  uu c -r in g uu t i  w a I -p i n g  a d ju st e d  t t ‘ m t n m n i i ~’ t - ci l a m i g t ’ ti m b uy — f r e q u e n c y

e ’le ’~~t ’t i t  -
~~. 11 n- na ive  l i s t  e l io t - s  used in th is s t udy  we re , h o w e v e r , able  to ach ieve  m u c i m

i t  t~~hei’ ide - t i t  i m i t - a t  t o l l  sc oi’ t ’s f it ’  t h i t ’  1000— I ’ ~ E ’ a m u d w idt hm ~‘ondit ion aim t Im e ft  l te -red materials  
- -

t i t . t n  u ’u I -uu ei’ t - tl  mater ia l s .  I-’u m i ’ t h m e r m o r e - , both warped 1 ’uu t ’ l ’ i t m g l ’u a fac t  ot ’ of ~ and
- i ’ a i l o w e r i n g  by a fac tor  ‘i f  2 u - ’t t ’ l t ie ’d simi l a r  ove ra l l  pt - m’ fo i’r~amte ,’ e — although d if fe rent

j e t  I t  i - u s of c - i - r o t ’s  — in this t e st ,  in general , t ime t’ofl1 U~~ioiis exh i bi ted by time l isteners
tl ~. t t I  i i i  th is  st u t l ~ t e - u i t i e d  to i’t ’la t e to ~‘ i t a u m g  t -s in foi ’mant f requency induced by f rt ’quenc~-

It uu e m ’  m g :  ft ’atu i ’ e - s i’&’ lat  cii t o  f t  i ’s t— ior  mn a mi t  fi ’ t -q ule t l c  ‘ w t ’i’c bet tet ’ pert ’ ci u’ed th an t I to se
i t - b a t c - t S e t - ‘li t  1— f o m - I l l a u t  f requenc y lo t ’  tim e ii a i ’p ed— lou v erumig con di t ion ( w h ich a l te r ed

l m t g i u  fi ’ t - t lu t -nt - t c -s l i t - p t ’ t ioua l ly  mar t -  than low frequen c it ’s) - u v hm i  le both types  of features
uu e ’re t i e ’g i ’ a t i t - t i  f i l i m i c ’Ui ’ touvei ’iiig ( u i - i i i t ’ii l owers  all t’i’eq uencl  C ’s time same relative

a r t  u : i t ) .  l”u i ’ thc -r de ta i l s  of t h is s tudy are ava i lab le  iii P icheny . 10

It - i e l m i r a  1, t in r e su l t s  obtained in out’ i t u i t i a  1 s tudies of boti m ampli tude t’ompm ’cssion
. m t m i l i ’ c ’c h L t e m t c  v lou ei’tn g t a u t - been d i s a p p o i n t i n g l y  ne -ga t lv i ’. Iii fu ture  work , we plan to
c ’ o u m t i t m c t  f u r th e r  a n a ly t i c a l  s tudies  to achieve basic  unders tanding of time r e sul ts  obtained
a u i  to  t i t ’ve ’l ip i m m s i g l m t  into fundamenta l  l inuitat iomis on t im csc  techni ques. We believe th at

smi ~-h t - f f t ’i ’ts are essential,  Not  only may fur t im er  study lead to i’t ’ s t i l t ~~ which are more

p s l t t ~ ,,‘ , but also  it is ext m ’ t -nu t ’ly d i f f icul t  to build on such results unless t ime ~ are c lea m’ lv

under stood.
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4. TACTILE COMMUNICATION OF SPEECH

National Science Foundation (Grant BN S 7 7 -2 l 7 5 1)
National Institutes of Health (Grant 1 ROl NS 14092 ) 

- 
-

Edith E. Sturgis Foundation
Health Sciences Fund

Louis D. Braida , Diane K. Bustamante , Mark A. Clements , Leonard C. Dowdy,
Nathaniel I. Durlach . Douglas H. Mook , Charlotte N. Reed , Steven I. Rubin ,
Martin J. Schultz

The goal of this project is to develop tactile speech communication aids for the deaf
and deaf-blind. Our research has been directed toward evaluating two basic types of
tactile communication systems, one based ott spectral displays of the speech waveform
and the other based on the natural articulatory display present on the face during speech,

The spectral displays have been realized using am-i Optacon transducer system inter-
faced to a PDP-ll  computer. 1’ 2 In these displays, frequency is coded in the 24 rows
of the transducer while either amplitude or time is coded in the six columns. At present ,
subjects with normal sight and hearing are evaluating these displays with respect to
discrimination and identification of short speech segments. One stud y has concerned
the ability of subj ects to identify a set of 12 consonants in CV nonsense syllables spoken
by four speakers. An Optacon-based tactile display (spectral amplitude versus fre-
quency) was compared to a visual analog driven by the same information, After training,
the users of the tactile display performed much as listeners at a — 1 2  dB S/N ratio , while
the users of the visual display were equivalent to listeners at a —6 dB S/N ratio. For
both displays performance was best on the feature voicing and poorest on place , which
was most degraded by the use of multiple talker and vowel contexts. Additional details
are available in Mook. 3 The second study concerned the discriminability of vowels (in
isolation as well as /b/-V-/t/ contexts) displayed on the Optacon in amplitude-frequency
and time-frequency modes, In general , very similar results were obtained on the two
systems , although average scores were slightl y higher for the amplitude-frequen cy
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d i s p l ay . :~~U analysis of result s in tem’ms of articulatory features  indicated that the most
salient  s’ ti t ’s ui o r e - ~- o m i c e m ’ i i e ’d withi  voui el amplitude , durat ion , and first—forn ian t freq uenc y , —

it i t h u  Ies~ t u t u p ’i’ t a iuc ’ e - asso~- m a t e d  wi th  t imi ’ separation b e - j u t - c - c - mm f i r s t — and second—for ni ant
t’r e -q ut ’nc It ~S. 1”ur t hme r  detai ls  are  avai labli’ in C l cnuc n t s .

R e s e ’ar~-h on ar t iculator s-  d isplay s  of speec h imas focused on the Tadoma method of
s~- c - l ’~- u re -ac uI ig .  \~ ~~

- are stu ch y uug time performance ol both deaf—blind individuals  hi giml y
~~, t t t i e ii t~~ t i m e - Tadoma nie ’t i io t l ” amid also inexperienced s u h ’j e c t s .  b Current work with an

e -x j c l ’ i e ’ulc eei l ad, - u t t a  us em’ is di m ’ected toward (a) inc i-ca s in g  our understanding of t ime
C U e S inv o lve ’t i  in spee ’~’h pe -t ’ c ’ e ’p t i  on t hm t ’ ough Tadoma b~- e l e te rm n in i ng  imow erro r patterns
i - i c o u m s o r i aum t  s a:-ud v ou u c Is c l i a m m g  e - as a funct ion cii ’ h and position ; (b) exp loring linguistic

~- - u t m p c - t c - n c - e- u s in g  s tandardized langtmag e t e s t s  as uvell as tests designed to examine more
Sj’ e’t i f i c  1iuguist i ~’ fe ’ a t i i m ’ e ’s; and (k ’) anal yzing the subject’ s speech production through
rti~-a surc - r m e u m t s  of  durational , prosodic , and articulators- aspects of speech recordings.
\~ o i ’k  w i t h  r r ’ t ’ u t t a i  sul ’,t c ’c- t s °’ - ( in  whic h  hI ine ~ olds and masking noise are used to el im i—
‘lat e  v i s u a l  a :m , :  a t u e i m t , ’i’v cu e- s i  inc ludes  t e s t in g  tim e ab i l i ty  of th ese subjects  to d i sc r imi—
m a t e  spe ech - 1 t ’~~t e ’t i t s ,  to lea rn  to ident i fy isolated phonetic units , and to learn to decode
it - -i ’d s in u s o l at  ‘a ant i in c’t ’ u m n c ’c’tt ’e i spe ech.

,-\ l t L t ughu  it is alr ead  t-u ’udent that the speech m ’eceptio n performance of cer ta in  cx—
pe - i ’ u t ’ :m ~ - c - i  I’ a e l , -m na use ’t’ s is su h st a n t m a i l ~ superior to the performance that  has been
achieve- i with ar t i f ic ial  tactile displays, the i’e ’asons for this are not vet clear. It is
poss ib le  that superior ity  a r i ses  because t h e  experienced users h ave unusual tactile or
ct g ’ m t t u  e ab i l i t ie s , th e ’ display itself is inherentl y advantageous (because it is a rich ,

~t tu ~t i t t ~ t~ie ’nsional display and/or a display that is directly related to the speech-produc—
t i ori p roce’ssi 01’ the oppoi’tunitv afforded these &‘xp e’ri enced users to learn the Tadon ia
dm sp l av gi ’ c -a t l  exceeds that afforded those subjec ts who we r e trained on artificial dis—
p lay s .  A u l t a l o r  portion of out’ t’esearch program is concerned with determining the
e xt en t  to which cachi of these factors contributes to Tadoma ’ s superiority .

Our fu ture  work wil l  include comparative studies of Tadonua and various
spectral displ a~ s using subj ect s  with comparable amounts of training on the
different  d i s p l ay s .  In addi t ion , uve plan to develop a “Synthetic Tadonu a System ” for
use as a researc h tool. This sy s t em wil l  iny o lve  a sensor arra y to be placed on the
talker ’ s fa~ ’ e - and an ‘ a r t i f ic ia l  face ’- to he used as a display . Aspects of this display
u vml l  be ’ varied to de te rmine  their effects on speech-perception performance. Work is
also in progress to build a tueuu ’ t ransducer svstenu f o r  spectral tactile displays. This
device (modelled after a device developed h\’ Sherrick at Princeton U n i y e r s i t v )  will

~‘on smst  of a rectangular  a r ray  of piezoelectric hit -norph vibrators appreciably larger in
area than the Optacon. \\ e are currently investigating simch issues as th u e size and den-
s i ty  of t ime  v ibrators  in the array,  appropriate interface hardware, and control algo-
m’m th mn s .
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5. MUS I CAL PITCH

National Institutes cii Health (Grant  2 ROl N S 1 I 8O amid
Fellowship 5 l-’32 N505 327 )

Edward N. Burns, Adrian J. N. Houtsn ua

The overall objective of this research is to gain understanding of the auditory pro-
cesses that underlie musical-pi tch sensations arising from complex st imuli .  Research
effor t has been devoted to three projects.

a. Pitch Perception of Harmonic Tone Comp lexes

Musical- interval  identif icat ion experiments were conducted using dichu otic two-tone
complexes of frequencies tiE

0 
and (n+m)f , where f is the fundamental  (note) frequency .

n is a random integer between 1 and 10 , and m is a fixed integer between 1 and 4 . The
results of these experiments were compared with theoretical  results derived from three
modern pitch theories. The optimum-processor theory 1 uvas used to derive best and
worst performance bounds by computer simulation , where best performance is obtained
if the range of expected fundamental frequencies is known to the processor , and w o r st

performance results if the processor scans the entire fundamental  frequency range. Tim e
virtual pitch theory 2 and the pat tern- t ransformat ion theory 3 were  augmented with addi-
tional specifi c assumptions which made it poss ible to der ive quant itat ive performance
bounds predicted for our experiments. It was shown that the predic tions cu f the
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optimum-processor and virtual pitch theories are very similar and quite different from
predictions made by the pattern-transformation theory. The former two are much better

4 ‘ ‘ ‘  - . - -
supported by the data than the latter one. Significant discrepancies between data and
all theories were found in some instances , however , which seem to indicate the presence
of a so-called ‘ analytic ” pitch mode in which the listener fails to hear the pitch of the
missing fundamental,  but , instead , hears pitches of individual tone components . This
hearing mode is not included in any of the current theories , but is found to have signifi-
cant effects on pitch or melod y recognition data obtained with complex tones.

b. Pitch Perception of Amplitude-Modulated Noise

We are conducting a theoretical analysis of pitch perception of amplitude-modulated
noise. In an earlier experimental study5 it was shown that if white noise is first low-
pass filtered (cutoff frequency 

~~~ 
and subsequently modulated (100% AM) with a periodic

signal (sin e, square , or pulse) of fundamental frequency f 0, the sound evokes a pitch
sensation of f when f ‘x f  . When f approaches f , there is no measurable pitch

0 CO 0 CO 0
sensation for the pulse-modulated noise, but for the sine- and square-wave modulated
noise , the pitch sensation increases again with increasing noise bandwidth. Tradition-
ally, amplitude-modulated noise has been regarded as being devoid of spectral clues,
and all pitch properties of these signals were theref ore explained by temporal auditory
processing. We are currently doing quantitative investigation of a pitch theory recently
suggested by Pierce et al. 6 in which pitch clues are extracted from the short-term
power spectrum. This formal model is similar to the classical “energy-detector model”
in that it comprises a bank of parallel filters, square-law devices, and ‘ leaky ” integra-
tors. It differs in the sense that it does not look at the temporal variation of the energy
at each channel , but looks at any instant of time across all channel outputs , performing
a running “ spectral’ autocorrelation. Qualitatively the theory can account for the exper-

5 . .imental results described above. Quantitative details are still being worked out.

c. Binaural Diplacusis

We have completed two projects concerned with the study of binaural diplacusis, the
phenomenon in which a pure tone evokes a different pitch when presented to one ear corn-
pared to the other, In persons with normal hearing, the pitch differences in binaural
diplacusis are very small; in pathological cases, however, this pitch difference can be
large (e. g. , 10%) , and is often found at frequencies where the detection threshold curve
shows abrupt changes. In one project , monaural and binaural pitch matches were made
to the cubic difference tone (CDT) Zf~ - f 2 by a subject who showed a significant amount
of diplacusis over some frequency range. This range was made to coincide with either
the CDT or with the primary tones. These experiments shed some light on the question
of whether or not the CDT is coupled to the basilar membrane at the characteristic place
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of the Cl)T frequency .  ‘ In another p r ( u R ’ c’( , the ’ e ’ f ft ’t ’t of intensity on binaural  ci iju1a -u~~iswas i n v e s t  m ga t  ed. Rv~ u its (ro om p re linun a rv  experi meats 5e~c ’l i1  to  md i  c ’at e - tha t , a t a m m u
given ±‘rt-’quencv , the diptacusis function of i n ten s i t y  is gi~’omm by th e’ e i i f f e ’ i ~t ’m ic ’c’ h ’ , - ( u ’, c omm
the monaural  pitch— nit  c ’m i s  m t v  f u n c t i on s  mn easurt ’d at tha t  I’r equt .m iev  for  ( h i t ’ t ut ‘ e ’a m’ s,
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C. Transduct ion \ I t ’c’h i anmsms  in 1 atera l  l ine and \‘ e’st ibu lar  Organs

Academic Re search  Staff

Prof. I a w re nee  S. F’r i sh m k o p f
Prof. ( ‘ Ima r l e s  ‘cl .  Oman

Nationa l Ins t i tu tes  of l i t -a Ri m (Gran t  2 ROl NS 11080)

l awr en ce  S. 1” r i shmk op t ’. ( ‘h i a r les ‘~l. ~man

Our uv era  II  , ‘ l u l , - c ’ t m v e’ is  t c u unde’i’stand t h e’ c’lmange s th at occur in receptor cells of
the p i iv logen et ic ’al lv related audi t or s- . ve-’st ibu lar , and late ra l— l int - sy stems in response’
to mechanical  s t imul i .  U m m d e ’r invest igat ion arc ’ the processes of n m e ’ c lma n ica l— to— ele c t  n eal
t ransduct ion,  membrane depolar iza t ion , synapt ic  t ransmission , and neural excitation
in ha m n — c e l l  organs. Tim e two oi’gan svste ’ms that  We ’ a re - st tid y ing  were cum eus en becaust ’
cu f their  r e l a t ive ’ access ib i l i ty  and sinip l i c i t v :  f r e e—stand ing  la te ra l—line  organs in am—
p i m i  hum s and e las mmi o h r an c ’h vest i hu lar  c u m ’ g a m i s .

Goals during the ’ past year  have been ( 1 )  to charac te r ize ’  ti me ’ mechanical properties
and motion of h am r—c e l l  c i l ia  in response’ to controlled mechanical  s t imul i ;  and (2)  to
e’st i i m ia t e ’ t im rough t heo re t ic a l  mode is time magnitude of c upula motion in semicircular
canals of d i f f e ren t  spe ’c’ ic ’s during imoi ’ma l h ead omov emn ents .

I . \ l l : C 1 I A N I c ’ A l  PROP1- R ’I ’Il - -s OF’ I L A I R — C l - : l  1 (‘11 IA

I aut rt ’mice S. 1” rishkopf . Ric liam’d I ) . Kuni m i

The mechanical properties  of lua u - — ce l l  cilia ma~’ detem’m-n ine , in part , the Ireque’ncv
i~e~ sponse of h a  i n —  cel l  organs , par t ic  mila r lv  of au ditors ’ organs. C ei’tain frequenc’~’ — related
propert ies  such as sha rpm’s s of neura l tuning ,  tone —on—tone  interact ions,  and nonlinear

— response cha rac t e r i st i c s  are  not we l l  ac ’c’ounted for Lw ohseru ’ e’d bas i lar  membrane umo —
th in , leading to a postulated sec’c u mm e h sta gc ’ of f i l t e r ing .  It is possible that  the h a i r — c e l l
c i l ia  w h u ic hm couple the overlying tectoral  membrane  to tim e ha i r  cells w i t h m i t i  t ime organ
of Corti may be the site of such nonlinear pi’oc’e’sst ’s.

W i t im thu s  in mind , we have begun to s tudy  ti me motion of ha i r  — cell  c i l i a  in the isolated
c nista of the sen u i e im’c im la m ’ cana l of t imt ’  skate  using the N o i u m a r s kj  intc’ r fe m’e’nce con-
t ras t  microscope. [“tnt ’ probe’s have been used to contact and displace c i l i a  in order to
ob serv e ’ th m t ’ i r  mechanica l  propert ies.  St e ’i -eooil i a appear to be stiff and br i t t le  whereas
k i m u o,,’il m a ai’t ’ t’lexmble and nm a~’ . under  appropriate ’  conditions , “beat ” spont ~u iueousl ~- .
Rapid return of the stt ’m ’ t ’oc’i t i n  af ter  displacement suggests a h i gh m—fr e qu e ’nc v response
charac ter i s t ic .  Resul t s  are p re l imina ry .
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M(,)TION

Charles  N . ( )miian

In 1q72 , Oman and Young time ’or et i ca I h e’ st i mnatt ’d the’ magnitude’  ‘ -I hmun ia m u  - m i m i c  i n —

cular canal cupula motion. ‘ro pr ovide a basis tot ’  e Oi1i ~ ’~ m’i S t ’mt  ci i  c ’ t i i ’  Imue ’L’ - t ’ c’ e’m i t  c x —

periniental results on cupula nmoti on in time skat e (Onman , l” r i  shmko pf , a nt i Go ld st e in , ~ ~‘~)

with the observations of Mc I a ren and H i l l  man ( 1 1 7  i i )  in t im e ’ frog , a in a t h u o u m  at i. ’ a t mood ci

for semicircular canal fluid flow was developed which s p e c i f i c a l l y  a e c o im i u t s  for in te ’r cann I

and Interspecles differences in the large radius and cross— section shape’ of the’ nm em -

branous duct. Body temperature dependent differences in endo lynmph v i s c e m s u t y  ut e’re’

also taken into account. I )iffe r eli c ’ c’s in t Ime length and width of tim e utm’ ic Ic uc e’re i n cl u ded

by extending an analytical approach originally suggt’sted h~ \‘mm m u f lu sk i rk  ( l ’ 17 7 )  to a more’

general case. The analysis siiouv s that time c-anal sh ort t ime constamit (associated wi th

the development ‘if steady flow in time’ canal duct) m s probably a fac tor  of four  s lm or ter  th an

some previous estimates.  The short t ime constant should he s ig imif ican t  ly itm , f lu cm ice d

by the ell ipt ic ’ity of the duct cross section . but independent of u tn icu la r  shmap e . ‘l ’lme

volume of endolymph displaced during cupula deformation is expected to lie ’ proportional

to the short time constant of endolynipim flow , ~nd also tem time length of the utn icu lan  seg-

ment. Cupula volume disp lacement.  howt ’vt ’r , is nornua l l  relativel y independent of

utricular cross—sectional area. Based on t’stiniates of cupula area in different  specie ’s.

cupula midpoint displacement for a swinging door or shearing mode ’ disp laccme ’nt of thit’

cupula, in millimicrons per degree per second of head veloci ty ,  is e s t ima t e d  to he

15—20 in man; 20—40 in the frog; and 85—300 in time skate. The range in these es t imates

results directly from known difference’s between t h e horizontal , anterior, and posterior

canal morphology.

To interpret the above results, it is nece ’ssary to estimate ti m e dynamic  range of

head angular velocities. Time’ latter is poorly known , except in man. In time human,

although head velocities not uncommonly exceed 1000 degrees per second, most normal

head motions involve stiniuli in time range f rom 2—200 degrees/second in yaw. It se ’emum s

likely, therefore, that most imead movements in n-ian are associated with cupula displace-

ments below the range of lig ht microscopy. :\lt imough it may be pos sible to u’ i sua li~’e’

cupula motion in animals using large s t imuli  (cf.  McLaren and I h i l l m an , lQ 7t ’ ;  McI aren ,

1977; Oman, Frishkop f , and Goldstein , 19Th) , such results should be interpreted

cautiously, particularly since the bending mode of eupula de’fornmation is l ikely to he

amplitude-dependent.
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XX IV.  COMMUNICATIONS BIOPHYSICS

D. Biomedical ~ nglneerlng

Academic and Hesearch Staff

Prof. William M. Slebert
Dr. John S. Barlow
Dr.  Allen W. Wiegner

Graduate Students

James V. Hu
M arvin S. Keshner

—National Institutes of Health (Training Gran t S T32 GMO 7 301 1

William M. Siebert

Included under  this heading are a variety of topics in biophysics. physiology, and
medical engineering. Many of these ar t ’ individual projects of students supported by
a training gr an t from the National Institutes of Health.
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XXV. NEUROPHYSIO LO Gy

Acade mic and Research Staff

Prof. Jerome ‘1. Lettvin Dr. Michael H. Brill Dr. Eric A. Newman
Prof. Stephen G. Waxman Dr. Edward R. Gruberg Dr. George M. Plotkin
Dr. Isabelle Alter Dr. Stephen A. Raymond

Graduate Students

Larry R. Carley Bradford Howland Kenneth J. McLeod
Char les L. Epstein Lynette L. Linden Louis L. Odette
James F. Green William M. Saidel

1 . A CENTRAL PATHWAY OF THE INFRARED SYSTEM OF
THE RATTLESNAK E, Crotalus viridis

National Institutes of Health (Training Grant 5 TOl EY0009O)
— Bell Laboratories (Grant)

Edward R. Gruberg, Eric A. Newman
[Eric A. Newman is with the Eye Research Institute, Retina Foundation, Boston,
Mass.}

We have traced a pathway of the infrared system in the rattlesnake from the nucleus
of the lateral descending trigeminal tract (LTTD, the primary infrared nucleus) to the
tectum. This pathway links the LTTD and the intermediate tectal neuropil, where pre-
vious electrophysiological studies have demonstrated infrared responses. Following
HRP injections into the intermediate layers of the tectu m, the Mesu lam benzidine blue
method revealed a group of large (25-40 

~~ cells on the ventrolateral margin of the
contralateral medulla, filled by retrograde transport. This nucleus, which is distinct
from the primary trigeminal nuclei, we have provisionally named ti nuc leus R” . It s
rostral boundary is immediately posterior of the Vth root entry, and its caudal boundary
is posterior to the point of closure of the fourth ventricle. The axons from the nucleus
R decussate in the ventral medulla, turn rostral in a ventral bundle, and in the tegmen-
turn proceed dors olaterally to the tectu m. Extracel lular microelectrode recordings
made from the region of the nucleus R show that units are driven by infrared but not
by visual or tactile stimuli. Electrolytic lesions made by the recording electrodes con-
firm that the units are in the nucleus R. Following HRP injection into the nucleus R,
cells in the ipsilateral LTTD are heavily stained due to retrograde transport. The
axons of nucleus R cells are also stained in these experiments (by anterograde trans-
port ) , with terminal branches in int ermediate tectal layers. The axons follow the same
nucleus R-tect al pathway seen following tectal HRP injections. These experiments show
that an infrared path way In the rattlesnake proceeds from the LTTD to the ipsilateral
nucleus R and thence to the cori tralateral tectum.
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(XXV . NEUR OPHYSIOLOGY)

2. CONNECTIONS OF THE TECTUM OF THE RATTLESNAKE ,

Crotalus vfridis: AN HRP STUDY

National Institutes of Health (Training Grant 5 TOl EY0009O)

Bell Laboratories (Grant)

Edward R. Gruberg. Eric A. Newman

[Eric A. Newman is with the Eye Research Institute, Retina Foundation, Boston,
Mass.]

This research has been done in collaboration with E. Kicliter, Department of Anat-

omy and Laboratory of Neurobiology, University of Puerto Rico, and P. H. Hartline
and L. Kass, Eye Research Institute, Retina Foundation, Boston, Mass.

We have studied the connections of the tecturn of the rattlesnake by tectal applica-

tion of horseradish peroxidase. The tectum receives bilateral input from nucleus lenti-

formis mesencephali. posterolateral tegmental nuclei, anterior tegmental nuclei, and

periventricular nuclei; ipsilateral input from nur’lc’us geniculatus pretectalis, and

lateral geniculate nucleus pars dorsalis; and contralateral input from dorsolateral

posterior tegmental nucleus and the previously undescribed nucleus reticularis caloris

(Rd . RC is located on the ventrolateral surface of the medulla and consists of large
cells 25-40 ~j. in diameter. Efferent projections from the tectum can be traced to the

ipsilateral nucleus lentiforrnis mesencephali. the ipsilaterdi lateral geniculate region,

anterior tegmental region, and wide bilateral area of the neuropil of the ventral tegmen-

turn and ventral medulla. We have not foun d any direct tectal projections from the

sensory trigeminal nuclei including the nucleus of the lateral descending trigeminal tract

(LTTD). We suggest that in the rattlesnake RC is the intermediate link connecting

LTTD to the tee turn.

3. VOLUMETRIC THEORY OF COLOR CONSTANC Y

Bell Laboratories (Grant)

Michael H. Brill

In previous papers” 2 we presented a design for a trichromatlc photosensing device

with an analog of color constancy: For a particular class of illuminants, object spec-

tral reflectances, and spectral sensitivities (tristimulus functions in a particular basis)

of the device, we proved the illuminant invariance of any ratio of tristimulus volumes

genera ted by tr iads of object colors. In that work, it was assumed that the illuminant

energy spectrum is a linear combination of three known functions of wavelength.

We recently showed3 that a single, different assumption is sufficient to assure the
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(XXV . NEUROPHYSIOLOG Y)

illuminant-invariance of tristimulus volume ratios — it is enough that object spectral

reflectances be linear combinations of three known functions of wavelength.
Reflectance spectra for natural, nonmetallic objects (see Ref. 4) are smoothly

varying and generally have, at most, two maxima in the human visible-wavelength range ;
this suggests that such spectra n-iay be reasonably represented by an expansion in terms

of three basis functions over this range.

Although the present assumption constrains the object reflectance spectra more

heavily than in the previous paper, it allows almost complete freedom for the possible

iluminants. For example, it gives illuminant invariance when tungsten lights are re-

placed by the prime-color lights developed by W. A. Thornton (Ref. 5), which have just

three spectral lines but are marketed for their high efficiency and color-rendering
capability. (One must insure only that the illuminant does not render all object colors

coplanar in tristimulus space, as it would if it consisted of one or two spectral lines

— or more generally, if det [A] = 0 in the treatment that follows; in such cases, a vol-

ume ratio cannot be defined.) Thus the present invariance occurs under conditions like

those under which color constancy obtains for human vision — a feature that vindicates

and transcends our original intention of designing an illuminant-invariant object-color
recognizer.

The mathematical invariance is readily shown as follows: Let the device’s tristim-

ulus functions be q.(X) (j = 1, 2 , 3), the illuminant energy spectrum be 1(X), and the re-
3 3

flec tance spectrum of the object be r. (X) = ~ B.~ u (X) . Here , it is assumed that
‘ k=l I k

all reflectance spectra in nature differ only in their B-parameters. Then the linear

filtrate (tristimulus value) for the ~
th object due to the ~th tristimulus function is

1(X) r1
(X) q (X) dX = 

k=l 
Bik 1(X) q.(X) Uk(X) dX k=l 

BikAkj.

Given three objects i, this equation can be written in the square-matrix form [Q] =

[BJ[A]. Here [B] depends on the reflectance spectra but not on the illuminant. [A] de-
pends on the illuminant, and on the tristimulus and reflectance-basis func tions, but not
on the reflectance parameters.

The volume of the parallelepiped in tristimulus space generated by these three

objects is det [Q] = det [A] det [B]. Another parallelepiped from three other objects H

under the same light will have a volume given by det [Q ’] = det [A] det [B’]. The ratio

of these volumes is det [Q]/det [Q’] = det [BJ/det [B’], which is manifestly illuminant- L

invariant.
Previously 1 ’ 2 we restricted the illuminant spectrum to be an expansion in three

basis functions; this did not free the reflectance spectra to the extent the reciprocal

arrangement did for the illuminant spectrum in the present formation . Clearly,

PR No. 12! 149



(XXV. NEUROPHY SIOLOGY)

reflectance and i l luminant  spectra do not play symm et r i c  roles in the volumetric ap-
proach to color constancy. The present assumption solves the problem of color con-
stancy when looking through a nonturbid colored medium of variable thickness, which 

- 
-

is important. for example, for the survival of underwater creatures and f ishing land-
dwellers. In the previous work, we assumed that the illuminant spectrum is a linear
combination of three known functions, and is thereby defined as “ smooth ly  varying.”
If two spectra satisfy this assumption, however, in general their  product will not. Thus
varying the thickness of water through which one looks must cause departures f rom the

stated assumption of those papers.
With the present assumption, an otter fishing in varying depths of water could get

depth-independent reflectance information from tristimulus volume ratios — so long as

the reflectance spectra in its environment were well-behaved in the sense described
above. Even through turbid water, reflectance in formation can be obtained from ratios
of volumes produced by trist iniulus-vector differences;  the differencing operation re-
moves dependence on added light reflected directly from the turbid medium.

References

1. M. H. Brill , J. Theo r. Biol. 7 1 , 473 (1 978).
2. M .H.  Brill . M. I. T. RLE Progress Report No. 14 0 , January 19 78 , pp. 16 9- 17 1.
3. \l. H. Brill, “Further Features of the Illuminant-Invariant Trichrornat ic  Photosen-

sor. J. Theor. Biol. 78, 305 (1979).
4. G. Wyszecki and W . S. Stiles, Color Science (John ~\ i l e v and Sons, l9b7), pp. 179-

187.

5. W. A. Thornton , Light. l)es . Appi. (November 197 5),  p. 35.

4 . PERCEPTION AND TIlE OBSERVER IN RELATIVITY PIIEOR Y

Bell Laboratories (Grant)

Michael U. Brill

If only by analogy, the study of perception can clarify issues in physics. Sometimes
we can use perceptual consideration s to find common ..experience analogs of “counter-
Intuitive ” physical propositions. For examp le. consider the following proposition in

Special Relativity: If A and 13 are co-moving observers, and each holds a ru le r  in the
direction of their relative velocity, then each sees the other ’s ruler as shorter than his

own. This proposition has a more mundane perceptual analog: A and B stand twenty
feet apart and each holds a ruler vertically at arm ’s length. Then A’s r u ler  subtends

a larger visual angle to A than B’s ruler, and B’s ruler subtends a larger visual angle

to B than A’s ruler. This example shows how observed relationships between objects
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can become symmetric when observer labels change together with object labels. I 
-

Not all the lessons of perception render established physical theories intuitively
plausible. One lesson in particular,  that different states of the world — such as meta-
meric colors — can be indistinguishable to an observer, might cause one to look again
at some seemingly incontrovertible connections between theory and experiment. Con-
sider the famous Michelson-Morley experiment,  which showed that the round-trip travel
time of light is isotropic (the same in all directions). Does this 

~~~~~~~~~~~~ 
that the speed of

light is isotropic? It is easily shown that the following eikonal (direction dependence of
the speed of light) gives the same round-trip travel times for all directions, even though 

-

it prescribes a nortisotropic speed of light:

C
— ,

1 + e cos (O—O~)

where u is the speed of light. 6 and c~ are angular coordinates, and c, ~~. and 6 are
Constants.

This is an ellipsoid with two equal axes and the observer at one focus. It is only
one — the simplest — eikonal that does the trick. It is imp lici t in an alternative to
special-relativistic kinematics based on clock synchronization other than by electro-
magnetic waves* 3

The above example does not challenge Special Relativity (which has many more em-
pirical confirmations than the Michelson-Morley experiment),  but i l lustrates the caution
that must be taken in connecting measurement  — and the observer — with physical theory.
The numbers that emerge from a theory reflect implicit assumptions about the observer.

Let us examine this point as it relates to General Relativity, which promises defer-
ence to the observer via the Principle of Equivalence and the Principle of General do-
variance. Most liberally interpreted, the Principle of Equivalence states that the local —

effects of a gravity field near an observer are indistinguishable from the effects of accel-
erating the observer,4 and the Principle of General Covariance states that the observa-
tions of the universe by different observers can be connected by a coordinate transfor-
mation.~

Although both these principles guided Einstein ’s formulation of the gravitational
field equations, no prescription has been derived from the field equations for determin-
ing the change in the observed universe when the observer undergoes acceleration. By
itself, this is not a problerru The coordinate-independent formulation of the field equa-
tions cannot be expected to carry the observer dependence if this dependence resides in

- 
- 

choice of coordinates (as dictated by the Principle of General Covariance). Solving the
- ; field equations, however, involves selecting a coordinate condition (boundary condition)

on the equations. If observer frames of reference can be connected by a coordinate
transf ormat ion, it is in the coordinate condition that we would expect to find the
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5. COMPUTER SIMULATIONS OF MYELINATED-FIBER
REFRACTOR Y PERIODS

Bell Laboratories ( Grant)

Pelichael H. Brill, Stephen G. Waxman

We have used computer simulations to study relative refractory periods (RRP’ s)
in myelinated fibers, for fibers with uniform and nonuniform nodal and internodal prop-
erties. The study examined the relationship between latency variations during the
relative refractory period , and conduction path length. The methods used were adapted

1 2  , . . , . . 3 4from those we used previously, and involve integration of differential equations
which yield voltage vs time curves at nodes of Ranvier. Stimuli consisted of two —

250’-~.&sec current pulses at twice the control threshold. Conduction latencies and average
velocities were calculated f rom the first 50-mV crossings of action potentials at desig-
nated points along our simulated 60-node fiber.

The first part of our study concerned RRP’ s in fibers with identical nodes and inter-
nodal regions (uniform fibers). RRP is conventionally defined as the time of recovery
of threshold after the absolute refractory period (ARP). Following the suggestion of
Raymond and Lettvin5 that conduction velocity after the ARP has the same time course
as threshold recovery, we adopted the convention of defining the RRP as the time during
which the conduction velocity of the second spike is less (by a criterion amount) than
that of the first spike.

We found that the amplitude of the spike occasioned by the second stimulus is at
first significantly less than that occasioned by the first stimulus, but recovers substan-
tially (not completely) by the time the second spike has passed the tenth node of Ranvier.
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A 1st ’, the  l a t e n c y  of the-  sec - t e nd  impulse conducting during the  R RP  depends on both the

inte ’u’s t i  mulus in terva l  and t h e  propagation hi stance , being maximal at in terst imulus

i u i t e - r ’,-:ils ~-er r e ’spotidiaig to the ’ beg inning of the H RP , and re turning monotonically toward
control  h a t t - t t c - v wi th  t u i c - i- c a s i n g  i n ter s t imu lus  i n t e r v a l s . l” or any given in ters t imulus
int e rval , t h e  la t , -nc v  va r i a t ions  are greater  for longer cond uction distances. The con-
du c t i - t i  v e l o c i t ’ ,  is n iost s l o w e d  at t h e ’ beginning of the f ibe m’ . but in c r e a s t - i t  with i n c r ’ e - t s —

it i g conduc t ion  d i s t a n ce ’ toward control  conduction v e l o c i t y  ( that  of the f i rs t  spike , which
is 19. 7 m/ sec).  This s tat e -n -ic - i t t  does not imply that the  interspike interval also ap-

t ” ac h e -s an ass- inpt ot ic  va lue  wi th  increasing dis tanc  e - . e ’ were unable to determine
u h c t h e ’r t h e ’ l a t t e r a s v t i i p t o t e - , in fact ,  exists. Whereas we used a modified Hodgkin—
h ux ley  model  of a ct i ve  nerve f iber , models incorporating a period of enhanced conduc-
t iout spe ’ed (a supernec’inal period) following the RRP cannot have a velocity asymptote
w i t h o u t  a concomi tan t  l , it e ’nc ’V asymptote. This points up a possible significance of the
supt - I ’n e r t u l d i  pe riod for ’  spike en t ra inment  in long f ibers .

In a chd it  it ui t o t h e  al ’ove ’ s tu d y for  mvel in ated f i ber s  w i t h  identical nodes and identi-
cal i f l t e ’ t ’ i iu ’d t s .  -it ~ ‘ also performed a ref rac tory—per iod  simulation on inhomogeneous
f i h a e ’i’s. In t l c -~~e ’ i i h t -rs , t h e  f i r s t  ten uncles  were  the same as those of the above (fiducial)
fj h e i’ . T h e  remainder  of the f iber (nodes 1 1 — 2 0 )  was examined for three alternative
cases:

a. ‘rh -it - nodes had 10 t i i n u ’s the area of the f iduc ia l—fiber  nodes.
h. T h e  int ernocies were  75 percent demyelinated compared to those of the f iducial

f i h u ’t’ ( i .  e’, , mvc-’lin thickness was reduced 75 percent , holding constant the axonal diam—
et e ’r).

c. The internode lengths were ’  2 . 5 t imes as long as those of the fiducial f iber .
t t t i t ( ’rm fibers with these properties all displayed an increased ARP compared with

that of the un iform fiducial fiber. In all three types c1’ nonun~~orm fiber , we noticed the
following effect:

If the second impulse is started near the beginning of what would be the R R P  of the
f iducia l  fiber (that is , about 2 . 1 msec after t h e  f i rst  stimulus) , the second impulse prop-
agates f rom one end of the f iber  to the other. However, if the second stimulus occurs
somewht at  later (or is twice the magnitude of the f i rs t  s t imulus) , the impulse is blocked
when it reaches the irthomogeneity.

This effect , an apparent paradox , can be explained as follows: When the second
stimulus is near the beginning of the HR P , there is a utilization t ime of approximately
1 msec during which  the spike develop s at the strongl y refractory f i r s t  node before it

propagates farth er. ,-\t subsequent nodes , there  is fu r the r  latency increase relative to

control, This latency is large enough for the second part of the fiber to complete its
ARP in the wake of the f i r s t  spike; i iowev e-r , when the mnter st imulus interval is some-
what longer (or the second stimulus magnitude is larger), the utilization time is shorter,
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( XXV . NEUROPHYSIOLOG Y )

The eigenvalue condition carries over from the case m = 1; however, the eigen-
values need not be distinct so long as the matrix (a~3

) is diagonalizable (i. e. , it is in
block-diagonal form such that the eigenvalues in each block are distinct).

A straightforward generalization of g defines vector-valued g.
An example for m = 2 is i~

a
~
b, xCy~), where the characteristic matrix is chosen as

b o\
c d 0 ) , g is the logarithm (in any base) applied to the two coordinates, and one

\ 0  0 1/  —

must  insure x ,y  > 0. When n = 2. the eigenvalue conditions correspond to a + d = 0,

a2 
+ be = 1. Two of the eigenvalues are the same here,  but not in the same matrix

block.
Since any projective transformation £ is expressible as F 1 

° L F (where F is
a projective transformation and L is an affine transformation),  the above theory can
be recast about the affine transformation. L(x) has components of the form L~(x) =

+ ... + ~~~~~~ + ai m#I . The characteristic matrix is defined as before, but the
bottom row is (0 0 , 1 ) ,  and there are no singularities in L.

A note about proj ective transformations as th~y might apply to vision:

Cornsweet has noted that, as a function of light intensity x, the visual response
(at the receptor level) is b ~~ Since this is a one-dimensional projective transforma-
tion, it supports the 4-point invariant

(x1 —x2)(x3—x4)
(x1 —x3)(x2—x4) 

‘

This may be useful in understanding how the visual system can deduce brightness
relationships independently of the constants (adaptation state) of the transduction func-
tion.
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7. NEW TEST PATTERNS FOR CAMERA LENS EVALUATION

National Institutes of Health (Training Grant 5 TO1 EY0009O)

Bradford Howland

The method preferred tod ay for testing camera lenses is the direct measurement
of the modulation transfer function (mtf) using specialized electronic instruments.

Photographic methods for making similar measurements are less accurate, and usually
require the use of a microdensitometer . An attempt to circumvent this limitation is
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(X X V .  NEUROPHY SIOLOGY)

that  of I~~tora ,  who photographs c i rcular  test patterns of varying fineness with high-
contrast  f i lm;  the lens resolution is determined directly by inspection of the negative. ’

W~~ describe here additional test patterns which provide direct indication of lens per-
formance when photographed with high-contrast  f i lm.

Figure X XV - 1  show s two of the new charts ,  as follows: (a) the vernier resolution
char t,  and (b) the t r i angu la r -wave pat tern.  The vernier chart utilizes pairs of black
lines, disp laced by successively increasing increments ,  on a 20% grey background .
White borders to the black lines are placed as indicated. The action of the chart depends
on the small differential  motions of the images of the black lines due to the spreading
of the white into the black. and the black into the grey when an unsharp image is ren-
dered . The degree of un sharpness of the image is indicated by the altered vernier cor-
respondence of the disp laced line images.

1
1

1
1

1
1

1
1

1
1 

1
1

1
1

1
1 

1
1

1
1

1
1 A

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

B

Fig. XXV-l .  Two new charts for the measurement of lens r esolution : (A) the
vernier resolution char t,  (B) the triangular-wave pattern.

This behavior is illustrated in Fig. XXV-2, whic h show s photograp hs of the chart
with successive stages of defocus — note that the vernier correspondence, which occurs
at number 0 in the original (A). occurs at line pairs numbered 3, 8, and 10 in the pro-
gressively defocused images B, C, and D. Here we are using a defocused image as a
simulation of the lens defects of astigmatism~ or curvature  of field. Tests indicate that
defocus, lens aberrations, and diffraction blur all affect the vernier sharpness index.

-
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I I
I ’  A

0 1 2 3 4 5 6 7 8 9 10

I I B Fig. XXV -2 .
0 1 2 3 4 6 7 8 ~ 10 h igh-contrast photograph is showing

( A) sharp imagery, and (13, C , and
D) successive stages of defocus of
the vernier resolution chart, Note
that vernier correspondence oc-

I curs at line pairs marked 0 In
frame A, 3 in f rame 13, 7 in f rameI C C, and 10 in frame 1).

0 1  * 3 4 5 f 7 S s ~~

D

~._ I I I I I I l  1111111/1, yI / I I I / l / / / I I I lJ I
GRAY BLACK WHITE GRAY 

/2  

Fig. XXV- 3. Reflectance cross sections of (A) sharp. and (H. C) iin sl-iarp
images of lines forming the vernier resolution chart.
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(XXV. NEUROPHYSIOLOGY)

A qualitative explanation for the action of the vernier sharpness gauge is facilitated

by consideration of the diagram of Fig. XXV-3. Here we show reflectance cross se’c-

tions of images of the lines of the cha rt,  bordered in white. The cases indicated repre-

sent perf ect~ slightly unsharp ,  and un sharp  imagery .  Also shown is the assumed zo%

clipping leve l which de termines  whether  the print will  be white or black .  It is easil y

seen that the result of the finite slope of the line-spread function of the defocused images

is to move the image of the black line away from the white area; this increment is some-

what dependent on the choice of clipp ing level.

Extensive tests with a variety of early and contemporary 35-mm camera lenses at

differing aperture settings have convinced us that the vernier sharpness gauge is a use-
ful and sensitive test for the assessment of lens quality. The particular advantages of

this method are: (a) the test result  is largely unaffected by the parameters of the photo-
graphic process. (b) the test result is independent of the sharpness of the enlarg ing lens

used to mak e the print. (c) the test result is directly interpretable in terms of the steep-
ness of the edge response function of the lens, which is. of course , the Fourier trans-

form of the mtf response. and (e) since the method does not require a microdensitom-
eter, it can be used both by amateur and professional photographers of limited budget

or little scientific training .
A second test method is the use of the triangular-wave pattern shown in

Fig. XXV-I(b). For this purpose. a set of patterns of geometrically increasing spatial

f requency was generated on an oscilloscope and combined as a photo-montage . In
Fig. XX V -4(a)  and 4(b) we show the result of photographing this montage with an excel-

lent and an inferior lens, with high-contrast film, using an exposure index chosen to
render the pattern symmetrically about the white-black axis. We note that the envelope

of the shaded areas renders an approximate plot of the mtf response of the lens; if the

response is highly degraded . this approximat ion becomes quite exact. Analysis shows

that, for only slightly degraded responses, the fal loff in the height of the t r iangular-

wave pattern is proportional to the linear extent of the edge response function, evaluated

1 1 1 1 1 ( 1

•
, 

t i l l -  

c c c

~ I ~~~ !1!!~!t TIIIflI!II -- - - —

Fig. XXV-4. High-contrast rendition s of the triangular-wave
patterns photographed at a distance using (A)  a
high-quality lens , and (B) an Inferior lens.
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(XXV.  NEUROPUYSIO L.OGy)

at the as% and 75~’o points.
These resul ts suggested the possible existence of a pattern which, when photo-

graphed with contrast ratio approaching infinity, would indicate the exact mtf

~~~~~~~~~~~~~~~~~~~~~~~~~

Fig. XXV-5. Two-dimensional pa tt ern of reflectance for a new
form of mtf measurement chart .  High-contrast
photographs of an ensemble of such patterns of
increasing spatial frequency render an exact plot
of the untf function.

response of the lens. In Fig. XXV-5 we show the realization of such a pattern , which
require s continuous tone reflectanc e variation according to the equation :

R = 4 s i n~~x + ~~~y + ~~ 0~~~R~~~ i ,  O~~~y~~~l .

In this figure, the scale of the x-coordinate has been enlarged for clarity. The reflec-
tance exhibits a sinusoidal variation with x, together with a linear shading with y. The
operation of this chart Is explained by analogy with the aphygmomanometer, used to
measure blood pressure. The reflectance at the top of the chart varies from 50% to 100%,
at the middle from 25% to 75%, and at the bottom from 0% to 50%. Thus, if the film
clips at so% reflectance, all levels of the chart will contain both black and white areas,
and the sinusoid will be reproduced in silhouette. Now, however, if the sinusoidal corn-
ponent of reflectance Is reduced during the imagery by a factor, a < I, then the regions
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(XXV. NEUROPHYSIOLOGY)

below the line y = a/2 will be solid white , and above the line y = I — a/2 will be black.
The extent of the intermediate , shaded region will therefore be reduced by the same
factor a. A composite chart, reminiscent of Fergus Campbell’s variable~contrast mtfchart , featuring progressively increasing spatial frequencies will , when so photographed ,
render an exact plot of the mtf response of the lens. Electronic circuits to facilitate
the generation of this new test pattern are under development.

A possible further app lication of the vernier chart is to measure the performance
of microscope lenses. The advantage here is that the vernier chart does not require
line elements too fine to reproduce by microphotography, as is the case with conven-
tional resolution charts . One further application of these methods is measurement of
the resolution of cathode ray tubes. We hav e designed and constructed TTL-logic cir-
cuitry to generate , at varying clock rates, the triangular-wave patterns , the vernier
resolu tion chart,  and an additional pattern usef u l for the detection of coma. These pat-
terns easily demonstrate the limitations of available cathode ray tubes.
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T. I’ . Qua t i e r i ,  CCI) CZT Spectral Anal ysis A pplied to Real Time HomomorphicSpeech Ana ly s is - Svni Uwsj s (pp. 4 4 c_ 4 4 9 )

l~~78 Spring Meet ing ,  :\merj can Physical  Society . ‘Washington,  D.C.
-\ pri l 7 4 - 2 7 ,  1078
Abstracts in Bull .  Am.  Phys. Soc. 23 ( 19 78)
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MEETING PAPERS PRESENTED (cont inued)

F ). J .  Tetr eau lt .  Compu ter Simulation of Phase Space Density Granulat ion
in Plasma (p . 756)
hi .  E. Vi l l a lon .  Nonl inear  E v o l u t i o n —  of LH-Quasirn ode Pa ramet r i c  Exc i t a t ion
in Inhornogene ous Plasma (p. 9 12)

II. F. Vi l la lon and A. Bers, Plasma Heating by the LH -Quasimode Exc i t a t ion
in Tokamak Plasma (p. 789)

National Radio Science Meeting . Bou lder, Colorado

November ~-7. 1978

J. A. Kong , I , .  Tsang. B. Djermakoye . R . Shin , and J. C. Shiue,  Passive
Microwave Sensing of Snowpacks

Eig ht h Annual  Meeting . Society for Neuroscience,  St. Louis , Missour i

Nove mber 5-9 , 1978

Abstracts  in Society for Neuroscience Abstracts .  Vol. 4 (19 78)

E, Ft . Grubcrg and J. Y. Lettvin , The Distribution and Shapes of Tectal
Cells Projecting to the Nu cleus Is thmi  in Frogs (p. 63 !)

E. A. Newman,  The Role of MUller Cells in the Generat ion of the Re t ina l
B- ’iVave Response : A Source Density Analysis  (p. 639)

W. B. Warr and J. J. Guinan ,  J r . ,  Dual Olivoeoch lear Bundles:  Di f fe ren t i a l
- - Origins and Termina t ions  in the Cat (p. 11)

Twelf th  Annual  Asilo n— mar Conference on C i rcu i t s .  Systems and Computers .  Pacific
Grove, California
November 6-8, 1978

Papers in Conference Record - -
-

H. Nawab and J. H. McClellan, A Comparison of WFTA and FFT Programs
(pp. 613-617)

1978 Annual Convention.  Amer ican  Speech and Hearing Associat ion,  San Francisco,
California
November 18-21 .  1978
Abstracts in J. A m .  Speech Hear. Assoc . 20, September 1978

E. M. Burns , Dip lacusis in Normal and Impaired Ears  (p. 805)

Ft .  N. Ohde, Effects of Adaptor Perception on the Adaptation of Consonant
Voicing (p. 777)

96t h Meeting. Acoustical Society of America ,  Hono lulu , Hawaii

November 27 - December  1,  1978

Abstracts in J. Acoust.  Soc. Am.  Vol . 64, Su ppl. No. 1, Fall 1978

— Ft. A. Cole, A. I. Rudnick y, D. R. Reddy. and V. Zue, Performance of an
Expert Spectrogram Reader. I (p. S 178)

D. H. Klatt ,  Synthesis by Rule of Consonant-Vowel Syllables (p. S43)
D. H. Klatt ,  A Stra tegy for the Interpretation of Durational Cues in Spoken
Sentences (p . S 1l4 )
Ft. N, Ohde, Effects of Voice-Onset Time Duration and Number of Adaptor
Repetition on the Scaling of Stop Co nsonant Voicing (p. S19)
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-1. 1. Ru d n i ck y .  U .  ~-\ . Cole, and \T~ Zue . Pe r fo rmance  of an Expert
Spec t rogram Reader .  II (p. 5178)
S . S ha t t u c k - i lu f n a g e l ,  V. IV. Zue ,  and J. B e rn s t e i n ,  An - h ” o m i s t i c  Study
of Pa latal izat ion of F r i ca t ives  in Anier i can  Engl ish  (p. 592)
,l . Wilson.  -‘i. Yonov i t z .  I. Campbel l ,  ,J. Spydel l ,  and C. I. .  Thompson,  - -

~The Ef fec t  of In te raura l  E lec t ro acous t i> - Hear ing  -- l i d  P roper t ies  on Sound
Local iza t ion A b i l i t i e s  in Normal  and H e a r i n g - I m p a i r e d  I . i s t ener s  (p. S36)

1978 Mideon  Professional  Program,  Dallas.  Texas
December 1 2 - 1 4 .  1q 78

Papers in Proceedings .  Speech Recogn i t i on  Synthes is .  Vol.  1 6/5 ( 10 78 )

J. Al l en .  Speech Synthesis f rom Text (pp. 1 - 3 )

L ingu i s t i c  Society of - lmer ica  W i n t e r  Meet ing .  Boston, \ l a s sachuse t t s
December 28-30 , 1Q 7 8

Abstracts  in Meet i ng Handbook
Lisa Me nn and Susan Boyce, The Course of 1”u n d a m e n t a l  F’requenc t Var ia t ions
in Parents Speech to Children

JO1~R NA L  PAPERS PUBLISHED

(Repr in t s ,  if ava i lab le ,  may be obtained f rom the Do cument  Room
3 6-4 12 , Research  Laboratory of E lec t ron ics ,  Massachuse t t s  Insti-
tu te  of Technology . Cambridge .  Massachuset ts  021  39 .)

J. -Mien, An A pproach to Reading M a c h i n e  Design (Human  Factors 20 , 2 8 7 - ? °)  ( I ’~78))

.1. A pt and D. F. P r i t cha rd ,  Velocity Dependence of F i n e  S t r u c t u r e  Cha nging Colli-
sions of Na wi th  Ne , -hr .  Kr ,  Xe , N .~ and CO 2 (J. Phvs.  B 12 , 83-98 ( l Q 7 Q ) )

G. Ara , B. Basu, and B. Coppi , Influence of Ion-Ion Col l i s ions  and K i n e t i c  E f f ect s
on \ t i n id i s rup t i on  of Confined Plasmas (Ph ys. F l u i i d s :’7, 672 -6 80 ( 1 ) 7 0 ) )

G. A r a .  B. Basu, B. Coppi. G. Laval,  M. Rosenbiuth , and B. Wacidell, Magne t i c
Reconnect ion  and m 1 Oscillations in Curren t  C a r r y i n g  Plasmas (. -hnn.  Ph ,vs.
1 12 , 443-47 6 (1978))

W. -h . Baan, A. I). Rage h ick ,  and B. F. Burke , Neutral 1-ly drogen in Clusters of
Galaxies (Astrophys.  J. 225 , 339-342 (1 978))

C. 0. Beasley, J r . .  J. F. McCune ,  H. K. Meier ,  and IV. I. van Ri~ . Ca lcu la t ion
of a Self -Consis tent ,  Low Frequency Elect ros ta t ic  F ield in the D r i f t - K i n e t i c
A pproximation (Plasma Phys. 20 , 115- 126 (1 Q78) )

J. F. Bowie and I. T. Young. An Anal ysis Technique for Biological Shape -- III
(Acta Cytol . 2 1 ,  739-746 (1977))

M. H. Brill , -h Device Performing I l luminant - Invar ian t  \ ssessment  of Chromat ic
Re la t ions  (J. Theor. Biol, 7 1,  473-478 (1978))

T. A. Brunner ,  Ft. D. Dr iver ,  N. Smith,  and D. F. Pr i tchard , Rotat ional  Energy
Transfer  In Na -Xe Collisions — Level to Level Dynamic s (J. Cliem. Phys. 70 .
4 155-4 167 (1979))
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JOURNA L P APERS PU BLISHED (continued)

G. M. Carter and D. E. Pr itchard. Recirculating Atomic Beam Oven (Rev . Sci.In stru n-u . 49 , 1 2 0 - 1 2 1  ( 1978))

Ft. S. Chu and J. A. Kong . Erratum: Modal Theory of Spatiall y Periodic M edia[IEEE Tra ns. Vol. MTT-2 5 , No. 1.  pp. 18 -24 ,  January 197 7)  ( IEE E Trans.Vol. M TT-2 6, No. 3, p. 2 1 6  (1978) )

H. S. Colburn and J. S. Latj mer,  Theory of Binaural Interaction Based on Auditory-Nerve Data. UI . Joint Dependence on Interaura l Time and Amplitude Differ encesin Discrimination and Detection (J. Acoust.  Soc . Am, 64, 9 5 - 1 0 6  ( 1 9 7 8 ) )
R. A . Cole and W. F. Cooper, Properties of Friction Anal yzers for i3”i (J . Acoust.Soc. Am. 62. 17 7 - 1 8 2  (1977) )

Ft. A . Col e , J, Jakini ik, and W. E. Cooper, Perceptibility of Phonetic Features inFluent Speech (J.  Acous t. Soc. Am. 64. 44-56 ( 1 9 7 8 ) )

W. E. Cooke and R. Ft. Free man, Molecular -Beam Magnetic-Resonance Measurement — 
-of the Spi n-Rotational Interacti on in RbKr (Phys. Rev. A 16, 2 2 1 1 - 2 2 15  ( 1977) )

W. E. Coop er. Book rev iew: “Experi menta l Phon etics in Searc h of Theory , ” Norm anJ. Lass ( E d . )  (Academic Pr ess, New York, 1976,  498 pages) (ContemporaryPsycho l. 22 ,  490-49 1 ( 1 9 7 7 ) )

W. F. Cooper . C. Egido, and Jeanne M . P accia, Gram ma ucal Control of a Pho nolog-ical Rule: P a lata lizati on (J. Exp. Psychol. 4. 264 -272  ( 1 9 7 8 ) )

W. F. Cooper . Jeanne M . Paccia, and S. G. Lapointe , Hierarchical Coding in SpeechTi ming (Cog . Psychol. 10 , 154- 177 ( 1978))

Anne Cutler and W. E. Cooper, Phoneme-Monitoring in the Context of DifferentPhonetic Sequences (J .  Phonetics 6, 22 1-225  ( 1978))
D. Davidov, C. Ft. Safinya , M. Kaplan. S. S. Dana, R. Schaetzing , R . J. Birg enea u ,and J. D. Litster, High Resolution X-Ray and Light Scattering Study of theNematic-Smectic A Transition in 4-Cyano-4 ’-Octy lbi phe nvl (Phys. Rev. B 19 .1657-16 63 (1 979 )) —

W. A. Davis, W. D. Phillips, and H. J.  Metc alf, Vanishin g Electric Dipole TransitionMoment (Phys. Rev. A 19, 700-70 3 (1979))

B. Delgutte, Technique for the Perceptual Investigation of F0 Contours with Applica-
tio n to Frenc h (J. Acoust . Soc. Am. 64, 1319- 1332 (1978))

T. H. Dupree, Role of Clumps in Drift -Wave Turbulence (Phys. Fluids 2 1, 783-792(1978))

T. H. Dupree and D. J. Tetreault, Renorrnalize d Dielectric Functi on for CoflisionlessDrift Wave Turbulence (Phys. Fluids 2 1, 425-433 ( 1978))
H. F. Dylla, J. G. King, and M. J. Cardillo, The Adsorption of CO on Planar andOxygen-Etched Silicon Surfaces (Surface Sd .  74, 141-167 (1978))
R. Freldln, Book review: “A Transformational Approach to English Syntax: RootStructure -Preserving, and Local Transfor mations ” by J . F. Emond s (AcademicPress, New York, 1976 , 26 6 pages) (La nguage 54, 407 -4 16 (197 8))
L. A. G1ag~ er , An Ana lysis of Micr owave De-Embeddi ng Errors (IEE E Trans. Vol.MTT-26 , No. 5, pp, 379-380, May 1978)
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Bul l owa,  Margaret  Kfoury. Denis J. Painter , Coh n
Chu , Ruey-Shi Koesis, Jeffery 9. Rabinowitz,  William \ l .
Cooper. Willia m E. Laferriere , Martha Scharf , Bertram
Crist. Alan I-I . Makhoul,  .John I. Schul tz,  \ l a r t i n  C.
Djermakoye . Boucar I’.I a r r ,  Elizabeth M. Shattuck-Hu fnagel~ Stefanie
Dowd y. Leonard C. Menn , Lise Shillman , Robert  J.
Franklin , David Menyuk , Paula Steffens ,  l)avid A.
Grimshaw , Jane B. Miller, Joanne Stern , Richard \1 . , .Jr.
Grosjean . Fran~ois Wacks , Kenneth P.

Instructors

Lysy, Dusan 0 .

Research Assistants

Aeppli, Gabriel Brewer, Laurence R. Chang . Frank Tze- pu
All ,  All  D. Brunner , Timothy A. (‘heng, Rowley L.
Allen , Barry R. Buckley , Robert R . Chew, Wen ~ C-
Anderson , Hope Bunza , Geoffrey J. Chuang . Shun-Lien
Aoun , Joseph Burg, Richard I. I)ames, Lisa
Balt in . Mark H.  Burzio , Luigi Damon , Richard S.
Bar-Yarn , Yaneer I3ustamante . Diane K. l)ana, Stephane S.
Baumann, William T. Buxton . Richard B. Davis. James L.
Bennett, Charles L. Carison , Lauri H. Delgutte , Bertrand
Bigelow , Timothy S. Cassel, Alan L. Dolan , Peter V.
Bishop , Robert P. Castro Neto , Jarbas C. Dove , Webster P.
Borer, Hagit Caulfield , Michael F . Duncan, David B.
Boutros-Ghali , Teymour Cavoulacos , Panayotis E. Eisman , Neil M.

Chan , David S. K.
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Research Assistants (continued)

Filneis, James Khan, Il-lalik M . A .  Hotenberg. Joel
Fisher, Alan S. Nh an , Muhammad A. Rubin , Steven I.
Fisher ,  Jay L. Ki nney. Brian M . Huiz .  Antonio
Fulton , Scott P. Nirsch , Steven T. Safinya. Cyrus H.
Garcia-B arre to , J. Anthony Klinkowstein , Robert E. Safir, Kenneth J.
C,ee. Caroline Krasner, Michael A. Sanders, Glen A.
George . Lelan d Ill . LaBombard , Bri an L. Sayers , Michael J.
Giansiracusa, Robert S. Laird, Bruce 0. Schein, Barry A.
Gierszewski,  Pau l J. Lapatovich, Walter P. Schloss, Robert P.
Glasscr. Lance A. Laughlin. Robert B. Schneps. Matthew H.
Goidhor, Richard S. Lawrence, Charles H. Seneff , Stephanie
Goldstei n,  Stephan C. Ledsham , William H. Sem i, John A.
Goldstein , Ursula 0. Leibovic , Stephen Shanfield , Stanley H.
Green , Robert W . Lekach, Ann F. Shefer, Ruth E.
Gr eenfield , Perry IC Lieber, Rochelle Shin, Robert U .
Hackel, Richard P. Marshal l ,  Terence H. Simpson. Jane H.
Hackett, Kirk F.. Matson, l\lark D. Sjoblom, Todd
Hansrnan , Robert .1., J r .  Maue l ,  Michael E. Smith ,  Neil
Har r i s,  David B. l \ lcCarthy .  John J . .  III Sotomayor-Diaz, Orlando
Haschick, Aubr ey I) . McKinst ry .  Mark L. Spencer, William P.
Hastings , Daniel F.. Mele ,  Eugene J. Sportiche, Dominique
Hawryluk , Andrew M. Migdall, Alan L. Stancil, Daniel 9.
Flaynes. ~Villiani F.. Mook, Douglas H. Steriade , Donca
Heiney. Paul A. l” .loskowitz , Phili p F.. Stone , l)avid S.
Uinshelwood , L)avid Musicus, Bruce R . Stowell, Timothy A.
Ho. Ping Tong Nash. David C. Tebyani, Mahrnoud
Uoang, l’hyong-Quan Nawab, Syed II. Tekula, Miloslav S.
Hol tzman , Samuel Orenstein, Joseph W. Tench, Robert E.
f l o l z ,  Michae l K. Ostler. Nicholas 9. Theilhaber, Kim S.
Horowitz . Peter N. 1~aik, Woo Hyu n Timp. Gregory L.
1luan ~~, Cheng-Te h J. Palevsky . Alan Toldalagi . Paul
U u l e t .  Randal l  G. Peterson , Patrick ill . Torn . Victor
E lu tch in son ,  Joseph F.. Peuse, Bruce W. Vaid yana than . A. Ganesh
in~ r ia ,  Robert  .1. Picard , Leonard Van Bockstaele. Nathalie
.lat ’~~er .  William P. Pollard , William H. Vlannes, Nickolas P.
.I a& ’gg li , Osvaldo A. Putharn ,  Roger S. W ager. Janet S.
,Tohn son , Marjorie S. Quatieri , Thomas F . .  Jr .  Walkup.  Robert F..
Jones , Frederick A. Ratze l ,  John N.  ~V ang , Paul Chih-Chi ow
Jones, Joseph I.. Richards, Burton W r i g h t ,  Peter V.
Jones, Roger W. Rochette , Anne Vanover, Peter
Karp ,  Allan W. Roerner, Peter B. Yorker ,  Jeffrey C.
Nash, Kathleen Rosen , Br uce 11. Zubizaretta, Maria L. - 

-Nash , Michael M . Ross. Warren S. Zu niga , Michael A.

Teaching Assis tant s

Aspina l l ,  John 0. Fratarnlco , ,Tohn .1. Kim. Sei I-tee
Carley, Larry H. Gabriel,  Kaigham J. Ninman, Peter W.
Chao, Yao-Mi ng Garber,  Edward M . Kinney. John B.
Coate, David E. Haagens. Randol ph B. Lamel,  Lori F.
Cogswell, Kurt  D. 1-takimi , Farhad lIIisra ,  Subat’na L.
Cox, Charles It .  Hu, James V. Moss, Peter J.
Ezzedlne, Amin N. Ito. Yoshiko Odette , Louis L.
Falco, Emilio E. Kappes. Marifred M. Pachtrnan , Arnold
Forbes, Alan H. Keshner, Marvin S. Shapiro, Daniel C.
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Teaching Assistants (continued)

Sherman . Howard B. Simmons, Earl L. Vatan, Pirooz
Short, William R. Smith, Andrew 1’. Wang, Karl L.
Sianez-Gutierrez , Jorge Sugiyama, Linda E. Yap.  Daniel
Simmons , Diane C. Ulicheny. Robert A. Zicker, William L.

Vallerga. John V.

Other Graduate  Students

Abrams, Mark M. Daly. John J. (7) Hayes. Monson H.
Al- Agil. Ibrahim (1)  Davis, l~lark F. (12)  Hemmer, Phili p R. (6)
Alsip. Douglas H. (2) Davis, Robert W. Hendrick, Randall  (21)
An , Nguyen Huu DeGennaro , Steven V. (3) Herring . James S. (2 2 )
Atkinson , Russell H. Diamond , Patrick H. (13) Hicks, Bruce L.
Awwad , Ahmad A. DiLeo, Anthony (3) F!izanidis, Kyriakos
Baden-Kristensen , K. (3) Duckworth , Gregory L. (6)  Holford , Stephen K. (23)
Baghaei. Hossain Dyckman . Howard L. Holton , Thomas ( 3)
Baghaii Anaraki, Mehran Englander, Irvin S. Hoover, Gerald L. (7)
Bass, Lawrence P. (4) Epstein . Charles L. (3) Howard, Iris A.
Benson , Priscilla J. Ferreira,  Antonio (14)  Howland , Bradford (3)
Boghosian, Bruce M. (5) Filreis , James Ingram , David C. (24)
Bondu rant , Roy S. Fisher, Arthur D. JRcobs , Kenneth D. (25)
Bordley. Thomas E. (6) Frezza ,  Will iam A. (3) Jan , Darrel l  L. (3)
Boucher, Ronald E . (6) Garel,  Keith C . ,  Jr. (15)  Janos , Alan C.
Breckenridge , Janet M. (6) Garner ,  Geoffrey III. (6)  Johnston , Mark D.

— Bridges, Charles H. , Jr.  Gersh, John R .  (16)  Kap lan , l \ lar t in C. (6)
Burzinski , Nancy J. (7) G if f o r d ,  Margaret L . (3)  N arakawa,  Masayuki
Bush, Marcia A. (3) Goldberg, Jack N ame ,  Jordin T.
Bussolari . Steven H. (3) Goldwasser, Samuel M .  ( 9 )  Keg l, Judy Ann (26)
Castineyra. Isidro M . (8) Golub, Howard L. (3)  Kinman , Peter W.
Chen, Francine H. (9) Graham, Michael H. (12)  Knowlton,  Kenneth F. (1 3)
Chid akel, David W. (3) Grass, Robert W. Kopec . Gary E. (16)
Chiu. King-Wo Green, James F. Krause, Larry G. (27)
Clements, Mark A. (3) Green, Robert E. (17) Nrc , Glen D. (16)
Coderch, Marcel F. (10) Grimes, Donald L. (3) Kukl inski , Theodore T. (12 )
Coin . Mich ael C. (6) Habashy. Tarek III . (18) Kuper stein. Michael
Concia, Rodolfo C. ( 11)  Hageistein . Peter L. (16) Kurkj ian , Andrew L. ( 2 7 )
Coole y. John 3. h aI ler ,  Rudolf F. (19) Lal l l as ter ,  Peter V. (7)
Cooper. David E. Ham mond , Evelynn III . (20) Lang. Jeffrey H.
Curlander,  Paul J. (6) Ft ayes ,  Bruce P. (6) Lang. Stephen IV . ( 16 )

(1 )  Saudi Arabian Government Fellow (15)  Jamaica Scholarshi p
(2) U. S. Coast Guard (16) Hertz Foundation Fellow
(3)  NIH Trainee ( 1 7 )  We stern Electric Fellow
(4)  Lincoln Laboratory Fellow ( 1 8 )  TA I ’ Fellow
(5) ERD A Trainee ( 1 Q )  Rotary Foundation Fellow
(6) NSF Fellow (20)  Xerox Corporation Fellow
(7) Bell Laboratories Fellow (21)  UCLA Support
(8)  Venezuelan Government Fellow ( 2 2 )  Babcock & Wilcox Company Fellow
(9) IBM Fellow (23)  Americ an Lung Association
(10) ITP Foundation Fellowship (Spain) (24) National Consortium Fellow
(11) Argentine Navy Scholarship (25) M.I.T. Endowed
( 1 2 )  RLE Indu strial Fellow (26)  Co llarnore -Reg sy Award
( 13 )  M . I . T. K arl T. Compton Fellow (27 ) Schlumberger Fellow
(14)  Brazili an Govet unent Fellow
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Other Graduate Students (continued)

Lattes ,  Ana Luisa Mi saki. Yo Rosen . Stuart M . ( 1 )
LeDoux . David C. ( 1) l \ li shr a ,  Sudhindra N. (8)  Rubenstein,  Kenneth
Levinstone , Donald S. ( 2 )  1\lohanan , Karuvannar (9)  Rymer .  Joseph P. ( 1 )
Levitt, David A. (3) Myung . Nam-Soo Salieri ,  Paolo ( 14 )
Linden, Lynette L. (2)  Nakai , Jun (10) Sclove , Richard F..
Linebarger. Marcia Nedze l. Alexander l- . Scott, Steven I ) .  ( 1)
Linnell, James S. (3)  Neidle , Carol Jan Sinha, R avi P.
Lo, Chi Cheung Not erdaeme , J e a n - \ l a r i e ( 1 1)  Sharpe , Randal l  B. ( 3)
Lowe, Calvin W. Novich. Neil 5. (1 )  Siegel. Ronald A. ( 2 )
Lucherini, Silvia L. Ordubadi , Alarm Smith, David A.
Luep ton , Richard M . (2)  Otsu, Yukio (12)  Smith , Robert L. ( 1)
Lynch, Thomas J. , Ill Otten , Gillis H. Spi tze r ,  Peter C.
Lynn, Charles W. People. Roosevelt (3) Stella, TI-lichel G. (15)
Machado-Mata. Jesus A. (4) Perley, Christopher H. Stiefel, Michael D.
?dal ik,  Naveed A. (5)  Pesetsky, David (1)  Teich, Jonathan ~\ l .  (16)
Marable ,  William P. (6) Peynado. Esteban Thiersch, Craig L. (17)
Marantz , Alec ( 1 )  Picheny, Michael A. (2)  Thomas, Clarence F.. (18)
Martinez ,  David H. Pierrehumbert,  J a n e t M . ( 1 )  Uchanski, Rosalie M. (2)
Marzetta. Thomas L. (7 ) Piet, Steven J. (13) Uchikawa, Takasi (19)
McClurken ,  Michael E. (2) Potok , Robert F.. Uppal. Jack S.
McLeod. Kenneth J. Pratt ,  Stephen G. Violette ,  3. P.
Mci\ lanamy,  Thomas J. Razdow , Allen M. Wang. Bingseng (4)
Merab, Andre A. Rice, John E. Wiegner, Allen \V.
Miranker, Glen S. Yi p, Moira 3.

Undergraduate Students

Abbas , Fazal Camp bell ,  James C. Davidson , Hoyt
Aghamohammadi, Abbas Cattey, William D. Dillon , Robert F.
Amenyo . John T. Celentano, Andrew Doherty, Mary Jo
Armstrong, Brian S. H. Chapman. Joseph W. Dowla, Farid tid
Basa, Frank E. Cheung. Byron C. Dudley. Gary J.
Bauer. Steven 1”.!. Chin, Richard W. Dugal, Raymond L.
Bodziak, Dennis Christopher, Lauren A. Dunlay, James J.
Boisvert ,  Joseph C. (‘hua, Eugene DuPree, Michelle D.
Bradley, Stephen G. Connor, Michael H. Eastman , Clarke N.
Bramson , Gabriel Coppersmith, Su san N. Egido , Carmen
Breen, Bar ry N. Coyle . Christopher W. Ep stein. Gerald L.
Brooks , Elizabeth B. Crane , David A. Evans, Frank 3.
Brz ustowicz, Michael A. Crounse . Steven .1. Fahey. Randall  E.
Bugnacki . Phili p Daniels, Diana L. Finlay. William M .
Calvert , Kenneth L. Danly. Martha Fisher,  Joan F.

( I )  NSF Fellow ( 12)  .Tapanese Society for Promotion
(2) NIH Tr ainee ot~ Science
(3) Bell Laboratories Fellow (13) DOE Trainee
(4) Grass Instrument Company Fellow (14) Rotary Foundation Fellow
(5) Quaid-E-Azem Scholarship (15)  Tel. France Scholarshi p
(6) National Consortium Fellow (16) Hertz Found ation Fellow
(7) Vinton Hayes Fellowship (17) Danforth Foundation Fellow
(8) Hindustani Aero Ltd. Fellow (18) General Electric Corporation
(9) Ford Foundation Fellow Fellow
(10 )  Sony Corporation Fellowshi p (19)  MitsubIshi Elec . Corporation
( 1 1 )  Belgian American Educational Fellow

Foundation
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Und erg radua te  Students ( con t inued)

Forrest, John W. Linder, Stephen P. Sachere, Andrew 13.
Friedman , Seanna Il l .  Lindsay . Herbert Ill. Schafer, Mark E.
Gallagher.  David T. Lipkin .  Michael  I). Sc l i i l l e r .  Je f f rey  I.
(~awne . Timothy 3. Li powski . Joseph T. Schul tz . Kenneth I.
Gels, Robert 0. Loke , Aaron N. Schwartz , Andrew I l l .
Giordano, Lou V. Luna ,  Joel 3. Serabyn. Eugene

- - Goldstein . Richard D. I l l ackl is , Jeffre y I). Sheck. I l laury  A.
Gott schalk, Paul G. Maddox , Will ie  B. Sh roff, Laura J.
Flai man , Mark D. Ill a mon , Gary A. Sierra ,  Paul H.
Halmos. Maurice J. Mark ,  l)avid 0. Simonoff , Steven C .
Harrison , Ja mes Illathis ,  Larry J. Smith,  Arnold J .
Hawley , James T. Mathis,  Lisa C. Smith , Ted Al len
Hayden, John A. M ayhew . Gregory L. Sobalvarro, Patr ick C.
Heber t ,  Gary D. McDermott ,  F. Scott Spohrer, James C.
Fleinrichs, Richard M. McGrath , Wil l iam R . S ta l l .  Robert  S.
Hemphill. Richelieu I). I l icki l lop .  Gerard H. Stauther ,  John I’ .
Herrati, Illessaoud I l l i l l a r ,  David H. Stetser,  Christopher ii.
Hind, James C. Ilhinicucci,  Stephen Stolow , Mar jor ie  L.
Hoberman. Barry A. Mittleman, Richard K. Stornetta , W . Scott
Hoff man , Ron Il l .  1\lok , Yu-Ngai Strong. Allen L.
Holme s, Joseph Illoy. l)anny Thompson . David IT.
Huber ,  Martin E. Murray . James H. Tjho, Jong-Kie
Hudson , T. David Naber, Mark H. Tobias, Scott I) .
Hui, Alex Chi-ming Nagode. Louis A. Tohir ,  David L.
Hui , Wai - Ki Neese, Margare t  L. Trammel,  Kevin 0.
Isnardi,  Michael Ngai, Phili p Tricamo , Maria
.l aufe, Esther P. Nguyen . Trung Tien Val icenti , Richard N.
Johnson, Leonard Niessner.  Steven A. Vogel ,  Richard II I .
Johnson . Tim H. Nowitzky. A. I l lark Waibel,  Alexander
Kamentsk y, Lee D. Oparah, George Wainger ,  Mark I ) .
Kare, Jordin T. Osofsk y . Michael S. Waldo , Peter 3.
Kesselman , Joseph J.. Jr. Pan, Kell y M. \ V a l l in g ,  Juaquin L.
Klevorn, Joseph D. Persichetti , A r t h u r  M. Wan . Hansel U - Il l .
Klipper. Esther P. Petek, Bojan Weiner ,  R u t h
Knowles, Daniel C. Pong. Willie Weinrib ,  Abel
Kosta, Daniel H. Quinn , David A. Weliand , l)avid U .
Krieg , Kenneth H. Qureshi , Urn ar  Wexle r ,  Ronald I l l .
Kul p, Barry D. Ramsey. Wil l iam L. Whi taker ,  Norman A. .  J r .
Kunin , Richard D. Reis t roffer ,  Kirk Wil l iams,  l)ouglas 1).
Kurtz , Rus sell M. Reynolds , R obert A. W i l l e t t .  Robert L .
Lau, Edmund C. Richard , Stephen Ill . Wol insky ,  Mu r r a y  A.
Lavelle, Gary J. Richardson , John IV . Woodbury,  Peter U .
Lee, Joseph Sing Rohlicek . Robin J. Ve l i .  l)anny Lo-Tien
Lee, Thomas E. Rotman , Stanley H. Vi e ,  Charles D . I I .
Lewis , Wayne L. Roxlo, Charles B. Yorifuji . Kazuhiko
Liebermana, Jerrold D. Ruby, Douglas S. Vundt, George B.
Linder, Barry J. Russo, Carlo H. Zimmerberg.  Morris  A.

Administrative Staf f

Amdur , Alice S. Daffy . l)ona ld F. Keyes,  Richard V.  • J r .
Bella, Charle s J. Hewitt, John IT. McCarthy. Barbara L.
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— Support Personnel

Aa ler ud , Robert M. Guberman, Joseph Mengis, Miranda 114.Alpert. Melvin Hall, Kyra 114. M itchell ,  Joseph E.Barkei, Carolyne J. Halverson , Michele Morrison , William A.Barron , Gladys Hartwieg. Erika A. Muollo, Ralph E.Barrows, Francis W. Holcomb , A. Linne a Muse,  William J.Bella, Rose Carol Hughes, Mart in 0. Nelson , Sylvia A.Bunick, Frank J. Hussey. Barbara J. Nickersori, John C.Cabral, Manuel,  Jr. Kaloyanides, Veneti a North , Donald K.Carter , James M . Kaminer , Brian Pastore, Anthony J .Chase, Arbella P. Kodish, Hed y S. Peck, John S.Clarke , Emerson L. Kopf.  Cynthia Y. Peters,  Nancy M.Clements, Donald A. Latzko , Victoria Poynor, Ch arles A.Cook , John F. Laurice lla, Deborah A. Rettman , Kenn eth F.Davco, Rober t J . Laurice lla, Virginia R .  Rice,  Diana D.Doucette, Wilfred F. Lavalle, Edward R. Scalleri, Mary S.Eccies, Miria m R. Leach, Geor ge H . ,  Jr. Sharib, GeorgeEdelman , Monica E. Lewis, Ionia D. Sianez, Yoland a G.Edeiste in , Sherr y Lorden, Ger ald J . Sincuk, Jose ph, Jr.Fang. Li Lorusso, Catherine Singer, Lori E.Ferolito, Vir ginia F. Lyall, Neena Smith, Clar e F.Foster, Stella J .  Lydon . Cath arine A. Sporcic , KathyFownes, Marilyn H. Lynch, Linda L. Stephens, Bonnie W.Garabieta, Ignacio M astovsk y , Iv an Taylor, Martha L.Grande, Esther D. McDowell, Patricia L. Taylor, Vicky- Lyn nGriswold , Marsden P. Thompson, Joy C.

~~~
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AU THOR INDEX

A l - A g i l .  Ibrahim, 15 Goldstein , Stephan C. .  27
Allen ,  Barry H . .  47 Goldstein, U r s u l a  G. • 1 1 2
A l l e n ,  Jonathan. 1 1 7 , 12 3  Golub , Howard L. , 1 1 2
Baggeroer , Ar thur  B. , 94, 96 Greenfield , Perry E. , 47
Baghei. Fj ossein, 76 Greytak , Thomas J. • 14
Barrett, Alan H.. 57, 62 Gruberg,  Edward R. , 147 , 148
Becker,  Christopher H. , 17 Gup ta , Madhu S . .  45
Bekefi , George . 78 , 85 Uackel ,  Richard P. , 2 8 ,  3 1

Bennett,  Charles L. , 47 Halle ,  Mor r i s ,  106, 115
Bernstein . Jared , 1 1 2  Harr is ,  David B. , 97
Bers. Abraham . 76 ,  82 Haschick,  Aubrey D. . 63
Birgeneau . Robert  J. , 23 Hastings, Daniel E. • 81
Blumstein,  Sheila F.. , 106 Haus, Hermann A., 32 , 34
Bordley. Thomas E. , 94 Haus ler,  Rudol ph G. . 130
Boyce. Suzanne , 1 1 2  Havey , M a r k D .  , 19
Braida. Louis D. . 127,  134 , 137 Hemmer ,  Phili p H. , 28

Brill ,  Michael H . .  148, 150, 153, 155 Henke , Wi l l iam L. , 106 , 112
Brunner .  Timothy A . .  15 Hicks ,  Bruce L. • 134
Buckley. Robert R.. 121 Hoang . Phuong-Quan . 120
Bunza, Geoffrey J. , 121 Holtzman , Samuel,  98
Burke , Bernard F., 47, 63 Horowitz , Peter N., 51, 54
Burns , Edward ill. , 139 Houtsma. Adrian J . I l l .  , 127 , 1 3 9

Bush, Marcia A . ,  112 Howland , Bradford ,  157
Bustamante , Diane K . ,  137 Itano , Leslie M . , 55
Castro Neto , Jarbas C . ,  I I  Ito, Voshiko , 130
Chan , David S. K . .  95 Joannopoulos. John D . ,  7
Chang . Frank Tze-pu . 119 Kappes. Manfred I l l . ,  2 1 ,  22
Chase , Sheila I l l .  , 127 Karp.  Alan W. • 15

Chen, Francine H. , 1 34 Nash ,  Kathleen , 43
Chen , Kuo-in , 85 N ash,  Michael I l l . ,  13
Clements,  M ark A . ,  137 Nas ther,  Marc A. . 71
Colburn.  H. Steven. 127,  130 Kennedy, Robert S . .  89 , 90
Coleman , John W . ,  5 Neyser.  Samuel J . ,  106
Coln , Michael C . ,  134 Khan, Malik I l l . A .  , 1 19

Cooper. Will iam E .~ 111  Khan, Muhammad A . .  43
Coppi. Bruno,  79 Kiang , Nelson V. S .,  125
Crampton . Stuart  S. B . .  14 King, J o h n G. , 1, 2 , 3
Damon, Richard S . .  118 Kinney, John B . ,  2 1,  22
Davis , James L. , 30 Kinsey. James L. , 17
DeGennaro, Steven V . ,  134 Nla t t ,  Dennis H . ,  106
Delgutte ~ Bertra nd , 106 Kleppner.  Daniel , 1 1 ,  1 2 ,  1 3 ,  14
Dove , Webster P. . 95 No. Kwok C . ,  76 ,  82
Dowd y ,  Leonard C . ,  137 Kong, Jin Au ,  6 5,  67, 68 , 69 , 70
Driver, Richard D., 15 Krapchev . Vladimir B. , 7 6 ,  82

Ducas, Theodore W. , 12 Kulp, John L.. Jr.. 82
Duckworth, Gregory L. , 96 Nunin,  Richard D. . 142
Dupree. Thomas H. • 77 , 84 Kurk j ian~ Andrew , 98
Durlach,  Nathaniel I . ,  127 , 1 30, 134 . 137 Kyhl .  Robert L. 51
Eisman, Neil I l l .  , 120 Lang , Steven W. , 99
Ezekiel,  Shaoul , 27,  2 8, 29,  30, 31 Lapatovich. Walter  P. ,

Florentine.  Mary S. . 127 Laughlin. Robert B. ~ 7
Fonstad , Clifton G. , 32 , 35 Lawrence , Charles H. , 47
Freeman , Dennis M . ,  134 LeDoux, David C . .  99
Frishkopf. Lawrence S. . 142 Lin ~t ,  Ja e 5. . 100
Frisk.  George V. , 102 Li ts ter,  J. David, 39
Gabriel , Kaigham 3 . , 130 Littman , MIchael 0 .,  13
Garcia-Barreto , J .  AntonIo , 47 Luckhardt,  Stanley C. , 85
Giuffrida, Thomas 5. , 63 Martinez. David H. , 102
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AU THOR INDEX

McClel lan , James F L ,  95 ,  97 , 99. 101 Spencer , Wi l l iam P . ,  12, 13M cCle l lan , Michae l  H . ,  9 Spreen. James 1-1. . 56Il lcCune,  James E. , 81 Staelin,  David H . ,  59 , 60, 61 , 62McFeely ,  F. Head , 9 Staley. Ral ph 1-1. , 2 1 ,  22Me lcher ,  James H.  , 60 Stevens, Kenneth N. , 106I l le le ,  Eugene. 7 Svolos , George M . , 81Menn, Lise, 112 Tench, Robert  E. , 31Mills ,  Allen I V . ,  130 Tetreault ,  David J. , 84Mit t leman , Richard,  17 Theilhaber,  Kim S. , 76,  82Mook ,  Douglas H . .  137 Thomps on , Carl L. , 130Illorales~ Il1orj , Alejandro , 17 Troxel,  1)onald E . ,  118 , 11 9,  120, 121I l lo rgentha le r ,  Frederic R. , 51 ,  53. 4 .  Tsang, Leung,  70
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