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FOREWOR D

This report ,  No . 119 in a series of Progress Reports issued

by the Research Laboratory of Electronics,  contains the customary

ann ual statement of research objectives and summary of research

for each group. Emphasis is on research progress for the half-

year period ending December 31 , 19 76 , and the source of support

is in dicated fo r each project .
Detailed reports of progr ess for indiv idual pro ,iects will no

lon ger be included in RLE Progress Reports. They may. at the

discretion of the research supervisor, be issu ed individually as

pa rt of a new numbered series of RLE Research Reports.  Persons

interested in receiving reports in a particular field of research

should write the research supervisor or the Document Room,

Resea rch Laboratory of Electron ics , M. I. T . ,  Roo m 36-412.
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John G. King , James C’ . Weaver

We have been developing instruments called molecule microscopes based on the

simple idea that neutral molecules travel in straight lines between collisions. V1 e are

interested in producing magnified images (micrographs)  of samples that emit neutra l

molecules as a result of various stimuli.
The contrast in a molecule micrograph ar ises  from spatial var ia t ions  in proper t ies

of the sample such as permeabili ty, diffusion , binding of neu tral molecules , and spa t ia l

dis t r ibut ion of enzymes. These proper t ies  cannot be observed direct l y in other forms

of microscopy.

Although molecule microscopy can be used to study problems in various f ie lds , w e

think that the most significant and valuable app lications, especially while the spatial
resolution is of the order of 1 j.Lm , will be to problems in the l i fe  sc iences .  Fecause

there  are many kinds of sample , sample preparation or t reatment , sample s t i m u l a t i o n,

and molecular emissions, molecule microscopy is rich and complex and rio sing le

apparatus is the Molecule Microscope. For instance, the sample can be dead or alive ,

in vacuo , in vitro , or in vivo , denatured or surviving. Stimuli include heat , l i gh t ,

charged part icles, currents, toxins , hormones, and so forth. The observed molecules

may have come through the sample, been part of it , been previously p laced on it as a

stain , or may have been genera ted by it in such pr .~nesses as specif ic  enzyme ca ta lyzed

reactions or metabolism.
During recent years, we have constructed and tested a lot of apparatus and performee

experiments  relevant to understanding the various mechanisms involved.  We have

s tud ied , more or less thoroughly, the desorption of water  and ethanol f rom model b / i l -

logical surfaces by both thermal desorption and e lec t ron-s t imula ted  desorption tree-

ni ques , the interact ion of CO with silicon surfaces, variat ions of p e r m e a b i l i ty  and

metabol ism of dead and surviving tissue (frog skin , toad bladder , and vascular sn/u( lt} l

muscle) ,  and immobi l ized  and so lohi l iz ed  enzyme catalyzed reactions.

Now we are beginning to use our ins t ruments  and t e c h n i q u e s  in t h e i r  p r e l I m i n ary

form to stud y what we hope wil l  prove to be important  Si -  I em I l / I  s r  i i i c n ~ s. Clu e
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collaborators u-i ’ i n t e res ted  in such d i v e rse’ ~i v s t & ’ i i i  s as t i i t  i i i e c f i a i i i  sin  of t h i s  r h s u - /

f o rma t ion  on ma te r i a l s , n i l  iu r l’an propc ’r t ies  and a n t i  en t r anspor t  in  t i~~sur , ii~/ - , —

mo logy, arid toxicology.

1. S C A N N I N G  PIN h OLE ~\ I 0 1 . l ;C UL E  MICR0S(;OP 1~: ( SPM\1)

The apparatus is being modif ied to allow t h e  s tud y of l i v ing  t i s sue  in v i t ro , his ii I .

e liminat ing the problem of vacuum deh y drat ion.  The modif ied apparatus  wi l l  be U 51 d

to s tudy , wi th  spatial  resolution, the act ive  and pass ive  t ransport  p roper t i e s  of fi ’ i ~~ s

bladder.  This epi thel ium (a single layer of epithelial  cells , ~ l 5  i.m on a side , on a t h i n ,
20 h im , basement membrane),  as we ll as toad ’ s bladder and fro g ’ s s k in , h a s  long been

studied without  spatial resolution by other researchers as a model of the human kidney.
We in tend to observe the ep ithelial cells in vitro by differen tial interference light
microscopy simultaneously with SPMM to correlate transport properties w i t h  t i s sue

morpholo gy at the cellular level. This work is being done by Joseph A. Jarrell  in col-
labora tion with Dr. Alvin Essig and Dr. Michael  Lang of th e  Boston Unive r s i ty  Medical
Center .

2 . DESORPTION EXPERIMENTS RELATED TO THE SCANNING

DESORPTION MOLECULE MICROSCOPE (SDMM )

Bruce R. Silver has performed some experi ments relating to scann i ng desorption
molecule microscopy (SDI\IM) with emphasis on neutral  molecule staining for biological

surface studies. With this technique a scanning electron beam is used to desorb x~ater

or other small molecules as a means of mapping weak chemical  propert ies  of the surface

monolayer. We are interested in direct electron stimulated desorption (ESD) and also

in desorption by local elec tron beam heating.
The apparatus comprises a scanning electron beam , neutral molecule staining beam ,

quadrupole mass spectrometer , and sample holder. It has been used to measure the
ESD cross sections of D aO and ethanol stains from platinum and three model biological

surfaces as a func tion of electron energy. The three biological surfaces included a
protein (bovine serum albumin), a ca rboh y dra te (gl yco gen), and a nonpolar lipid (tn -
stearin) .  We compared the cross sections with b inding energy data determined by flash
desorp tion in t he  same apparatus.

The ethano l is desorbed with a total cross section , Q, of approximately 1 X 10~~~
2 , — 1 6  2

cm at 1 kV , falli ng to 2 X 10 cm at 4 kV , which is nearly the same for all four

surfaces.  The flash desorption data show similar  binding energies and simp le fi rst-
order k i n e t i c s  for  all  four  surfaces .

‘I h i e  D20 data on tn i s t e a r in  an. 1 lISA surfaces  show ESD cross sections of
— 1 5 2 . . — 1 6  21 X 10 cm at 1 k\  , fa l l ing  to 1 X 10 era at 4 k\ , w h i l e  on p la t inum and ~ l v c o g s n

s u r f ace s  Q is i x io~~ cm~ at 1. 5 kV , f a l l i n g  to 5 X l0~~~ cm 2 at 4 bV.  The f l a s h

PR No . 119 2

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

~:~i~~
- . ~~~~~~~~~~~~ . .



(I .  \l( ) l ,E CU l i i  i11( HOSCOP’i )

desorption data indicate  k ir iet ics  ( 1  o rder  less than  ur i c , and can he in terpre ted  in t e r n i ~~

of condensed and mobile phases of the  adsorbed l)
~ O. In th i s  mo(h ( l , wh ich  is examined

through the peak shift with coverage, peak wid t h , and i n i t i a l  dcsorption rate , the b ind ing
energy of the mobile  phase is found to b~~’ 3 kcal/mole  for BSA and t r i st e a r i n  and  5 kr~~l /

mole for  pl a t i n u m  and gl ycogen , co r r e l a t ing  w i t h  t h e  ESD cross s ec t i on s .

Dusan Ci.  l .y sv  inves t iga ted  the chesorption of water  on f ive  different  model biological
surfaces by a thermal desorption techni que. In t h e  bas ic  exper iment  a pla t inum ribbon
was coated wi th  a thin layer of the biological macromolecule under consideration and
cooled to liquid nitrogen temperatures in vacuum, the adsorbed water  molecules were
thermally desorbed by ohmic heating of the sample ribbon , and then the desorbed water
molecules were detected with a quadrupole mass spectrometer system. The result ing
plot of the desorbed water flux as a function of the samp le tempera ture  exhibi ted a series
of peaks corresponding to different binding states of the adsorbate molecules on the

sample. The observed peaks divide naturally into three groups on the basis of the
sample temperature: the low-temperature peak between — 1 4 0 ° C  and -50°C , the middle-
temperature peaks between -50°C and 21 0°C , and the high- temperature peaks between
210° C and 560°C.

The sam ples investigated were a protein (bovine serum albumin), a polar and a non-
polar polypeptide (pol y-L-lysine l’iy drobromide and poly-L-ala nine ),  a ca rbo h y drate
(gl ycogen),  and a completely nonpolar lipid ( tn i s t ea r in ) .

The low-temperature peak was present in all samp les , as well as in the controls,
and no sample specificity was demonstrated. At high coverages this peak can be inter-
preted as the sublimation of ice. Adsorption into this peak takes place with a sticking
coefficient of at least very close to unit y for sample temperatures during adsorption ,
~~125°K , for coverages between °0. 1 and ~ 300 monolayers of water.

The middle peak groups showed very strong sample specific peak patterns with ma ,Ior
peak energies from 16 . 5 to 22 .2 kcal/mole , and desorption in the range of energies from
14.5 to 27.5  kcal/mole. The peaks each contained a range of activation energies for de-
sorption , and the peak patterns were consistent with the assumption that the number and
types of polar groups present in the sample determine the amount of water adsorption in
this  peak group and the complexity of the peak patterns, thereby giving the observed sam-
p le specif ic i ty .  This peak group appears to correspond to the water adsorption tradition-
al ly  measu red by water adsorption-desorption isotherms taken near room temperature
and often described by the J3runauer-Emmett-Teller  (BET) theory of multilayer adsorp-
t ion , with the important di f ferences  that in our experiment kinetic rather than equil ibrium
parameters  were measured and that different  adsorption states could easily be dif-
f e ren t ia ted .  Lower l imi t s  on the sample specific water adsorp tion in t h i s  peak group of
— l 5 ~~ of the  BET monolayer values were es tabl ished , and the observed co~ erages were
shown to be correlated wi th  the t rends obtained from the l iLT monolayer values.  The
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s izes  of t hese  peaks  w e r e  shown to be propc r t ional  to th e ’ samp le amount , an d the  peak
location s to be reproducible even w h e n  the amount of app lied samp le was var ied .

The high- tempera tur e peak group gave  samp le specific pc-ak pat terns.  i . v i ( l e / i ( - t-  wa~
found to support the in terpre ta t ion  of this  peak group as represent ing p v r s i l v s i s  of the

samp le.

3. MOl ECULE l”LUXES IN TISSLL

The app lica tion of mass spectronietry methods to the stud y of f luxes  of vola t i le  mol-

ecules through biological t issues and membranes  continues.  Th i s  work is b e ing  h er-

formed by Stanley J. Rosenthal  in the  laboratory of Dr. Alvin Essig at Boston U n i v e r s i t y

Med ical School. Simultaneous measurement  of Oz consumpt ion and CO2 product ion has

been demonstrated, and much t i m e  has been devoted to s tudies  of cal ibrat ion methods,

design of appropriate Ussing chambers, and control and s tabi l izat ion of the  flow of

R i n g e r ’ s solution. We are now ready to start a series of invest igat ions  of various

ep it’~~ lia. l ater , th is  approach can be extended to nonvolatile species such as lactate ,

by use of the Volatile Enzyme Product (VEP) method.

4. VOLATILE E N Z Y M E  PRODUCT (VEP) TECHNIQUE

Recently, we have been pursuing the development of a technique that interfaces
enzyme-catalyzed reactions with a quadrupole mass spectrometer (employed as a sen-
sitive mass-fi l ter  detector) by means of a semipermeable membrane. ’ AU that is
required is that at least one of the reactant s of the enzyme-catalyzed reaction be volatile

and able to permeate the membrane, so th at a large number of enzymes can be consid-

ered. In short , the VEP technique offers the potential of high sensitivity, specif ici ty,

and speed in the assay of substrates, cofactors , effector s, and enzymes. Althoug h much

wo rk needs to be done , the ultimate sensitivity should allow , for example , cont inuous

monitoring of metabolic fluxes (e. g . ,  CO2 and lactate) from single cells with an as so-

ciated time constant of approximately 10 seconds. Furthermore, in combination with

scanning pinhole molecule microscopy, this method should permit mapp ing of suitable
enzyme distributions in nonstained and nonfixed tissue slices.

Recent work continues to emphasize preliminary exploratory studies2 and , most

important at the present stage of development , improvement of the technique’ s capabil-
ities. In order to facilitate understanding of results, all recent work emphasizes steady-

state conditions , and t rans i t ions  between steady states.  Specif ical l y, we have used both

catalase (EC 1. 1 1 . 1 . 6 ;  volatile product is 02 ) and urease (EC 3. 5 . 1 . 5 ;  volatile product

is C02) to examine effects of volume flow rat e, V, passive continuous degassing, pH
and continuous electronic averaging over the volatile product molecule’ s mass peak.

In addit ion to using the two enzyme systems, brief trials with suspensions of viable
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cells (one species of yeast)  have been made.
Our current ob j ect ives include a continuing at tack on l imit ing sources of noise (fluc-

tuat ions in ‘~, residual  partial pressures, e lectron ics drif t , and a nonoptinial value of
counting e f f i c i e ncy ) ,  and exp l o r a t o ry  stud ies ui  o ther  enzymes .~ Also , in add i t ion  to the

— continuous assays now being studied , t i re  assay of small discrete samples (e. g., homog-
enizeci brain t issue) wil l  be pursued , and application of the V EP technique to environ— —

mental measurements such as sens i t i ve  detection of pesticides will  be exp lored.

References

1. J. C. W e a v e r , l\l. K. Mason , J. A. Jarrell , and J. W. Peterson, l3iochim. Bioph ys.
Acta 438 , 2 9 6— 30 3 (1976) .

2 . J. 11. Abrams, J. C. Weaver , F. Vil lars , and A. J - Y .  Chong , PILE Progress
Report No. 118 , Research Laboratory of Electronics, \l .  I. T. , July 1976 , pp. 3-8.

5 . THERMA L E N Z Y M E  PROBE

The thermal enzyme probe (TEP) 1
’ 2 

is a tantalizingly attractive biochemical trans-
ducer’ because of its potential universality and basic simplicity (two thermistors, one
coated with immobi l i zed  enzyme , the other without) .  The steady—state  response, which

can be reached within a few seconds, is a temperature difference, ~~T, which is con-

verted into an electrical signal. Almost any enzyme can be used , since nonzero enthalpy

changes occur with almost every reaction. A major  diff icul ty,  however , is that the TEP
is not a par t icular ly sensi t ive device; both simp le theory and exper iments  a l ready per-

formed show that  small ~~T’ s, of the order of l0~~ °C for l0~~ molar subst ra te  concen-
trations, are expected. For this reason, the primary technical problems invo lve  the

physics of differential thermometry in flowing aqueous solutions.

All recent work (primarily by Scott P. Fulton) has been directed toward und er-

standing and reducing various sources of noise. It is still not clear what the  fundamen-
tal limits of ~~T measurements are in a flowing aqueous solution. Based on the work of
others, 3 as well as on our own , 4 

a goal of ~~T = l0 6 °C seems feasible.  Under  the

assumption of an associated typical enthalpy change of 10 kcal/mole~~~, t h i s  leads us to

estimate the minimum detectable substrate concentrat ion to be l0  micromolar.  W e

have achieved an rms noise  level of approximate ly 10~~ ° C and plan soon to use a

recently improved apparatus with hexokinase (EC 2 .7 .  1. 1) oi- urease (EC 3. 5 . 1. 5) to

stud y the TEP performance under a v a r i e ty  of condi t ions .

In the longer te rm , we believe that the use of s ta te—of- the-ar t  e lectronics, including
microprocessors, might  allow the TEP to provide  the basis for a relatively s imple  and
inexpensive biochemical “ mult imeter” that  would be useful in a wide  v a r i e t y  of research
and c l in ica l  app lication’; .
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6. LIQUID HELIUM RESEARCH

We are interested in studying droplets of liquid helium so small that their dissimil-

arity from bulk properties is significant . From a theoretical standpoint these drop lets

are similar to atomic nucleii , but have several interesting features. First , the inter-

action between pairs of helium atoms is well known, while the details of the nuclear force

are not. Bulk liquid helium is available for measurement of such properties as equation

of stat e, surface tension, and excitation spectrum, whereas nuclear matter can be

explored only in the limit of large f ini te  nucleii. We also have a choice of statistics

between Bose 
4He and Fermi 3He.

Several sources and detectors of helium clusters in the 1-100 atoms rang e have been

proposed; we are now developing a supersonic nozzle beam source. When cold helium

gas expands adiabatically through a nozzle into vacuum, much of the random thermal

energy becomes directed along the streamlines; in a co-moving frame the gas cools ,

becomes supersaturated, and condenses into droplets. This process has been studied

extensively, principally with other gases, by several investigators.

Peter W. Stephens has constructed a vacuum system with a supersonic helium beam

capable of operating at 4. 2°K , up to 760 T stagnation pressure, with an approximately

10 ~m pinhole as a nozzle. The beam is detected by a mass spectrometer in a sepa-

rately pumped chamber. Measurements of the size distribution of clusters are now

being made.

Future work may include measuring the spin of 3He drops by molecular beam reso-

nance on the nuclear magnetic moment, and measurement of vibrational and rotational

excitations by light scattering .
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II. ELECTRON MATERIALS ANALYSIS BY AUGER ELECTRON MICROSCOPE (AEM)

Academic  and Research Staff

Dr . J oh n W ,  Coleman
Prof .  John G. K i n g
Dr .  Edward H. Jacobsen

G raduate Students

Michael H. Graham
Richard  \A’ , Sheppe , J r .

1. ULTRAHIGH-SENSITIVITY E L E C T R O N  OPTICAL D E T E R M I N A T I O N

AND LOCATION OF IMPURITY SPECIES IN Si AND IN GaAs A N D

OTHER BINA R Y , TERNARY , AND Q U A R T E R N AR Y  COMPOUND

SEMICONDUCTORS

Join t  Services Electronics  Program (Contract  DAAB 07-76-C- l4 00)

John W. Coleman, Michael  R. Graham

Our research objective is the elucidation of depth prof i les  in Si and GaAs , and in

other binary compound semiconductors (and eventually te rnary  and quarte rnary com-

pound semiconductors).  We are especially interested in the sharpness of boundaries

that isolate low- refract ive-  index components from high- re f rac t ive-  index components

in integrated optic devices , and that separate regions of d i f fe ren t  doping in integrated

electronic c i rcui t  structures. We will also be probing profi les  at semiconductor-

encapsulant interfaces afte r controlled annealing of the semiconductor , which will hel p
establish relationships between defects produced dur ing annealing and outdiffu s ion during

annealing of semiconductor atoms into the mat r ix  of the encapsulating mater ial .  Such

studies will clarify further the complex nature of these compounds , and help specify

annealing-produced defects in cry sta l structure in term s of their  e ffects on the optical

and electrical properties of the semiconductor material .

We are now trying to obtain our f i rs t  image s with cal ibrated test spe c imens , and

our research progress is following the schedule proposed to the Joint  Services in

September 1976.
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III. SI : \ IICONDUCTOR SURFACE STUDIES

Academic  Research Staff

Prof.  John D. Joannopoulos

Graduate  Students

Robert B. Laugh l i n
Eugene M d c
Wil l iam B. Pollard

I .  ELECTRONIC STRUCTURE OF HOMOPOLAR AND HETEROPOLA R

SEMICONDUCTING SURFACES

Joint Services Electronics Program (Contract DAAB O7 -76-C- l400)

John D. Joanriopoulo s

We are interested in a theoretical  investigation of the electronic states at the sur-

faces of Group IV , III-V , and II-VI semiconductors. Because of the lack of complete

periodicity when dealing with a “ semi- inf ini te” surface system, we are faced with

severe obstacles in making a realistic theoretical investigation. Nevertheless, we have

recently constructed a theorem demonstrating that any semi-infinite surface system

that can be described by a Hamiltonian of f ini te  range can be reduced to an effective one-

dimensional problem that can be solved with transfer matrix techniques.

We have used this  theorem with realistic tight-binding Harniltonians to study the

effects of surface atom relaxations in the heteropolar compounds. Our result s show

that the unfilled surface states are very sensitive to the nature of the Hamiltonian that

is used. Given a relaxation, these states will move out of the gap if the cation/anion

p-like character of the bulk conduction bands is large enough. In this way the behavior

of states at the surface is directly related to properties of the bulk system. It is there-

fore of paramount importance for theoretical models to describe certain features of the

bulk system correctly.

At present , we are investigating the effects of oxygen adsorption on the surface of

GaAs. The 0 interaction integrals can be obtained from studies of molecular 02 and
Ge02. In this way we hope to determine where the oxygen is adsorbed , and whether it is

• adsorbed as 0 or 02 or in some type of mixed bridging configuration.

PR No. 119 9

—



~T~~zcEbr1~ ~~~~~~ ~~~~~~~ 
-
~~~~~~~~~~~~ 

-
-

- - — ‘  -‘ -

IV. PHOTOE M ISSION SPEC’rROSCOPY

Academic Research Staff

Prof. F. Read McFeely

Graduate Students

Michael R. McClellan
Peter K. Smith

1. ELECTRONIC AND MAGNETIC STRUCTURE OF SOLID SURFACES
U SING PHOTOELECTR ON SPECT ROSCOPY

Joint Services Electronics Program (Contract  DAABO7 -7 6-C -l4 0 0 )

F. Read McFeely

As this is a recently initiated project , our ef for t s  have been pr imar i l y devoted to

the design and construction of the exper imenta l  apparatus that is to be used.  Some pre-

l iminary resul ts  have already been obtained , however , for some theoretical  work on

photoemission processes which we have been pursuing in collaboration with the Semi-

conductor Surface Studies Group of Professor John D. Joarinopoulos.

We have under construction an ul t rahigh vacuum probe system that will operate in

conjunction with the Hewlet t-Packard 5950A photoelectron spectrometer  in the Depart-

ment  of Chemistry,  M. I. T. We hope this probe will be completed by March 1977. We

shall use this system to study single crystals  using h igh-energy  (he  = 1486. 6 eV) angle-

resolved photoemission spectroscopy. In this  project  we hope f i rs t  to set t le  a contro-

versy concerning the proper interpreta t ion of these spectra.  We then p lan to extend

these techniques by modif ying the spectrometer  to provide higher angular  resolut ion.

This will  allow us to perform photoemission exper iments  that  will y ield densi t ies  of

initial (valence band) states in selected regions of the Bri l louin  zone , and to s tud y

orbital symmetry  effects .  We are conf ident  that this will  prove to be a new and impor-

tant  form of band-s t ructure  spectroscopy for both metals  and semiconductors .

In theoretical  studies performed in collaboration with Professor Joannopoulos we

have been examining the nature of the f ina l  states involved in h igh-energy  photoemission

exper iments .  Although , at the present  t ime, the calculat ions are incomp lete , there  is

an indication that the high-energy photoelectrons are much less e f fec t ive l y screened by

the valence electrons from the ion cores of the solid. This indica tes  tha t  a s imp le f r e e -

electron model wil l  be inadequate to exp lain the spectra.  We hope that  these calcu la -

tions, when completed , will serve to put the anal ysis of such pho toemission  spectra on

a much more solid theoret ical  footing.

Fina l  design work for our new spectrometer , designed p r i m a r i l y for sur face  studies ,

is being f in i shed  and construct ion should soon begin.  Two f i r s t - y e a r  c h e m i st r y  g r a d u a t e
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students  have joined the group and are working on the photon sources to be used in our

experiments .  Michael R. McCle l lan,  who came to M. T T. f rom the Univers i ty  of Cali-

fornia at Santa Barbara is designing a rotatable  mu l t i p le re f l ec t ion  polarizer  for He I

and He II radia t ion.  The use of polarization will be ex t remel y valuable in the stud y of

angular d i s t r i bu t ion  of molecules  on surtaces.  This will  allow us to obtain detailed

information on the molecular nature of the oxidation propert ies of metal  and semicon-

ductor surfaces. Peter K. Smith , of St. Mary ’ s Univers i ty ,  Nova Scotia , is designing

the x- ray  source to provide Y M~ x-rays. These x-rays  will be very useful  in the stud y

of sur faces , since they produce valence band photoelectrons with escape depths that  are

near the min imum value attainable for many crystals.
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V. ATOMIC RESONANCE AND SCATTERING

Academic and Research Staff

Prof. Daniel Kleppner Dr. Claude Deutsch I)r . Theodore \~~. i)ucas
Prof. David E. Pr i tchard  Dr. Richard D. Dr ive r  Dr. W i l l i a m  I). Ph i l l i p s
Prof. Die ter  Ziminei’mann Dr. K€ ’rn r i t  H. h a~

Graduate- Students

Riad N. Ahniad Michael G. Li t tman Wi l l i am R. Spencer
Timoth y A. Brunner Philip F. Moskowitz  A. Ganesh Vaidana than
Walter P. Lapatovich John A. Serri Myr o n  L. Z i m m e r m a n

David A. Smith

1. SEEDED MOLECULAR BEAM SOURCE

National Science Foundation (Grant PHY75- 15421 -A0 1)

Riad N. Ahmad , Walter P. Lapatovich , William R. McGrath , David E. Pr i tchard

We have built and started to operate a molecular beam source designed to produce

molecules in a low-temperature nonequilibrium environment for laser spectroscopy

and molecular scattering experiments. The source is a rare-gas beam at very high

pressure (> 100 atm) which can be “ seeded” with various minor consti tuents  such as Na.

1~~~~~~

P •

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~
Fig. V - l .  Sample spectrum with  7 N rotational tempera ture .
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We have succeeded in producing NaNe molecules which are bound by only 0. 002 eV ,

and h a ve  observed several rotational bands of th is  molecule. We also have observed

Na 2 bands with very  low rotational temperatures .  A sample spectrum with 7 K rota-

tional temperature  is shown in Fig. V - l .

2 . ROTATIONAL ENERGY TRANSFER Ml- :ASUREMLNTS WITh

VELOCITY -SELECTED MOLEC U LES

U. S. Air  F’orce — Office of Scientific Research (Grant AFOSR 76-2 9 72 )

[)avid F:. Pri tchard , Richard D. Driver , Timothy A. Brunner , Nei l  Smith

We are stud ying the processes of rotational energy transfer  for Na 2 molecules in

collision with Ar atoms. By using the VSDS technique proposed by Phillips and

Pritchard, 
1 we shall measure the velocity-dependent cross sections of the collision pro-

cess, Na 2 (v , J) ÷ Ar = Na 2 (v , J±~~J) + Ar ÷ ~~E , where (v , J) are the vibrational-rotational

quantum numbers of the molecular initial state.

In July 1976 we received the f i r s t  commercially available Coherent Radiat ion

Model 599 cw dye laser. This has a single-mode output bandwidth  of less than 10 MHz

and is continuously tunable ove r a 30-GHz range. The Na 2 molecules are produced in

a stainless-steel  oven. Approximately 10% of the sodium vapor is in molecular fo rm .

The laser and oven are both working satisfactori ly. We have made a detailed study of

the Na 2 rotational-vibrational spectrum in the 610 mm wavelength region by observing

the total fluorescent ligh t signals as we scan the inpu t laser beam into the oven. We
have selected a number of lines in the total fluorescence spectrum and observed the

wavelength dependence of their  fluorescence with a scanning monochromator.  U s i n g  such

a spectrum and available published molecular constants for Na 2 ,  we have been able to

designate (v , J) quantum numbers for the upper and lower energy levels of the transi-

tions. We have observed collisionally induced , pressure-dependent  satelli tes in the

wavelength-dependent fluorescence spectrum corresponding to the rotational energy

transfe r processes of interest , and shall cont inue to study these processes.

Data acquisition is carried out with the aid of a P D P- l l  computer. The detection

system is buffered into the computer via a CAMAC molecular system. Computer pro-

grams have been wri t ten to collect and reduce the experimental data. The preliminary

work has shown that the system is working satisfactorily.

References

1. W. D. Phillips and D. E. Pritchard, “Velocit y Selection by Doppler Shift: A Gen-
eral Method for Studying Excited-State Collisions ,~ Phys. Rev. Letters 33 , 12 54-
1257 (1974).
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3. OPTICAL F R E Q U E N C Y  STANDARDS

Joint Services  E lec t ron ics  Program (Contract  DAAB O ?-76-C-  1400)

Wal ter  P. Lapatovich, Phil ip E. Moskowitz , Kurt W. Offner , Abel Weinr ib ,
David F. Pr i t chard

The Mark  I opt ical- f requency reference  system was  used to make the  f requency

marks  shown in Fig. V-2 . A new Mark II opt ical - f ri  quency reference  system has been

designed and a prototype has been tested. It wi l l  p rov ide  continuous fast  read-out of the

frequency so that it can be used to servo-control the laser frequency.  The device wi l l

also be interfaced to a computer.

LASER SERVO

S TA Bi L I Z E R

T i
,,

, SERVO MIV1 i,)” OPTICS ANi)

MOUNT i~=1II:II1i/ FRES N EL RHOMB PHOTODIO DE

OPTIC AXIS A N A L Y Z ING

I “ POLA R I Z E R

~~~~~

CR~~ TA L  
d~~MOTOR~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

ELECTRONICS

Fig. V — 2 . Optical-frequency reference system.

The heart of the new system is an optical interferometer that rotates the linear
polarization of the incident laser light by an amount proportional to its frequency; in

the device under construction the rotation is 10 for each 600 M h z  increase in fre-

quency. This interferometer  has a linear polar izer , a birefr ingent  element (a quartz

crystal  is used in the prototype) whose optic axis  is shif ted 45 0 with respect to the polar-
izer , a quarter-wave plate set with its optic axis pars Ilel to the polarizer , and an auto-
mated sensor for f ind ing  the angle of polarization. This device func t ions  as follows: Two

orthogonall y l inearl y pol arized light beams with a relative phase delay propor tional t o

the frequency are produced by the b i ref r ingent  element. These beams are converted - ‘

into oppositely rotat ing circularly polarized light beams by the quar te r -wave  plate ,
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and t ie  \ i n t e  S i c  i~ to gi~ a lineal 1~ polar i z~~d beam ~ hosc ali t ,  Is  inc reas  a l inea r  I u ith

t h e  p h ia  di, Ias  rhi~ angli  i ’, th e i r  L O I S ,  s i t s  d n i t  l~ c U e  al in lor  n ia t ion  -~u i t ah l c  lox

control l ing or - i nd ica t ing  the f requency.

4. SU1I I \h l  I I I ME T E R  Ii P. ) ‘FON ( O U N T I N (

Joint  Se rv ices  Electronics Program (Contract  D A AB O 7 - 7U - C - l 4 0 0)

Daniel  Kleppner , Myron  L. Zimmerman, Michael G. Lit tman
C-

We h ave started to develop a new tec h nique for detect ing mi l limete r  and submilli-

meter rad ia t ion , u s i i i u  a ua~ ( I f  i i t , h i h v  exc i t ed  a toms as t h e  working medium. Resonance

t r an s i t i o n s  al-c ’ induced h i e ’ t w e , - t i  su i tably chosen levels , and detected by f ie ld  ionizat ion

of t h e  f ina l s tate .  t ’ i ider  us - i ’ t a i  ii co n d i t i o n s , the  sy s tem g ives  promise of allowing eff i-

c ient  and q u i et  pho ton c e i : n t i i s ,~ in the mi l l i m e t e r  and s u bm i l l i m et e r  ranges. Continuous

tuning is p I s S s l h i l t ’  b\ u s i i s i,~ the f i r s t  — e i d e r  Stark effect .

l-c~b n ’ r i m s ’ : s t ~s I  \ \ i i~~i, i t i c ’ l l i ( ies  c o n s t r u ct io n  of a CO 2 10 ~im laser , and of a C1I 3F

4 9 b  
~~~

‘ 1 l aser  i’er u s , -  as ~ p c - ct r a i  ssi .ir cs ’s .  Resonance t rans i t ions  have been detected at

10 hi m. (‘ a l c u l a t i o n s ’f  t r a n s i t i o n  m i i n s e n t s  for S ta rk -sh i f t ed  levels  are in progress .

5. ST U DIES IN OPTICAl .  Ph IY SICS  A N I )  EXCITED-STATE

I N T l  ;R A U T I O N S

Join t  S e r v i ce s  E l e c t r on i c s  h ’ r i~~ i’ u i ~ (Con t rac t  DAA B O T - 7 6 - C - 14 0 0 )

Theodore W . Ducas , Wi l l i am R. Spencer , A.  Ganesh Var danathan ,

‘ 

Daniel Kleppner

N e w  m e t h o d s  for CN ( ’  i t i n g  a toms to h igh  Rvdbe r g  states are n eeded  in a va r ie ty  of

expe r imen t s  and for p r ac t i ca l  app l i i ’at e ns. \\ s- have under taken tl’ie vu ex c i t a t i o n  uf

R v d h c r i .~ s t a t e s in  an a t o m i c  heam , ti s in u  t w s i — p h io t o n  t r ans i t ions  and sing le—p hoton t r u e —

sitions wi th  f r e q u en cy — d o u b l e d  I i de ,  The f r e q u e n c y — d o u b l i n g  system has been hi- oii~~i i t

in to  operat ion , and a new a t o m i c  beam apparatus has been co n s t r u c t ed .  This apparatus

is des igned to allow motion of Rvdherg  a toms f rom an exc i t a t i on  i -eg io n  to in te rac t ion

antI d e t e c t i o n  regions.  Th is -  sv s t s  -m should  s on be fu l l  p er a h ie .

6. TI IEORI - :T l ( ’AL STUDY OF’ A T O M I C ’  RY D I3I - ; RG STATES

Join t  Ser’ ;im ’s E lec t ron ics  Program (Con t r a r t  I e\ A B0~~— 7 t — ( ’ — I 4 ( 0 )

( ‘ l a u d e  Deut sch

In o rder  to lend  th eore t ica l  cupp ort  to the e x p e r i m e n t a l  s tudy of the  R dberg s ta t  s’s

of h i ~ ht  e lements  anti a l k a l i e s  unde r t aken  by l)anie i  Nleppner  and h i s  u s — v. i - h e r ’~, we
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have reconsidered anch genera l ized  t h e  polar iza t ion modc-l de terminat ion of the h ig h ly

located h vd i - s p e n i c  I e y e I ~~. l”i rst , ,ve cons idered  neu t ra l  i s - I  urn , I and o h t a i n e i :  ii
ad iabat ic  correct ions to tee ’ II~~ antI H 7 po la r i za t ion  po ten t i a l . flie ex t en e t,  ii of t h i s
result to the alkalies l iv  r e ta in ing  the f in e - s t r u c t u r e  term in the z -r o-order  approxima-
t ion is s t ra ightforward.  V~ e have also studied t i re  behavior  of hydrogen Rvdb erg  s tates
in the presence of a magnetic field so strong that per tu rba t ion  theory is no longer val id.
This problem has been approached by factor iz ing the nonrela t ivis tic  wave  func ti on  int ,

a product of a two-dimensional harmonic oscillator and a one -d imens iona l  cou lomb

h ydrogen atom. Extensions of this  basic scheme to allow for th - e inclusion of Ts i a dr i s ’t c

in tens i t ies  of any intermediate value are now being i i i v e s t i p u t e ’d .

References

1. C. Deutsch , “R y dberg States of l id Using the Polar izat ion Model , ” I ’ l svs .  Hey .  A 13 ,
2 3 1 1 — 2 3 1 3  (1 97 6) ,

7. FIELD IONIZATION

U. S. Air  Force — Office of Scient i f ic  Research (Contract  F4 4 b 2 0 - 72 - C - 0 0 5 7 )

i\lichael G. Littnian , Daniel Kleppner

The problem of finding out how an atom ionizes in an app lied electric field has
received much attention for several years, and now the theory for hy drogen is well
developed. We have carried out the f i r s t  precise study of f ie ld ionization by measuring
ionization rates for highly excited states of sodium. We have obtained excellent agree’-
ment with hy drogenic theory for some states , but the ionization rates are in serious

disagreement for most states. The source of the disagreement was  found to be the
effects of level mixing that had been neglected previously. The problem is of theoret-

ical interest  and of considerable practical importance because field ion iza t ion  is w i d e ly

used for detecting hi ghly excited atoms.

Further details of this  work have been published recently. 
1

References

1 . p sI. G. l .i t tnian , N I.  L. Z i m m e r m a n, and D. Kleppner , “ Tunneling Rates  for l- x c i t e d
States of Sodium in a Static Electr ic  Field ,” Ph ys. Rev. Let ters  37 , 4~~e-4~ 9 ( 197 s4 .
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8. A ’rONIS IN Vl - :RY h iGh MAGNETIC l IELDS

N at iona l  Science l”ounch at i on (Grant Ph 1Y7 5 — 1 5 4 2 1 — A o l )

Myron  I , . Z i m m e r m a n, Daniel Kleppner

The effect  of magnetic f ie lds  on a toms is usual ly so weak that  it can he t reated as a

f i r s t - o r d e r  per turbat ion.  At h igh f ields diamagnetic terms become important .  The

in te rac t ion  is of the  form ic 1 = e2 B2
( x~ +y

2
)/ 8mc

2. The diamagnetic  energy W B scales

as (r
2

) B
2 . For  an atom in a Ry dberg state (a highly excited state) ,  (r

2
) n4

, w h e r e

n is the  p r inc ipa l  quantum number.  The electrostatic energy W E scales as 1/n
2 , so

that the  rat io of electron and magnetic in teract ions, ‘~ B~~
”

~~
E, scales as n 6B2 , l’or n a 30 ,

it is possible to achieve the condition 
~~B > W E with a field of 100 kG. In such a situa-

t ion the atom loses many of its famil iar  propert ies  and becomes essent ia l ly a ne~. quan-

turn sy s t e m .

We have undertaken a study of Ry dberg atoms in h ig h magnet ic  f i e lds , using pre-

v ious l y developed techn i ques 1 for s ’x c i t i n g  and de tec t ing  a toms.  An a tomic  beans appara-
tus has been constructed for use in conjunction wi th  a 100 kG superconducting solenoid.

The apparatus is essentially complete and we p lan to start hig hs-f ie ld  measurements

soon.

References

1. T. Vs . Ducas , N I.  G. Li t tman, R. R. Freeman, and D. Kleppner , “Stark Ionization
of H igh-Ly ing  States of Sodium, ” Ph ys. Rev. Letters 35 , 366-369 (1975) .

PR No. 119 18 

~~~~~~~~~~~~~~~~~~~~~~~~ -~~ ,— __ ___ ____ __i _ 
—-- - —-— —  .:i~~ ..



~~,
, ,

~~~~~~~~~~~~ ,~~~~~ -~~~~~~~~~~

VI . X-RA Y SCATTERING SPECTROSCOPY

Academic Research Staf f

Prof.  Robert  J. Birgeneau
Prof .  Jens A l - N i e l s e n

Graduate  Students

M a r t i n  C. Kap lan
Cyrus  R. Saf inya

1. HIGH-RESOLU’rION X-RA Y SCATTERING SPECTROSCOPY

OF CONDENSED MATTER

Joint Services Elec t ronics  Program (Cont rac t  DAABO7 -7 6 - C -l4 0 0 )

Robert  J. Birgeneau

Our main act iv i ty  since the in i t ia t ion  of this  project  has been the design and con-

s t ruct ion  of a mul t i purpose x - r a y  sca t t e r ing  spec t rometer .  The spect rometer  is

designed to carry  out x - r ay  diffuse scattering studies, c rys ta l lography research ,

defect s tudies , and inelas t ic  x - ray  spectroscopy. The essent iah  components  of th is
system are a l 2 - kW  rota t ing anode x - r ay  source and a h igh -p rec i s ion  h ’Iuber two-ax i s

goniometer combined with the P D P -l l/ 3 4  computer  control sys tem.  We have also

const ructed  a t empera tu re  control oven (1 mi lh idegree  accuracy) for liquid c rys ta l  and

ferroelectr ic  phase t rans i t ion  studies.  It is an t ic ipa ted  that  the whole sys tem will  be

operat ional  in February  1977 . Concurrent ly  with this const ruct ion  program , we have

also carried on two separate x- ray  scat ter ing exper iments , together  with some theoret-

ical work in s t ruc tura l  phase t rans i t ions .

a. Spin -Pe i r i s  Transit ion in TTF-BDT (Cu)

The organic cha rge - t r ans fe r  salt TTF-BDT (Cu) is bel ieved to provide an ideal

example  of a sp in -d imer i za t i on  t r ans i t i on  in an S = 1/2 o n e - d i m e n s i o n a l  ant i fer ro-

magnet .  This system is of interest because of its role as an archetype for  m a g n e t i s m

in organic  ma te r i a l s  and also because of the analogy with  the more f a m i l i a r  e l ec t ron i c

Pe i rhs  t r ans i t i on  as observed , for example , in TTF-TCNQ.  In a col laborat ive experin’i en t

with  D. E. Moncton per formed at Bell Laborator ies , we have succeeded in observ ing

this  s t r u c t u r a l  t r a n s i t i o n  at 12 K , u s i n g  x - r a y  d i f fuse  s c a t t e r i n g  t e c h n i q u e s .  We have

monitored both the magni tude and spatial var ia t ion  of the c r i t ica l  f luctuat ions  above T
~ 

=

12 K , together  with the growth of the order  pa r ame te r  below T
~

. ‘I’his work  is s t i l l  in

progress , hu t  our in i t i a l  e x p e r i m e n t s  d e m o n s t r a t e  c l ea r l y t h a t  t he  t r a n s i t i o n  involves

a pairing tha t  is f u n d a m e n t a l l y  d i f ferent  than o thers  have i n fe r r ed  f rom s i m p le
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molecu la r  s tack ing  cons ide ra t ions .  Consequen t ly ,  the d o m i n a n t  e x c h a n g e  paths  d i f f e r

f r o m  those  imp lied by a naive cons idera t ion  of the ‘FTF molecu la r  orbi ta ls .

These r e s u l t s  are a great  surprise to us. There is very  l i t t le  microscopic inform a-

t ion avai lable  for tIE s class of materials ;  hence , these new data could have a signif icant
impact on our unders tanding of the n iagnetism of one-d imens iona l  organic charge-

t r a n s f e r  sa l t s .

b . E lec t ronic  E x c i t a t i o n s  in Liquid  Hel ium

We have now comp le t ed  an inelas t ic  x - r a y  s c a t t e r i n g  stud y of the e lec t ron ic  exci ta-
t ions in l iqu id  he liun ’i in co l labora t ion  wi th  P. E . Eisenberger  and W . Marra  of Bell
Laborator ies .  We f i nd  that  the e lec t ron  dens i ty  response func t ion  S(~~, as) can be unde r - -
stood quan t i t a t i ve l y by us ing  a s imple  h y drogenic a tomic theory.  No many-body  or
mu l t i e l e c t r o n  exc i t a t i on  e f fec ts  are observed above a s igni f icance  level of a p p r o x i m a t e ly
l0 ’P~. This is in sharp  cont ras t  to the s i tua t ion  for s imp le metals  like a luminum where

many-body e f f ec t s  p lay a cen t ra l  role and theory is s t i l l  able , at best , to provide a quali-

tat ive u n d e r s t a n d i n g .  Thus this  s tud y in l iqu id  hel ium suppl ies  one physical  system

where theory and e x p e r i m e n t  for the e lec t ron  dens i ty  f luc tua t ions  are in accord.

c. Mean Field Theory and the Ginzbu i - g Cr i t e r ion

By apply ing a real-space version of the G i n z b ur g  cr i ter ion,  it is possible to assess

the relative impor tance  of c r i t ica l  f l u c t u a t i o n s , ari d hence the probable l i m i t a t i o n s  of

mean  f ie ld  theory for  a wide variety of phase t r ans i t ions .  For e x a m p le , for ferroelec-

t r ies  and for cer ta in  soft acoustic phonor i s t ruc tu ra l  t r a n s i t i o n s  the  G i n z b u r g  a r g u m e n t s

predict  that  mean f i e ld  theory  should be val id  for spa t ia l  d imens iona l i t i e s  g rea te r  than

d* a 3 and d* = 2 , respect ivel y. These “ m a r g i n a l  d i rnens ional i t i e s  fol low d i rect l y

f rom the geomet ry  of the c r i t ica l  f l u c t u a t i o n s  in phase space. We have shown that  th is

approach provides  a s imp le technique  for assess ing  the s e l f - cons i s t ency  of Landau

theory  in a vast  range of ph ysical  sy s t e m s .
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VII .  Q U A N I U N I  ELECTRONICS

A. Laser A pp l ica t ions

Academic and Research  Staff

Prof.  Shaoul Ezekie l
Dr. Frederick Y-F.  Wu

Graduate  Students

Salvatore H. Balsamo James L. Davis Richard  P. hi ackel
James A . Cole Step han C. G o l d s t e i n  George W , Sparks Jr .

1. F REQUENCY STABILIZATION OF A CONTINUOUS-WAVE

DYE LASER

Joint Services Electronics  Program (Con t rac t  DAA B O7-76 -C- 140 0)

Shaoul Ezekiel , Frederick Y-F . Wu

The pr imary objective in this program is the development of an e x t r e m e ly  stable ,

low- j i t t e r , s ingle- f requency cw dye laser for use in a var ie ty  of app lications such as

optical communicat ion and ul t rahigh-resolut ion spectroscopy, and for stud ying funda-

mental  interact ions between radiation and mat te r .

During the past year we have been concerned with the shor t - t e rm s tabi l iza t ion  of

commercial ly available cw dye lasers. The main emphasis has been on improv ing  per-

fo rmance  without major redesign of the cavity.

A Spectra-Physics  s ingle-f requency cw dye laser Model 580 was modif ied by

ex tend ing  the cavity approximate ly  10 cm and inser t ing an electro-optic  phase modula-

tor within this space. The phase modulator is an AD*P crystal , made by Interact ive

Radiation , Inc. , and is f ree  f rom resonances over a wide range of f r equenc ies  up to

400 MHz.
A composite wideband feedback loop with 2 MHz b andwidth was used to lock the

laser f requency  to the side of a t ransmiss ion  resonance of an ex terna l  Fabry-  Perot

cavity having a 1-MHz resonance width. In this way, the h igh- f requency  response’ was

provided by the in t racavi ty  phase modulator ari d a large dynamic range was provided by

the PZT length t ransducer  on which the output mi r ror  was mounted.

The use of this feedback loop reduced the rms j i t ter  from 10 111Hz to — 30 kHz. The

reduction of the laser j i t te r  was demonstra ted by heterodyning two s imilar  but indepen-

dent l y stabilized dye lasers.  The narrow laser l inewidth was also demons t r a t ed  by the

excitation of narrow hype r f ine - s t ruc tu re  resonances irs a molecular  heam of I2~ 
The

800 kHz measured l inewidth  of an individual 12 line included a na tura l  wid th  of 400 kH z

and res idua l  Dopp ler broadening from molecular  beam geometry.
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2 . M E A S U R E M E N T  OF THE SPECTRUM OF RESONANCE FL I’OHE S( ’EN (’E
FROM A TWO-LEVEL ATOM IN AN INTENSE MONOCHI {OMA l’l( ’ F I E L D

Joint  Services Elec t ronics  Program (Cont rac t  DAABO 7 - 7 6 - C -l 4 0 0 i

Shaoul Ezek ie l , Robert  E. Grove , Freder ick Y-F . Wu

The spec t rum of resonance f luorescence  emi t t ed  by a ca re fu l l y p repared  two- level
system has been measured. The data were in good agreement  with the t heo re t i ca l l y
predicted spectrum. 1’ 2

- 2 , 2 . .  . - -The 3 S1/2 (F  = 2 ) - 3  P
3/2 (F = 3) t r ans i t ion  in a tomic  sodium was prepared as a

two-level  system by optical pump ing of the degenerate magne t ic  sublevels  w i t h  t h e  re--
onant c i rcu la r ly  polarized laser light. Thus we were able to exc i t e  the m F = 4 _m F . = 3
t ransi t ion selectively,  thereby avoiding the comp licat ion caused by unequal  m a t r i x  ele-
ments  that  connect other pairs of sublevels.

In our exper imenta l  ar rangement  a s ing le - f requency  cw dye laser is sp li t  in to par-
al lel  “ pump ’ an d “ signal ’ beams , which are separated 1. 2 cm and in te r sec t  an a tomic
beam of sodium at r ight  angles. The pump beam prepares the F = 2 g round-s ta te  a toms
in the m F = 2 sublevel before they in teract  with the intense signal beam. A weak mag-
netic field (0. 7 G) parallel to the laser beams is required to prevent red i s t r ibu t ion  of
the sublevel populations by stray fields in the region between laser beams. The f luo-
rescence induced by the signal beam is coll imated and analyzed by a Fabry-Pero t  inter-
ferometer  with a 2-MHz ins t rument  width.

To record the on-resonance spectrum , the pump and signal beams are locked to the
F = 2-F’  = 3 transi t ion.  For off- resonance spectra , an acousto-optic  shif ter  is placed
in the pump beam , and the laser is stabilized so that  the shifted pump-beam f requency
is resonant with the F = 2-F’ = 3 transi t ion , and thus the signal beam is held at an accu-
rately known detuning f rom resonance.

For comparison of theory with exper iment , we computed the convolution of the theo-
retical spectra with the 9. 5 MHz wide i n s t rumen ta l  line shape of our a r rangement .  The
instrumental  line shape , which includes Doppler and Fabry-Perot  broadening, was
determined by observing the weak field (elastic scattering) spec t rum , which ideally is
a delta funct ion.  The convolved spectra 3 agreed very well with Mollow ’s theory. 1

References

1. B. R. Mollow , Phys. Rev. 188 , 1969-1975 (1969) .
2. Earlier attempts at measuring the spectrum have been reported by F. Schuda, C. R.

Stroud, and M. Hercher , J. Phys. B 7 , 198 ( 1 9 7 4 ) ;  H. Walther ,  in S. Haroche et al .
(Eds . ) ,  Laser Spectroscopy (S pringer-Verlag,  Berlin , Heidelberg, New York, 1975) ;
F. Y.’ Wu, R. E. Grove , and S. Ezekiel , Phys. Rev. Letters ~ , 1426 (1975 ) .

3. R. E. Grove , F. Y. Wu, and S. Ezekiel , ‘Measurement  of the Spectrum of Resonance
Fluorescence from a Two-Level Atom in an Intense Monochromatic Field, ” Phys.
Rev. A 15 , 2 2 7 -2 3 3  (1977 ) .
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3. LASER STREAK VELOCIMETRY FOR TWO- DIMENSIONAL

FLOWS IN GASES

Joint  Services Electronics  Program (Contract  DAABO7-76-C-1400)

Shaoul Ezekiel , George W. Sparks , Jr.

rhe present  methods of flow measurement  in gases are res t r ic ted to point-b y-poin t

measurements .  A method of s imultaneousl y measuring velocities over large areas and

volumes is c lear ly  needed for such app lications as nonsteady vortex flow.

A new velocity measur ing  technique , Laser Streak Velocimetry (LSV) , has been

developed for two-dimensional  f lows irs gases. 1 A 2-watt  cw argon laser beam is fo rmed

into a th in  sheet to i l luminate  a seeded flow in a two-dimensional p lane around a bod y.

Short-exposure streak photographs of the seed particles are recorded as they t raverse

the l ight  sheet , and then the two-dimensional  velocity vector is computed f rom the length

and direction of each streak. The validity of this  technique has been demonstra ted by

measu r ing  the velocity profile in the boundary layer of a flat plate; the measu remen t s

showed agreement within  4% of theoretical predictions. In order to demonstrate the

app licat ion to nonsteady flows , a mapp ing was made of the nonsteady vortex shedding

of low Reynolds number flow past a circular cy linder.  Because of current  in teres t  in

low-speed aerodynamics,  the LSV method was also used to obtain the velocities over the

surface of a 60” delta wing at 15° angle of attack , and the resul ts  were compared with a

related theory.

The pr imary advantage of LSV is the s implicity of the a r rangement  and its opera-

tion, coup led with reasonable accuracy and adaptabi l i ty .  Some of the l imitat ions  of

LSV , such as particle size and uniformity ,  can be overcome by the design of an auto-

matic generator and disperser of un i t -dens i ty ,  spherical , 1-1cm particles. A ?ulsed

laser would permit  the extension of LSV to velocities approaching sonic, while h igh-

speed scanning of a pulsed sheet can map three-dimensional, nonstead y flows.

LSV has been shown to be an effect ive  research tool , and extensions  of the present

method will be pursued to explore the fu l l  potential  of this technique.

References

1. G. W . Sparks, Jr . ,  and S. Ezekiel , “Laser  Streak Velocimetry  for Two-Dimensional
Flows in Gases ” (to appear in AIAA J .) .
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4 . PASSIVE RING RESONA rOR LASER GYROSCOPE

U. S. Air Force — Office of Scient i f ic  Research (Gran t  AFOSR-76-3042)

Joint  Services Electronics  Program (Contract DAABO7 -76-C- l4 00)

Shaoul Ezekiel , Salvatore H. Balsamo, James A. Cole , Stephan C. Goldstein

We are develop ing a new optical  rate gyroscope using a passive r ing  Fabry-Pero t
in t e r f e rome te r  as the rotat ion sensing e lement , based on the Sagnac e f fec t .  The clock-
wise and counterc lockwise  lengths  of the cavity ,  which depend on i n e r t i a l  ro ta t ion , are
measured by means of two i ndependen t l y  con t ro l l ed  laser f requenc ies .  One laser is
locked to the center  of the cw resonance and the other to the ccw resonance  of the cavity.

To e l iminate  the effect  of l a se r - f r equency  j i t t e r , we use onl y one laser whose out put
is sh i f ted  by two independen t l y control led acousto-optic  f requency shifters.  For a square
r ing ,  10 cm on a side , wi th  1-MHz cavi ty  resonance width  and 1-mW laser power , it
should be possible to detect  ear th  rate in an in tegra t ion  t ime of 0. 5 ms and r n u l h i e a r t h
rate  in several  hundred seconds.

‘The per formance  of our e x p e r i m e n t a l  a r r a ng e m e n t  shows tha t  such a scheme does
not suf fe r  f rom lock- in  phenomena n o r m a l l y associated wi th  r ing  laser gyroscopes.  The
rms f luc tua t ion  of the bias , at present , is less than 15 degrees/hour  for an in tegra t ion
t in ’ie of one second.

Anothe r  scheme under  inves t iga t ion  cons i s t s  of a passive r ing  wi th  an i n t r a c a v il y
Faraday  cel l .  rhe poss ibi l i ty  of a f iber  optic r ing  is also being cons idered .

Aside from app lications to navigation, we propose to examine the possibility of mea-
sur ing earth rotation to better than one part in io 8, using a c a v i t y ,  10 ra on a side , and
a l O - W  argon laser.  Such m e a s u r e m e n t s  should give i n f o r m a t i o n  on polar wobble , co n-
t i n e n t a l  d r i f t , and changes in the length  of the day. ‘The c o n n e c t i o n  be tween  ear th quakes
and ear th  wobble may also be examined .  A pp l ica t ion  of such a device in e x p e r i m e n t s
re la ted to general  r e l a t iv i ty  w i l l  a lso he cons idered .

5 . SHORT- ’FERM AND L ON G - T E R M  STABILIZATION OF MU L T I W A T T
C O N T I N U OU S - W A V E  ARGON LASERS

U. S. Air Force — O f f i c e  of Scient i f ic  Research ( C o n t r a c t  F 4 4 62 0 - 7 6- C - 0 0 7 9)

Shaoul E z e k i e l , R icha rd  P. hl ackel

I h i s  r e s e a r c h  is mot iva ted  by the  need for  l o ng - t e r m , as wel l  as sho rt  -t ’rrn , st a-
b i l i zed  l a s e r s  for app l i c a t i o n s  to e a r t h  s t r a i n  s e is n io m e t r v , op t i ca l  c o m m u n i c a t i o n  and
rada r , p rec is ion  -~pc c tr o s c o pv , and f u n d a m e n t a l  m e a s u r e m e n t s  in e x p e r i n s e n l a l  re la-

i v i t  V -
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During the last  few years we have investigated the use of an 12 mo lecu l a r  be am as a
reference  for the long-term s tabi l iza t ion of an argon ion laser .  A l o n g - t e r m  s t ab i l i t y
of one part  in 10 13 in an in tegrat ion t ime of 200 s has been a c h i e v e d .  The argon l ase rs
used in these exper imen t s  were homemade with power output  of the order of m i l l i w a t t s .

Recent l y, we have extended our effor t  to the s tabi l ization of commerc i a l l y  made
mult iwa t t  argon lasers such as the 15 W Spec t ra -Physics laser .  ‘The s h o r t - t e r m  abso-
lute j i t t e r  of ~ 30 MFI z that  is inheren t  in such a laser was reduced to less  t h a n  50 kHz
by locking the laser f r equency  to an external  Fabry-Pero t  cavity.  A wide bandwidth
(1 111Hz) feedback loop was necessary,  and was made possible by using an i n t r acav i t y
electro-opt ic  phase shif ter .  Long- te rm stabilization was accompl ished by locking the
reference  Fabry-Pero t  to a hyper f ine  t rans i t ion  observed in an 12 mo lecu la r  beam.

The performance of the laser was measured by heterod yning two h igh-power  argon
l a ser s , each independent ly stabilized to adjacent  12 l ines.  A s tabi l i ty  of 7 parts  in 10 14

was achieved in an integrat ion time of 1000 seconds.

The residual  short - term j i t ter  of 50 kHz is set by the j i t ter  of the r e fe rence  Fabry-
Perot and not by the bandwidth of the fast  feedback loop. The laser j i t t e r  re la t ive  to
the reference Fabry-Perot  is less than 10 kHz.

The reproducibil i ty of the laser f requency was studied by us ing a careful  procedure
for the orthogonal alignment of the laser with respect to the 12 beam. A reproduc ib i l i ty
of 1. 5 X io

_ 12 
was demonstrated.

Many improvements are still to come. In particular , we p lan to use the R( 2 6)  62 -0
transit ion in 12, which matches the 5017 A argon laser line , as a long- te rm reference .
The advantage of the R(26) transition is its smaller natural  width (10 kHz l .  We antic -

- — 1 4ipate that , by using the R(26 )  and by optimiz ing the 12 f luorescence , a stabil i ty of 10
for a i~ = I s can be achieved. For longer integration times , the s tabi l i ty  is expected
to be limited by second-order Dopp ler shifts ~o~~7 for a 1% change in i n t e n s i t y  (esti-
mated) .  The effect  of molecular recoil in the case of a simple absorption in a beam is

being investigated.
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B. N fl l i n e d  i l- ’h enon iena

A c a d e m i c  and Research  Staff

Prof .  h l e r n i a n n  A. I laus
l’rof.  C l i f t on  C. i” ons tad , Jr.
Dr. l ’i e l d i n g  Brown

Graduate  Students

Howard L. Dykeman
Pete r  L. I lage l s te in
Ping- Tong Ho

1. SHORT LASER PULSES

Joint Services Elec t ron ics  Program (Cont rac t  DAABO7-76-C- 14 00)

Flermann A. Flaus

Saturable absorber (pass ive)  mode locking of lasers has the facu l ty  of producing
pulses that  are much shorter  than those of activel y mode-locked systems because the

depth  of modula t ion  of the mode- lock ing  e lement  can be much larger in passive than in

active mode locking.

Unt i l  r ecen t ly, the design of passively mode- locked systems has been hampered by
the absence of an anal ytic theory  of passive mode locking. Development of this  theory 1 ’ 2

permi ts  de te rminat ion  of the parameters  requi red  for successful  passive mode locking.

The predicted pulse shapes have been verified exper imental ly. 3’ ~‘ We have a t ta ined

fu r the r  verification of this theory wi th  the use of a system that  had not previousl y been
passively mod e  locked and that  affords precise exper imenta l  de terminat ion  of its param-

eters .  A microwave system composed of an avalanche  diode opera t ing  at 10 GHz as
the active “ medium ” and a Schottk y diode as the saturable absorber was cw mode locked

successfu l ly, with  the t ime  cons t an t s  of the system chosen according to the theory.

The microwave system is of i n t e r e s t  in its own right as a generator of nanosecond

pulses .  It is also of interest  to laser mode locking because it provides a test sys tem

for novel methods of mode locking ,  and , in part icular , since it pe rmi t s  an a dj u s t m e n t

of e x p e r i m e n t a l  pa rame te r s  over a wider range than is possible wi th  any p a r t i c u l a r

laser  sys tem.

We are p lanning  to stud y the combined action of passive and active mode locking on

the microwave system , and , u s ing  the microwave system as a prototype , we shal l

exp lore the potent ia l  for fas t  swi tch ing  of laser devices.
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2. PICOSECOND PULSES FROM SEMIC0NDUC ’roR LASERS

Joint  Services Electronics Program (Con t rac t  DAABO7 -76-C-1400)

Clif ton C. Fons tad , Jr. , Hermann  A. Haus

Mode-locked dye lasers have produced subpicosecond pulses wi th  r e l axa t ion  t imes

of laser and absorber dyes in the nanosecond range. 1 It has been shown that this  sur-

prising resul t  hinges on a careful  balance between the saturat ion c h a r a c t e r i s t i c s  of the

laser and the absorber.2 ’ 3

Semiconductor la~ ers generally have relaxation t imes  of the order of nanoseconds .

and hence are candidates for mode locking in conf igura t ions  a p p r o x i m a t i n g  dy e . l a se r

systems.
Short pulses have been observed from semiconductor  laser  diodes.

4 T h e  reproduc-

i b i l i t y  of these  pulses has been unsat is factory .  V~ e hope that wi th  t h e  deve -lopn is  it of a

better theory for passive mode locking a more methodical  approach to the d e - s i p n  of the

mode-locking system will y ield bet ter  resul ts .  Our approach is e x p e r i m e n t a l  and

theoretical .  In the f i r s t  stage of our work we studied the spectra of conu~~ -rc ia1  GaAs

diodes to an t ic ipa te  the potential for locking of modes in the spec t rum in an ex te rna l

cavity. We shall a t tempt  mode loc~king of a GaA s diode and a GaAs sa tu rab le  absorber

in an external  c a v i ty ,  with proper ant ireflect ion coating of one of the diode faces. This

configuration corresponds closely to the dye laser mode-locking configurat ion.

In the theore t ica l  approach we shall at tempt  a c losed-form anal ysis  of s a t u r a b l e

absorber mode locking in a d is t r ibuted  system such as tha t  in a ph ys ica l l y “ shor t ” s~~s -

tem real ized by a segmented diode, with one segment  play ing the role of the laser  and

the other that of the absorber (wi th  no ex te rna l  cavity) . We shal l  t ry  to develop des ign

cr i te r ia  for successful  mode locking of such a dis t r ibuted  system.
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C. D i s t r i bu t ed  Feedback S t r u c t u r e s

Academic  Research  Stall

I’rof. H e r m a n n  A. Haus
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1. FREQUENCY-STABLE , LOW-THRESHOLD INJEC rION LASERS

Joint Services Electronics Program (Cont rac t  DAAB O7-76-C-1400)

Clif ton G. Fonstad , Jr.  , Hermann A. Haus

The distr ibuted feedback (DFB) laser gets its feedback f rom re f lec t ion  off a spa-

t ia l ly  periodic variation of index or gain. 1 The usual uni form periodic s t ruc tu re  exhib i t s

a threshold  degeneracy: modes of equal threshold  occur on ei ther side of the Bragg
frequency .

A system incorporating two uniform periodic s t ruc tu res , with a X/4 (or ( Z n + 1 )  X/4 1

phase-shi f t ing section between them , has a low threshold for one single mode at the

Bragg f requency,  and hence the threshold degeneracy is removed. 2 We shall  inves t iga te

theoret ical ly and exper imenta l ly the potential of these new s t ruc tures .

It has been found that uni form periodic s t ruc tures  such as a gra t ing  of f in i te  wid th

etched into the surface  of a guiding layer provide t ransverse  con f inemen t  of the electro-

magnetic field near the Bragg f r equency ,  thereby confining the f ie ld u n d e r n e a t h  the

grating. 3 This property may obviate the need for an optical  waveguide s t ruc tu re  to

confine the f ield underneath  the grating. Modes of such grat ing s t ruc tures  will  be

investigated.

Grat ing s t ructures  have been fabr ica ted  in quar tz  with a per iodici ty  of 7500 ‘\ tha t

corresponds to thi rd-harmonic  coup ling at 5000 A . The grating will be used with a

dye-doped polyurethane layer to provide the lasing medium.

Success in manufac tu r ing  laser s t ructures  that incorporate the quar te r -wave  s tep

may point the way toward novel tunable passband f i l te rs .  If the phase shif t  in the

“ quarter-wave” section is changed (say, e lectro-opt ical ly  by an app lied e lect r ic  f ie ld) ,

the t r ansmiss ion  f requency  of the s t ruc ture  will be shifted. A theoret ical  inves t iga t ion

of the potential  of this tunable f i l ter  design will be made.
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1. INFRARED HE ‘FE RODYNE DE ‘FEC TION

Joint  Services Elec t ronics  Program ( C o n t r a c t  DAABO7 -7 6 - C - 14 0 0 )
111, I. T. Sloan Fund for Basic Research

Richard L . Benford , Margaret  A. F re rk ing ,  Dirk J. Mueh lne r

‘The aim of th is  project is to develop a compact , cont inuousl y tunable , i n f r a r e d  bet-
erod yne receiver for high-resolution spect roscopy of remote ob jec t s .  As t rop hy sical
app lications have provided the pr inci pal motivation for the work , but the i n s t r u m e n t  is
also useful  for local measurements , as the observat ion of ozone in our a t m os p here  has
demons t ra ted .  ‘I’he receiver uses a tunable diode inject ion laser as the local osc i l la tor .
The diodes that  we have used have operated in the 9 - 12  h em range.  A HgCdTe phot odiode
(k ind l y supp lied by David L. Spears of M. I. T. Lincoln  Labora tory)  is used for the m i x e r ’ ,
The comp lete receiver is assembled in a small li quid hel ium dewar sui table  for b o l t i n g
to a telescope.

‘The diode laser local oscillators used in previous e x p e r i m e n t s  cannot  be
tempera tu re -cyc led  without r isk of degrading or al tering their  cha rac te r i s t i c s .  ‘This
problem has now been a l levia ted , since our present  laser ( f rom Laser A n a ly t i c s , I nc . )
opera tes  at li quid n i t rogen t empe ra tu r e , which makes  it convenien t  to s tore the appa-
ra tus  at its opera t ing t empera tu re .  We have used th is  laser in the receiver  to observe
the absorption spec t rum of a tmospheric ozone agains t  the Sun. For compar i son , we
have also measured the spectrum in the laboratory,  by pass ing  the laser r a d i a t i o n
through an absorption cell to a separa te  detector , and also by he t e rodvne  de tec t ion  of a
b lackbody source through the cel l .

Figure VII I - 1  shows some of the r e su l t s  obtained for ozone.  Trace (a)  is a labora-
tory absorption spec t rum of 2~ a ozone in 48 Torr of oxygen at room t e m p e r a tu r e  in a
1 -m absorption ce l l .  ‘The laser , opera t ing  in a sing le mode over t h i s  r a n g~- , ~‘-a s t uned
by vary ing its c u r r e n t .  Par t  (b  is a s ing le  trace of solar abso rp t ion  b y a t m o s p he r i c
ozone.  The scan took approximate l y 10 m i n u t e s  to comp le t e .  ‘The IF b a n d w i d t h  of
100 MHz yields an i n f r a r ed  r e so lu t i on  of 0 . 0067 cm 1 . Part (c )  is the  ave rage  of (b) and
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Fig. VIII - 1 - Ozone absorpt ion spect ra .  (a) Spec t rum obtained in a laboratory
absorpt ion  ce l l .  (b)  Typ ical a tmospher ic  absorpt ion  spec t rum
ob ta ined  agains t  the Sun b y using a heterod yne receiver. (c i  Aver-
age of 6 a tmospheric absorpt ion spectra.  ( d l  Spec t rum ca lcu la t ed
\‘.- i t h  AI ” CRL a tmosp heric absorption l ine pa ramele r s .

S similar scans. The a tmospher ic  data were obtained on 1 December 1976 , w i t h  the Sun
at an e leva t ion  angle  be tween 23° and 26° , A fi t  to the laboratory spectrum (a) wi th  the
use of the  A i r  Force Cambr idge  R e s e a r c h  Labora tory  compi la t ion  of line p a r a m e t e r s 1

is shown in ( d i .  Th ere is onl y rough agreement  between the  observed and c a l c u l a t e d
spec t ra  Ac c o r d i n g  to S. A , Clough ,  of A i r  h-~orce Geophy sics  Labora tory  ( f o r m e r l y
A F C R L) ,  the comp iled ozone p a r a m e t e r s  in th i s  f r e q u e n c y  region are not very a c c u r a t e ,
and so d i s a g r e e m e n t  in de ta i l  b e t w e e n  ca l cu l a t ed  and observed spect ra  is not s u r p r i s i n g ,

The ozone resul ts  presented here do not  r e p r e s e n t  the u l t i m a t e  c a p a b i l i t y  of the
h e -l e r o d y n e  r e c e i v e r ,  ‘l’he loca l-oscih in or ’ power focused  on the m i x e r  w a s  40 f~V , r r o r e ’
than f ive  t i m e s  lower  than  t h a t  r e q u i r e d  for s h o t -n o i s e - l im i t e d  detection . The output
noise seen in l”ig.  \ I l l - I  was a pp r o x i m a t e l y 10 t i m e s  l a rge r  t h a n  t h e  amp l i f ie r  noise,
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s t r a t e ch

1. R. A. 1 1 lc ( ’ l a t ch ey  et a l .  , A l ’C R L —  T R — 7  3 — 0 0 9 6 , “ A F  CR L  A ir ( I S p t e ’r ’ l c  A b s o r p t i o n
F_ in c  i’a i- anr e t e r s  Coi r ip i l a t i o n , “ A lt ’  h - I r e  ( ‘ d i i  - b n ’ i d g ~’ lli sear -ch I aho r ’a  t o t - i r s ,  Bed-
ford , M a s s a ch u s e t t s , 26 J a n u a ry  1973.

.1. S. A. Clough , I’ r iv at e  c o m m u n i c a t i o n,  1976 .

2 . DEVELOPMEN 1’ OF I N T E G R A T E D  SIl .I(’ON BOI .OME FER S

Nat ional  Aeronaut ics  and Space A d m i n i s t r a t i o n  ( C o n t r a c t  NA S° - 2 3 7 3 1 1

Patricia 111. Downey,  Rainer  Weiss

In th is  project  we have app lied the t e c h n i q u e s  of i nt eg ra t ed  c i r cu i t  m a n u f a c t u r e  to

the anc ien t  ar t  of bolonieter cons t ruc t ion .  An en t i re  holometer  assembl y — m o u n t i n g

f r a m e , t h e r m a l  l i nks ,  and low heat capacity ~olometer  e l emen t  — has been f o r me d  out

of a single piece of silicon by masking and e tching.  The cent ra l  ho lometer  e lement

incorpora tes  an i o n - i m p lanted  resis tance the rmomete r  and a th in  me ta l l i c  f i l m  r ’ adia t ion

absorber. Broadband detectors  with t ime  constants  of 1/ 10 s and rad ia t ion  noise equit -

a len t  power ( N E I ’l  of lO ~~~ at 1. 5°K appear to be feas ible .  The techn i ques t h a t  are

emp loyed should produce high yield rates and lead to the manufac tu re  of detector  a r r ay s ,

‘This project  is being carr ied out in col laborat ion with the Microelectronics  Group at

111. I. T. Lincoln Laboratory.

3. M E A S U R E M E N T  OF THE LARGE ANGULA R SCALE ANISOTROPY

OF THE PRIMEVAL COSMIC BACKGROUND RADIATION

National  Aeronaut ics  and Space Admin i s t r a t ion  (Grant  NCR 2 2 - 0 0 9 - 5 2 6 )

Dirk J, Muehlne r , Rainer  Weiss , Richard  L. Benford

The goal of th i s  e x p e r i me n t  is to search for in t r ins ic  anisot ropi es  of the cosmic

backgound rad ia t ion , which is adduced to be a r e m n an t  of the p r imord ia l  cosmic

exp losion. ‘The high degree of isotropy of th is  radia t ion  is a deep mys te ry  and measure-

ment  of the angular  d i s t r ibu t ion  on both l ar g e and small angular  scales cons t i tu tes  one

of the fundamenta l  problems in cosmological  observation.  At  some level the ear l ies t

vest ige of ga lac t i c  f o r m a t i o n  mus t  have left  i ts i m p r i nt  on the pr imeval  exp losion ,
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and the exp los ion  was  not n e c e s s a r i l y  sphe r i ca l l y sy n o r ’- t r ’ i c , Obse rva t ions  of the  b a c k —

grotind can a l so  ha t u r n e d  a r o u n d :  Under  the a s sumpt ion  of i so t ropy  in sonic r e t , r ’ ’ nce

f r a m e , a measure  of a global a n i s o t r o pv  in a f r am e  t ied to the E a r t h  wi l l  give a ni’’a~ or - ’ -

a f the v e l o c i t y  of the Ea r th  r e l a t i ve  to the  r e f e r e n c e  f r a m e  tha t  was at average re St  w i t h

the ma t t e r  t h a t  l a s t  sca t te red  the background rad ia t ion .  ‘The upper  l i m i t s  on t h i s  veloc-

i ty ,  e s tab l i s h e d  by i s o t r o p y  e x p e r i m e nts  of the background , are in c o n f l i c t  w i t h  e a r l i e r

s y s t e m a t i c  a n i s o t r o p ies nr e a s u r e d  iii t he  d i s t r i b u t i o n  of galactic r ’ , ’d shi f t s .

In this  project , which  has been in progress for  three  years ,  we are c o n d u c t i n g  a

ba l loon-borne  survey of the sky , u s ing  a d u a l - c h a n n e l  d i f f e r e n t i a l  radiometer  wi th  a 170

beamw ic lth .  The two c h a n n e l s  have b a n d w i d t h s  ext e nd ing  f rom 3 cm 1 to 10 cm
_ I 

and
—1 ~ 1 - ‘ ‘f rom 10 cm to ~5 cm . The lower  f r e q u e n c y  c h a n n e l  is chosen to inc lude  the  hu lk  oh

the  energy in the cosmic background r ad i a t i on , whi le  the hig her  f r e q u e n c y  c h a n n e l  moni-

tors inhon’i o g e n e i t i e s  in the atmosphere and is sens i t ive  to local a s t ronomica l  sources

such as in t e r s t e l l a r  dust c louds .  With e x i s t i n g  de tec to rs , the survey s e n s i t i v i t y  is

approximate ly 0. l oK / H z 1/2 in the low-f requency  channel .  In a t yp ical  8-hour f l i g h t  it

is possible to set f r ac t iona l  t e m p e r a t u r e  an i so t ropy  l imi t s  of 3 X J~~~4 on g loba l - sca l e

anisotrop ies such as those caused by the v e l o c i t y  of the Ear th  re la t ive  to the u n i v e r s a l

co-moving f rame.  The resul ts  of 4 bal loon f l ights , covering approx imate l y one th i rd

of the ce les t ia l  sp here , show no a n iso t r o p ies larger than  1/ 1000 and , wi th  a 90 ’C confi-
dence l imit , indica te  that the velocity of the Ear th  is less than 350 k m/ s  re la t ive  to the

co-moving f rame.  These l imi ts  are not set by the u l t ima te  survey sens i t iv i ty  but r a t h e r

by systematic  correla t ions  in the data that  may well be due to galact ic  dust c louds  or

in t r in s i c  anisot rop ies in the background.  Improved sensi t ivi ty  in the survey ,  as we l l

as greater sk y coverage , are needed to u n s c r a m b l e  the correlat ions.

4 . SKY SURVEY AT MILLIMETER AND SUBIt-IILLIMETER

WAVELENG THS

National  Aeronaut ics  and Space A d m i n i s t r a t i o n  (Gran t  NCR 2 2 - 0 0 9 - 52 6 )

Dirk J. Muehlner , Rainer  Weiss,  Richard L. Benford

This project  is closely related to the anisotropy measu remen t s  describe d in Sec-

tion VII I -3 . It is a balloon-borne survey of the sky to search for  discrete  sources wi th
the spectral  bands used in the anisotropy e x p e r i m e n t  but w i th  a sma l l e r  h eamw id th ,

approximate ly  1° . A spin-scanned  telescope that has a sens i t iv i ty  of f l u x  un i t s  per

angular  resolution e lement  is used in the experiment .  With improved detectors  such

as those described in Section VIII -Z , we hope to increase the sensi t ivi ty to 100 f l u x  u n i t s .

Aside f rom mapp ing the sky in this unknown spectral region , our goal is to measure  the

f requency  dependence  of the emissivity of typical  dust clouds in our Galaxy. We have

surveyed the galactic plane f rom longi tude  — 5° to +50° . The e m is s i v i tv  of the dust  in t h e
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galactic center has been found to vary fas ter  than l inear ly  with f r e q u e n c y .  L imi ts  on
the mi l l ime te r  and submil l imeter  brightnesses of several sources observed at 100 ~ m
have also been set.

5 . COSMIC BACKGROUND EXI~LORER SATELLITE (CUBE)

National  Aeronaut ics  and Space Admin i s t r a t ion  (Cont rac t  NAS5- 2 373 1)

Mark Hal pern , Rainer Weiss

We are engaged in a one-year  study with scientists  f rom several other laboratories
to investigate the feasibi l i ty  of using a single integrated satel l i te  to carry Out  the fol-
lowing measurements  of the cosmic back ground radiat ion:

a. A precision measurement  of the spectrum of the background radia t ion  between
3 cm 1 and 20 cm 1 by using a cryogenic Fourier t ransform spect rometer .  The design

goal is to make an absolute determinat ion of the spect rum with a signal- to-noise rat io
of 1000/ 1 at the blackbod y peak. ‘The ins t rument  is designed to measure  the devia t ions
from a Planckian spectrum.

b. An absolute measurement  of the di f fuse  background in 6 broadband channe l s
between 300 em and 10 .om. The background radiation in th is  spectral  region is v i r t u a l ly
unknown , part icularly in the 100 — 300 tim band.

c. A mul t iband measurement  of the anisotropy of the cosmic backgound radia t ion ,
with the use of microwave d i f fe rent ia l  radiometers  at 20 , 30 , 55 , and 90 GHz. The

angular scale will  he of the order of 7° with a f rac t iona l  t empera tu re  s e n s i t i v i ty  of
0. 2 mil lidegrees per resolution e lement  extending over the ent i re  sky in a one -ye a r
f li ght.

This project , if approved by NASA for continued support , should lead to the most
author i ta t ive  measu remen t  of the background radiation.  Col laborat ing with us are John
Mather and Michael G. Hauser , of Goddard Space Flight Center , David I. Wilkinson ,
of Pr ince ton  Univers i ty ,  Samuel Gulkis , of the Jet Propulsion Labora tory ,  Cal i forn ia
Institute of Technology, and George F . Smoot III , of the Un ive r s i ty  of C a l i f o r n i a  at
Berkeley.
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IN . I N h ’R A R E D  NONLINEAR OPTICS

Academic and Research Staff

I’rof.  Pe ter  A. Wolff
Dr. Andrew Wood
Dr. José Ramos

Gradu a t e  S tudents

I .ynn C. Detwiler  Roger N.  N u c l r o
Mohammed A. Khan Roosevelt  Peop le

I .  INI - ’HAR ED N O N I .I N E A R  PROCESSES IN SEMICONDUCTORS

U.S .  Air Force — Office of Sc ien t i f ic  Research  (Gran t  A 1’O SR-76-2894 )

Peter A. Wolff , Andrew Wood , Muhammed  A. Khan , Ly n n  C. Detwiler ,

Roosevelt  Peop le

Over the past year  we have set up a laboratory to study  i n f r a r e d , nonl inear  optical
processe s in semiconductors.  This fac i l i ty  involves two  Q-swi tched (‘0 2 lasers , spec-
t romet e r s , magnet ic  f ields , detect ion equ ipmen t , and so for th .  Our f i r s t  expe r imen t s
have been di rected toward the problem of r -es onant , four -pho ton  mix ing  in n-Ge.  When
pumped with two CU 7 lasei-s (o~ and c. 7 ) ,  such a c ry s t a l  genera tes  radia t ion at f r e q u e n cy
(~3 2w

1 
— 

~~~ 
The power P( w 3 ) is sharply enhanced  (250 fo ld )  when  — coincides

with the va l l ey-orb i t  sp l i t t i ng  of the donor s ta tes .  These r e s u l t s  are in reasonable

agreement  with our calculat ions of impur i ty  Raman sca t t e r ing  and the th i rd -order  non-
l inear coef f ic ien t .  We plan to use the r O sonan t , four -photon  mixing e f fec t  as a probe
of impur i t y  energy levels , and as a basis for nonl inear  optic processes. In par t icu lar ,
our m e a s u r e m e n t s  imp ly that s t imula ted  impur i ty  Raman sca t t e r ing  should be achic- v-
able ( w i t h  CO 2 or H 2 O laser pump ing) in a variety of semiconductors .  ‘These ideas wil l  I -
be tes ted  with the large TEA lasers  at the Francis  Bit ter  National  Magnet Labora ’ ary,
M . I . ‘F . ,  where  we are collaborating with Dr. Roshan L. Aggarwal .

During the past  year , we have also comp leted ca lcu la t ions  of far  in f ra red  generat ion
by non l i nea r  exc i t a t ion  of p la snions  in thin semiconductor  plates. An exper iment  to tes t
the va l id i ty  of th is  idea “ill  be pe r fo rmed  at N ?dI. . U l t ima te l y, we hope to e x t e n d  the - -

pla smon  work to mul t i l aye r  shee ts,  achieved by control led  doping of semiconductor
c r y s t a l s .

Dur ing  the  coming yea r ,  our i n f r a r e d  work will  expand to inc lude  co l labora t ions  -•

w i t h  two m a t e r i a l s  g roups  — one at Honeywel l ;  the  other tha t  of Professor  Augus t  F , \V i t !

in the  Mate r i a l s  Science  Center , M, I. ‘F . Honeywel l  wil l  provide us w i t h  (Cd~ Hg 1~~~t I ’i

‘try st  a l s ;  P ro fe s so r  \V it t  wil l  grow n - InSh  with spa t ia l l y modu la ted  d o p i n g ,  and t e r n a ry

n i l e ’ s such as In(Sh,  Bil and (In , ‘Fl ) Sh . ‘These groups  have Air  Force Off ice  of S c i e n t i f i c
11,-search suppor t  for the i r  work. Wi th  these  new m at e r i a l s .  we p lan f o u r - p h o t o n  m i x i n g .

sp i n - f l i p  I t a rn an .  and far  i n f r a r e d  gene ra t ion  e x p e r i m e n t s .
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X. MICROWAVE AND MIL LIMETER WAVE TECHNIQUES

Academic and Research Staff

Prof.  Bernard F. Burke Prof.  Robert  L. K yhI Prof .  David  H. Sta ’liri
Prof.  Madhu S. Gupta Dr. Alan  Par r i sh

Graduate  Students

Barry R. Allen J. Antonio Garcia-Barreto  Aubrey  D. Haschick
Patrick C. Crane  Thomas S. Giuf f r ida  Robert C. Walker

1. MICROWAVE DEVIC E AND NOISE ST’~ DY

Joint Services Electronics Program (Contrac t  DA,AB O7-76-C- l400)

Madhu S. Gupta

The objective of these studies is to develop improved signal and noise models  for

sol id-state  microwave devices. These models  are useful  for accurate prediction of

device characteris t ics, optimization of design , and improvement  of per formance  in c i r -

cuit app lications. The three devices of in te res t  at present  are silicon BARITT diodes ,

GaAs microwave FETs , and h igh-ef f ic iency IMPATT diodes.

a. BARITT Diodes

We have fabricated BARITT diodes and made a detai led c h a r a c t e r i z a t i o n  of t he i r  non-

linear properties at microwave frequencies .  The meas rred parameters  include smal l -

signal and large -signal device impedance , frequency-modulat ion  sensi t ivi ty,  and l inear i ty

of modulation. We report the f o l lowing  achievements:

(i) An improved method of measurement  of large-signal  impedance for non l inear

diodes. In this method the sensi t ivity of measurement  is high even when the device

impedance is small (VSWR high),  and the RF voltage across the device can be m e a s u r e d

independent ly .
(i i) We have devised a lumped-c i rcu i t  model for BARITT diodes.  This model  has

shown better agreement  with expe r imen ta l l y measured  devices;  improvement  has been

found over a wider  f r equency  range  than in previous models and its e l emen t s  can be

given physical in te rpre ta t ion .
( i i i )  An extensive set of l a rge-s ignal  measu remen t s  for  a device wi th  known param-

eters  has provided a data base for eva lua t i ng  the theore t ica l  nonl inea r  models  of the

BARITT diode. This work is reported in the Ph.D. thesis of Gary K. Mon t ress , 1 and

a paper is being prepared for publ ica t ion .

b. GaA s Microwave FETs

In the past , work on GaAs FETs has been the ex p e r i m e n t a l  c h a r a c t e r i z a t i o n  of a
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device in o rde r  to r e l a t e  it  to i ts  mo del .  This model  was used  to des ign an o p t i m u m

l o w — t t r n s e  m i c r o w a v e  amp l i f i e r  w i th  the device u n d e r  l o w —t e m p e r a t u r e  o p e r a t i n g  con-

d i t i ons .3 An a t t e m p t  has t s ’, ’n  made to c o nst r u c t  this o p t i m i z e d  amp l i f i e r . 4 .\1~’as u r r —

m e i r t s  on the arn p lit ’ier  have sugges te d  t h a t  the b ias ing of the device’ can be mod i f i e d to

i m p r ove the  s t a b i l i t y ,  w i t h  a smal l  sac r i f i ce  of amp l i f i e r  p e r f o r m a n c e .

c. H i g h - E f f i c i e n c y  IMPAT 1~ Diodes

Our research  on h i g h - e f f i c i e n c y  IMPA i~’l’ diodes is d i rec ted  toward  measu r ing  oscil-

la tor  noise spec t ra .  Quan t i t a t i ve  agreemen t  between ex p e r i m e n t a l l y measured  and t i r e -

o ret i ca l1~ ca l cu la t ed  noise spec t r a  has not been  achieved for h i g h - e f f i c i e n c y  IMPA ’F ’l ’

diodes. Recen t  theore t ica l  analyses
5 show tha t  the I” NI noise measure  can he ca lcu la ted

reasonabl y we l l  if the e f fec t  of s igna l  power level  upon t em p e r a t u r e , and of t e m p e r a t u r e

upon the reverse sa tu ra t ion  c u r r e n t,  is accounted for .  We are a t t e m p t i n g  to m e a s u re

both AM and i’M noise spectra , as well as the correlation coeff ic ient .  These measure -

m e n t s  wi l l  be used for compar ison with theore t ica l  results .

Re fe r ences

1. C. K. l’v lont ress , “Fabricat ion and Large-Signal  Cha rac t e r i za t i on  of BARI’FT
Diodes , ” Ph.D.  Thesis , Depar tment  of Elect r ica l  Eng ineer ing  and C o m p u t e r  Science ,
NI . I. T .,  October 1976 .

2.  J. I” . Cooper and NI . S. Gupta , “Microwave  C h a r a c t e r i z a t i o n  of GaAs FE~Fs and the -’
Ver i f i ca t ion  of Device Model” (to appear in IEEE J . Sol id-Sta te  C i r c u i t s) .

3 . J. 1” . Cooper , “Charac te r i za t ion  of a Microwave GaAs FET at Low ‘Femperature , ”
S.B. and S.M, Thesis, Department  of Elect r ica l  E n g i n e e r i n g  and C o m p u t e r  Science ,
N-I . I. T. , June 1976 .

4 . J. C. Car r i ck , “Const ruc t ion  and Measurement  of H igh -F requency  Amp l i f i e r  w i t h
GaAs FET5 , ” S.B. Thesis , Depar tment  of Electr ical  Eng inee r ing  and Computer
Science , ~1. 1. T. , August  1976.

5 . H. Statz,  R. A.  r’ucel , J. E . Simpson, and H. A. Haus , “Noise  in Ga l l ium A r s e n i d e
Avalanche  Read Diodes , ” IEEE Trans. on Electron Devices,  Vol .  E D-2 3 , No , 9,
pp. 1075-1085 . September 1976 .

2 , ATMOSPHERIC REFRACTION AT M I I . I , I M E T E R  W A V E L E N G T H S

J o i n t  Se rv ice ’s  E l e c t r o n i c s  Program ( C o n t r a c t  D A A B O 7 - 7 6 - C - l 4 0 0 )

B e r n a r d  F , Burke , Alan  P a r r i sh ,  ‘Thomas S. G i u f f r i d a , Bar ry  R. A l l e n

I’he mic rowave  ape r tu re  syn thes i s  i n t e r f e r o m e t e r  (descr ibed  in Sect ion X I I I - 6  and

N. in p rev ious  RLE Progress  Repor ts)  wi l l  be used to s tud y r e f r ac t i on  and absorpt ion in

the E a r t h ’ s a t m o s p here .  The in i t ia l  m e a s u r e m e n t s  w i l l  be made at 13 m m .  In J a n u a ry

10 77 , wet sha l l  beg in  to make  m e a s u r e m e n t s  at h igh  and low ang les  of e l e v a t i o n ,  und e ’r

a v a r i e t y  of w e a t h e r  c o n d i t i o n s .  The sys tem w i l l  be conver ted  to opera t ion  at 7 n m
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during 1977 .
In te r fe rence  f r inges  have been detected at 13 mm by the en t i re  di g i ta l  sys t em.  The

150-MHz corre la tor  works well , and the measu remen t  phase of the  project  awai t s  onl y
the in ter fac ing  of the digital delay system with the computer ,  and  the  complet ion of the
3-element  corre lator and phase reference controls .
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Ac ’aeleni ic and Research  Staff -

I’ i- of .  I” r ed e i ’ rc  R. N l o i -g en tha l e r  Di’ . A i ’y e l r  I ’ l a t z k e r
I ‘ ref.  Robert  I.. l’~v ii l  l) a le  Z e s k i n d

Graduate ’  S tuden t s

John J. (‘ i s  1ev Peter  N - I h o ro wit z
Lance A. Glasser James A. Spreen

1. \L GNLTOSTATIC I I A CE T I I A CK  Rl - ;SONAT OR — Nl-A\ TYPE OF

II I G I I —Q N l I ( ’ !  V~AV1 - F’ILTER

Joint Services Elec t ronics  Program (Contract  DAABO7-76-C-  1400)

Freder ic  R. Mot -g en tha l e r , Robert L. Kyhl , Dale Zeskir~d

We have undertaken a comprehensive program directed at developing and per fec t ing

a novel class of microwave yt t r ium iron garnet (V I E )  f i l t e r s  based upon our recent

observat ions ( in  the M ic i - owave  and Quantum Mechanics  Group of the Department  of

Electr ical  Engineer ing  and Computer Science) of extremely sharp localized resonance

in single crystals biased with spatiall y nonuniform f ie lds.  Such magnetically tunable

f i l te rs  would employ photoli thographically derived planar microwave circui t  elements

for coup ling energy into anti out of the crystal , and it appears that multipole f i l t e r s  can

be integrated w i t h i n  the same ci-vstal  to provide econ omy of scale and hence preclude

costly t ime-consuming hand-al ignment  procedures.

Magnetic resonance is normally very much broadened if a f e r r imagne tLc  sample is

immersed in a spatially nonuniform fie ld , and experimentalis ts  measur ing fundamental

resonance parameters  take great pains to employ ellipsoidal sample shapes (usually

small spheres )  that  are pos i t ioned in f i e lds  of v e r y  high uni formi ty .  Therefore  it is

ve ry  remarkable that in our work in the Microwave and Quantum Magnetics  Group we

recently observed extremely sharp resonances of a highly local ized character  in s i t i ~~b. -

cry s ta l  \ ‘IG rectangular  slabs that encounter h igh ly  nonuniform demagnet izat ion fi elt l s

because of the nonellipsoidal shape. One view of the newly  discovered h ig l i - Q  resonance

is that  magnetostat ic  mode pat terns are formed for which the resonant energies are

h i g h ly  confined to cer tain  regions  or “t r acks ” wi th in  the crys ta l  that allow wave l i i i-

aga t ion  around them. If the mode amp li tudes are very  small at the  edges and corners

of the sample , the surface scat tering (which would be expected to he enormous) can

la rge ly  be prevented; consequently , the Q of the resonance is governed p r i m a r i ly  by

t i r e  i n t r i n s i c  l i newid t h i  of the hulk crystal  to ge the r ’  with  normal  c i r c u i t — l o a d i n g  considei  —

at ions .  In e f f e ct , a p p r o p r i a t e ly  des igned  magne t i c  f ie l d  p r o f i l e s  create surface --s of dis —

c o n t i n u i t y  where the re  are  no actual  surfaces;  surface  wave propagation at such
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“ surfaces” should be free of many of the drawbacks and loss mechan isms  e ’r rci ~untc r e- r

at true surfaces. It is our intent  to learn how to cha rac t e r i ze , control , and ef f i c i en t l y
coup le to such modes so that we may create a new class of microwave magnet ica l ly

tunable resonance f i l ters .

This research effort was motivated by observations reported by Dale ’ Zesl~ind 1 of
new spatially localized modes of ferromagnetic  resonance in rectangular slabs of s ingle-

crystal yt t r ium iron garnet (YIG) ,  wi th  dc magnetic field applied perpendicular to the

p lane of the slabs and microwave coup ling provided between two closely spaced s t r ipl ine
antennas on the same surface of t i r e  YIG slab. Wi th  crysta l  dimensions of 0. 190” X
0. 161” x 0.016”  and antenna separation of 0 . 0 1 2 5 ”  (antennas located along the c e n t e r

line of the slab) the resonance is character ized by a half-power bandwidth of 1. 8 Nlfl z

at 2. 5 GIlz . The resonance center frequency is tunable over the range 2. 2-3. 0 GIIz by
changing dc bias f i e ld  magnitude.

A h ybrid stri p line multiantenna device was constructed using microwave integrated

circui t  techniques. This device was used to p lot the spatial distr ibution of the surface

coupling phenomenon across the face of the crystal,  Spatially localized points of reso-
nance exhibit symmetry about the middle of the crystal with maximum response

occurring at the midplane. Half-power spatial linewidth s are approximately 0. 002 5” .
A new sample holder with niicrostripline probes is being constructed and will  be used

in an attempt to provide definitive determinations of the high-Q mode dis t r ibut ions  in
existing crystals and in new crystals of both rectangular slab and circular disk geom-
etr ies.

We have also initiated a program of device synthesis aimed at tailoring modes with
characterist ics that are best suited to hig h— Q fi l ter  app lications and will still allow rea-
sonably efficient coupling to input and output circuits.  Two separate methods of creating

“trac ks” to support and guide surfacelike magnetostatic waves of prespeci fied  groug
velocity in YlO will be compared.

In the first , spatially nonuniform magnetic fields of prespecif ied charac te r i s t i cs

will be synthesized inside the crystal so as to form effect ive  surfaces away f rom t h e
actual crystal boundaries.

In the second, they will be formed by mechanical means (i. e. , etched grooves , slots ,
etc.) followed by argon ion beam milling to remove damaged surface layers.

In both cases , control of the wave group velocities wi l l  be exercised so as to keep

enough electromagnetic character to allow reasonable coupling e f f i c i enc i e s  and s t i l lr provide magnetostatic wavelength reductions and tunabilit y, especially at lower micro-
wave frequencies.  Special emphasis is being given to creating modes that can consti-

tut e mult isect ion f i l t e r s  of even h igher  se lec t iv i ty  and to conf igura t ions  that  wi l l  lend

t h e m s e l v e s  to planar fabr icat ion and integration techniques.

We have already made substantial progress in determining theoret ical ly  the
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condi t ions  necessa ry  t i  cause ’  a inagnetostatic w a v e  to be bound or c o f f i r n e d  by a dc n a g —

netic f i e l d  r, r i - ad i e r r t  located ic-u i ’  the surface if a slab of f e r r - i n  t i g t r e t i c  - i ’~ stal w h en  t i e-

w ave ’  propagation is both paral lel  to the surface and perpendicular  to the dc f i e ld  dir ec-

tion.
In the course of t h i s  in ves t iga t ion  we have found a class of special dc f i e ld  p ro f i l e s

tha t  can bind magnet ic  w a v es  h a v in g  simp le analytical l i i ’ opei-t ies  charac ter ized  b~
closed-form expressions for m ode pat tern, group y e l o cr tv , and the like.

Dv proper choice of t i r e  g radient , t i re  w ay e’ ene ’i ’g’~ can he forced to occur e i the r

largely wi th in  or p redominan t l y outside the crystal.

Of equal importance is the fact that the bound wave frequencies and group veloci t ies

can be grad ien t -cont ro l led  to a considerable  ex tent .  ‘Therefore , in contras t  w i th  the

Damon-Eshbach surface mode propagating on a th ick  substrat e with negl igible  speed ,

which in YIG must lie above 2. 5 Gl - lz , f requencies  can be made considerably lower and

velocities much higher , if desi red.

When no boundary is present in t i re  ~-ic in it~ of the gradient region , bound waves  can

still exist but the t ransverse  mode pattern is more comp licated. We have also consid-

ered si tuat ions in which the dc magnetic field profi le is “ wel l—shaped” w i t h  e i ther  los-

i t ive  or negative curvature, as required.

Refe rences

1 . D. A. Zeskind , “Local ized Ferromagnet ic  Resonance in N on - u n i f o r m  Mac n ct r c -
Field s,” S.N1. and E .E . Thesis , Department  of Elect r ica l  En iz ineer ing  and C o mp u t e  i’
Sc ience , NI. I. T. , February 1976; also available as Microwave and Quantum Mac-
netics Group Technical  Report No. 16.

2 . MIC ROWAVE DEVICES EN I P I  OV INE ( ‘O \F i i (  1 1 .I .ED l- ’OC( SINE

OF N L .~GNE TO STA ’FI(’  WAVES

Joint Service’s Electronics Program (Contract  DAAB O7-76-C- 140 0)

Frederic R. Nlorgenthaler , Aryeh Plataker

Our recent l y reported magnet ic  f ield s y n t h e si s  p rocedure
1 

has  been u t i l ized  h ’~
P la tzker  and Morgenthaler 2 to construct  a series of broadband , low-loss l inearly

d i s p e r s i ve  magnetoelastic microwave delay lines that hav e ’  \ r e l d e d  the hig hest levels

of per formance  achieved with this  class of device ’ .

The most str iking features are the very broad instantaneotis l an ,j w i d t l r , coup led w i t h

a very  high degree of l inear i t y of the delay t ime/ f r equency  re la t ion.  These h i g h ly

desi rable  features have been achieved without  sac ri f i ce  of in s e r t i o n  loss , w h i c h  re :ta ’l-

r e ’ l a t i \ e ’ l y low and un i form across the operat ing f r equency  band.

Although the synthr esis  to exac t ing  s t anda rds  of p r e sp e e i fr e d  magnet ic  f i e l d  p ro f i l e s
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has ca t , t i ,  se a c h i e - ’. t r o t - m e t s  possible, it appears that e x t e n s i o n  to higher  f requencies

is f ea s ib l e .  N I .  r , ’ove r , coxnple ’te l\  new types of l inear  and nonlinear f i l te rs  can be

i e v e l i . l e ’ I , i i ’ , . v i i l e ’ c l  that proper control of focusing and defocusing character is t ics  of
t i a c t r e ’ t . st a t ec  and/o r magnetoelastic wave packets is exercised.  Consequently , the

Microwave  anti Quantum Magnetics Group of the Department of Electr ical  l- .n c i n e e r - in g

and Comptiter Science has ini t ia ted fundamental studies of controlled focusing.  Experi-
mental ly , th is  has sudchenl y become feasible because of the magnetic f ie ld synthesis

capabi l i ty .
In the undergraduate  thesis research of Syed I-I. Nawab , now nearing completion ,

an improved synthesis procedure for creating a prespecif ied magnetic field profi le 11(z)

inside a single-crystal  YIG cy linder has been applied. In this  case , the f ie ld necessary

for operating a microwave magnetoelastic delay line has linear frequency dispersion

over the 1-2 GHz frequency band. The measured character is t ics  of the s\ ’n t l i e s ized

device will be correlated with those expected f rom the theoretical model and the latter

will be used to determine the actual dc field profile within the crys ta l .

When this f irst  phase is completed , we shall turn to the task of generating a special
class of field profiles that have emerged from our analysis of magnetostatic wave
focusing and defocusing. These “ constant Q” profiles rendef the focusing parameter,

- ZHM 13 (H+M)H”
- 

(H+M) 2 L~ (H ’)
2

independent of position. Here NI is the saturation magnetizat ion and I-I ’ and H” are t h e

f irst  and second derivatives of H with respect to z. We are particularly inte rested in
the predicted range 0 <Q < 1 for providing optimum focusing.

References

1. F. R. Morgenthaler , “ Synthesis of C y lindrical ly Symmet r i c  Static Magnetic Fields
in a Locally Saturated Ferromagnet , ” AlP Conference  Proceeding s No. 28 , NI a g-
net ism and Magnetic Materials — 1974 (20th  Annual  Conference, San F r a n ct s c o ) ,
pp. 503-504 ;  available with greater  detai l  as Microwave and Quantum , N l a i z n e t i c s
Group Technical Report No. 34 , December 1974.

2. A. P la tzker  and F. R. Morgenthaler , “ Synthes ized  Linear l y Dispers ive  Microwave
V I G  Delay i.ine with Wide Instantaneous Bandwidth , ” AlP Conference Proceedings
No. 29 , ~j~ gnetism and Magnet ic  Mate r i a l s  — 1975 (2 1st  Annual  Conference, Phila-
del p l r i a ) ,  pp. 645-64~~
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XII . MIC ROWAVE THERMOGRAPHY

Academic and R e s e a r c h  Staff ’

Prof. Alan H. Ba r r e t t  John W . B a r r e t t
Prof . I ’hil ip  C. Myers  D. Cosmo Papa

Gradua te  S tuden t s

Eli  Israel i
-
‘ 

:- Joseph W . Orer .s te in
David III . Schwind

RESEARCH OBJEC l’I\- ’E S AND RESEARCH PROGRESS

Nat iona l  I n s t i t u t e s  of Health (Gran t s  5 ROl G M 20 3 7 0 - 04  and
5 505 R R 0 7 0 4 7 - l l )

Alan H. Bar re t t , Phil ip C. NIyers

During the past y e-vt- our microwave the rmograp hy research  has con t inued  in four

d i rec t ions:  c l in ica l  eva lua t ion  of microwave thermography for breast  cancer detect ion ,

deve lopment  of n e w  r c d i t n r t ’ t  ci’s , development  of new antennas  with improved reso lu t ion ,

and deve lopment  of m u  t echn iques  for  measur ing  sensi t ivi ty  and resolut ion.

The c l in ica l  w o n - k  has con t inued  at Faulkner  Hospital in collaboration with Dr. N . L.

Sadowsky, Chief Radiolog ist.  At p resen t , we have examined more than 2000 normal

patients and more than 30 wi th  breast  cancer conf i rmed by biopsy. The cancer detection

performance of the 3. 3 GHz radiometer  depends on the choice of detect ion cr i ter ion.  In

the cases that  we have inves t iga t ed , the opt imum criterion involves the mean r i g h t - l e f t

t empera ture  d i ffe rence , averaged over 9 r igh t - l ef t  pairs for each patient .  When the

magni tude  of this d i f f e rence  exceeds a chosen threshold value , the cr i ter ion indicates

= ‘ 
“ cancer ” ; if the d i f ference  fa l l s  below the threshold.  the c r i t e r ion  indica tes  “ normal” .

With the th reshold  set at 0. 32° C, this cr i ter ion correct l y iden t i f i e s  approx imate l y 70~~-

of the cancers  and 75~~ of the normals .  The cr i ter ion is i nhe ren t ly  one of coarse reso-

lut ion , s ince it involves a spatial  average over each breast ;  most of the cancers  tha t
— were not detected by the microwave method  have tumor  size <1 cm. ‘The need for a

higher  reso lut ion  an tenna  to detect  earl y cancers  is c lear l y ind ~cated. Thus fa r , the

detec t ion  p e r fo rmance  of microwave t h e r m o g r a ph y for pa t i en t s  examined  b~ these

three methods  is comparable  to tha t  of infrared t h e r m o g r a p h y  but in fe r io r  to  x ’-ro-

m a m m o g r a ph y. \‘.‘c f i n d ,  however,  t h a t  when the i n f r a r e d  and m i c ro w a v e  t , c h f l t ( t l t ,  S

are combined so t h a t  e i ther  a po sit ive microwave  e x am i n a t i o n  or a p o s i t i v e  i n f r a r e d

ex a r n i i n a t i o n  i nd i ca t e s  “ cancer ” , then he cancer  de tec t ion  r a t e  r i se ’s  h igher  t h a r .  00~
- 

- 
and is comparab le  to tha t  for xer o m a m m o g r a phy.  U n l i k e  xem-on~n r n m o g u ap h ’. . nh -

mic rowave  and i n f r a r e d  methods  send no r ad i a t i on  i n t o  the body;  t h u s  h e y  c a n t i t o ’ I s

~~~ i: , e n - ’~j der’ -d d ange rous .
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In October  1976 , we i n — c e l l e d  a 1. 3 GI lz  r a d i o m e n - i ’  in  ‘ I i i  e ’ X i i n l . i t ! i n g  i ’  .n at

F a u l k n e r  Hospital  to operate  side — t v — s i d e  w i t h  t he ’ 3. 3 GI lz  i n s ’  r - u n i , ’ n t  - Otis n e t ’ , s~ —

te nt u - i s  deve loped in o n ’ d e ’ i ’  to begin d e t e ’ m ’ n i i i n i n g  t ire’  o p t i n r un  f r e q u e ’t . c v  n or  d e t , - c ’ t i i , t . ,

A 6. 0 GlIz  sy s t e m is now being t ‘sled in e r i c  l abora tory  fo r th e ’  sante ’  purpos e  - - The se-

new radiomet , ’i ’s  can achieve ’ a rm s  t e - m p e r - a t u r e  se n s i t i v i t y  of F ss t h a n  0. 1 ° C  in s i t .

i n t e g r a t i o n  t i m e  of 1 s.

W i n k  ha s c o n t i n ued on i l e ’ v ~’ l o pm e nt  ei f  h igher  i- ,’ . io l t i t i o n  an te n nas .  Ev a l t i a t i o n  of a

dual —mode a n t e n n a , which  groI n g se t  es the  ‘I’E 10 a n d I F  
~ 

modes  in o r i lc ’r to fo i-ni a d i i —

fe rence ’ beam , ha s b e e n  aide d by imp le men ta t i on  of a m o d u l a t e d - s c a t t e r i n g  i ’ c } t t iriue

for m e n e r i n r i n g  the ’  a n t e n n a  power pa t t e rn  at close distances.
A microprocessor  s y st em  is being de veloped by a r r a n r g e ’m e n r  w i t h  t Is ’ I l a r v : i r d —

NI . I. I’ , B iomedical  E n g i n e e r i n g  Center  for Clinical  I n s t r u m e n t a t i o n .  This ~y st e n ‘ v i i i
be a power fu l  ad junc t  to the present  r ad iome ter  sys tems.  It wil l  be used to c o n t ; i u r e

t e m l i e ’n - a t u r e s  f rom the r ad iome te r  ou tpu t  vo l t age ’s , a u t o m a t e  the process of c a l i b r a t i o n

and data taking,  dis p lay measured  t empera tu re  maps on a cathode ’ - ray  tube ‘~c r e ’ e ’n ,

compute diagnotic measures , and drive an au tomat ic  a n t e n n a  s canne r  in order to per-

mit greater f lexib i l i ty  in mapping  and anal ysis.
We’ have begun to const ruct  ar t i f ic ia l  phan tom models  of t umors  embedded  in f s e t ’ v

t iss ue , in order  to evaluate  our i n s t r u m e n t  detect ion capabi l i t ies  in a more  o r i a t . t i t a t i v e
way than  is possible with hospital  data. By us ing a combina t ion  of epoxy,  a l u m i n um

powder , and lamp b lack , whose recipe is readi l y available , we have made  slabs of solid
mater ia l  that  has the same dielectr ic  p roper t i e s  as f a t t y  t i s sue  at mic rowave  f r e in uen -

cies. We have made g lass -wal led , w a t e r - f i l l e d  shells , with enclosed hea t i ng  res i s to rs
and sens ing thermis tors, to s imulate  tumors  whose t empera tu re , s ize , and locat ion
beneath the top s lab can be varied conven ien t ly .  With these ’  n iodels , we sha l l  e ’va luat e
the s e n s i t i v i t y -  resolut ion t radeoffs  of our radiometer  and an tenna  sy s i r -ms .
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Academic  and R e s e a r c h  S ta f f

Prof.  ,A l a n  H. Ba r r e t t  I ’ ,’ , e f . David 11. S tael in  John \V , B a r r e t t
Prof.  Be m - na m - d  h - ’ . Burke ’ Prof.  E d w a r d  L. Wr igh t  John  D. K i e - r s t e a d
Prof . l ’h i l ip  C. My e rs Dr. Alan Pa r r i sh  D. Cosmo Papa

Dr. Phi l ip  W . Ros enkranz

G r a d u a t e  S tuden ts

Bar ry  R. Al len  Thomas S. G iu f f r i da  Joseph W . Orens te in
Wi l l em A. Baan Perry  E. Greenf ie ld  Ma t thew I- I. Schneps
Richard  B. Buxton Aubrey D. Haschick David IVI . Sch w i n d
Alan  L. Cassel  Paul ‘F. Ho Michael  Shao
Pat r ick  C. Crane  Wil l iam H. Ledsham Diane C. S immons
A r t h u r  D. Fisher  David F - McDonough Paul G. Steffes
J. Anton io  Garc ia -Bar re to  Robert  C. Walker

1. ASTROMETRIC INTER FEROMETER

NI . I. ‘F . Sloan Fund for Basic Research

David H. Stael in

A long-basel ine Michelson i n t e r f e r om e tt t - r is being developed for a s t romet r i c  pur-

poses. In pr inc ip le , relat ive stellar posi t ions should be measurab le  wi th  10~~~-l0~~
arc sec accuracy for stars brighter than ~ l 0 — 5  n iag ,  respectivel y, and separa ted  less

than l ° -1 arc m m , respectively. A 10-m baseline sys tem with 12-cm optics would be

appropriate for such purposes.

A p re l imina ry  1. 6-m baseline uni t  with I - i n c h  aper tures  has been operated f rom

October to December 1976 at the M. I. T. Wallace Observatory near Tyngsboro , Nlassa-

chuse t t s .  The system incorporates two angle t r ackers , one for each arm of the inter-

feromet er , and one f r inge - t r ack ing  servomechanism.  A PDP-8 computer  pe r fo rms  al l

computat ions;  the system averages data in 10-ms uni ts .
Fringes were not observed because of the excessive rate of f r inge  motion. The sys-

tem can t rack only if the white f r inge moves less than 30 X sec 1 , which is approxi-

mate l y one quar te r  of the observed rate. Seeing was ~ 5 arc sec, and the w inds  were

— 10 mi/h .  A better site will eventual l y he needed.
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2 . L N \ ’ I h t ( t N N I F N ’FA L R E N I ( i l ’ E  SENSING WI I ’i l  THE N I M B U S
1 ASSIVE MI CR ( IW A\’  F Si Ed ’ l i l t  F\Il ’~’FEl(

N a t i o n a l  A er o n a u t i c s  and Space ’ A d m i n i s t r a t i o n  (Con t r ac t  N A S S - 2 l 9 8 0 )

David II. Stael in , Phi l i p W , h l , ’senk i - an z

Pass ive  o b s e r v a t i o n s  of the E a r t h  f rom space near  the microwave ’  molecu la r  r e -

nances of c e n t e r vapor and oxygen y ie ld  i n f o r m a t i o n  about  the ’ a tmospher ic  t c - m p e r a tu r e
profile and , over ocean , about the  a tmospher ic  wate r -  vapor and l iqu id  wa ter  c o n t e ’t s  -

Two 5-channe l  microwave  spec t rometers , the Nimbus  5 ( N i m b u s  El microwave spec-
tron’ie te r  )N E 1 \ I S )  and ti- e scanning microwave spec t ronr e te r  (SCAMS I , were  l aunched
on the N i m b u s  Observatory Sa te l l i t es  in 1972 and l 1i 7 5 , r e spec t ive l y. These ’ s pe c ’r o n .-
eters were f abr i ca i ed  at the Jet Propuls ion  Laboratory ,  C. I . T. , and most  of th e  scien-
t i f i c  ana l ys i s  has been pe r fo rmed  in the Research  Labora tory  of E l e c t r o n i c s , N I , I. F.
The present  emp hasis of t h i s  r e sea rch  is p laced on: improv ing  p a r a m e t e r  e s t i m a t i o n
methods for d e t e r m i n i n g  a tmospher ic  pa ramete r s , ob ta in ing  be t te r  methods  for  con --
put ing  the propagation of e lect romagnet ic  radia t ion  in s c a t t e r i n g  or i n h o m o g e n i - o u s
media , such as clouds or accumula t ions  of ice and snow , and u t i l i z i n g  the microwave ’
data for geop hysical  purposes.
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l’he abi li t  of N EM S to sound a tmosp heric  t e m p e r a t u r e  prof i les  has been d e t e r m i n e d
t’ rOn’i compar i se .t i s  ce ’ i th  r ad io s on i de  m e a s u r e m e n t s  of t e m p e r a t u r e 1’ 2 and wind .  Mea-
.so n ’ ’ ’n i e ’ n t t s  w i t h  the  N i n i l o i s — t  s c a nn i n g  micn ’oce ’se ve ’  sp e c t i ’ o n r e t e - r  SCAMS h s ,v c ’  bee n dis-
cussed  in p r e l i n i i n ar v  fa s h i o n . 4 ’ ~ Both NE N IS  and SCAMS are v i e - I d in g  t em ; i . ’r a t u r e
r e t r i e v a l  a c c u r a c i e s  close to those ’ expec ted , 1. 5-4 K n-ms e r rors .  Smal l  s y s t e m i a t i c
r e s idua l  e r rors  h ae ’e ’  bee n at t r i b u t e d  to some u n k n o w n  combina t ion  of errors in l i re-s ent
a tm o s p h ei - i c  t r a n s n i i l t en ic - e x J i n ’~’ssio ns , the  i n s t r u m e n t  c a l i b r a t io n ,  and the  radio sonde
data se t s .

D e t e r m i n a t i o n s  of w a t e r  vapor and l iqu i d  water  abundances  over ocean have b e e n
discussed f o r  NEI\1 S 6 and, in p r e l i m i n a r y  fash ion , for SCAMS. 5’ ~ ‘Fhe SCAN-IS obser-
vations of Fvp ho .i n J u ne , in  N ove ’mber l b 7 S , are p a r t i c u l a r l y i n t e r e s t i n g .  R e p r e s en i r s e -
t ive maps of re t r ieved  water  vapor and l iqu id  water  abundances  are i l l u s t r a t e d  in

Fig. Nih - I .
Snow and ice observations  f rom NEM S 8’ ~ revealed s t rong spec t ra l  v a r i a t i o n s  w i t h

t ime  and space tha t  are r e l a t ed  to subsur face  i nhom ogene i t i c s  and loss t a n g e n t s ,  A
theory  for e lec t romagne t ic  wave propagat ion  for these ’  condi t ions  has been developed

10 , 11and dr sc tn sse cl  with  reference to the SCAld S data .
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K. F. K u r r z i  and D. H. Sta e l i rn , “ N l e ’a s u r e nr e n t s  of Snow Cover over Lan d w i t h  t h e
N i n t i i . u s - 5  Nl i cn -owav e  Sp e c t r o m e t e r , ” Proceedings of the Tenth In l et -na t i ona l  Sym-
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11.  A . D. 1” isher , B. I.. Ledsham , P. W. i l o s e - n k r a n z , and D. II. S tae l in ,  “ S a t e l l i t e
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3 . FEASIBILITY STUDY 01” A NI B J IOW A\ ’ E SI Ft  - l i d  I M E  I E R  I - OR

METEOROLOGICAL OBSERVA’FI( INS F R (  IN! SV N . i l i l (  iN ( tljS

SA ‘FE L LI’FES

Nat iona l  Ae ronau t i c s  and Space A d m i n i s t r a t i o n  (Con t rac t s  N ,A S 5 - 2 2 4 8 5  and
N A S S - 2  3677 1

David Fl. S taelin , Phil i p W. R osenk ranz

Certain  meteorological  phenomena  such as tropical  and ex t r at rop i ca l  s torms require

almost  c o n s t a n t  surve i l lance  in order to be moni tored  or possibly con t rol l ed  p r o p e r l y ;

this is best accomplished from synchronous satellites. High spatial resolution is

desired for rap idl y varying phenomena , and this implies short  wavelengths  if the rela-

tively c loud-insensi t ive microwave techni ques are used for t empera ture  and mois ture

mapp ing.
Satellite conf igura t ions  emp loying the 118-GHz °2 resonance and the 183-GHz H 2 0

resonance are being s tudied for such applicat ions.  The dominant  technical  p roblems
-
‘ 

are nonl inear  parameter  es t imat ion and electromagnetic propagation itt sca t ter ing atmo-

spheres. It now appears that clouds will degrade the t empera tu re  prof i le  measurement s  - 

-

only somewhat more than they do near 60 GHz.

In support  of this effort  an 8-channel  l18-GHz microwave spectrometer  is being

assembled and adapted to a NASA Convair 990 a i rc raf t  for f l ights  in March 1977 .

U
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4 . N I N I B U S - G  SCANNING Mt ’ l l ’ I L ’ I I A N N E I .  MI 0 ’ROWA\ ’ E R A D I O M E T E R

N a t i o n a l  Ae r o n a u t i c s  and Space A d n i i n i i  s I n a I  m e n  ( C e i t i t  r s i c t  NAS S -2 2 9 2 9 )

David II.  St :ee ’ I i  n,  Ph i l i p  W . R o s e n k ran z

This i n s t r u m e n t  comprises  5 d u a l - p o l a r i z e d  m i c n ’ r r w a v e ’  c h a n n e l s  at 6 . 6 , 10 , 18 , 21 ,

and 37 0Hz wave leng ths . l’he g round  m - e so lu t ion  v a r i e s f r o m  120 km to 20 km .

depending  on f r e q u e n cy . ‘I he s w a t h  wi d t h  for t h i s  p o l a r - o r b i t i n g  sy s t e m  will  he 750 km ,

Launch i~ scheduled for 1978 ,

The theore t i ca l  p rob lems  involve  t w o - d im e n s i o n a l  n o n l i n e a r  p a r a m e t e r  e s t ima t ion .

The problem is compounded  because t h e ’  d i f f e r e n t  f r e q u e n c i e s  and po la r izat ions  have

slightl y d i f f e r e n t  vie c ’ i m r g  z n r n e ’ s . A p r e l i m i na r y  approach  to solving these p rob lems  has

been developed.

N . ATMo SPHERIC MEASUR EN IEN ’I ’S  N E A R  118 GHz WI l H  I~ASSIVE

N I I C R (  1WA\ ’E I ’ECE INIQ UES

U. S . ,A i r  Force — Elec t ron ic  S y s t e m s  Division ( C o n t r a c t  l ’ 19 6 2 8 - 7 5 - C - 0 I 2 2 )

David H. S tae l in , Phil i p W . l los e -nkran z

The use of the 118 GIIz and 60 0Hz spe c t r a l  n - e ’ g i o n i s  in combina t ion  is being s tudied

for the purpose of de te rmin ing  the accuracy w i t h  which  c loud l iqu id  water  can he mea-

sured. Theoretical  procedures  for  c o m p u t i n g  h igh-order  s c a t t e r i n g  in clouds were

developed. ‘Fh e in i t ia l  eva lua t ions  of cloud m e a s u r e men t  accuracy  were unfavorable

because l inear es t imat ion techniques  were used for  t h e ’  ve ry  non l inea r  problem of heavy

clouds anti p rec ip i tat ion.  Nonl inear  procedures are being developed.

An 8-channel  microwave spectrometer  at 118 0Hz is n e a r i n g  com p let ion.  It incor-

porates a Gunn-d iode  oscil lator p lus doubler  for the local o s c i l l a t o r , and a G a A s  FE’!’

amp lifier operating at 500-2000 MHz to y ield an 1l -dB noise f igure  (double s ideband) .

The 8 channe ls  are each — 200 MHz wide and spaced over the band. The local  o sc i l l a to r

is centered  on the oxygen resonance.

The radiometer  uti l izes a microprocessor  for  synchrondus de tec t ion,  sy s l e n t  con-

t ro l , and data recording. Limited r e a l - t i m e  da ta  reduct ion can also be pe r fo rmed .
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6 . GA LAC ‘l IC AND EX TRAGAI,AC TIC AS ’I ’RONOMY

National Science’ F’oundation (Grant AS’F? 3 -05043-A02)

Bernard I”. Burke , Al an Parrish , Aubrey V. Haschick , Thomas S. Giuffrida ,

Robert C. Walker , Willem A. Baan , Pa tr ick C. Crane, Bar ry  H. Allen ,

Perry E. Greenfield , J. Antonio Garcia-Barreto , John W. Barrett , D. Cosmo

Papa . John D. Kiers tead

Our research in galactic and extragalactic astronomy includes the following pro-

grams :
(i) Studies of Very-Long-Baseline Interferometry (VLBI) of quasars, active radio

galaxie s, and interstellar masers.

( i i )  Development  of a microwave aper ture  syn thes i s  i n t e r f e r o m e t e r  for m e d i u m -

reso lu t ion  studies of galact ic  and ex t raga lac t ic  radio sources.

(iii) Studies of time variations of 1120 masers .

(iv ) Radio continuum studies of nearby sp iral galaxies, u s i n g  the NRA ()  3 - e l e m e n t

interferometer.

(v) Studies of 21-cm absorption l ines  in the spectra of qua sars, radio galax ies , and

Seyfer t galax ies , including the effects of intervening high-velocity clouds of our

Galaxy. Searches will be made for neutral hy drogen in c l u s t e r s  of ga lax ies .

(vi) Radio recombinat ion  l ines  in the i n t e r s t e l l a r  medium and R h  regions w i l l  he

observed.

We report the following progress toward carrying out these objectives.

a. Microwave A perture Synthesis Interferometer

Alan Parrish, Thomas S. Giuffrida , Barry R. Allen , John V. Kierstead ,

D. Cosmo Papa, Perry E. Greenfield , John \V. Barrett, Bernard I’., Burke

The electronics development for the M. I. T. microwave i n t e r f e r o m e t e r  sy stem was
essentially completed during the past year. One set of finished components has been

installed on two of the three antennas to make a finished interferometer pair. A block

diagram of this system is shown in Fig. XIII-2. By using this system , f ringe s have
been obtained on the Sun and on Cas A at 1. 3 cm wavelength. We are now testing the

equi pment under field conditions and shall expand to full operation of the three’ simulta-

neous baselines obtainable from three antennas. The radiometer , wiring, and mechan-

ical work for the third  ant enn a are now comp lete. ‘The additional local-oscillator

reference cable length control servo required for this antenna in the sy s t e n i  is being

cons t ruc ted , as well  as the digital  equ ipment that is necessary to correlate t h e  two
additional baselines.
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The compac tness  and r e l a t i v e  s imp l i c i t y  of t h e ’  i n s t r u m e n t  ( I c -pen t )  l a r ge l y o n ,  t he

digi tal  de t try and correiret or  syst e m developed f o r  it . in this l abora to ry .  This d c - v i e , ’ ,

wh ich  es se ’nt  i a l l y is a spe c i a l — p u r p o s e  digi tal  c o nrp u t e r  wi th  a c y c l e ’  t i n n e  of on ly  t - , (‘

is c a p a l i l e ’ of  c m ’ ossco r m ’ e l a t i n i ~ three  pa i r s  of n o i s e  s ignals , e ’ a c t r  of wh i c h  has  a 7~ N l l I i

banc lwi dth .
The comp on ( ’n t  of the ins t a l l ed  2 — e l e m e n t  s y s t e n n i  w e r e ’  as~ e n i - t i l e d  in the  l a b o r a —

to ry , and the phase stabil i ty of this  assembl y has been m e a s u r e d  to be 3. 5’ in ns .  It

is e ’xpe ’c ted  that  this  order of phase s tabi l i ty  will also he m a i n t a i n e d  in t h e  f i e l d , s ince

the  c r i t i ca l  var iables ,  the focus box t e m p e r a t u r e s , are c o nt r o l l e o  by propo t ’ t i ( t : i l l y

c on t ro l l ed  t he rmoe lec t r i c  sys tems , and all  c r i t i ca l  e l e m e n t s  are i n s t a l l e d  in th e~~e

packages.

FIre conrpu te r  system is based on the Nova 820 i n t e r r u p t  s y s t e m .  An e x t e r n a l  r - s . I  -

t iou’ clock  generates two i n t e r r u p t  cha ins , one every eighth  second and the  o t h e r e v e r \

twelve milliseconds. ‘The eighth-second interrupt causes  the compute r  to perform the

following tasks: time and disp lay upkeep, pointing calculations , delay c a l c u l a t ion s ,

fringe fitting, and data tape creation. The 12-ms interrupt samples the correlators ,

pulses the an tenna stepp ing motors, and sets the delays. All software and interface’ s

have opera ted successful ly in the first phases of testing and are now undergoing sv’e em

usage tests on site.

‘The digital sampler , delay lines, and correlator comprise a three-level 2-hit sy’-i-

tem. The sampler is an ECL system clocked at 150 MHz which gives a 75 MHz band-

width. Since it would be very dif f icu l t  to main tain such a clock ra te, the high-speed

serial da ta stream is separated into S parallel data s treams.  This allows all e xcep t

the samp ler and se r i a l - to -para l l e l  converter board to be clocked at 18.75 MHz, i.e.,

TTL logic speeds. The delays are shift  regis ters ,  mu l t i p lexers , and la tches  that  give

delays f rom 6. 6 ns to 1. 2 ~~ in 6. 6 ns steps. ‘The correlators multip ly the samp les

from each antenna and accumulate these products until the computer requests the accu-

mulation. This system is now operating on site and all tes ts  wi l t  soon be completed.

A NRAO program has been adapted to compute the rms  sur face  accuracy of two of the

an tennas , by us ing  surface measurement s  made by D. Cosmo Papa. The r m s  surface

accuracy of the two an tennas  was found  to be 0. 0 2 2 ”  and 0. 036” , which is in ag r ee me n t

with eff ic iency measu remen t s ,  with as t ronomica l  sources used.  The m aj o r  f r a c t i o n  of

t 1re error  is caused - - v panel setting, and rer igging wil l  be done at a later  t ime ’ .

h. Studies of Nearby Galaxies

Thomas S. Giuffrida

In the thesis research of John H. Spencer
1 virtually no 1111 regions sverc ’  detected

in N I H .  Since several detect ions  f rom observa t ion  in our G a l a x y  would have been p r o -  —

dic ted , we decided on making further observations of M31 and also of M81 and N Ib ),
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using the NRAO 3-e l e m e n t  inte’rferometer. Thus far we’ have detected one l a r g e  I I I !

re g ion  in N131 . i nc  fil l region in M101 , and a supe rnova in Nll O I . Also, the nucleus

of Nl81 was shown to lie’ quite variable on t i m e  scales as short  as one day.

Refere nces

1. “Interferometric Observations of M31 and M33 ,” Ph.D. Thesis , Department of Phys-
ics , M.I. ‘F . ,  March 1973 .

c. Neutral Hydrogen Absorption in Clusters of Galaxies

Aubrey D. Haschick, Willem A. Baan

A pprox imate ly  20 clus ters of galaxies have been surveyed for neutral hydrogen

absorption. In all cases , the i l lumina t ing  radio source was ei ther  a back ground quasar

or a radio galaxy wi th in  the c luster  i t se l f .  Each cluster was searched over a 2000 kmsr 1

velocity range centered on the red shift of the c lus te r , which in all cases was less than

0. 035 . No absorption fea tu res  were found  down to a l imit ing an tenna  t empera tu re
111 -

_ -3
~“0.08 K on the 300-ft telescope. ‘This provides a limiting density of -~~

— ‘ 6 )< 10 I cm

for ne’utral hydrogen in clusters of galaxies, and imp lies tha t the mass needed to hind —

cl uste rs of galaxies gravita tionall y is probabl y not contained in cold HI clouds.

d. Neutral Hydrogen Absorption in the Spectra wZ Quasars

and Radio Galaxies

Aubrey D. J-Iaschick , Patrick C. Crane, Willem A. Baan

Recent observations of the neutral hydrogen spectrum of quasars  near  sp ira l  gal-

axies in one case have revealed an absorption feature close to the red shift of a nearby

galaxy. The absorbing cloud bears some resemblance to extragalactic HI clouds found

by observers in the vicini ty of galaxies,  such as M8 1 , NGC 55 , and NGC 300. This has

insp ired f u r t h e r  observat ions  of radio source galaxy pairs that  have revealed three

more absorption l ines .  The absorption fea ture  in the spectrum of the BLLAC-tvpe

object 1749+701 has a velocity higher than the velocity of the neu t ra l  hydrogen emiss ion

from the nearby galaxy NGC 5603. This reveals the presence of high-velocity clouds at

distances of 20 kpc from the nucleus  of NGC 5603. The two other absorption lines

were found  in the spect rum of the nuc lear  source of the par t i cu la r  galaxy and probabl y
arise f rom H I  clouds ei ther  in the disk of the galaxy or in the halo region of the g a l a x y .

Observat ions of radio galaxies cont inue  in a search for more of these h igh-ve loc i ty

hydrogen clouds in ex t e rna l  sys tems .  Of par t i cu la r  in te res t  are size , spin t e m p e r a t u r e ,

and dens i ty  of these clouds.
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Water  -\‘ apor Observat ions  of l l y d m ’ o x v l  Masers in the ’
Galact ic  Cen te r

Aubrev  I). I ( a s c h i ck , Bernard 1 ’ . Burke

A survey has b eern conducted  of the water -vapor  f r e q u e n c y  of 22 . 235 GHz for 4h
regions of OH maser  emiss ion  in the ’ galactic cente ’r.  rho Hays tack  1 2 0 - f t  a n t e n n a
eq u i pped wi th  a maser  amp lifie r and a 1000-channe l  au tocor re la to r  was used in the
observations.  Each position of 011 emiss ion  was cearched , by us ing  a S-pos i t ion  gr id
down to a l imi t ing  a n t e n n a  t e m p e r a t u r e  of 0. 2 K.

Two new H 2 O sources we ’re ’  d iscovered.  One of these  sources e x h i b i t s  a comp lex

spec t rum wi th  m u l t i p le f ea tu m ’e s  spread over a ve loc i ty  range  of 70 km s 1 . The var - i -
able na tu re  and m u l t i p l i c i t y of the f e a t u r e s  bears a s i m i l a r i t y  to 1110 ma se -r s  found  in
HI)  regions as opposed to those found in i n f r a r e d  s tars , and hence i n d i c a t e s  a p o ss ih le
region of s tar  fo rma t ion .  The second source disp lays  only  a single feature that is more
charac te r i s t i c  of 112 0 masers  f o u n d  in i n f r a r ed  s tars .

‘These observat ions  were made with Dr. James N I . Mo ran of the S m i t h s o n i a n  As t ro -
ph ysical  Observatory.

7 . MICROWAVE S1’ECTROSCOPY OF THE INTERSTELLAR M E D I U M

Nat iona l  Science F o u n d a t i o n  (Gran t  AST7 3 -0 5 04 2  -A03)

Alan H. Bar re t t , Ph i l i p C. Myers

Microwave spectroscopic s tudies  of the i n t e r s t e l l a r  gas have shown t h a t  the sp c ora l
l ines  have their  origin in regions believed to be in t ima te l y associa ted w i t h  s ta r  forma-
t ion.  ‘rypical  densi t ies  are 1o 3 _ 10 6 cm 3, k ine t i c  t e nr p er a t u r e s  are in the range 5-
100 K , and f r e q u e n t l y the molecular  clouds contain smal ler  regions of in f ra red  and/or
optical ac t iv i ty  which are thought  to be embryon ic  s tars .  We have s tudied  some of these
regions  to f u r t h e r  our u n d e r s t a n d i n g  of the i r  phys ica l  cond i t ions  and gain be t t e r  i n s igh t
in to  the processes involved in the chain  of events from formation of a massive c loud to
s te l lar  deve lopment .

Using the Haystack Observatory,  we ha ve observed N i l 3, CH 3OFI , and H 2 0, a l l  of

which have t r a n s i t i o n s  in the 2 2 -2 6  GHz range .  We have observed CO and CS at mi l l i -
meter  wave leng ths , u s i n g  the 36 - f t  NRAO telescope on K i t t  Peak , in A r i z o n a .  In nro st
cases the angu la r  resolut ion is ~ 1 . 5 arc m i n u t e s .  ~Ve ’ have also observed the  H , 011,
and CI l O l ines ,  u s i n g  the 140- f t  NRAO te lescope in Green Bank , \Ve~ t Vi r g i n i a .

Brief l y , the m a j o r  resul ts  of our observat ions  are as fo l lows :
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a. Ni l 3 Resu l t s

N f t  n r o l e c u l e s  Con -n c a c o n i n c r e n c o t r s t i t u e n t  of m a n l y  i n t e r s t e l l a r  c louds  amid  tire 4
N I !  a b u n d a n t  l r v p e r f ’i ne s t r u c t u r e  p e r o t  i t s  t he  d e t e r m i n a t i o n  of the  o p t i c a l  depth , p ro—

vided it is n e i t h e r  too s m al l  (~~1) tie r too large  ( a l l , I n s t ances  of the  l a t t e r  have n e v e r

been found ;  ins tances  of the f o r r n e ’r  are’ not u n u s u a l .  NH 3 also has m a n y  l ines  in a nar-

row f r equency  rang e ’ , w h i c h  a l l e e w s  us to samp le a w i c J t ’  range of exc i t a t i on  cond i t ions .

We ’ f i n d  t h e  op t i ca l  dep th  if Nl’13 in Orion and in other dense  mo lecu la r  c louds to he ~ 1 -2 .

In Orion th i s  has I t ’d  to the  c o n c l u s i o n  tha t  t h e  NH 3 is nonun i fo rrn l y d i s t r i b u t e d , occur-

r ing  in e I c 1ufl~ps~I of the order  of 0. 04 pc in s ize .  In th e ,- Taurus  dust  cloud , the t r a c t - I ’ ,’:

NH 3 l in e s  p e r m i t  u s  to set an upp er  l imi t  of 30 K on the k ine t i c  t e m p e r a t u r e .  Sy~ te n-

atic ve loc i ti e s  such as would be due to co l l apse , for exam p le , are less t h a n  0. 2 kn i  !~~~ •

b . C H 3 OFI R e s u l t s

We’ have cont inut t d to m o n it o r  the  t ime  va r i a t ions  in the CH 3 OH maser  e im i s s r ot  I r O n y

the KL nebula  in Orion.  These ’ observat ions  al -c’  made ty p icall y eve ry  th ree  m o n t h s ,

The .1 = 6 and J = 7 l i nes  are s t ronges t  and have con t inued  to show t ime  v a r i a t i o t r a ,  A l s o ,

we now have evidence  tha t  the CH 3OH e m i s s i o n  is l i nea r ly  po la r i zed  at a le ’v e ’ l  of ~~ O ’~
Pr ior  to September . 1976 , we had set an upper  l imi t  of 5”~- on the l i nea r  p o l a r i z a t i o n .

‘The var ia t ion  in po la r iza t ion  appeal ’ s to be cor re la ted  wi th  the var iat ion in i n t e n s i t y .

c. M i l l i m e t e r  Wave leng th  Observat ions

‘The m i l l i m e t e r  wave leng th  t r a n s i t i o n s  of CO and CS , and the i r  isotopes,  have b een

observed in s m a l l , dense  globules.  OH , II , and  CH 2 O have also been observed in n r , a t i y

of the same clouds .  It is f eas ib le  to map  emiss ion over the  en t i re  globules  b ecause

their  angu la r  size is less t h a n  6 arc m i n u t e s .  Two p a r t i c u l a r l y i n t e r e s t i n g  obi ec t s  a re

B l63  and CRL 437 . The f o r m e r  appears  to give evidence of f r a g m e n t a t i o n  in to  an least

two i n d i v i d u a l  c louds . CRL 437 y i e l d s  s t rong  CC) e m i s s i o n  w h i c h  pe l -mi t s  d e t a i l e d  s tud-

ies of the v a r i a t i o n  of l ine  shape across  the ob jec t .  l ’hese have  been i n t e r p r e t e d  in

t e r m s  of s y st e m a t i c  r ad ia l  and r o t a t i o n a l  m o t i o n s  w i t h i n  the c loud .

d. l)a rk Cloud Ohse ’  r v at i i  m i s

The Rho Ophiuchus  c loud  has  been mapped  in C ( ) , H , OH , and CH 1O l ines .  The -
‘

o b s e r v a t i o n s  appear  to i n d i c a t e  t h a t  th e  c loud is su r rounded  by an H I  envelope  and ‘he

m o l e c u l a r  e m i s s i o n  o r i g i n a t e s  in a more  dense c e n t r a l  reg ion .  The cloud seems ti c

he unde rgo ing  g r a v i t a t i o n a l  collapse.  ‘The e x i s ’ e ’ t r e e ’  of an 1-1 I e nvelope abou t  c louds

is apparen t ly  q u i t e  common but the  I I I  se l f — a b s o r p t i o n  is not  easy  to de tec t . C o n t i n u u m

e m i s s i o n  f r o m  da rk  c l o u d s  is l e s s  t h a n  0. 2 , J y  i t  5 0117 and 8 0 h z , w h i c h  s e t s  l i m i t s  o tt

t h e  n u m b e r  and s pe c t r a l  t y p e ’ s  in s t r e h  c l o u d s ,

l ’R  N ei . 11 . S I C  
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A cadem ic  ie and Research  Stall ’

‘I’ m ‘f. I l e rmann A. I laus Pn - i m f ,  I avc  m I I .  St a -  ‘I in
I n’ m m i .  d i n Au I’~ong Dr. l e - un i g  Tsang

Gradua te  ~t itm c o t s

\‘e e - t ~ C. ( ‘lm err  Iionalci I , .  l e e  H or en -  S. Pu tnarn
I l e u m e a r  l ) m e - z ’ c c m a e - . r e ’  A l ~~is S. I , r ’ \ c - m - k IS  ,j a : c c e ’ -, ‘I’ . \ l a l t e m n

1. LI F t ’  l I ~~ e \ l . ’~GN l- , l l C  VrA\- ’ES

. l r e r n t  5c r ’, Ic e ’ ’. E l e ’ c ’t r ’ e i t i m c s  Program (Contract  D A A D O 7 — 7 e — C —  1400)

d in  Au l \ m i f l ~

ma ~ e t h~ fol lowing object ives  in our studies of electromagnetic  r v a \  I - a :  \ a t r , m ’ m y -

t o o l  of solisurface probing and communication with a di pole antenna , stu dy  of remI t-
sensing i - f  the Ear th , and investigation of integrated optics ant I f iber  optics as a p l m l i e - m m

t i m  op t ica l  comnr t tn i  ca t ion  sy s t e m s .

I’aper s on r e s e a r c h  supported in 1976 by the Joint Services Elec t ronics  P r - m c i ’ a t r r

which  cave been published , accepted for publicat ion , submi t ted  for p u b l m c a t i i m a , or
presented  at meet ings  are listed in the references. 1

~~~
7 Tire ’ advantages of u s m n r u

zonta l  magnet ic  di pole antennas were exp lored in detail  for both isotrop ic and anis

trop ic lay e red earth.~~~
3 We compared field calculations and exper imenta l  resul t s  b c

a hor izonta l  e lec t r ic  di pole submerged in lake water.
4 

In remote sensing we s t u d m e e

thermal microwave emission from random media and from media containing sp i r e I ’ c c a~
5 — 1 3  - - - - -s c a t t e n ’ e ’ n’ s, In app lied opt ics  we inves t iga ted  e lec t ro-optr cal  modulators  and or

oped theor ies  for spatially modulated periodic media.

In the study of geoph ysical  subsurface probing and communication with dipole anten-

nas , the theory for surface waves  and subsurface waves arising from di pole images has

been developed. The surface waves are proportional to inverse distance squared ant i t I r e

subsurface waves to inverse distance. We shall evaluate the image con t r ibu t ions  t m ,m

second order in inverse distance and hope to attain a compatible , r igorous  theory. In

remote sensing we are now incorporating the surface roughness and sub surface inliomo-
geneous tempera ture  d is t r ibu t ions,  in integrated optics and f ibe r  opt ics  we are s tudy ing

the diff ract ion and guidance of a Gaussian beam by a spat ial l y modulated I i e r i e m m l m c

medium. Mode coup ling and conversion mechanisms in gu ided  m m t m t c m  al 5) s t e i r i . -e w i l l  he

applied to both optical communicat ion ami d solar energy collection ‘~t j d m e s .
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J in  .‘\ln Kong, l ) av id  I I .  S tael in

In passnve ’ remote sensin g  of the earth we have s tudied micr ’im w a v e ’  thermal  emiss ion
- 1— 5  - .  - - - - -tron’i a l a y e r e d  random medium.  I he model ol a medium containing spher ica l  scat-

t e r e m ’ s  has also been develope’d . 6 1 °  These t h e o ret i c a l  models have  been app lied to t i r e
solid ear th , as w e l l  as to clouds and r a in fa l l .9~~~°

References

1. J. A. K m m n g  and I, . Tsang, “Pass ive  ;\ l i cr o ~ ’ave’. Remote Sensing of l . a v e r ’ e - m h  Media , ”
Spr ing Annual ; \ l e ’ c - t i n g ,  Amer i can  Geophysica l  U n i o n , Vc ashington , ~~~~ ~

‘ . , A pril  1 2 —
15 , 1976 .

2 . L. Tsang ant I J. A. Kong , “ Microwave Remote Sensing of a ‘fw m - I a~ e -’r Rando m
Medium , ” JELl :; Trans. on Antennas and Propagation , Vol. A l - ’-Zd , N i m . 3, pp. 253-
287 , Sl av l 9 7 i m .

3. L. Tsarig and J. A. Kong, “ E r n i s s i v i ty  of h alf-Space Random Media , ” Radi o S d .  11 ,
593-598 ( 1 9 7 6 ) .

4. L. Tsang and 2 . A. Kong, “Thermal  M icr owave  Emission from h all-Space Random
Media , ” Radio Sci. 11 , 5 9 9 — 6 1 0  (1976) .

5. 1,. Tsang and J. A. Kong, “ Radiat ive Transfer Theor ’v f ir’ Microwave l U - i r r mt
Sensing of Two—I. ayer  Slech ia , ” 1976 Internat ional  IEEE A P — S  S v r i r j m i i s i u m , Un ive r -
sity of Massachuset ts, Am herst , Massachuse t t s, October 10-15 , 19 7 6 .

6. 1..  Tsang anti J. A. Kong, “T h e r m a l  M i c r o w a v e  1 - ; n i c i s s m e m n  f rom a Random Inhomo-
geneous Layer o v e r  a h omogeneous Medium Us ing  the  ;\l et !i - id of Invar ian t  Iml,ed-
ding” (to appear in Radio Sci . ) .

7. L. Tsang and J. A. Kong, “Theo ry  for Thermal Microwave Emiss ion  f rom a
Bounded Medium Containing Spherical  Scat terers” ( submi t t , - d  to t . App i. P icy s . ) .

8. F. G. N I oku  and J. A. Kong, ~ l h i e h m m ~’\ for Passive Microwave Remote Sen sin c  of
N e a r — S t r r f a c e  Soil M o i s t u r e ” ( s u h m i m - i i t t e i h  to J. Geoph ys. Res.) .

9. L. Tsang, J. A. Kong , U. II. Staelin , i - . N j o k u , and 1 , \\ . \ V a t e ’ r ’~~, “Passive
Remote Sensing of Cloud and Rainfa l l, ” 1976 In terna t iona l  IEEE U S N C / U K S I  .il e et in i ~,
U n i v e r s i t y of Massachuset ts, Amherst, Massachusetts , October 11 _ I S , 197u .

10 . 1 .  Tsang, .1 . A . Kong, E. N tm m k ’ , r, I). i i .  S tael in , and .1. Ve . \\ at e ra , “ T h e o ry  for
Microwave Remote Sensing (if C l m m t u h  and Rainfa l l”  ( submi t t ed  t i m  IEEE Trans. on
Antennas and Propagation) .

PR N ’ e . 11’) 63

IW

I ~~~~ 
.

~~~~~~~~~~~~ I 
-



- ---5 - - ‘  -- ‘~~~~~~~~ --— — —--5’ - ’ - ’. — - - --‘~- _

(X I V .  El .1-;C [ 1 I O D V NA S I I C S  01: \ll”DI ,A )

t . i)j- i, l (  r I ’ l - ;  SI N S IN ‘
~ Vi ITI I  i-;l l-;( ’T liOI\L\ ( NEfF -

National Sc i e n c e ’  l - ’i m m n i n m ! a t i m m ce (H i-ant  ! ‘ \ C 7 0 _ i )  1654)

d in  Aim Kt ng

— 
A c t  i ~ e ’ s & ’ n i s m  ng ‘, ‘ , ‘mt Ii d ipo le  antem i n c as  has  been a t o m  l i ed  c’: m t h m  a i m e , r m z e e n t a l  iei a ir l e t  -

di pole 1 
~nd w i t h  a ho r i zon ta l  e l e c t r i c  di po l e - . 

2 
P a s s i v e  m ’ e t n m l  m te  sensing of ne ’ac—surl ’ace

soil n c c) i st ur e s  anti i c c—covered  land or wate r- by using a model of a l a v e r e m !  i m i e i { m i r r : ~ has

been inves t iga ted .  ~ Tire th eem rv  for t h e r m al mit  n ’m i w a v c  emiss ion f rom a h o u i n m i e - m i

medium conta in i n g  sph er ica l  am -a t t c- i ’ e - r - s  has  also been cle~’ elo~m e - d .
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1 . 1). Clce n g ,  J. A. Kon~ , and L. Tsamig, “ Geophy sical  Subsu rface Probing of a Two-
Lavet-  Cn c i a x i a l  . \ Ieclium w i t }r  a h o r izonta l  \ l a c n c e - t i c  I ) ipo le ” ( submi t ted  to lFl-; L
Trans.  on Antennas  and 1 ‘cm m p a c a t i m  i i ) .

2 . J. A. Kong ,  1, . C. Shen , and I. . Tsang, “F ie ld  of an Antenna Su ] m i i m e r g e d  in a Idis-
si pative : Di e l e c t r i c  SI c ’m! ium ” ( submi t ted  to ll- ;E11 Trans. on Antennas and l’r i i j m a r t u —
ti cen) .

3. 12. G . N  meku  and , t . A. Kong, “Theo ry  for Passive , S l i c r o w a v e  Remote Sensing of
\ e a r — S rr r f a c e  Soil 11 mi st u r ’ e ’ ” ( submi t t ed  t i m  J. Ge mip } m ’  s. Res . ) .

4. L. Tsang and .1 . \ .  Kong ,  “T h e r m a l  S l i c r o r r a ’ , -e l : f l n i s s i o n  fn -om a Random T n h i m m m m _
btm ’r le- lou s i .avc ’ r ‘ye r a l l m  n r i m g e ’n e o u s  M e d i u m  U s i n g  t i m e ’  M m ’ t h m ’ m h  of I n v a r i a n t  T m h e m h d  i t .  c ’
(to a p p m ’ a r  in Rad io  S c i . ) .

S . L. ‘I’ sang and .1 . A. Kong,  “Th ecer v  I m m i ’  ‘fhermal M i c r o w a v e  l 7 n c i s s i o n  fr om a
H o u n d e d  Sled ium (‘ e e r c r a i n  ing  Sphe r i ca l  Sc a t t er , -  es ’ ( s u b m i t t e d  t i m  .1 . ‘~pp l .  Phv~ .) -
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N t  . H RAV I I  A l i t  iN RE SEAHC’ II

A cademic  h t c ’ s e ’~e t ’ ch S t a f f

I 1rof .  I ta in er  We i sa

Na io n a l  Science l” e o i n d a t i o n  ( G r a n t  SIPS? 5 -04033!

SI . I. r. Sloan Fund  for Basic Resea rch

Rain e ’ r Weiss

Our r e search  objec t ive  is to n m a k e  an ex~me ’ n ’ i n m e n t a l  s t u d  of th e  h o s t  — N e c i ’ t o t i n a r c

e f fe c t s  of r e l a t i v i s t i c  g rav i t a t i on .  At  p resent , the m a t o r  emp hasis  is p la ced on a fea s i -

b i l i t y  s tudy  of g r av i t a t i ona l  r - ad ia t ion  de tec to rs  based on the -’ p r inc i p le of l ie  i n t e r r m c r  ion

between fr -ce  masse ’s and g r a v i t a t i o n a l  waves.  G r a v i t a t i o n a l  wave a n t e n n a s  of th i s  t y p e ,

when used w i t h  l a r g e  base l ines  and sensed i n t e r f e r o m e t r i c a l l y, give some p romi se  of

being able to de tec t  t h e ’  gr a v i t a t i o n a l  r a d i a t i o n  f rom s te l l a r  b ina r i e s .  P r e l i m i n a r y  cal-

cu la t ions  wi th  a 1 -km baseline sys tem us ing  1- ton  masses  in space ind ica te  tha t  t h e

dominan t  noise  for  per iods longe ’ r than  100 s may be s tochas t i c  force a t t r i b u t a b l e ’  to

h igh -ene rgy  protons.  The an tenn a emp loy ing a 1-tV laser would be able to de t ec t  the

g rav i t a t iona l  rad ia t ion  f rom sever-al  sho r t -pe r iod  b i n a r y  sys tems in several  m o n t h s  of

in teg ra t ion  t i m e .  Because of laser ampl i t ude  noise , the l i m i t i n g  s t ra in  s e n s i t i v i t y  for
. 2 —42periods shor ter  than  100 s corresponds to (~~f / ( )  10 /Hz.
A prototype i n t e r f e rome t r i c  a n t e n n a  with a 1-rn base l ine  is being c o n s t r u c t e d  in the

laboratory.  The sens i t i v i t y  at f r equenc i es  higher than  100 Hz is l imi ted by laser
‘~ — 3 6a m p l i t u d e  noise and corresponds  to (~~~~(/ !

‘ ) ‘ 10 /Hz.  In the p resen t  des ign , at fre-

quencies  lower than 100 Hz , the noise is domina ted  by seismic and acoustic noise .  Wi th

this  an t enna  we should be able to set s i gn i f i c an t l y lower l i m i t s  on the g rav i t a t iona l

radiat ion spec t rum but not on a level where any r easonab le  as t rop hys ica l  process could

be measu red .
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Ac’a d e ’n r r  i i -’ a u !  l I e  - ‘me ’~ i’~’li St c i u i

I n k  ( k m ’ n ” ~e 1 5 - 1 , 1 - f m  l’ r - , f .  D o t e  ,j ,  S i g c : ar  Dc. l -I c i \ i : I I , u m i  S. l’, a ’ m e - v i c t i
l ’ n ’ m m  i . .- \ l ’ i ’ L e i m a c m c  iS - i ’ s  Pr ee i ’. I m u m  I ) .  S m n c u l l i m i  l i i ’ . \ la ui m m : i r m ’  B, K n ’ a p c h e -~

‘ i f .  Fl ora  \ . F. ( S i u  Di- . I l a m c r a n d a s  h l asu  Di- . ( k t m - a r m i  I ’ . I e -~ h e - i F ’
P m’ ’ m f .  l l r r mn n  (‘m l } m p m  Hi ’ . e i i i ~~ e - t m l e I I e ’r t i n  Di’ . An d - :e - t  I ’ c i r r t
Pm’e f. l’h m ‘ u rn s I I .  Dupree  Dr. 1- r ank  Vi . Ch ain ! t i ’ ,~ Dr. A i j ! m i  it  Sen
Prof. l i m e s  1 e  H - , f t m , 1 , , n i l , m - - l )r .  I Ui  a r m  l ) n - S l e n c n a  Dr. I ) a v m i l  .1 . I c - t i e  a i c l i
P r e e f .  l ’ u t h m e - t c ’ , , ’ e - t n !  i\. - m m h i m i  l )r ’ . C l a u de l ) e - u t ~~m - : m  i \ e \ n n i  11. h u n t e r
Prof .  I cii’- m e - t i m e -  51. 1 , i i l s k ~ Dr. David A. Lu st St a vn’ e i ~ SI. S l a c i a k i
P m m  if .  J a n i c e - s  12. S l c C i r n e  Dr. Rc ena id  (‘ . h - nt’ a k -  John 2. S l m - (  a r - t i m
Pr ’ ‘f . Pe ter  A. I , ‘l i t z e r  Dr . 1Cm ‘ m z a m ’ m h  ( j U  j e  a ski Al lan  I I .  R e i n m a n
Pro f .  l , m u i s  S. S - a t u m ’ n ’ , m  Dr. St e- im hci’n I ’ . h t i m ’ ~ I m u m i a t n  J a n m i e ’ s  K. l’ e-i’ m ’ - ~

Dr. ( , e m m i ’ g e  I . .  t o h n s t o n

r’ac !uat  c’ St Ui k ’ i r t

C ha r l es  1’. l i r e - t i e r d a n c e  .‘~ S. I l e rr i n g  N e i l  S. N m  ‘ v i c ’ I i
W a r r e n  K . Br e w er  A m u v  l b  r shcov i t ch  Gi l li s  H . Ot ten
l esl ie  l lm ’ m mninl me ry t J e f f r e y  C. I t o y  Alan  P a i e ’ v a k v
Cons tan t ine  J, (‘ ‘a l l i a s  Alan  C ’ . Jano s Rober t  F. P crt ti l’m
h a rk  C. Chan J i e - 1epIi I. . Jones  Robert  I I .  P r i c e
Frank l in  H. Chang David I .  Kap lan John 1- ’. R i ce
John A. Combs Slasayuki Karakawa Burton Richards
Donald L.. Cook Charle s  1’. F. Karaey Kenneth Rubc’n~ te mrc
Antonio  f’e r r e i r a  l’ e t i - i ’  T. K e r n ’ , ‘ c i i  R i cha rd  1:,. Sc I e  m e -
James l” r lr e i s  Robert  i- . K l i i c k o w s t e m n  Josep h A. S i - f c i k
N a t h a n i e l  J. Fisch Step hen F. K n o w l t o n  Ear l  L. Simmons
Alan S. F i sher  David  5. Koinm M i c h a e l  1,). S t i c - f e l
Jay  [.. F i sher  John L. Kul p, Jr .  David S. Stone
A l a n  H. Forb es  George P. Lascl ie  Miloslav S. T ek u la
Keith C. Garel Kenneth J. Laskey Kim S. Tliei thabcr-
G e o f f r e y  SI. Garner Calvin I.owe Clarence F. Thomas
Mark  Gottlieb Anna Marie Sladellis Ben SI. Tucker
Rober t  S. Granetz Mark L. S l cK i n s t r y  Ernesto C. Vanterpool
Richard  J. h h a n s m a n , J r .  Thomas J.  SlcSlanamy Michael  A. Zuniga

Ye Shisaki

*V i s i t i n g  s c i e n t i s t  f rom the t’ n m v e ’r s i t v  of N a u i c v , N a n e ’v , F rance .
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XVI .  11l.A S\IA D Y N A M I C S

A. Basic l’lasrna Re ’se ’a  j ’ c h i

1.  NON l I N I ; A l 1  W A V I -  lN ’l ’ I2RACT I ()NS

Nat  ie t n a l  Science ’  Foundation (Grant  1 2N G 7 5 - 0 6 2 4 2 — A 0 l )

Abraham Bers , George 1,. Johns ton , A b i n i t i t  Sen , f rank V i .  Chambers ,
Alla n It. Reiman, Nathaniel J. Fisch , Charles 1 . F. Karney,  John L.

Kul p, Jr.  , Stavros SI. Slacrakis , \ ‘ la d i m i r  13. Krapchev

This t i r eo re t i c a i  research is aimed at unde r s t and ing  tile evolution of l a m - c i e - — a m r I m t n m m r e
coherent  waves and strong turbulence  in a plasma. V i e  am’e par t icular ly i n t e r - eat  c i m  in

th i rd -order  perturbation theory for coherent waves  in a magnet ic  f ie ld , nonlinear’ evo-
lotion of w ave coupling and nonlinear propagation of waves in inhomogeneous plasmas,
anti resonance broadening anti strong w a v e  turbulence- , based on soliton states.

Our work during the past year included:

(i) A new formulation for the nonlinear coupling of kinetic n a v e ’ s in a plasma. 1 This
allows for a pump wi th  f in i te  wavevectors, and waves of a rb i t r a ry  o r i en t a t i on  to t i ne  nag-

netic f ield.

( i i )  A complete analyt ic  solution for the l inearly unstable (‘if i ’ t c r n m m i ! e s  in an i n ,h c i m n i m , —

geneous plasma of finite extent.2 This shows that the unstable eigenrrcodes persistme ’a

when the interaction length is increased are tied to the abrupt  boumndaries ant i  may have
no ph ysical significance relative to the saturated gain c o n v e c t i v e  i n s t a b i l i t y .

( i i i )  An analysis that shows the in terre la t ionship of osci l la t ing two-s t ream (OTS)
instabilities and modulati.onal instabilities for f in i t e  pump wavevectors . 3

( iv )  A complete solution of t ime-space nonlinear evolut ion of th ree-coup led wave
packets. 4 ’ ~ We have r ecen t ly  extended th i s  solution to descr ibe  t h e  t c i m m - d n m r m e - t m m o n a l
nonlinear in te rac t ion  in an inhomogeneous medium. 5

(v)  A new der ivat ion of our proposed r e sonance -b roaden ing  cor rec t ions  ( m m  weak tur-
bulence theory. 7 A part icularly interest ing aspect  of t h i s  work is that  w e  can begin to

relate strong turbulence and stochast ici ty associated w i t h  l a r g e - a m p l i t u d e  coherent
waves.

(v i )  A summary presentat ion and publ ica t ion  of our work on symbolic d - m n n h m i m t a t m m m m i

(MACSYS-I.A) in nonl inear  wave in teract ions .8

Refe rences

1. H. C. Watson anti A. Ite m’s , “Parametric h’:xc i t a t u m m n i  i f  K i n e t i c  Vi a v e - s  — I c m i ’r — l3ernstein
W a v e ’ s  l iv  a I ,ower  I I h r n  d Pump Vi ay e - , ” RLE P1111 7 t / 2 9 , Research  l aboratory of
E l e c t r on i c s , ,\l. I. T. , ()ctolien’ 1 97 e ( t e l  appear in P i r v s .  F l u i d s ) .
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2 . F. \V. C in a m n b e r s  and A. Bers , “ Paramn et r ic  Interact iomn s in an In i ro nn o ’a ’enc ’e ,u -
Med ium of l 1 i u r c t c ’  Extent  w i t h  Abrupt l3oundarie , ” RUE P1111 7o/34 , h {e ’s i - a r c lm  I a ! - —
ct ra to rv  of K l c ’ c t i - e m n i c s , SI. I. T. , Octobe r’ l 9 7 u  (to appear in l’h~ ~. F l u i m i m ~).

1. G. I , .  Johnston and A. Bees, “ l,e ’ t ve i’  h ybr id  Oscillating ‘I’ w m m — S t n ’ e a i r i  and \ lm m m J ’ a —
t ional  Ins t a l , i l i t i e ’s  wi t h  F in i te  Vi a v e ’ l e u n g t h i  Pump, ” Bull. Anr .  1111 ’, ~~. Soc. 21 , 11 55
( 1976).

1. A. t en ’  ~~, B. J. Kaup, and A. 11 . Reinman, “N o n l i n e a r  In terac t ions  I f  ‘rh r r - e - c ’ — Vi  ci ’,
Packets in a Homogeneous Medium , ” h d l i y s .  Rev. I et tei ’s  37 , 1 8 2 — 1 h 5  ( 1 1) 7 0 ) .

5. 1). J. Kaup, A. Reiman , and A. Dccci , “Sol i ton and Sh ape Transfer  in a ‘ f h i r ’ee -Vi  a’.-
Resonant Interact ion , ” Bull. Am. Phe y s .  Semi ’ . 21 , 1156 ( 197 6) .

6. A. Reim an and i A. Hers , “ Satura t ion  of Pa ramet r i c  Decay I cy Pump Dcp le t con  in ‘1St,’
I ) i  m m m , ’ n s i m m n s , ” Bumll . Am. I ’h u v s  . Soc’ . 21 , 1 1 Sn ( 197b ) .

7. N. J. Fisch and A. l i en ’s , “ Slemde ’ -Coupl ing  for Resonance Broadening, ” I tu l l .  Am.
Phvs. Soc. 2 1 , 1058 ( 1 9 7 6 ) .

8. A. Bers , J. L. Kul p, and C. F. F, Karnev , ~~~ n i h c m l i c  Computa t ion  of Non l inea r
\ t a v e  In te rac t ions  on SLACS’n ’ \ L-\ , ” RLE PRR 76/ 17 , Research i,abor atory of Ele --
t ron ics , SI. I. T. , July 1970 (to appear in Comnput.  l ’ b m v a .  (‘mi rtin umi .).

2 . STT ’D I I -:S of: N’( ) N I , I N 1 k \ I 1  W A VU -P A R T I C L E  IN ’FLRACTIONS

National Science Foundation (Grant  LN H ? 5 -0 m 2 4 2 — A O l )

Peter A. Politzer , Ach y  I l e r s i rc o v i t c h , Gi llis  H. Otten

In order to stud y spatial  and velocity di f f tmsion processes in a c mmnc t i ’ m m l h e  m c  e > : p e i ’ i n : m e - c i t ,
we are using a counterstreaming electron-beam f a c i l i t y  to observe t i m e  t y , ’, h i s t m m i ” ,  of
t ime particle velocity d is t r ibut ion  funct ion and ti m e e l e c t i ’m c — f i c ’ l d  ci~m r i ot . We can app ly a
known spectrum of e l ec t r i c—f ie ld  f luc tua t ions  to th i s  sy st e nr  anti t m h m s e ’ r ’ ,  e t i m e  c o n s e - n i t e m i t
d iffusion.  M e a s u r e m e n t s  of ti me v e l o c i t y - s p a c e  d i f fus ion  coe f f i c i en t s  as a t’u n c ’ hc m n:  of ‘he

ampl i tu de and w i d t h  of the applicti t t irbu lence  spect rum h ave been n a m e. Us cn c t  t i m e  f m ’ —
mal i sm of strong tu i rbulence  thes’e r ’, , we br ave  calculated tire exp e .’cted d i f f u s r i m m r  m m c i  i i —
c - i c ’n t s  for t h i s  a ’,  s t e rn , and these predict ions agree well  w i t h  obs~ i” ,a t ion - c . Vi e s i c - al s m m

concerned wi th  ti m e effects of external l y app l ied  turbulence  on unstable  j m l a e - m m m a s , a
have foun d theore t i ca l ly  th at app l icat ion of a control led  s p e c t r i n m i c  c f  m i c c l m — f r e - q u e m m i ,- -: t ur-

bulence can disrtnpt particle orbits sufficiently to interfere with time gn’i ’ w t h m  of 1 m W  -

f r e d i n i e n cv i n s t a i r i h i t i e s , and even to suppress t hem ent i re ly .  We h ave  applied t hc  u s
calculation to t r apped-pam -t i d e modes in to ro ida l  d e v i c e - s  and f ind that  the po’ tr

req t m ir ed , though large ’ , is not unreasonable and that  the  cr ’oss— fie ld t r a n s p o r t  can be
c i m n s i t i e r a h h v  renbuce e ! .  Vi e - have  also applied this  motlcl to tint’ h al f—c c Ii -t i - et c m a s t a h , n l i t ’,

in ti me’ - ‘‘unite-n -streamin g c’lectr-on—heani s’, stc’un and have und ertaken an c-xp ei ’ i m er i t  to

check t i n ’  p r e d i c t m i ns of power i - c - c h i l i  n- c -i l to suppr’es5 t i n  is  m m m i i i ’ . Thus far , t I re  r e su l t s
a re  in agreement  w t I n o tmr  p red l i c t  l i m O s .
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3. TRAP P E D — P A R T I C I l- . l - ;\PEII IMENTS

N a t i o n a l  Science I ’Gunriat ion (Grant l- N ( 7 1 — 0 6 2 4 2 — A O L )

t , a wm ’ e ’n r ce SI. I , i ( I s k y , Pet e r ’  A. 1’ol it ze r

‘rune t rapped electron sca t ter ing  mode in per iodic  cy l i nd r i ca l  gecemetr i  is a high

mode number , d r i f t — t v j m e  n -noe ih e propagating in ti m e electron diamagnet ic  d r i f t  d i rec t ion

anti standing in the  direction parallel to B. Our earl ier  work  showed th at t h is mode

saturated at relatively small amp li tudes , which imp l ied  that this  par t i cu la r  mode m igh ’it

not have especially serious consequences for par t ic le  conta inment  ic r  energy loss. The

curve of f luctuat ion amplitude vs sy s tem p i-essure , h owe’,  e’r , did not quite level out at

the lowest pressures at tainable previously and it was not clear th at the wave was t r u ly

nonlinearly saturated. We have recently modified the apparatus to allow operat ion at

24

22 
-~

20

I8~
6 —

4 ’ - Fig. X \ ’I - l .
2 = 085 Relative potential f luc tuat ion

f e .87O kHz amplitude as a function of
normal gas pressure.

8’-
6 -

2 -  0

- -~~ -
8 9 I 2 3 4 5 6 7 8 9 0

P x I0 5 TORR

appreciably lower pressures and we have repeated our e a r l ier  - : i ea su i ’e - l c , e  i t ,,. Tire

essential results of this  ci i u dv are shown in Fig. N V I - 1 . The co l l i smon f r equency  at t I n e

onset of the instab i l i ty (6  >. 10~~ Torr) is comparable  to ti n e electron ax n al be m i n n i e ,  c r

quency in our apparatus.  The saturat ion h e l e m w  1. 0 X 10~~ Torr is adequately demon-

strated and we conclud e that  results  t ina t  we reported earlier
1 
are co rrect.

Refe rence ’ s

1 .  C. A. P r i m mer m a n , U. SI. I .rd s }- c ’ , , and I’. ‘cc.  I’ ’ e h i t z e m ’ , “ ‘l’ r a h m b m , d —  F1 ,, t n ’ i i  S l e u t H -
in Cylindrical G e i m i c c e - t  ry , ” Fl u ’ , ~~. l i e - ’, .  l.ette’n’s i 3 , ‘157 9 C O  (1 9 7 1 ) ,
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4 . H] N ( )R S I A  I I / A l ’  H )N SILT IIODS IN PLASSIA TU R H U I  .1 ; N C ’ l ,

TI I i-: t )11Y

National  Sm ’ i c - r i c e  I” oundation (Grant  h - N F , 7  5 -06242-AOl )

Tliomc ’ias I t .  Duprec , David J. Tetreault

An innpm ’ot -ed ve r s ion  of strong turbulence theory has been developed to deal w i th

pree iorninantlv t ’ c v m m - d i n r e ’n s i o n a l  turbulence involving 12 X B drift s and quas i -neut ra l  fluc-

tuat ions .  This development leadi s to a renormalized quas i - linea r  theor y that conserves

energy and momentum, which earlier theories failed to do. This th eory preserves  ti m e

essential perpendiculari ty between time random drifts and the random electric f ie lds .  The

nonlinear damp ing also vanishes, as it must , when the electron response is exactl y

adiabatic.  We are now applying the theory to a variety of dr i f t  wavelike instabili t ies.

5. INTENSE RELATIVISTIC ELECTRON BEAI\’IS

National Science Foundation (Grant ENG 7 5-062 4 2-A 0 l)

U. S. Energy Research and Development Administrat ion (Contract  E ( l l - l ) - 2 7 6 6 )

U. S. Air Force — Office of Scientific Research (Grant AFOSR-77-3  143)

George Bekefi

During the past year we have studied the microwave emission from relat ivist ic elec-

tron diodes. In particular, we have constructed a relativistic electron beam magnetron

that generates microwave powers in the gigawatt range.

In the coming year we shall concentrate on the following areas of stud y.
(1) We shall optimize the magnetron design in order to obtain higher powers with

h’i igher  efficiencies. We shall iiceasure the spectral output of the device, To invest igate

the scaling law s for these magnetrons, we shall go to higher voltages in the 1-MV range.

This work will be carried out on higher voltage faci l i t ies  such as those available at the
Naval Research Laboratory and at Sandia Laboratories, Albuquerque , New Sl e ,t x i co .

(ii) This magnetron will be used as the microwave source in the study of nonlinear
wave-plasma interaction. Specifically, by luminating an unmagnetized plasma , we are
interested in determining the nonlinear absorption and reflection coeff icients  of the

plasma medium.

( i i i )  By bouncing the microwave emission off another relat ivis t ic  electron beam, the

scattered radiation is shifted to higher frequency. As a result , intense millimeter and
subm illimeter radiation may be achieved. This work will be carried on in conjunction

with the N a v a l  Research Laboratory.

(iv) Because of i n s t ab i l i t i e s , a se l f -p inched  e lec t ron  beam is expected to eon I t
m i c r o w a ve s , and we sh all  stud y it .
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B, I Ices  mi n i  Research Related to Pu- i e m n

( e ’n t ’ i n i e - n n e - n i ’ S’,- s t e ’ n is

1, P T T Y SI ( ’ S ( i F  HI Gh — I F  I l l ‘i ’ I(A l’I’l{F J-’LAS SI.A S

U. S. E nic ’ i ’gv  l ( e ’ s e a n ’ m ’ h u  a nd l ) e ’ v e ’ b e g m n n m e ’ n t  A u l n in i st r a t l o n
(C’ o n u n r c i c t  ES’ - 7 ( - ( ’ — 0 2 — 3 O 7 O ,~’OOO )

Brun o Copp i

,‘\n u n d e r s t a n d i n g  of the p hy s i c s  of h i g h - t e m p e r c e i n i m ’ e  p lasmas  is of p r i m a r y  impor-

t ance  in the solut ion of t h e  problem of c o n t r o l l e t l  t h e r m o n u c l e a r  f u s i o n ,  One of our - g o a l s

is the  nr agne t i c  c o n f i n e m e n t  and hea t i ng  of p l asn ias  wi th  dens i t i es  larger-  than  io
l.l 

par-

t i c l e s/ c m 3 and the rma l  energies  in the few k i loe lec t ronv olt  range.  The m a c r o s c o pi c

t r a n s p o r t  p roper t i e s  (e.  g. , par t ic le  d i f f u s i o n  and t h e rm a l  c o n d u c t i v i t y ! of p lasmas  in

these  m c g i n n i s are weakl y a f f e c t e d  hv two-bod y coll is ions be tween  par t i c les .  Fhe m d c -

v : e m u t  t r a n s p o r t  coef f ic ien ts , in fac t , are i n f l u e n c e d  s i g n i f i c a n t ly  by the iyp e ’ of col Iec~ ive

mode tha t  can be exci ted , such as d e n s i t y  and t e mp e n ’a t u r e  f l u c t u a t i o n s  c n u s m - d  bu y  n icro-

i n s t a b i l i t i e s .
Re levan t  theoret ical  and e x p e r i m e n t a l  c o n t r i b u t i o n s  have been p r e s e n t e d  at n a’  j ona h

and in tern a t ional confe rences 1 or published in profess ional  j o u r n a l s . The p r i m a ry

focus has been on the exper imenta l  e f fo r t  involv ing  the A lca to r  ~A mach ine .  Our pur-

pose has been to real ize p lasmas  tha t  can s u n s t a i n  very  high c u r r e n t  d e n s i t i e s it’ i iou

becoming macroscop i ca l l y un stable, in order to achieve the highest possible r a ’e  of

r e s i s t ive  hea t i ng  of the p lasma.

Alca tor ’ s unique  proper t ies  — lack of i m p u r i t i e s  (Z 11 , h igh  cur r -ent  d e n s i ’v , and

larg e toroidal f ie ld , have led to its emergence as t h e -  p r e e m i n e n t  toroidal  c o n f i u . e’ n :ent

device. Spec i f i ca l l y, we can point to the fo I l o w i n ~ a c h i e v e m e n t s :

(i ! Peak p lasma dens i t i e s  up to 7 .5 X l 0 14 /c nc 3 , wi th  ene rgy  c o n f i n e m e n t  ‘ i n - e ’ ~
of 20 ms have been a t t a ined,  This y ie lds  ni’ values above 10 13 sec / r U m 3 which

exceed by a cons ide rab le  fac to r  those  of any e x i s t i n g  c o n f i n e m e n t  sv s ’ e rn .
( i i )  Since the  pa r t i c l e  dens i ty  can he varied over two o rde r s  of m a g n i t u d e , w h i t e

the t e m p e r a t u r e  can be i n d e p e n d e n t l y c o n t r o l l e d  I ,v the p l a s m a  c u r r e n t ,  and macroscop-

ica l l y stab le  p l a sm a s  can be ob ta ined , we have been able to s t u d y  a -e  c c i c e n i c e ’  of r h - l s m l c a

r e g i m e s  wi th  a vary ing degree of c o l l i s i o n a l i ty  and to d e ’r l ’, ’d’ v a l u a b l e  j n f o r n~a c i o rc a I m ~ ii ’
t h e  n a t u r e  of various t r a n s p o r t  c o e f f i c i e n t s  such as e l e c t r i c a l  r ’si~~t i v i t y  and c - I c r  gy

rep lacement  t i m e ,
( j u t ( omp l e t e ’  e ’ o n t  n’ o l  over’ I he’  p l a sma  de n sit y level can be n e i l l i l  :cin ’d d u r i n g  a

given d i scharge  by f u r t h e r  e x p l o i t a t i o n  of t he  gas i n t e c t i o n  t d ’ c h , i i r c m i e - , which  \V~ e =  d c v i -

oped in pre v i o u s  ‘,‘c’:rrs , and by c i s i n g  0 I I ’  v i n f r a r e d  l a ’e ’r  i n t e r f e m ’o m e t  e n - mr  a c c m c r i c t  e

d e ’ n i ~~i c y  me r e s u r e m e ’ n m u .’ , t ’ n m n m a e - ~~m u - n t 1y . a d i r ec t  d e r i v a t i o n  ot t h e  sc~r l i r : c l a i n ’s icr  t h e
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par t ic le  e o m n f i n , ’ n n e n t t  t ime ’  has Im e co r m i e  1e ee ss ibl e ’ . Direct  f l i e ’ c e s u r e n r  m e - I t S  UI’ tine ion t e f l m  —

p e ’ m ’ c r t u i ’ e ’ in h i g h — d e n s i t y  n ’ e ’ g i n r m e ’ - l u c i t e  also i e e e  n u c a d e  .‘.‘ ! u i c i r  cave c c e n m f i r ’ m e d  e m u e -

c ’ x F e e ’ m ’n a t i o n i s  t h a t  i t  w o n i l n h  i i ’  c ’ l m m c i e ’  t e e  ire’ e l e c t  m i e n  t e ’ r n , l m e . r - c m u  m i n e ’ ,

(it ’! A n u m e r i c a l  t r anspo r t  code has I m e e - n  develope d ‘,‘.‘h i ch  can s i m u l a t e ’  ‘i i - h igh-

i l e ’ r u ’ D u y  p hcn ’~i n i c i  m’ c ’ g ! n n e ’~ in A lca to r .  In f a c t , e l abora te ’  ceic le ’s d m - ’ ,’ e b e m 1 i e - d  pr e v i e i u c i l v  i n .

o the r l abom -a to r i e s  brave h m m ’ e ’ n m  i n a d e q u a t e  for  r e p r o d u c i n g  these -  r n - g i n n e s .
l’he’ A l c a u n i r  ( ‘ thevice t h a t  ive-’ proposed in 1975 for f u n t h i n g  by EI I DA has C e l l ’  me-

a p t m r ’ o v e ’ m I  amid i t s  c o n s t r u c t i o n  i s  u n d e r  way , A ni l ’ ,’: power s u r p ~m l v  t o  exp l o i t  t h e -  m l m  s i g n

p a r a m e ter s  of th i s  device wi l l  lie acquiredl  and i n s t a l l e d  at t h e  F r a n c i s  B i t t e r  N a t i o n a l

M a g n e t  L a b o r a t o ry . The n r aj o r  aim of t h i s  e xpe r imen t  is to increase  the  ‘,‘c m l u e  o! i T  to

a p p r -o x i n r a t e l v  1O~~ se c/cm 3 
wi th  par t i c le  t e m p e r a t u r e s  in the  r an g e  2 ÷ 3 keV , The’

ma in  p a r a r n e t e ’r - a  are:  minor  p lasma rad ius  a a 17 cnn , m a j o r  r a d i u s  H a (- 4 m f l , O t t O -

ne t i c  f i e ’I d  up  to 140 kG , andl p l a s m a  c u r r e n t s  up to 1 ?clA . This  u l e v i c e  w i l l  a lso c o n ,-

p le m e n t  the  re su l t s  tha t  are expec ted  f rom the  FT mach ine ’  of Fr a s c a t i  tha t  fe a t u r e s

a a 2 1 cm, H. a 83 cnr , m a g n e t i c  f i e lt h s  up  to 100 kG , an d  p l~e sn i a c u r r e n i s  c i i i  t o  1 , 2 SI,A ,

D i rec t  m e a s u r e m e n t s  ot’ t e m p e r a t u r e  and ‘ h i ’ n m ~~i t y  mr e mfi Ic ’s have’ h me e ’ r m  m c’rforn e’ t l c m i ,

the  He ctor’  e x p e r i m e n t a l  device with tb ’ p l a s m a  cross ~e ’ c ’ i o n i  e l o n O n l e - m I  v e r t i c a l l y  (nor  -

c i r c u l a r)  hy an appropm ’iate mesh of T h o n i s o n _ sc c c t ’ m - r i n g  m e a s m m m ’ e - u c . e c t ~~ , Thus , f or the
f i r s t  t i n c c , d i rect  i den t i f i c a t i on  of the  r e l e v a n t  m a g n e t i c  su r f aces  has become pos~~i ) 1e-’ ,

‘rhis technique t i l l  pe rmi t  a de ta i led  inves t iga t ion  of ( ‘ i c ’  c o n f i n em e n t  pn’c m i ’ec’ r t i e ~ ( I f  a

toroidal  Sy s t e m  wi th  n o n c i r c u l a r  c r o s s  se c t ion ,

Vie ’ have c o n t i n u e d  to b e n e f i t  f rom c o l l a b o r a t iu m n  w i t h  v i s i t i n g  s c i e n t i st s  f r m m i i . o t l u e ’ r

n a t i o n a l  and fore ign i n s t i t u t i ons .

- - ii ’ ‘fee, ‘rim e’s

1 1Q 7 6  A n n u a l  Sic cu i n g  on l ’heoret m ca l  \-.i m i t~ of C o n t r o l l e d  l’. n m c b  ar R e -~e ‘ii oh I u
v e r s i t v  of W i s c o n s i n , SIc ’e i h i s o n , V i i  s c o n s i t r , A p r i l  7 _ i l , 1) 7  b : ( t h u  ( u m u m f e - r ’ e - r i c ,  - on
P la sma  Ph ysics  anti C o n t r o l l e d  N u c l e a r  I” us ion  Resea rch , Be r c h t e s o ’ a u l e ’ r ,  G e - r n - c r y ,
October 6 — 1 3 , 197 (m ; 18th A n n u a l  .S I e e t i i c ~ of the D i v i s i o n  of P l a s m a  P hy s i c s , A n e ’ r  -

icon i ’ h r v s i c a l  S o c i c ’v , San l”rancisco , t’ alifornia , N m ’ ,’c ’ i i  her 1 5 — l a , 1971 ,
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Resea mx li — ‘l’h€ ’eir ’ e ’t m ccc l

2 . HF’ [I F A T IN G  A N D  III ”  SlIC’R ()’Fl’RIlULI :N CL

U. S. Energy Research  and De ’v e ’l e i p n ren t  Admin i s t r a t i on
(Contract  E Y - 7 6 - C - O Z — 3 0 7 0 .°0 00)

Abra lnam B e n ’ s , Frank i t.  Chambers, Ge ’e i r ’g ’e L. Johns tcm r ’e , G~ rard P. l . e c h c - n ’ t ,

Abhnijit Seri , Charles 1:. 1” . Icarmi ey , Sliloslav S. Tekula , Na th aniel J. Fisch ,

John L. Kui p, Kini S. Theill i a imo ’c’ , S tavn’ os ,Sl. Alacrakis

We have continued our theoretical studies on problems associated w i th  the need for

supp l e m e n t a r y  hea t ing  of ‘Fokarnak p lasmas. Several aspects  re la ted  to HF hea t ing  w i t h

external power near the lower hybrid frequency have been analyzed in detail:

(a) A th ree -d imens iona l  WKB formula t ion  of group veloci ty ray t r ac ing  for  a foka-
1 ”mak plasma has been comp leted and prepared for computa t ion .  ‘ ‘-  ‘This f o r m u l a -

tion includes the effects of toroidal geometry, and of plasma and m ag net ic fi eld

inhomogenei ty .

(b) Nonl inear  phenomena  associated with the propagat ion of high powers f ront  local-

ized sources at the wall have been studied.  These include s e l f - m o d u l a t i o n  and parant e t -
- 3 , 4n c  excita~ions.

(c) The fo l lowing heat ing mechanisms  have been t r ea ted  in some detai l .

( 1) E lect ron hea t ing  by the lower hybrid f ie lds  propagat ing  in resonance  cone struc-

tures in the p lasma. 5 ’ 6

(ii) Stochastic ion heating induced either by the large-amplitude and short-

wavelength lower hy brid f ie lds  or by the i r  paramet r ica l ly excited f ields.

(ii i)  Heating by paramet r ic  decay waves coup ling to e lec t rons  and/or ions , which

we have emp has ized  in the past.

Several reviews of our work have been presented during the past year.8~~ ° Many

aspects of this  work are still  incomp lete and cont inue to receive our a t ten t ion .  Our

work has included feasibi l i ty studies for RF hea t ing  e x p e r i m e n t s  on Alca tor  A which inc

are now proposing.

We have also cont inued our studies of h i g h - f r e q u e n c y  micro turbulence  associated

with the runaway tail  in Tok amak plasmas.  Three in ter re la ted  aspects are i n c l u d e d :

(i) anomalous  radia t ion associated with ins tabi l i t ies  dr iven by the electron ve loc i ty  dis-

t r ibut ion  function tail; (ii) evolution of the electron velocity distribu tion function in the

presence of the app lied E - f i e l d  and the t u r b u l e n c e  genera ted  by the i n s t a b i l i t i e s;  and

(ii i)  anomalous ion hea t ing  which has also been observed. During the past year we have

begun to tie these together .  A stud y on the generat ion of uns tab le  p lasma waves Icy a

model  e lect ron d is t r ibut ion  f u n c t i o n  has been comp leted. 11 A q u a s i - l i n e a r  a n a ly s i s  of

the tail evolution has been initiated and is nearl y f i n i s h e d .  An importan t result of this

work is that  the power radia ted  by these i n s t a b i l i t i e s  can be an apprec iab le  energy  loss
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mecb nani snn i n  m l t d e d e ’ r ’ c n t e ’  d e n s i t y  l m m k c c n m i a k s , I t  c m l s e e  is  i r r ç i e m n ’ t c c n t  f m e r  supp le ’m e ’ nm ’ nc ’v

f l i o d l i t l e ( l ”,i :~~~~~~~ 
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U. S. l’ t i c ’ m ’ g v  l i e - s e a r c h  and I ) e ’ v c ’ b c m i m n t i c ’ n t  .A d m i n i s t  r a t i o n
I t  e c t m t e ’ c m c i  I - Y — 7 1 / -(  - 0 2 — 3 0 7 0 . 0000)

I ’honcas II .  D u p r e ’ m ’ . I ) c m v! ml A.  Eh s t

Sm r o n g - t u r h u l e ’n c e  the o ry  is being app lied to t r a p p e d - e l e c t r o n  and t r a p p e d - i o n  niode-

We have c o n i p u t e d  the r a t e ’  of wave  e ’ nce ’r g v  cascade ire wave -number  space , as ive i l  as

the r a t e  of wave c ’nergy absorpt ion b y  t he  ions ‘acise d m y  s t o c h a s t i c  ion mot ion  at h i g h

t u r b ul e n c e  levels.  ‘[‘his p e r m i t s  ca lcu la t ion  of m a ny  i m i . p o r t a n t  t i ’ a mt spo r t  p rope rl ie-  of

th e ’ s t e a d y  t u r b u l e n t  s tate  i n c l u d i n g  mass  anti hea t  r c c i r t s p o r ’ .

Arm i m p o r t a n t  aspect  of the theory  is t h e ’  m t ’ e m l i c :  i c ’n  of t !ce s pec t r a l  d e n s i t y  of the ’ f in n

t u a t ! e m m m s , a q u a n t i t y  t h a t  can m c ’  con ipa t ’ ed  in d, ’i c ci l  w i t h  e ’x p er i n t -nt ’

4 , N DAL E ’ N P- \ N S i (  ‘N IN 2 + l ) I S I I / N S I O N S

1/ S. 1 /no n - c t -  l i e -sc-arch  amid I ) , ‘ v - b  c e p m i m e n ’  A c l m i n i su  m a ’ ! , m n
1( m ’ u u m : m c t  l / Y ~ 7 (- C . . 0 2 _ 3 0 7 0 .*000)

Claude Deu t sch

A one-con ipone t it  p lasma (0( 1’! model  n i h  n e u t r a l i z i n g  background has b e - c - n  e - x ’ e n m

to real  d i m e n s i o n a lLy  c ’ = 2 + € w i t h  —2 ~ e - - 2 . The e q u i l i b r i u m  p r o p e r t i e s (pair  cot

i-e la t ion and the rmod y n a m i c  f u n c t i o n s !  i n i v e - s t i g a t e d  ‘.‘.‘i t h i r t  t he  Dehye ap p l ’cex in i a ’ ion .  u p

to the second-order  in the  p l a s m a  p a r a n c e t e r  e ”/ k B
’l ’ X

~~, w i th  t h e  aid of t h e  Vi’i l sn u t  n u t

r a tures , in te rpo la te  bet’,’. m - e n  t \vo — anti  t h r e e - d i n t e i n s i o n a l  m -esu l l s  h o ,  0 < € < i ‘cr 1 e

t he  v = 3 behavior to c , l I  n ’ ‘- 2 . In ’ t h i s  work , the d i n i e n s i m m n a i i t v  n = 2 has been shown

to p lay a special  ro le .  1 Qu :mt ~’ mmci d i f f r a c t i o n  c o m n ’ c ’ c t  ions are in c l u d e d in t he  h i g h —

t e m p e r a t u r e  l imit  t h r o u g h  a ie ’ n : 1m c - m a t u r e - d e p c ’n d e n t  e ’ f t e c t i v e  C o u l i m n ’ !  i n t e r a c t i o n .  A~
a hy~~product , the p a r t i c l e ’  d i f fus ion  c o ’ - f f i m ’ ient  (Bohnt )  of ‘he s’ r c m n i g l v  n iagne t i zed  two-

com ponent  p lasma taken in th e ’  f l u i d  i ! m c u i  n t a y  lie give n a f i n ! :  e ‘ volu m e ’ — i n d e u i ’nden t

exp re s s ion  in the t h e r m o dy n a m i c  l i m i t  whe n u = 2 , p rov ided  dud - a ° e ’n t i o n  is paid to th

Tauberian proper t ies  of the  ( ‘ o u i o n cb  potent ia l  for —2 ~ € 0.

This anal ysis  is being ex ’ e ’ n dec l  to  ‘c o - c o m p o n e n t  p l a sn i a s , i nc lud ing  this  real ma t

ter  at high t e m p e r a t u r e .  ‘[‘he nodal e x i c a r i s i o n  has l a - e n  e x t e n d e d  to the  l a t t e r  ca se ’ .

R e f e r e n c e s

1. F . l ) e t n t s c h ,  .J. M a t h ,  l 1l c vs .  17 , 1 4 0 4 — 14 1 3  ( 1 Q 7 6 ) ,

P11 Mm , I 1~ 78
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b ( c ’ s e - a r c h  — Expe’ m ’ in t e n t a l

1(1 K ‘. \ l .-\I\ RE SEAR( ’I J

U S. Enen’ c ’v  R e s e a r c h  and l ) c ’ v e ’ b i m ~m n i e n !  A d o m i n i s t  n a t i o n
( C d c n t r - : m c t  1/ ‘i~~7l ~~ ( _ 0 2 _ 3 0 7 0 . ’t ’000)

George Bekefi , Lamu ’rence S I .  L idsk y, L o u i s  1), Sniu hl in

Du r i n g  the past  c-c am we conce n t r a t ed  our e ’ f t m m ’ t  on t h r e e  a reas  of !‘oka m ak

r esearch :

a, A s tud y of th e impur i t y i n f l u x  in to  the  Fokamak dischamce us ing  u l t r a v i o l e t  spec-
troscopy of i n i p u r i t y  ions , Sria t i a l  and t empora l  m e a s u r e n t e m it s  of absolute  l ine  i r m t i ’ n s i ’ y

were made at u u ’ a v e h m ’ n g t h s  in the 10 0 0 - 2 6 0 0  A range .

b. A d i rec t  d e t e r m i n a t i o n  of the energy  conf inen i c- nt  t i m m ’ , The e n e r g y  co n f i n e n c ’ r i t
t i me nc \ ‘e i ’sat m i I was cle ten’ miti  ted t i s u m i r  a novel technique in w h i c h  a s b t m m m t  hea t iu t r i  puls

was app li ed t i m  t i m e  di scharge and tine subsequent  decay of electron t e e m p n m ’ a t u c m -  was deter ’ —
nti i t ie cl .  The ncc’asui ’ed m - n t c ’ l ’ g y  decay was 1. 1 ms

c. \Vc ’ h ave a lmost  comp lete d cons t ruc t ion  of the ‘m e r sa tor  II f ac i l i ty ,  which w i l l
become operat ion al dur ing the spr tng of 19 77 , and we shall car ry  out out- u l t r cm ’,’iccl e’-

s tudies  and m e a s u r e m e n t s  of energy  decay t ime in \. ersator  II. Si c’ sha l l  also per form
tin e follo wing  inves t iga t ions :

(i ( Thomson sca t te r ing  from the electrons with tIn e goat of determining bot h t h e  par-

a l le l  and p e r p e n d i c u l a r  e l e c t r o n  t e m p e r a t u r e s  of the ‘I’oka mik discharge.  [‘his work

will  be u n d e r t a k e n  w i th  the use of a 10 J rub y laser .
(LI Ion f luc tua t ions  tr ill he de te rmined  front  the microwave sca t te r ing  of 4-nv rn

radiat ion.  i-’r mm tI n s b n’posc ’ we brave  designed  a sca t t e r mn ~’ ~ s t u n t  that  contains a

microwave source capable of genera t ing  150 ii’ of 4 - m m  waves .
(iii) ( ‘ c- c lotr on  radiation in both presence  and absence of r unaways  “i ll  he mve stn -

gat€ ’ ci in \-‘ersaton ’ II in the 15 -70  GFIz f r e -  m i e n c y  man or ’ ,

(iv! (‘ c ’m i l m i n  a s p e c t s  of m i c r o w a v e  h e a t i n g  at t he  loiver  hy br id  f m e u i m m e n -y  w i l l  lie s t t n d —

inch in \‘er - - t o r  II. In par t icular , we shal l a t t e m p t to det e rn t ine  t he  loca t ion  of the

he a t i n g  si gnal  l iv  t r s !ng  mic rowave  s c - t t c ’ r ! n g  as the d i c m ~ n n s t i c .  S te  a! ’(- also se t t i n g  up
the  n e c e s s a r y  m i c r o w v c ’ p l u r rnb ing  to s tu d y n c i c r o w at  c hr e akd lown at the i n p u t  to t ime

Tokamak. b ’ a r n i c u lar  a t t en t ion  tr il l  be pair )  to such q u e s t i o n s  as m i c r o w a v e ’  ) imeakd o mn ’n

caused  by n iu l t i p a c t i n g .

I t  N ’ ’ . l I e  7 9
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( ‘Olf El fE7c  r SCA t l ’EI I I N C E N l ~E htIJ e ,lF/ N I — , \ l l , A S I ’ h < E S tLN ’l ’  ( m l ’
R N I F  S i t  ‘ERA l U R E  AND L O W —  F’ Rl-:Qt l-:M ‘“ n F L  b I t t  LEM E

0’ . S. I / n  ‘r ev R e s ea rch  and I ) e ’ v c ’  b o p n t e n t  A d r n i , m i s t r a t i o n
( ( ‘ u m n i i r ’ a c t  E Y _ 7 6 _ C _ 0 2 _ 3 0 7 0 , *000)

l’u n l m e n c ’ c ’ e - i i b  K .  Jol ìnc , Law rence lii . Lidsk y

Au e x p e r i m e n t  is inn progress to measure  the l o w - f r e q u ~- n i c v  “ ion )  comt r ‘ n i ’ ” of

10 , 6 ~ nt r ad ia t ion  s c a t t e r e d  f rom a h o l l o w - c a t h o d e  d ischarge  p las nca ,  I’hi e ’ x p e ” r i n  em
is based on mod i f i ca t ions  and i m p r o v em e n t s  of a p p a r a t u s  a l r e a d y  us e d s u c m - c ’~~~f u I l v  ‘o
measure ’ the “ e lec t r on componen t”  of t h e ’  same spec t rum.  Our crea l is to develop cc diag-
nostic su i t a b l e  fo r m eas u r in g the r e l a t i vel y lo w - f r e q u e n c y  t u r b u l e n c e  t h a t  piac ’s t h e  rrn ’r- ’
im p o r t a n t  role in ion t ranspor t  and heat  t r a n s f e r ,

We ’ u se a p p a r a t u s de veloped previous ly  and used s u c c e s s f u l ly  to de t ec t  and r e s o l v e
h i g h - f r e q u e n c y  ( e l ec t ron  wing) sca t te r ing  t’ ro m the rma l  level d e n s i t y  f l u c t u a t i o n s  in a
p lasma with d e n s i ty  of order 5 X 10 19 /m

3 and elect ron t e m p e r a t u r e  of order 5 e S  -

The ra dia t io n sou rce  was a 100 IV s tead y-s ta te , st a b i l i z e d , s i n g l e - f r e q u e n c y  (‘0., laser ,
an d the r ad ia t io n wa s de tec ted  by a li q u i d - h e l i um-cooled  Hg :G e p hotodetect or af ’ e ’r  spe c-
tral resolut ion had been accomplished by means  of a l iqu id -n i t rogen-coo led  F a h r y - P e mn ’
spec t rometer,  ‘The sca t te r ing  at high f r e q u e n c y  indica tes  tha t  the co l lec t ive  d e n s i n v
f l u c t u at i o n  level with wave number  in the range I0 5 m 1 to 2 . 5 X 10~ rn 1 was very
close to the thermal  level . Fu r the rmore , the sha pe of the sca t te red  spec t rum a c r e - c  -

very well with that predicted by theory (see Fig, X V I - 2 ) ,  Our a t t empt s  to reso lve -  the
ionic component  have not been success fu l ,  In t ry ine to un d e r s t a n d  th is  we have e ’ x , - n d e d

t T 7 t ~

~ PROBE M E A S U R E D
n ’ 7 2 ’ O O 3 / cm t

FREQUENCY SHIFT 110
e o Hit

Fig. XVI -2 .  Compar i son  of laser and p robe-measured  p l a sm a  p a r a m e t e r s ,
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Fi g. NV I-3 .  Total power sca t te red  into the ionic component  ca lcu la t e d w i th
collisio nless and col l isional  theor ies .

th”  theory  of col lec t ive  ‘t’homson sca t t e r ing  to inc lude  the c o l l i s i o n a l  e f f ec t s  in r eg imes

where  T€ /’l’. is much g r e a t e r  than  1, In these  regimes the c o l l i s i o n l e s s  Landau  damp ing

of the  ion acoustic mode is very small  and inc lus ion  in the ’ theory  of co l l i s iona l  e f f ec t s

has been shown to lead to subs tan t ia l l y reduced scattering.  The resu l t s  of c a l c u l a t i o n s

for plasmas in the regime of in teres t  are shown in F’ig NV 1-3 . The sc a t t e r i n g  in the

presence of co l l i s ions  for the case of i n t e r e s t  was reduced by nea r l y a f ac to r  of 10. ti d’

are now engaged in modif y ing the appa ra tu s  to improve reso lu t ion  and s igna l - to -no i se
behavior and we hope th is  wil l  enable  us to observe a reduced s ca t t e r i ng  I e v e ’ i .

7 , [ ,YSIAN-a  D O P P l E R  SPECTROME TER

U. S. Ene’rgv Research and Development A d m i n i s t r a t i o n
(Contract EV_76_ (’_02_3070.*000)

Peter  A , I’ol it ze r , Louis S. Scaturro ,  Lawrence M . L idsk y

There is an acknowledged need for new diagnostic techniques for measuring

p lasma p a r a m d -t e r s  in large c o n f i n e m e n t  devices.  In pa r t i cu l a r ,  we n e-e d a ccu ra t e

m e ’ a ’ u r c ’m e ’ n t  of the ion t e n c p e r a t u r e  with good spat ial  and t entpora l  r e so lu t ion ,  t i e ’

are designing an i n s t r u m e n t  to enable  m e a s u r e m e n t  of the ion ene rgy  d i s t r i b u t i o n  wi th

approx imate l y 10 ms time ’ r e so lu t ion  and 2 cm spa t i a l  r e - s o l u t i o n , based on observation

of the Doppler-broadene d profile- of the  Ly m a n- c  ( 1 2 1 6  5) e m i s s i o n  l ine  of atomic h y dro-

gen. The source volume is def ined by t h e ’  i n t e r s e c t i o n  of the v i e w i n g  l igh t  cone and a
low-cur ren t  n e - u t r a l  beam in ,(ec ted  across the  p lasma. [‘he beam enem - g y  is chosen to

PR No. 119 81
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give good p r o b a b i l i t y  of chan ge e x c h a n g e  with  p las n n a  ions d i r e c t l y i n to  lice ’ n = 2 ~ t

l’he l i f e t i n c m e ’  of  t i m e ’  n n e u t m ’ a l i z e ’ e .l ions i n) t h i s  s t a t e -  is c e - n v  s t u n t , m i m i !  c e - r i c e  d i e t r a d i a t e -
before le aving th e ’  sow n ’ ’ vo lume’  and I c e ’ f e e n - e ’ c o l l is i o n a l  d e — e x c i t a t i c m n  I —  ~~~~~~~~ I t m e -

l i ne  pm - o f i l e  is a n n a i v ’i e ’rI  l iv n n s i n g  an e ’che l le  g ra t ing  i n n  46 th on -dee in  a ( ‘ / e m n \  — I ‘ i m u e
c o m c t i g u m ’ a n i o n c , and a n iu l t i e h a n n e l  plate is used as tle ’ t e c t n m n - . P1cc d i spe r s ion  of ‘ h i s

in st  r u m m i e ’ n t  is 0. 2 A / m m , wh ich  e ’nah i e ’s  us to measure  th e ’ Doppler  p ro f i l e  accu r :m ’ e I v.

[‘his L i s t  m’un u ’n t  wi l l  provide ’ a d i rec t  and u n a mb i g u o u s  m e a m m u r - e ’ n m c ’ n m t  of t I c ’  - ion c - n c r

d i s t r ib u tio n w i t h i n the  p la sma. It a l l e v i a t e s  -mo e of the p rob l ems  a s soc ia t ed  n d h  a l ’ c ’m-
n a t i v e ’  t e c h n i q u e ’ s  such as n e u t r a l — p a i ’ t i c l e  energy a n a ly s i s  ! m e ’ c t m n c s e  ‘he l y m a n — c  p ho tons
escape front  the plasma cvi th out  r eabsorp t ion .

8. BOT .OME FRY

U. S. Energy  l i e - s ea r ch  and D e v e l o p m e n t  A d m i n i s t r a t i o n
(Con t r ac t  E Y _ 7 6 _ C _ O Z _ 3 0 7 0 . *0 00(

L.ouis S. Scaturro , Lawrence  SI. L idsky , N e i l  S. Novich

A fas t - r i se  bolometric probe has been c o n s t r u c t e d  and m o u n t e m l  f l u sh  w i t h  t h e  v a c u u m
vessel wall  on the Alca tor  c o n f i n e m e n t  system.  The hol onceter  is a BeO s ub s - r a c e
0 . 025.1 cm th i ck , l ’la sh—coated with  m’no lvbdenun i , backed with the rmis to r  m a t e r i a l .
Radiative or par t icula te  energy imp inging  on the surface  heats  the ho lomete r  and] is
nt easured as a voltage change across the changing t h e r nt i s t o r  r e s i s t a n c e , ‘[‘he bolom-
eter  was ca l ibra ted  with a chopped CO 2 laser and found to have a to ta l  r e sponse  of

2 . 7  vol ts/joule  with a rise t ime of a p p r o x i m a t e ly  1 m i s  and a f a i l  t i n - c ’  of 0. 1 s, I i ’u- -
liminary measurements  during b c - d e n s i t y  o p e r a t i o n  in A lca to r  i n d i c a t e  a cons ’ an ’
energy loss rate to the wall  a mo u n t i n g  to a p p r o x i n n a t e l y  5 - I t ) ” of the  ohmic heat ing
power input .  For h i g h - d e n s i t y  opera t ion  (n e ~ 1 )< 10 14 cm 3) t h e  power o u t p u t  sce nt s
to scale like n e du r i n g  the pulsed-gas  fee ’d s t a g e - , t nt  decreases  when t h e  e l e c t r o n  detc-
sity reaches a maximunt cons tan t  va lue ,  T h e se ’ da ta  n a y  shed l ight  on the  processes
leading to charged-par t i c l e  r l ens i t y  bu i ldup  in the  cen t ra l  p l asma m a ’ r i e m t m -  m u’h c ’ n c  p u l s e - r h -
gas feed  is emp loyedl . ii so, various theore t ica l  models  can be tes te r i ,

I ’ R N m , , 11’) 82
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‘F l - N  I ’E l U M E N  I A ] ,  M I R R O R  STUDIl-~S

t ’ . S. En -rg v R e s e ’ m c n ’ c h m and D eve ’I o pnt e ntt A d m in c i s t  r a t ion
(Co n t r a c t  E Y _ 7 6 _ C _ 0 2 _ 3 0 7 0 . e000)

Lor .mis  D . Snt u l l in r , J ames  E , McCune , Rober t  E . K l i n k o w s t e i n ,

Josep h I ., J c in mc s . Ku r t  0, ( m c p s w e l l

The purpose of t h i s  p rogram is to s tudy  ins tab i l i t i e s  dr iven by l o s s - c o n e -g e n e r a t e d
v e l oc i ty  d i s t r i b u t i o n s .

The a p p a r a t u s  is a chamber  174 cm lon g and 27 cm in d i a m e t e r  w i t h i n  a n u n -on-
f i e ld  w ith  ra t io  2 and peak f ie ld  4 kG. An a r ray  ot ’ ceramic bar magne t s  6-4 cm long
sur rounds  the p lasni a to produce a cusp  f i e ld  of various per iod ic i t i es  up to 12 , and peak
f ie ld  at the  faces  ~ 1 . 5 kG. ‘The p lasma is i n j e c t e d  f rom a Ti crasher gun.  Base pres-
sures  of ( f e w )  x io~~

8 wi l l he m a i n t a i n e r ]  by a con tb ina t ion  of oil d i f fu s ion  punt p and Ti
g e t t e r s  in the  ends of the nna in  chamber .

[‘he sy s t e m  should  be operat ive in J a n u a r y  1977 , ‘[‘he recen t  success of the 2 X l l
m i n i m u m - B  mirror  sys tem in achieving n e a r l y  classical  loss r a t e s  has revived i n t e r e s t
in mi r ro r  c o n f i n e m e n t  sy st e m s .  This success , in large par t , was due to the emp ir ical

suppress ion  of l o s s -cone  in s t ab i l i t i e s  by i n j e c t i o n  of cold p la sma,  The detai ls  of the

suppression mechan i sm are not well unders tood and our s tud ies  are aimed at exp l a i n i n g
this  process.

‘[‘he system wil t  be pulsed with plasma in j ec t ed  front a Ti crasher  gun at one end ,
At the end of the gun pulse ( in  the a f t e rg low) , we shall measure  n( r , t ! , f ( v . ,1) (u s i n g  a
cha rge -exchange  ana lyze r ) ,  and plasma potent ia l , as wel l  as f luc tua t ion  ph e n o m e n a .  A
s imi l a r  sy s t e m  at the Kurcha tov  Ins t i tu te  in Moscow has been in operation for some
ti m e , and our f i r s t  e f f o r t s  will be to corre la te  our r e su l t s  and p lasma pa ramete r s  w i t h
the i rs, ‘rhe [‘i washer  gun can be f i red  over a vol tage range (on the d e l ay - l i n e  capac-
i to r s)  of 700- 3000  vol ts .  The pulse durat ion is 2 ms.  Af t e r  the ins ta l l a t ion ’n  of a crow-
bar ign i t ion , pulse ’ w id th  wi l l  he ad ju s t ab l e  to “ a r b i t r a r i ly ” smal l  w id th s  below the
n i i a x i m u m .
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10. NI-J ‘ h A l ,  BEAM STUDIES

U. S. ! /n me ’ u’gy h ( e ’ s e ’a n ’ c h  and Deve lopmen t  A d m i n i s t r a t i o n
(Contract EY_ 76_ C_ 02_ 3070 .*000)

N c c i i on a l  Science ’ l” ound at i omc (Gra u c t  E N G 7 5 - 0 6 2 4 i n - A 0 1)

Louis D. S m ul l i n , Lesl ie Brontberg ,  Pe te r  Keny on , Yo S ii sak i

a. ‘rheo ry

Louis D , Smullin , Leslie Bromherg

We have developed models that predict the operating c h a r a c t e r i s t i c s  of m u l t i f i l a -

ment , low-pressure plasma sources as functions of geometry, gas filling, and app l ied
voltage. The agreement with experiment is very good for the u n m a g n e t i z e d  discharge
(Berkeley multifilament arc). In the case of the magnetic cusp  protected d i s c h a r g e
(Univers i ty  of Cal i fornia  at Los Angeles)  there is some d isagreement  be tween experi-

— 
ment and theory,  and we are t ry ing to resolve this  by discussions wi th  the au thors  of
the experimental  resul ts .

The theory of space-charge ef fec ts  in cesium charge-exchange cells has been exam -
m e d  to determine whether  ion beam blowup should be expected .  ‘This seems not to be
the case , since a p lasma builds up With densities approximatel y 100 times that of the
drifting ion beam, and the resulting space potentials  are quite  low, The large cold elec-
tron densit y, however , poses a problem for extract ion and accelerat ion of negative ions
( D ) .  ‘The electrons will have to be separated from the negat ive ions b it’ a decelera t ing
grid of approximately —500 volts. It is not yet clear what other  problems may he caused
by this large p lasma density and we plan to stud y this fur ther ,

This theoret ical  research wil l  be submit ted as the doctoral  thesis  of Leslie

Bromberg.

b. Plasma Sources

Louis D, Smull in ,  Peter Kenyon

‘rhe work on the magnet ron-ca thode ,  0 - c u s p  p lasma source wi l l  c o n s t i t u t e  the  SIns-
ten ’ s thesis  research  of Peter K e n y o n .  It wi l l  i nc lude  m e a s u r e m e n t s  of t e r m i n a l  char-
ac ter i s t ics , p lasma dens i ty  at the ex t r ac t i on  p lane ,  f l u c t u a t i o n  c h a r a c t e r i s t i c s ,  and
some of the deta i led  measu remen t s  of p lasma velocity d i s t r ibu t ions,  Wi th  the comp le-
t ion  of the de ta i l ed  studies of the 4” d iamete r  s ys t e m .  ire shal l  noun ’ r e sume  the s tud y
of a s c a l e d - u p  7” d i a m e t e r  system , whose c o n s t r u c t i o n  rvas c o m p l e t e d  some t i n t e  ago .

PR No. 119 84



~~~~~~~~~~~ ‘ ‘“
-~~~

I N V I .  l ’LA SSIA D Y N A M I C S )

c. Charge E x e - ) m a t m t ’e h e e ’ t  w e ’ e ’ t m  ET~ and Op t ic al l y I /x e  i c e d  S e c n i i ’ .n m m m

l.ouis D. Smu l  I inn , I i i  SI i sa k i

[‘his s t u dy  is concerned  w i t h  m e a s u r i n g  t i r e  c l t u e t - g e  in t h e  y i e l d  ref  th e ’  double  c ! m u c r g e —
e x c h a n ge process I + — 11t, + I’ 

— 
+ I’ 

+ 
-, n’l ne’ n m a h c n ’ e c e e u m  in’ i n c  ( 1 t ’

~
’ i is incide nt on an abk ~ l I

11 11 II
n’n e t a l n -apor ( N a ) , and the  vapor has  b e ’ e ’ n t  e ’ x c i t e - d  1ev op t i c a l  p u n c p i n g .  l’i c e’ - c~- t e m  has

a v a r i a b l e  energy  H ’
~ ion beam ( 1 — 4  ke\ ’) incident den a Xci  v a ç o r  n’ eg ion , w i th  an opt ica l

source to e x c i t e  the  sodium to i ts f i r s t  level  ( 2 .  1 e ’ V ) ,

At  p r e s e n t , we are stud ying  i l lu r n i n a t i o n source *  Since  the ’ 11+ lm e ’ a n c  n cu st  ~ic i s s
t h r o u g h  a N a vapor  t a rge t  of ~ 10~ 

3 -10 14 /cnn~ l I m e  d e n s i t y ) , ire ’ s h a l l  n e e d  an c x c  i h ‘I
i l lu n t in a t i on  source . ‘[‘bus , l asers  wi th  the i r  a b i l i t y  to focus  to v e r y  ~n u a I l  spot s i z e s
1ccl\’e no p a r t i cu l a r  advantages,  and we are i n v e s t i ga t i n g  t h e  p r o h l e ’n m  of a d a p t i n g  corn-
m e r c i a l  l o w - p r ess u r e  Na vapor l amps  to our purpose.  We çt lan  to desi gn and build a
N a  vapor c h a n n e l  i n t eg ra ted  with an i l l u n t i n a t i o n  source .
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Fusion Teclnmienlogv Studies

U . S. Energy  R e s e a r c h  and Development  Adminis t r a t i on
(Con t r ac t  E Y _ 7 6 _ ( ’ _ 0 2 _ 3 0 7 0 . *000)

The fusion technology program is an in te rdepar tmenta l  effort supported by the

Development andh Technology branch of ERDA 1)SlFI/. The program’ s goal is to

investigate various engineering problems of controlled fusion reactors w i th part icular

emphasis on radiation d amage, reactor fueling, reactor blanket analysis , sa fe ty  and

envi ronmenta l  s tudies , and “ new concepts development. ” The fusion technology group

is involved in s tuem ie ’s  of radiation damage , intense neutron source evaluation, f i s s i o n -

fusion symbiosis, EBT reactor design , fusion reactor blanket ana ly s is , pellet fuel ing

of fus ion reactors, and reactor safety and environmenta l  studies. T h e  program is cent-

tered in the Department of Nuclear  Engineer ing,  SI. I. ‘F. , but a substantial portion of

the  work is carried out under the auspices of the Research Laboratory  of Electronics.

11. HIGI - I - IN T EN S I TY  NE L TIION SOURCE

Lawrence SI. Lidsky, Alan R. Forbes

The gas target source is a prime candidate  for the intense 14 51eV f a c i l c t y  that must

be developed for test ing fusion reactor materials.  We are p lanning to perform experi-

mental measurements  of the detailed behavior of a beam-heated ct in a qua r t e r - s ca l e,
intermittently pulsed model of such a device. Our goal is  to generate  experimental  data

to compare with theoretical  predictions and the extensive numerical  computations th at

have been done at SI. I. T. and elsc ’wbcere.

This experiment ut i l izes a pulse circulating gas ioop in counterfiow with a 150 kV

ion beam directed] into the nozzle from a duop lasmatron.  Tine gas loop and ion beam

transport tubes have been designed , constructed , and t e s t e C .  Par ts  needed to complete

the duop lasmatron have been machined and the ion source test stand has been con-

structed.  A feedback-s tabi l ized, h ig h ly regulated pulsed power supp ly f n m r  tin e chum ’-

plasmatron has been designed and tes ted and the requis i te  step-up t rans fornu ie r  is unue - r

construction. The E-beam gas densi ty probe has been made ant ] tested.
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12 ,  P E L L E T  i ” U E I . I N G  OF’ l”USI ( tN REA C ’FOII

Peter  A . I c o l i t z e .m  Mark  L , McKinu st m c , Clarence 1/. l1m em ieia ’.

In order  to opera te  a quasi s t e a d y - s t a t e  fus ion  reac tor , a source of u ] e - u t e n - i u m  and
t r i t ium fue l  must  be pt ’ovided tha t  is  d i s t r i b u t e d  th rough out l i c e -  i ’ -a c ’ t e m n ’  plUc -J m a Cr o ss

section. The most pront i s ing  s e I n e - r i t e -  for i n t tm’ n i e b ’ n - ’ing  t l c i s  fuel  is t i n t  ii t e e t h e  c c i it ’,  t i c ’

p lasm a of solid I t — I’ pel lets  at h igh  v e l e e c  i t t  . l’- ”cause of the-  r ’ i m t u u ’  ‘ - x i t v  of t i n e -  r i t e - i ’ —
action be tween  a solid surface and a hot dense p lasma , We do not know the a b l a t i o n  m a t e

of a soUth pellet , nor consequently the ftn el  deposition rate. In e m r i l d ’ m  t e m  I n d I c t  the

required pel let  c - e h i c m t c  , we’ need to ob ta in  a sa t i s fac ’ ton’y  model for the  abla tion c r ’  ‘mess .

Sie are un der taking th is  s t n n d v  in two w ay s .  We have d e v e ’ n i m p e ’ i h  a m m r t i p i n t c ’ n ’  model for

tine in terac t ion  he tween c  a vi ’rv dense cold plasma cloud and a hot nttagnetiz c ’d plasma.

Unl ike  other ablat ion models , t h i s  mode l  includes t ine  effects of nctagnet ic  f i e lds , and
par t icu la r ly  magnet ic  sh ieldin g of the pellet surface. This code is he ,’in tg  user! in con-

,junction w i t b n  models  dec-eloped at Oak Riri ge Nat ional  Laboratory w lt ic h t  aescr ibe  t h i c -

beh avior of the ablation cloud in the region between t ine  pellet surface  and l i c e  la’, em - in

wh ich  the ablateci par t ic les  become ionized] . In order to have  e x p e r i m e n t a l  ‘ : e r m f i c a t c i m n c

of the  model under condi t ions  of p lasma energy d e r t s i t v  corresponding to fus ion  r e - a c t e m m ,~,

we are cons t ruc t ing  a Z-p inch discharge th at cviii be able to sustain such condi tion ., for
sltort periods of t i n u n e ’ . We p lan to inject plastic pellets in to  th is  p l a sma  to get  t h e

scaling of ablation rate with plasma d e n s i t y and temperature .  T h e  discharcu e wi l l  be

s tabi l ized with a bias magnetic field and should provide a p lasnt a w i t i n  n.h en s~t , e s  of
lo l 6  

cm
3, temperatures  of ~ 500 eV , f or a 3-4 ~ s pulse length.

13. lhIGH-ASPI-:C’T-RATIO TOROI DAL REACTORS — EBTRX

Lawrence 51. L idskv , James S. I l e rn ing ,  David L. Kap lan , Robert E. Potok

Arc ideal fus ion  reactor , f rom the viewpoint  of a reactor designer , would be a s t c - a t i ’ , -

s tate  dev ice  of modera te—n , m - e ) a t i v e l v  h ig h aspect rat io , modular c i m c c s l m ’ r r c t i o n , “ reason-

ab le ” sur face/vohmme ratio , an opera t ing  wall loading of the order  of several meg awat t s

per square meter , and woulti allow for tine r e la t ive ly  s t r a igh t fo rward  provision of a

functional d iver tor .  There is a r e l a t i v e l y  unexp lored set of p lasma conf igurat ions  - ‘tt -

patible w i t h  our undlers tanding of plasma ph ys ics  whic ic apparently meets  these  requi re—

ments .  One of these is t h e  EBT concept p ioneered at the - Oak Ridge  N a t ; m m m c a l  Labo i - a t m m c - .

alth ough there are others  th at , in fact , mig ht he of greater  u l t ima te  i t t l e r e - s t .  The S la s s a —

chusetts  In s t i t u t e  of Technology fusion group w n m m ’k i n g  in close collaboration w i t h  ORN L

i n a s  eva lua ted  the  EI3T p r i m a r y  concept as t l c e  basis  for de v i l ‘ ] i n i c e ’ c i t  of m ’ e m n ) t r y ne ’ n - c c a l
fus ion power. Insp i re r ]  by t I m e  e x c i t i n g  pe etential ‘ef i h e v e c e s  in th u s class , n’ e’ are pro—
e e ’ er b i ng  to ca r ry  ‘ c i r t  a cii  em-c- general  stud y c i i  n i o dera t e— ~~, Ii i g l t — a s ~n - c t — r a t i r e , m~~nti t ,
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s t e ’ c , e r h c — ,-ut ate  t em i ’ , m m u m ’ , , (,) r n i’ i n i t i a l  aim u v u h l  be an a i c - s i s  of t ine ’  h l c ’ I u m m t n ’ , r i — I ’ m , r s a t r o n  m c c c —
f i g  u t a t  n e c  m m .

The- n ’n m u l t n e l i s c n p lnni am ’v , s e i f — m m e n s e s t e n t  t r e a t  r c m e - m c t  of Liii’ n c - a m tecr  scaling and desct ’n
dr ’’, c’le m p € ’ m .h inn conjunct ion w i t h  Oak R i d g e  N a t i c m m c a l  1 a b m e i i ’ a t r m i ’ y  has b c e - c r c  comp lete c c  anne a

— re , ’te ’ren ce d e s i g n  ( E B T R — 4 b )  rhr-ce’lmm ~m m-m h. This n e - s i g n , bia~ ed on a real is t ic  p lasma n c r ’  c u h c  I
and re la t ivel  cor l sr ’e ’c’ a tmv e ’  enngineer in g  p ararcne ter s , is based on a s t e a d y — st a t e i c u n i t c - m : —
mode s v s t e t n u  iii  hig bn p lasma pee t v e ’m e l e n s r t c  a n d  aspect  rati ce . ‘[‘Ice major d e s i g n  l e a t u m ’ es
of tit e 4000 SISi t he rma l  p lant are ’ n l lu s t r a t e d b  in Fig. X \ ’ I — 4  and Table N \ ’ I — l .  T u e  d e s c e n t
postulates a standard mtt odule , and t ime  desi gn power let  c i  l’or a par t icu lar  p lant is t h e n
determined by t!n c ’ nuntiber of niodhules u s e d .  Several  d e s i g n t  vai-iant s were  i n v e s t i g a t e - m i
in ch eta r l  to i l lus t ra te  time effect of near - te rm and advanced t e c h i n o l o g r e s  and t i c  i l l u s t r a t e
th e  design f reedom n O i r e ” ! by nhevices  wi th  l ow—fie ld , I c ig i n  aspect ratio. ‘Fine high asb ect
ratio simp li f i e s  many aspects of design , most notabl y t icose associated c’ i t h i  m e c ; i m ’ t ,
maimitenance , accessibil i ty and repair. We concluded th at a c o n i m c u e r c i a l l v  successfu l
EBTR could be constructed w i t h  only sl ight advances in e x i s t i n g  technology if the

SECT ’ON D-D

- 

~
‘oi~~~~i~~- ~

“

~~C€ V L LA 
o 

, 
,c,Ju M c ~~cuL, .T,on — - -

H 
- - 

‘
~~~ 

- :
I - i ‘ - ‘  ‘ -

H
o,vt. : 

~~~~~~ :::~~~:~~~~~
c 

~::‘::. . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

c H
A EMOVf lL I  

A t le ro, MODULE ECAD,

C u

l”ig. XVI-4.  EBTR plan v i e w .

PR No . 119 88

~~~~~~~~~~~

5

’ - _ , ,~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -- ‘- 5 - .  -5--- ’ . - _ - - - -—-~~~~~~~~~----- -



(X V I .  Pl ASMA IJVNA 5II ( ’ S )

Table X V I -  1 . EDT r eadtt or  r e ’ f c ’ r e ’ n m - e  parameters .

1/ BTR-48

l ’lasnia r ad iu s , a (m) 1. 0

Aspect ra t ide , A 60

Sla jo r  rad ius , ii (nit) nO

Slirror  ratio , 51 1. 78

Ion tempera ture, keV 15

Ion d e - n s i t y , N .  X lO
_ 2 0 

1 . 2

Beta , )3 (%) 25

Slagnetic f ie ld  on axis , BT (T) 2 . 5-4. 5

-I Numitber of coils, N 48

Power , 
~ th (M W) 4000

Power density , PtI /V
P 

(MW/rn 3) 3. 37

Neutron wall loading, L~~ 
(51W/rn

2 ) 1. 13

Cold zone, 6 (m) 0. 2

Blanket and shield thickness, t sb (rn) 1. 75

Coil inner radius, r
~ 

(rn) 2. 95

Current density,  ,J~ (A/cm
2 ) 1500

Coil radial thickness t (m) 0. 71c
Coil half-length, L/2 (m) 1. 30

plasma physics model could be extrapolated to the reactor regime. Studies are being

— carried out to investigate the effects  of various assumptions regarding f i r s t -wa l l  life-

t ime and power loading on a total operating cost of an EBT-based fusion reactor. Our

tentative results indicat e that wall loading of approximately 2 . 5 SPA /rn
2 

neutron through-

put y ields the lowest total system operating cost.

We are now investigating other high-aspect-ratio moderate-n devices. A scheme

has been devised in which the heliotron concept can be embodied in a design that allows

individual reactor elements to be modular and self-contained. Detailed studies of mag-

net ic  field geometry and magnet design are in progress.

14. FISSION-FUSION STUDIES

Lawrence SI . Lidsky, Andrew G. Cook

These studies concern aspects of fissile fuel generation in systems driven by

fusion neutrons. Our previous work in this area has resulted in the development of a

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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i n ierarchtical structure suitable’ f e e t ’  descr ipt ion of a wide  v a r i d - t c  of r i t e  mrela t c- d  sv~ 1 - nc s

anti! s e e n i c e ’  ?~fj gure s  of n t i e r i t ”  sui table  fee n -  choosing ancotig alternativ e’’,. ‘Find- ] c i e t e ’ t i t i a l

c-a lue  e m f  h cv h ri ci or svmb ioti  c’ f i  ssi be- l i m e - i  genera tors  is c r i t i c a l ly  m i e p er c c ic ’r c t  upon t i r e -  fuel

and c ’r t er gy v a l n r c ’s assumed to exis t  at t l ce ’  t ince  of m n c t r emdu c ’ t i o n  w i t h  par t icu lar  c - n c i t ’ b a s is

givenc to t in e  cost and ava i l ab i  l i l t ’  of a lt e ’i ’nt at i y e  enr ic inn icent  schenctes ,  Vi i  hav e ’ d e v e l o p - m r

s e l f — c o n s i s t e n t  e conomic models  capable of d e ’ t e ’n - r ’ n t in ing  t i r e  a l lowable cost of fr ss ii ,  -

proch enc ing sys tems  as a funct ion of pure f u s m n c n t  and pure f i s s ion  core - m , ,’~t s , e l m - c  t r i m  . 1

and fuel  values , anti t ine a t ta inable Q elf t ine  fus ion  dev ice .  V i e  are engaged in thc-  e t c . .

opment of opt imized syr t ib iot i c  Fuel genera tors  and an a s s e s s n c n e t n t  of th c ’in ’ p lace- , if  any ,

in t i n e  pow or econo m i tt’ .

a. Effect  of Processing anti Fabricat ion Costs on Design Choices

for h ybr id  and Sc ’nt lciotic 1-’tcs ion Reac tor  Blankets

S I m , s t  des igns  of f is s i l e  bu- ee ’dcn g blankets for fusion reactors are based on t a s t i n g

f iss ion reactor tec htn cc ii igy insofar as the choices of fuel  composit ion , f u e l  configura t i ‘ mn
coolant , and operat ing ten t ipera tures  are concerned. Fusion-based sy s t e n c i s  t an , to w-

c - - e r - , to have significantly lower flux levels and f iss i le  inventory  at disci targe .  ( m a c e ] —

tual sys tems entail ing inigh reprocessing and fabr ica t ion  costs are at a s igni f ican t

d i s ad v a n t a g e ;  for examp le , it can be shown that , for any reasonable choice of f iss i le

fuel values and rept-ocessing costs , most ox in h e - f en e l , rod-based c o n f i g u r a t i o n s  are ri

economical.

We have analyzed U 233 and Pu~~
39 breeding sys tems  with solid metal fast fcs s ion i

zones fo,  ini t ial  neutron mult i p l icat ion.  The analys is  inc lud es  the fin -c ma tor c u n c c p n - —

nents of fuel cycle economics: ore costs , fabr icat ion charges, shi pp ing charges ,

reprocessing costs , and f issile  fuel revenues. Assuming th r at  both ! } i C  dominant costs

( fabr ica t ion  and reprocess ing)  are $110/kg of heavy metal for i-od-tvpc ’ sy s tems,  and

F taking similarly con se rva tive  values for tit e other portions of the cycle , we fund tirat the

total  fuel cycle cost of a solid metal, batch-loaded Pu 239 breeding sys t e ’nn i  is

C 1 = 271 ÷ N ( 1 0 . 8 8 — 3 . 5 V ) s/kg,

w h n e r d ’  N is the in-core  res idence  t ime in years , V is the value of the  f iss i le  product in

$/k g, and an 8O”~ capaci ty  factor has bm e ’en  assumed.

1” uel cycle costs for m o l t en  sal t -based blankets  are diorn inated by inventccry  costs and
t i m e  p rora te ) c’ st of the on- st r eantc  repn ’ m m c e s s i n g  sy s t em.  I- er a t~~

38 f i s s ion  p late ~ y 5—

te nt tv i th  a thor iun i—based  molten s a l t — b r e e d n n t g  n -ee ion  ‘ t i e r a t m n g  at only 0. 5~ F’~ atoms
c c i , breeding per in c iden it  n e ’u t r - i m n n , t ine  fuel cycle cost is

(: 2 = 50 . 2 + N (2 . 7 - 1. 19 V) $/ i ,~

assuncing the samt ce c a p a c i ty  f a m t t m ’ r  andi t ine ratio of total  to i n — c o r e  i n t v e - n t , m r y  t aken  as 3: 1.
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A m ’ a c k ’ n n i c  amt e, i R e - s e a r c h  Staff

I > rof. Rr eb e ’ rt 5. hi - n i r e e s b y  I ~~~ C a rd ina l  Vi u c ’ m h ’
- l’ n’e , f . ,im -fft ’ e ’c II . S i m c n p m r e c  Pm’. h orac e 1C , I ]  5 n r c - t i

-: 
( im - c - n , i i r r e t e ’  S tud ern ts

- c 51. 5 m i u s i  of Brnrn t tawi  \ a i t r — i n c  m m  S lvumcg 51 c m n ’ t ’ e - : c  in . Ross
S h a r c e  1 1 - (‘c m d c ’ i ’ c ’ ! i  W c m i m  I l y n n Pa i l - c ,St e v e m n  \ ‘ . Sp er ry
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Horace P. I i .  ‘n u c ’ rn , Robert  S. Kennedh v , J e f f r e - - I I . Shap iro
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(XVII. OPTICAL PROPAGATION AND COMMUNICATION)

situations wherein it offers a significant performance advantage?
Our maior  effort during t h e  past year was concentrated on determining the advan-

tage~ of pro ducing fields associated with two-photon coherent states and the advantages
of optimal quantum receivers for coded communication systems.

The photodetection statistics for two-photon coherent states were determined for
single-mode fields. It was also shown that ordinary ho mod yne de tection is a realiza-
tion of the optimum quantum measurement for these states.

The pract ical possibili ties of realizing two-photon coherent states , in the form of
ultrashort pulses , were further developed during the past year. We fo und that dissi pa-
tion does not significant ly al ter the pulse formation , and that , to a first  approximation ,
two-photon cascade systems, such as stimulated spin-flip Raman scattering, lead (both
clas sically and quantum mechanically) to the desired two-photon behavior. This greatly
increases the possibility of realizing stimulated two-photon emission experimentall y.
Detailed analysis of such cascade systems will be carried out during the coming year.

We have developed the general theory of quantum field propagation between a trans-
mitter and a receiver. This work , in combination with previous work on channel
modeling, yields a general framework for the representation of quantum channels. The
result s were applied to free-space propagation to obtain the two-pho ton results that we
have described. We are also determining the extent to which an optimum quantum
decoder can improve the performance of coded optical communication systems. A boun d
to the performance of such systems has been developed and will be compared with the
perfo rmance attainable with existing systems.

2 . IMPROVED LOW-VISIBILITY COMMUNICATION

National Science Foundation (Grant ENG74 -OO 1 31 -A02)
U. S. Air Force— Electronic Systems Division (Contract F 19628-76 -C-0054)

Robert S. Kenned y, Jef frey H. Shapiro , Cardinal Warde

This invest igat ion , which is carried out jointl y wi th the M. I. T. Center for Materi-
als Science and Engineering, is concerned with the performance of terrestrial line-of-
sig ht communication systems under conditions of low visibility. 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 improve-
ment resides in the energy and information contained in the scattered component of the
received field.

The collection of data to establish the frequency, variabili ty, and the regularity of
the key channel parameters has been our major concern during the past year. Measure-
ments taken on a 1 3-km line-of-sight path at 0. 69 ~im and 2 ~im wavelengths have shown
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( XVII. OPTICAL PROPAGATION AND COMMUNICATION)

li ttle dispersion of the field , ei ther in t ime or angle for optical thicknesses as large as

ten. i \ leasurements at larger optical thicknesses have been limited by system sensitiv-
i ty. Effo rt s to correlate the experimental data with various propagation models are
now in progress.

3. OPTICAL PROPAGATION AND COMMUNICATION THROUGH
ATMOSPH ERIC TU RBULENCE

Na tional Science Foundation (Grant ENG74-0 3996-Aol )

J ef f r e y l J .  Shapiro

Random spatiotemporal fluctuations in refractive index that result from turbulent
mixin g in the Earth’ s atmosphere have a profoun d effect on optical wave propagation.
In par t icular , turbulence-induced optical phase per turbations restrict the resolution
attainable in long-exposure telescopic photograph y to a few seconds of arc. The same

phase perturbations gradually destroy the spatial coherence of a laser beam as it prop-

agates throug h the atmosphere, and thus they limit the effectiveness of collimated or
focused laser transmitters in communication and radar systems. Furthermore , atmo-
spheric optical receivers are subject to severe temporal fading caused by turbulence-
induced optical amplitude fluctuations. We have been working to quantif y the perf ormance

limitations imposed by atmosphe ric turbulence on specific imaging and communication

syst ems, and to develop system configurations that are immune to atmospheric fluctua-

tions.
During the past year , several advances have been made toward realizing the pre-

ceding objectives. In research for a Master’ s thesis, Raymond J. Staron 1 studied and

simulated phase-e stirnation procedures for mode- compression communication receiv-
ers. This work provides a useful quantitative sensitivit y analysis fo r direct-detection
linear least-squares phase estimation, and includes computer simulation results that
offer some valuable insights into the nonlinear phase estimation performance. In other
Master ’s thesis r esea r ch, Mah moud Tebyani 2 analyzed various diversity-combining
techniques. His result s have led us to an analytical framework for parametric per-
fo rmance comparisons between diffraction-limited, photon-bucket , channel matched-
f i l ter , and phase-compensated reception. 3 Finally, we have prepared a review article
that unifies recent results on propagation, imaging, and communication through atmo-
sph eric turbulence; 4 som e nove l resu lt s are presented in th is ar ti cle .

In the coming year , we plan to develop Markov process ( state-variable) models for
atmospheric st at ist ics , and use these models to study the ult imate li mit s on phase-
tracking performance in imaging and communication systems.
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4. U LTRAVIOLET COMIVIIJNICAT ION

Joint Services Electronics Program (Contract DAABO7-76-C-l4 00)

Robert S. Kennedy, I-b race P. H. Yuen

This investigation is concerned with determining whether broadcast (omnidirectional)
optical systems can operate in low-visibility scattering atmospheres. The potential
exists because in an omnidirectional system the power level at the receiving aperture
is much less reduced by the presence of scattering than in a line-of-sight collimated
system. To utilize this power the field of view of the receiver must be increased with
an attendant increase in collected noise power. By operating in the 0. 2-0 . 3 .tm wave-
length region , where detector and background noise is negligible , the noise limitation
is greatly relaxed and the major limitations become multipath spread and boundary

losses.
During the past year , the magnitude of the multi path spread and the width of the

received angular spectrum for omnidirectional scatter have been estimated theoreticall y.
The angular spectrum broadens quickly to fill the hemisphe re as the optical thickness
increases to approximately one. The multipath spread is of the order of 3)3 r 2

/c seconds
when there is no absorption. Here ~ is the scattering coefficient , r is the path length ,
and c is the velocity of light. A small amount of absorption changes this  to approxi-
mately 0. 5 ~fi 7~ [(a/)3 ) — l j ~~ ”~/c, where a is the extinction coefficient (absorption plus
scatter).

Our theoretical result s will be extended to include other scattering functions. A
propagation experiment to confirm the results is also planned.
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XVIII . DIGITA L SIGNAL PROCESSING

Acade mic Research Staff

Prof. Alan V. Oppenheim
Prof. James H. McClellan

Graduate St u dents

Bir Bhanu Gary E. Kopec Thomas F. Quatieri, Jr.
Patrick W. Bosshart Jae S. Lim Antonio Ruiz
David S. K. Chan Michael R . Portnoff Elliot Singer
David B. Har r is José M. Tribolet

1. TWO-DIMENSIONAL DIGITA L FILTER STRUCTURES

Joint Services Electronics Program (Contract DAABO7- 76 -C- 14 00)
Natio nal Science Foundation (Grant ENG7 1-023 19-A02 )

David S. K. Chan , James H. McClellan

The objecti ve of this research is to develop insight into two-dimensional  digital f i l ter
st ructures by synthesizing new structures and comparing them with existing s tructures.

F Such an undertaking is important for efficient  imp le mentat ion of 2 -D fi l ters  and in the
design of special s tructures that might permit real- t ime processing or distributed pro-
cessing.

Cont rary to the effect in the one-dimensional case, the signal flow graph has been
found inadequate for representing 2-D filter structures. It fails to characterize how
data are sequenced through a structure.  Information of this kind is important because
the order in which computations are performed can seriouly affect  factors in a s tructure
such as storage requirements and precedence relations. F

We ha ve been develop ing a more general f ramework for character iz ing fi l te r struc-
tures, and our work has resulted in a new representat ion based on a state-space
app roach. 1 Thi s representation incorporates in the descri ption of a str ucture the order
in which data are computed, and, in a natural  manner ,  also describes precedence
relations between operations, an int r ins ic  part of any f i l ter  imp leme ntation.  Such pre-
cedence relations characterize the inherent  l imitations of a s tructure with regard to
parallel processing , and hence are important in considering such issues as pi pe linin g
and space/time tradeoffs.

This new representa t ion  also casts light on the I -D f i l t e r  imp lementa t ion  proble m ,
and we are now investigating ways in which it may be app lied to anal ysis and synthesis
of l - D  and 2 -D digital fi l ter structures.
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Ref ere nces

1. D. S. K. Chan, “A Novel Framework for the Description of Realization Structures
fo r 1-D and 2 -D Digital Filters , ” EASCON 76 Record , IEEE Electronics and Aero-
space Systems Conventio n , Washington, D. C . ,  September 26-29 ,  1976 , pp. 157A-
157 H.

2. J . H. McClellan and D. S. K. Chan , “A Ne w Structure for 2-D FIR Filters Designed
by Tr ansfor mations , ” Tenth Annual Asilomar Conference on Circuits , Syste ms , and
Computers, Pacific Gr ove , Califor nia , November 22-2 4 , 1976 .

2. RECONSTRUCTION OF VELOCITY STRUCTURES FROM
TELESEISMIC FIRST ARRIVAL TIMES

U .S. Navy — Office of Naval Research (Contract N000 14-7 5-C-095 1 -NR 04 9-308)

Natio nal Science Foundation (Grant ENG7 1-02 3 19-A 02 )

David B. Harris , James H. McClellan

Man y geophysical investigations require a knowledge of the spatial variation of the
velocity of wave propagation in the earth ’ s crust and upper mantle. Some aspects of

ear thquake prediction and determination of tectonic features fall into this category.
Info rmation about velocity structure on this scale is only available from measurements
made at the earth’ s surface , for example , f r om measur ements  of the fi r st arrival

times of teleseismic P-waves recorded at an array of seismometers.
The purpose of this project is to determine the feasibility of app lyin g the theory of

recon stru ction of fun ctio ns f rom their projec t ions t o the proble m of reconstru ction of

vel ocity structures from recorded first arrival times. The basis of this idea is that
the arrival time of a P-wave at a seismometer is given by a line integral of the reci p-

rocal velocity function along a path terminating at the seismometer. Thus , the fi r st

arrival times recor ded at an array of seismomet ers consti tut e approxim atel y a pro-
jecti en of the inver se velocity fun ct ion onto the surface . Mu lti ple projectio ns from P-
waves at different angles of incidence can be used to reconstruct the Fourier transform
of the reciprocal velocity function. This may be inverse transformed to compute the
velocity structure.

An implicit assumption of this technique is that the incoming wave s have plane-wave
structure. The effects of deviations from plane-wave structure on the quality of recon-
st ructions are being investigated by using theoretically computed first  arrival t imes.
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3 . APPLICATION OF HOMOMORPHIC FILTERING TO SEISMIC
DATA PROCESSING

U. S. Navy — Office of Naval Research (Cont rac t  N 00 0 l4 -75-C-09 51  -NR 049-308 )
Nat ional  Science Foundat ion (Gran t  ENG7 1-023 19-A 02 )

José M . Trj bolet , Alan V . Oppenhei m

Homomorphic f i l te r ing  is a nonl i near signal-processing techni que that  has been
applied to various deconvol ution problems. The aim of this research is to stud y its

app lication to the “ seismic deconvolutio n problem. ” Seismic data can often be modeled
on a shor t - t i me basis as a convolution of a band pass wavelet p (n )  with a sequence of
impulses r ( n ) .  Let t in g w (n )  represent  a sho r t -t im e  window , we may represent  a seismic
trace segment x (n )  as

x(n l  = w (n )~p (n) * r(n ) j .

The seismic deconvolution proble m is to recover the sequence of impulses r [n J  from
which the potential  de terminat ion  of the depths of the subsurface ref lectors  is possible.

Short-ti me seismic data models exhibit characteristics that have to be accounted
for ca r eful l y in terms of their effects  on homo morp hic sign al an alysis. For examp le,
their band l imited nat ure has led to the genera l iza t ion  of homomorphic systems for th is
class of in put si gnal s. F

The short- t ime model has led to an unders tanding  of windowing effects  in the cep-
stral domain , which, whe n convenientl y exp lored , enable effect ive homomorp hic wavelet
estimation by means of low-ti me cepstral  gating. The corresponding es t imates  may
then be used to design optimum lag Wiener  spiking f i l te rs  that ult i m atel y resolve the
reflector series r [n] . This technique has been tested with good results  on synthetic
seismic data.

4 . EN HANCEMENT OF DEGRADED SPEECH

U. S. Navy — Office of Naval Research (Contract  N000 14-75-C- 09 5 l -NR 049-308 )

Jae S. Lim , Ala n V . Oppe nheim

The objective of this  pro~ect is to de velop speech enhancemeit  t ’~ch n iqu es to increase

the in te l l i gibilit y and quality of degraded speech when the degradation is caused by add)-
tion of random noise. This research began last year and, as a start ing point in our
research,  we considered two exis t in g speech-enhancement  techniques  comb fi l tering
and the INTEL (Intel l igibi l i ty  Enhance ment by Lifte ring) system.

The co mb-f i l ter ing technique capitalizes on the periodic structure of speech wave-
for ms and a t tempts  to e l iminate  the f requency bands where speech contributes l i t t l e
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(XVIII. DIGITAL SIGNAL PROCESSING)

energy. By using this elimina t ion process , we hope that more noise tha n speech wi l l

be rejected. In our laboratory, some modification has been made on the adaptive comb-
f i l t e r in g method 1 and the modified system was imp leme nted on the PDP 11/50 computer.
To determine the effect  on the intelligibility score with the use of this system , n on sense

sentences were processed and an intelligibili ty test is now in progress.
The INTEL system is based on the concept that speech and noise contribute differ-

ently to the autocorrelation function . In our laboratory, the original INTEL system 2

was reduced to a simpler fo rm, which resulted in two important advantages: a 4O~
reductio n in computation time , and t he concept u al simplicity of a less comp lex syste m.
The system wa s implemented on the PDP 11/50 computer.  As before , to deter m i n e the

effec t of the system on the intelligibility score , we processed nonsense sentences and
are testin g their intelligibility.

References

1. R. H. Frazier, ‘An Adaptive Filtering Approach toward Speech Enha ncement , ” S. M .
and E.E . Thesis, Depa rtment  of Electrical Engineering and Computer Science ,
M. I. T. , June 1975 .

2. M. R. Weiss et al. , “ Study and Development of the INTEL Techni que for Im pr ovin g
Speech In telligibility, ” Final Report No. NSC-Fi/4023 , Nicolet Scientific Corpora-
tion , Nor thvale , New Jersey, December 1974 .

5 . ENHANCEMENT OF LOWPASS FILTERED SPEECR 
- 

-

U .S. Navy — Office of Naval Research (Contract N000l4-75-C-0951-XR 049-308 1

Elliot Singer , Alan V . Oppenhei m

This projec t is concerned with enhancing the quality of lowpass fi l tered speech by
reinser ting the missing spectral information. When onl y the low-frequency portion of
the signal is present , it is possible that much of the missing high-f requency s t ructure
can he deter mined from an examination of the available spectral energy and thus the
original speech can be reconstructed. This is especiall y t rue  fo r voiced speech where
the steady-state f requencies and amp litudes of the for mants  are well established .

In a broad sense , an enhancement system for lowpass fi l tered speech would incor-
porate al gorithms for deducing the missing high-frequency s t ructure  and processing
schemes for synthesizing the enhanced speech signal. Thus far , in ou r research we

have concentrated on techniques that keep the h igh-f requenc y charac ter i s t ics  f ixed in
ti me , and he nce adaptive f i l te rs  are not required.

In order  to achieve the most na tu ra l - sounding  speech outpu t ,  it was necessary to
make use of the available signal as direct l y as possible. This pr inciple  has been app lied

to voice-e xcited vocoders with considerabl e  success. In this system, the speech
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(XVIII. DIGITA L SIGNAL PROCESSING )

synthesis is performed by extracting a subband of the original speech and processing it
to make it a suitable excitation to the synthesizer . Linea r prediction techniques may be
used to f l a t t en  spect ra l l y a lowpass speech signal whose spectrum has been broadened
thro ugh rectif ication.  Theoretically, this app roach should produce a signal whose spec-
tral harmonics are closely related to those of natural  speech.

This technique was applied to an all-voiced sentence that had been lowpass f i l tered
to 2 kHz. The result ing processed signal was super ior in quality to the unenhanced orig-
inal but suffered from a good deal of hoarseness. We believe that this hoarseness is
att ributable in part to the ef fec ts  of spectral broadening and the manner  in which the
linear prediction process operates on the speech signal.

6. SPEECH ANALYSIS-SYNTHESIS BASED ON HOMOMORPHIC FILTERING
AND CCD TECHNOLOG Y

U.S.  Navy — Office of Naval Research (Contract  N 0 00 l4 -7 5 -C-095 1-NR 049 -308 )

Thomas F. Quatieri , Jr. , Alan V . Oppenheim

A nonreal-t ime speech analysis-synthesis system based on homomorphic fi l teri ng
and the real cepstrum has been comp leted. We are develop in g a modification of this
simulation within the context of Charge Cou pled Device (CCD) technology . In order to
improve this syste m, we are incorporatin g the comp lex cep strum into the homomorphic
al gorithm and s tudying the effects of phase on the quality of the synthesized speech. One
important result is the sensitivity of the phase estimation to the t ime-domain  window
duration , shape , and onset. This work should lead to a fixed phase compensat ion , which
can he im ple mented by CCD tech nology.

The FF T algorithm will be rep laced by a skewed spectral  anal ysis , the slidin g chirp-
z -t r an s for m ,  which is also wel l -sui ted to CCD technolo gy. The sensit ivi ty of this new
spectral techni que to the r ionstationarit y of the input  speech waveform is being examined .

We are also investi gating novel methods of f i l ter ing the log spect rum in f requen cy
and the cepstrum in quefrency,  which should reduce the raucous qual i ty  of vocoder
speech .

7 . SPEED TR A NSFO RMAT IONS OF SPEEC H SIGNALS

U. S. Navy — Office of Naval Research (Contrac t  N 0 0 0 14 - 7 5 - C - 0 9 5 l - N R  049-308 1

Michael  R . Portnoff , Alan V . Oppenheim

We have designed and imp lemented on our PDP-l  I computer  a speech ana ly sis-
synthesis  syste m based on the discrete shor t - t ime Fourier t rans form.  This sy s t em
represents  a speech signal hr an appropriate  set of ti me-var ian t  parameters  and has
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the property that  when it is time-scaled and used in the synthesis  procedure it produces
speed-t ransformed speech. We are now investigating two possible synthesis  techniques
and beginning our investigation of feature-dependent speed t ransformat ions  by select ivel y
tra nsforming only the stationary portions of the speech signal.
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1 . STUD IES OF SPEE CH PRODUCT ION AND PERCEPTION

Na tional Institutes of Health (Grant s 5 ROl NS 04332 -l4 and 5 T32 NS07040-0 2 ,
and Fellowship 1 F22 NS007 9 6 - O l )

Sheila E. Blumstein , Marcia A. Bush , Bertrand Delgutte , Willia m L. Henke ,
Dennis H. Klatt , Coh n Painter , Joseph S. Perkell, John M . Sorensen,
Kenneth N. Stevens , Vic tor W. Zue

a. Perception of Stop Consonants

We are engaged in several studies relating to the perception of stop consonants. In
one of these studies we are reexamining the cues for place of articulation of consonant s
through experiments in which responses are obtained from stimuli whose acoustic char-
acteristics of bursts and transitions are systematically manipulated. The experiments
suggest that listeners process the abrupt acoustic event s at the release of stop conso-
nant s by utilizing cues that result from integration of onset characteristics of bursts
and formant transitions. These integrated cues appear to be more independent of con-
text than the acoustic properties of the individual components that contribute to the cues.
In other experiments we are investigating the rang e of conditions of burst amplitude

*Associate Professor , Department of Linguistics, Brown University.
tStaff Member, Bolt , Beranek, and Newman, Inc.
tAssistant Professor of Linguistics, Southeastern Massachusetts University.
**Professor of Special Education , Boston University.
ttAssociate Professor of Communicative Disorders , Emerson College.

**Assistant Professor , Department of Slavic Languages and Literatures, State Univer-
sity of New York at Albany.
Assistant Professor , Department of Psychology, Cornell University.
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and time location under which this  cue integration occurs. The relationship between

consonant cues in sy llable-initial and syl lable-f inal  position is also being examined

through experiments on the identification of these consonant s and on selective adapta-

tio n.
In a collaborative study with the Eaton-Peabody Laboratory of the Massachuset ts

Eye and Ear Infirmary, the possible physiological correlates (in the auditory nerve) of

abrupt stimulus onsets and offsets of the typ e that occur in stop consonant s are being
examined. Initially, we are using as stimuli sinusoids with abrupt onsets and offsets.

b. Study of Lexical Tones in Tone Languages

The aim of this  study is to gain a better understanding of larynx behavior and of the

features underly ing it. We are interested in examining the various aspects of fundamen-

tal frequency (F 0) contours, such as rate of movement, direction, and timing of fre-

quency changes , as t h ey  appear in various tone languages. rhrough a cross- language

comparison of the use 01 F0 contours for lexical tones , we hope to gain insight  into the

mechanism and the l imitat ions  on F production and perception. In a series of per-

ceptual experiments on Mandarin tones , sy llables were synthesized by using “ averaged”

F contours obtained from measured data. We found that these averaged contours pos-

sess some essential fea tures  for absolute ident i f icat ion.  We also found that the fre-

quency range spanned by these  contours can be reduced by an order of magnitude without

seriously impair ing  perfo rmance.  The results of these exper iments  suggest a perceptual

decoding mechanism based on simple property detectors. In ongoing perceptual experi-

ments simple F0 contours of various shapes are being used to determine those aspects

of the contours that are distinctive.  Acoustic measurements of F contours for other

tone languages are also being made and compared.

c. Acoustic-Phonetic Characterist ics of Eng lish

We have begun a project whose ultimate goal is to produce a handbook describing

the acoustic-phonetic characteristics of English. Speech data will be recorded f rom

three men and three women in order to formulat e a set of rules that describe the general

acoustic charac ter i s t ics  of spoken Eng F sh sentences. It is intended that t h i s  handbook

will ultimately contain semicomplete normative data on the acoustic charac ter i s t ics  of

a single dialect.  The analyses should prove useful in the development of programs for

speech synthesis  by rule and for automatic speech recognition. In coniunction with

background material  on the physiology of speech production and the perception of speech ,

the acoustic analyses can also be used in programs for teaching spoken Eng lish (e. g . ,

to teach second-language learners , the deaf , or the speech-handicapped) ,  and to define

object ive  cri teria for the at tainment  of acceptable speaking performance.
A n a ly s i s  techniques that wil l  be employed include use of the tradit ional  sound
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spectrograph and several newer computer methods of spectral analysis.  These newer

methods include the discrete Fourier t ransform, linear prediction spectral analysis ,

automatic formant frequency tracking, and use of a digital spectral anal yzer 1 that  sim-

uhates processing which occurs in the human auditory system (based on psychophysical

evidence).

d. Acoustic-Phonetic Studies in Languages Other than English

In an effort to develop fur ther  understanding of the acoustic mechanism of speech

production and of the phonetic categories that it is capable of producing, several pro .iects

have been init iated.  These include an acoustic stud y and interpretation of the various

click sounds of Xliosa , and an acoustic and physiological investigation of stop consonant s

produced wi th  various laryngeal configurations in several different  languages.

e. Speech Synthes is  by Rule

In a continuing effort to improve the qualit y of a speech synthesis-by-rule program,
2

a new programming language has been developed and the entire program has been

rewri t ten in this higher level language. 3 Rules can now be stated in highly readable

notation that is then automaticall y converted to Fortran code. The role of a phonological

component in synthesis by rule has been defined and implemented. 3 The phonological

component accepts as input a linear string of symbols produced by the (h ypothetical)

semantics component , synta ctic component, and lexical component of a grammar of

Eng lish. This abstract representation of an utterance is t ransformed by the phonolog-

ical component int o a narrow phonetic  t ranscription and a specification of stress levels ,

segmental durations, and aspects of the fundamental  frequency contour.

f. Segmental I)uration as Part of the Speech Code

A review art icle has been prepared on the linguistic uses of segmental duration in

English .4 The pa tt ern of dura t ions  of individual  phonetic segment s and pauses conveys

information about the l inguistic content of an utterance. Acoustic measures of segmen-

tal t iming have been used by many investigators to determine the variables that influence

the durational s tructure of a sentence. The l i tera ture  on segmental duration is reviewed

and related to perceptual data on the discr imination of duration and to psychophysical

data on the abi l i ty  of listeners to make linguistic decisions sold on the basis of dura-

tional cues. We conclude that , in English , duration often serves as a pr imary  percep-

tual cue in making dis t inct ions among ( i )  inherentl y long vowels and short vowels ,

( i i )  voiced and voiceless f r icatives , ( i i i )  ph r a s e - f i n a l  and non f ina l  sy l l a b l e s ,  ( iv i  voiced

and voiceless postvocalic consonant s, as indicated by changes in the duration of the

preceding vowel in phase-f inal  position , (v) s tressed and unstressed or reduced vowels ,

and (v i )  t he  presence or absence of emphasis.
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g . l ’ l I \  s io l o i tcal S t u d ie s

1- x ) o - r i  i i e u t  s are  being performed on sh or t— l a t e n c y feedback efj~ -et s  of u nu x p e e t ~
reductions iii iu t raoral  a ir  pressure during t h e  production of b i lab ia l  stops. ‘.~ ( - a r :

1~s L i i~ at p i e s s u i ’ i— r e l a t e d  changes iii  the t i m in g  of LMG s ignals  from musc les ol the

larviix , li ps , and mandible  under condit ions of normal lip sensation and labial  anes thes i a .
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2 . SYNTACTIC-TO-PHONETIC CODING IN SPEECH PRODUCTION

National Institutes of Health (Grant 1 RO 1 NS 13028-01 )

William E. Cooper , John M. Sorensen, Kenneth N. Stevens

a. Theory

A theory of syntactic-to-phonetic coding is being developed that  focuses on two relat-

ed issues: (i) What domains of syntactic coding influence aspects of phonetic coding,

including influences on speech rh ythm, intonation , and the blocking of phonological rules

normally operating across word boundaries? and (ii) What details of syntactic coding are

there in cases that are controversial on purely linguistic grounds? One speci f ic  objec-
tive in the theory concerns attaining a formal description of phrase and clause boundary
strengths that utilizes the two structural properties of branching complexity and node

height. This part of the theory is designed to account for differences in the magnitude

of phrase-final lengthening and clause-final lengthening, as well as for d i ffe re nces in

whether particular phrase and clause boundaries block the operation of phonologi cal

rules.
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b. S tud ies  of Speech Timing

Exp€ ~x ’ i n i ~-n t a 1  st u d i e s  have been conducted to test aspects of t h e  theory .  i l i r - s e  i n c lude
experiments on the blocking of phonological rules at syntactic boundaries, phrase-

final lengthening, clause-conditioned lengthening for a segment just prior to the beginning

of an embedded clause, and correlations of durations for nonadjacent word sd-pn lent s

that lie within the same clause or span a clause boundary. Experiments have also bed-n

conducted on temporal disambiguities of structurally ambiguous sentences. The resu l ts
of these studies have provided support for some of the major features of the theory and

have stimulated revision and further development. We plan to continue conducting

experimental studies on speech timing as a means of testing and developing the t h e o ry .

The results of recent work in this area will also be used in designing new experiments

on speech perception, to test the extent to which listeners detect syntactic influences

on speech rh ythm , and , more important, whether  l i steners actually utilize this infor-

niation in decod ing the syntactic representation of utterances.

c. Studies of Fundamental Frequency Contours

In addition to studies on speech timing, we are extending our work to fundamental

frequency ( F )  contours , since these contours also reflect the inf luence of syntact ic

cod ing. We plan to obta in F
0 measurements for many of the experimental  ut teran ces

alread y analyzed for syntactic influences on timing . Thus far , we have comp leted one
such study involving complement clause structures.’ Additional experiments are pla n-
ned to test hypotheses about clause-conditioned resetting of F0 declina tion and other
aspects of syntactic influences on F .

References

1. W. E. Cooper, “Syntactic Control of Timing in Speech Production: A Study of Com-
plement Clauses,” J. Phonet. 4 , 151-171 (1976).

3. STUDIES OF SPEECH PRODUCTION AND SPEECh DISCRIMINATION

BY CHILDREN AND BY THE HEARING-IMPAIRED

National Institutes of h ealth (Grant 5 T32 N 50 704 0— 02 and
Fellowship 1 F22 M H 582 5 8— 0 2)

Jared Bernstein , Marcia  A . Bush , Ursula G. Goldstein , h o ward 1.. Golub,

Lise Menn , Ka therine Lee Will iams

a. Speech and Sound Production by Infants and Children

A literature search has been conducted in an effort to establish the dimensions and

growth of chi ldren’ s vocal tracts.  The d ata from this search will be entered into a
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computer  data base for use with a voca l—t rac t  model. The model \~ i 11 be used in an

anal y s i s — b y — s y n t h e s i s  manner to es t imate  voca l—trac t  area func t ions  and ar t icu la tory

positions for various speech ges tures  liv children of various ages.

Measurements of \ ow el  formant s of one two-year-old child are being made from

spectrograms and by mean s of a linear predict ion program. These measurements wi l l

be related to the average vocal-tract anatomy of a two-year-old  child , through use

of the vocal-tract model. An experiment on the adult perception of these vowels is

planned. Segment and syllable durations for this  child are also being examined from
utterances taken at 18 , 21 , and 24 months.

In another project that is just beginning, we are a t tempt ing to app ly modern signal-
processing techniques to an analysis of infant cries, with a v iew toward developing

improved methods of classifying the attributes of cries and individual differences in
these attributes.

b. Speech Discriminat ion by Infants

Two studies of stop-consonant place discrimination by infant s 6- 12 weeks old have
been carried out by using a high-amplitude sucking procedure. In one exper iment , two
synthetic  consonant-vowel pairs were used. Both have f ive-formant  pat terns  with for-
mant t rans i t ions  appropriate for either an initial [d] or [g], followed by a steady- state
por tion appropriate for the vowel [a]. One pair also had a 5-ms noise burst prior to
the t ransi t ion onsets which modeled the acoustic characteristics of the natural speech
versions of [dj or [g] . An analysis of the result s, in terms of levels of significance for
discr iminat ion, indicates that there is a greater probability of infant discrimination of
a [d/g] contrast with an initial releas e burst than without it. The results suggest that

the strong integrated cue resulting from both burst and appropriate onsets of formant
t rans i t ions is required for infant  d iscr iminat ion, whereas adult l is teners are able to
extract information from the weaker cue provided only by transitions, possibly as a
consequence of experience with the stimuli.

Fio- purpose of the second s tu dy  was to investigate i nfants’ ab il i ty to di scr imina te
— o - o v e e n  two speech sounds that  contrast  in sy llable—in itial, syllable—med ial and syllable—

final position and for which the contrasting element in medial pos ition may or may not
hr st r r - 5sed. A comparison was made of infant discrimination of contrasts: [dal vs [ga’,
[ad] vs [ag], [ad~ J vs [ag~ ], and [~ daj vs [~ ga]. All stimuli were composed of 5 for-

niant patterns charact eristic of unreleased stop consonants and steady-state vowel

0 i t s m s , wi th  stress conveyed liv a sudden rise and fall in F. Preliminary analysis of
t h e  ri -suits indicates that infants can discriminate syllable— initial but not syllable—final

— ~trci~ ts. Discrimination of intervocalic contrasts depends on stress placement. The

- - -:act m t  ure of this dependency is now being investigated.

Future studies are p lanned to stud y infant d i s c r i m i n a t i o n  of segmenta l  contrasts
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in duration and fundamental  f requency for various phonetic context s and language
environment s of in fan ts .

c. Speech Production and Perception by the Deaf

The goal of this  research is to understand the nature and causes of phonet ic differ-

ences between speech of the deaf and speech of those with hearing. Detailed descrip-
tions of the speech of deaf children are being prepared , based on reported work and
on new measurements.  These descriptions include analysis of articulatory, phonatory,
and rhythmic problems of deaf children. By synthesizing deaflike speech with selected
combinations of these problems at various levels of severity, we hope to develop an
analytic predictor of intelligibility based on measurable aspects of a speech sample. We
are also trying to develop signal-processing techniques for classifying the phonatory
beha vior of chi ldren and to use these techniques to describe the dis t r ibut ion of phonation
qualities in a large population of deaf children.

4 . ACOUSTIC STUDIES OF SPEECh SOUNDS: INVARIANT
ATTRIBUTES , CONTEXT EFFECTS, AND SPEAKE R
DIFFERENCES

U. S. Army — Maryland Procurement Office (Contract  i \1DA904-76-C-033l)

William L. Henke , Dennis II. Klatt , Kenneth N. Stevens , t’icto i  W .  Zue

a. Acoustic Study of Stop Consonants

The primary aim in the acoustic studies of stop consonants is to in\ estigate the

acoustic characteristics of these consonants under a controlled phonetic env ironment.
By controlling the environment and limiting the influence of time higher level sources of

knowled ge , we hope to isolate those acoustic attributes that are presumably invariant
from those that are context- and speaker-dependent. The corpus of data used in this
st u dy  is some 1700 nonsense [h~~’CVC ] utterances spoken liv three males. fifteen
vowels and 27 singletons and clusters containing the English stops /p, t , k , b, d , g/ are
included in the data base. Signal processing and statistical analysis  programs arc used
to faci l i ta te  data analysis. Various aspects of the temporal and spectral character is t ics
of the stops have been quant if ied.  The results suggest in general the presence of or- -c
context—independent  a tt r ibutes  for the stop consonant s than has been believed. This stud y
is being extended to include other speech sounds and more complicated l ingu is t i c  envi-
roriments.  Data are also being collected from more speakers to inves t iga te  inter-
speaker  differences.
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b. Statistics of Fundamental-Frequency (F’ ) Contours

in Sentences

We have extracted F contours from several minutes of read and spontaneous speech

produced by different speakers. The material has been divided into speech burs ts  or

“breath groups,” separated by pauses, and the statistics of the contours within breath

groups are being examined. These include the dis tr ibut ion of maximum and min imum

l’
~ 

values at different points in time within each breath group. The data show the con-

t r ibu t ions  to the overall distribution of F0 for a given speaker that are due to the base-

line fall of F within a breath group and also the fluctuations within an ut terance that

indicate stress and demarcate phrases.

c. Study of the Phonological Processes in English

The purpose of this study is to describe the phonolog ical processes of English within

a unified framework. Although most of the phonological processes have been known for

some time, their treatment has been fragmental and has been based primarily on the

introspection of the researcher working on his own speech , or judging the speech of an

informant. Inherent in this approach is the danger of faulty judgment. As a consequence ,

description of these processes may be inaccurate and lead to incorrect formulation of

rules. In our study we hope to avoid controversy over the phonetic corpus by docu-

ment ing each process with acoustic and articulatory measurements, when these do not

already exist. By making measurements of processes that have not been studied , we

hope to improve on fragmental data , and develop a comprehensive and unified corpus of

processes that will serve as the data base not only for this study but also for anyone
interested in investigating phonological processes of natural language. Ongoing
research includes classification, annotation, and cross-referencing of phonological

processes. Acoustic data are also being collected from quite a few speakers. Mea-

surements will be made on spectrograms to provide us with quantitative data on the

nature of such phonological processes as nasalization, palatahization, and dental
flapping.

References
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National Inst i tute  of Mental Health (Gran t  5 P01 MH 13390-l 0 )

Morris Halle

The ult imate objective of our research is to gain a better unders tand ing  of man ’ s

menta l  capacities by studying the ways in which these capacities manifes t  themselves

in language. Language is a part icular ly promising avenue because , on the one hand , it

is an intellectual  achievement that is accessible to all normal humans  and , on the other

han d, we ha ve more detailed knowledge about language than about any other human activ-

ity involving man ’s mental capacities.
Scientific descriptions of lan guages have fo r a very lon g time followed a s tandard

for mat. A n umber of top ics are al most invariably discussed; fo r examp le , pronuncia-

tion , the inf lec t ion of words , word fo rmat ion , the expression of syntactic re la t ions ,

word order , and so for th .  Moreover , the manner in which these have been t reated has

also bee n quite standard. While t raditional grammars have many shortcomings , their

great practical uti l i ty is beyond question ; generations of s tudents  have acquired adequate
L command  of innumerable  languages with the hel p of grammars of the standard type. A

plausible inference that might be drawn from this fact is that languages are somehow

not very different f rom one another and the traditional s tandard format  has succeeded
in captu ring essential aspects of what all languages share in common. Accordingly,
mu ch of the research of our gr ou p has bee n devoted to studying the common framework

that  underl ies  d i f fe ren t  languages, the general  pr incip les that are exemp lified in the
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grammar of d i f fe ren t  languages. Results s trongly indicate that this assumption is

indeed correct  as far  as the linguistic evidence is concerned.

The preceding discussion leads quite natura l ly  to the question . “Wha t  evidence f rom

outside of l ingu ist ics might  one adduce in favor of the hypothesis that  all languages are

constructed in accordance with a single p lan , a single f r a m e w o r k ? ”  It seems to us tha t

the most striking evidence in favor of the hypothesis is , on the one ha n d , the rap idity
with which children m aster their mother tongue , and , on the other hand , the fact  that

even a young child’ s command of his mother tongue encompasses not onl y phrases and

ut te rances  he has heard but also an unl imited number of phrases and u t te rances  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 s t ructura l  p r in-

ci ples that govern his language on the basis of very limited exposure to the actual sen-

tences and ut terances.  In other words, we must  assume tha t  with regar d to ma t t e r s

of language a child is uniquel y capable of j u m p ing to the correct conclusions in the over-

whelming majority of instances,  and it is the task of the s tudent  of language to exp lain
how this might  be possible.

A possible explanation might run as follows. Assume that  the human organism is

cons t ruc ted  so that man is capable of discovering onl y selected fac t s  about language and ,

moreover , that he is constrained to represent  his discoveries in a very specific fash ion

from which certain fa i r ly  far - reaching inferences  about the o r g a n i z a t i o n  of other par t s

of the language would follow automatical ly.  If this  assumption is accepted , the next  task

is to advance specific proposals concerning the devices that might  be actual ly at p lay .

The obvious candidate is the theoretical  f ramework of linguistics, for while it is

logically conceivable that the s tructure of language might be quite dis t inct  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 s tructures that appear to underl ie  all languages ref lec t
quite directly fea tures  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 rightl y regarded as an effort at mapping the myster ies  of the human  mind .
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1. NATURAL LANGUAGE PROCESSING

National  Science Foundat ion (Gran t  S E D 7 4 -l 2 6 5 3 - A 0 l )

Jonathan Allen —

Our overall objective is to develop a comprehensive model for convert ing English

text  to speech. This requires  development of a modular research sy s tem,  and construe-

tion of special hardware .

The backbone of the project is the modular  research sys tem.  We intend to cons t ruc t

a f lex ib le  configuration of algorithms , coded in a higher level language (BCPL) , which

uses wel l -def ined  file in te r faces  for module in terconnect ion .  These modules include a

morphological anal yzer ,  par ts -of-speech determiner , parser , l e t t e r - to - sound  converter ,

lexical stress anal yzer,  prosodic correlate determiner  (p itch and t iming ) , and phonemic

synthes izer .  Each is coded as an independent  module with wel l -def ined  input  and output

da ta  s t ruc ture  f i les.  This enables independent  development of the  individual modules .

and permits  us to per form exper iments  us ing  many d i f fe ren t  configurat ions of the  to ta l

sy s t e m .  In th is  research system , emphasis is p laced on f lex ib i l i ty  of design,  ease of

unde r s t and ing,  abi l i ty  to modif y quickly  and easily,  and re la t ive  m a c h in e  independence .

In the coming year we shall continue to ref ine  the system with emp hasis  on prosodic

a lgor i thms , parsing, and phonemic synthes is .  Although we do not i n t e n d  to o p t i m i z e

the system for min imum m e m o r y  space or execut ion  t ime , some a t t e n t i o n  will be

devoted to reduct ion  of the morp h lexicon.
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Once the modular  research sys tem is developed , we shall  s i ck  to imp l e m e n t  l o se

algorithms in special-purpose hardware, which is intended to provide app l i c a t i c I -

or iented per formance  that  is efficient in space and t ime.  Thus fa r .  a mic roprocessor -

based design has been cons t ruc ted  for computa t ion  of speech pa rame te r  values  f rom an
input phonemic segment specification, and an al l -digi tal  vocal-tract model has been

built  that  produces a speech waveform from an input  set of speech pa rame te r s .  These

are prototype designs tha t  must  be t e s t ed  and evaluated  e x t e ns i v e l y .  In addi t ion , we

are designing a new special proce ssor to perform the morphological analysis and

parsing tasks,  both of which are expressed in augmented  t r a n s i t i o n  n e t w o r k  f o r m a l i sm .
The eventual  goal is to perform all of the tasks involved in t e x t - t o - s p e e c h  conversion

u t i l i z i n g  specially cons t ruc ted  processors suited to the s t r u c t u r e s  involved . This should
lead to pract ica l  imp lementa t ions  of this  speech output  capab i l i ty ,  su i tab le  for a wide

range of app lications.

2 . PATTERN RECOGNITION OF CONVENTIONAL SYMBOL SYSTEM S

Joint Services Electronics  Program (Cont rac t  D A A BO 7 - 7 6 - C - l4 0 0 )

National Science Foundation (Grant  ENG74-24344)

Barry A. Blesser , Robert J. Shiliman , Theodore T. F luk l insk i, Makoto Ya sul ,a r~r

The objective of this research is to design a computer a lgor i thm capable of recog-
nizing handprinted or machine-pr inted characters at error rates comparable w i t h  hun an

performance. Our approach has been to investigate human cognition in an a t t e m p t  to

discover what fea tures  are crucial to letter identity and then to incorporate  these  fea-

tures in an OCR algorithm. Results of the ef for t  of the past six months  toward t h i s

goa l are as follows.

We have devised an algori thm for low error rate recognition of hand pr in t ed  U and
V. These characters, which are among the most di f f icul t  for both h u m a n s  and comput-

ers to recognize. were invest igated in detail  by using various psychophysical  t echn i ques.
The exper iments  indicated that the slope of the legs and the curvature  of the base are

important  fea tures  in U-V d iscr imina t ion .  A computer  algori thm incorpora t ing  these
features  was designed and resu l ted  in a recognition rate of more t h a n  94Cn on a s t a n d a r d
data set of uncons t ra ined  hand printecl U and V.

Studies based on an ABX paradigm show that  le t ter  d iscr iminat ion  peaks at i n t e r -
letter labeling botmdaries.3 This lends additional support to the dist inct ive-feature

theory of letter recognition and provides another  t echn i que for inves t iga t ing  t h e  percep-
tual letter space.

A mathemat ica l  model for incorpora t ing contextual  in format ion  has been devised
and successful ly tested.  The model , based on the r ange - f r equ ency  theo ry  of Parducc i
and Perre t t , 4 should provide a basis for predic t ing  changes a t t r ibu tab le  to grap hical
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context  of the Ph y s i ca l -t o - l~u n c t i o n a l  Rules  ( I ’ FR s )  that  opera te  in l e t t e r  r ecogn i t ion .

References

1 . 13. A. Blesser, H. J. Shillman , T. ‘I’. Kuklinski , C. Ccx , M. Eden , and J. Ventura ,
“A Theoretical Approach for Character  Recogni t ion Based on Phenomenological
Attributes ,” m t .  J. Man—Machine Stud. 6, 701— 714 (1974).

2. C. V. Suen and R. J. Shillman , “ Low Error Rate Optical Character  Recognition of
Unconstra ined Hand pr in ted  Let ters  Based on a Model of h uman Perception” (to
appear in IEEE Trans.  on Sy st e m s ,  Man, and Cy b e r n e t i c s) .

3 . M. Yasuhara and T. Kuklinski , “An Investigation of D i sc r imina t ion  Enhancemen t  at
In t e r l e t t e r  Boundaries ” (in pre paration for publ icat ion) .
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3 . DIGITAL WIREPHOTO SYSTEM

Associated Press (Grant )

Donald E. Troxel

Since August 1970 , we have been developing a news picture (Wirephoto) dis t r ibut ion

system that  is ent i re l y new for the Associated Press.  It is to be introduced in stages,

in such a way that  at least the present  s tandard of qual i ty  and service will be main ta ined

everywhere , with improvements  spreading gradually to all locations.

The ult imate system as now envisioned will operate as follows . Pictures will be

stored under computer control. An editor can then view any picture on a TV display in

order to select , discard, edit , t ransmit , or store that image for later automatic  dis-

patch. Editing may include cropping, enlarging, reducing, tone-scale enhancement ,

sharpening, combining, and addition of captions. 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 me t ropo l i t an

newspapers that have substantial computer facilities will be via high-speed digital l inks

and will originate and terminate generally at computer-controlled digita l storage

devices. Transmission to subscribers will be analog or digital and at speeds and scan-

ning standards appropriate to the existing transmission facilities. Complete control

will be exercised by the New York network monitor. In the absence of manual  inter-

ventions, transmission to all points among the bureaus, from point to point , and to

regional networks, will be accomplished automatically.

We have implemented some of these procedures in the laboratory,  us ing a P DP - ll

computer (80k core , 38 megabit disk). The input may be a picture from the AP network,

from a local analog transmitter, magnetic tape or Dectape, and is stored on a disk.

Pictures may be t ransmit ted  from the disk to comparable receiving points.  Pictures
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stored on the disk may be viewed on a TV display utilizing a ful l - f rame semicon-

ductor storage sy stem. Edi t ing  faci l i t ies  already in operation include cropping,

enlarging or reducing,  combining several  p ic turc - s into one , addition of captions, and

sharpening.
The mult i t ask  software operating system permits  new picture-processing operations

to be integrated easi l y, and we plan to keep incorporating additional picture-processing

routines into the system.

We are particularly interested in picture-processing operations in which the pro-

cessing depends on the local content of the picture. That is , the detailed parameters

of a coding or enhancement scheme vary for d i f ferent  local areas. In this typ e of pro-

cessing it is of prime importance to avoid artifacts such as contours out l ining these

local areas. We are also accelerating our interest  in color picture processing,  both

fro m the viewpoint of coding for bandwidth compression and enhancement or manip-

ulation.

4 . RECOGNITION OF PARTIAL DENATURATION MAPS ( P D M )
OF BACTERIA L PHAGE

National Institutes of Health (Grant 1 ROl 0 M2 2 5 4 7 - O 1)

Ian T. Young, Donald S. Levinstone

In our effort to determine the PDM of long DNA molecules we have attempted

automatic determination of the location of the  PDM of short DNA molecules from a

virus such as P22 . Thus if the P22 or X phage were  inserted in the DNA of E.

coli in vitro , then by discerning the location of the inserted molecule we ought to be

able to determine the PDM of the P. coli DNA molecule in the neighborhood of the

insertion site.

A key requirement of an automatic procedure such as th i s  is to be able to ident i fy

the PDM histogram of the inserted molecule against the background PDM histogram of

the longer molecule. To determine whether the procedures that we have developed pre-

viously1 
have this sensitivity, we performed the following experiment.

A set of 60 curves of P22 phage waveforms was d iv ided  into a t ra ining group and a

test group, each with a set of 30 curves. A set of 55 curves of BP5, a deletion phage

of P22, was divided into a training set of 25 curves and a test set of 30 curves. It can

he seen from Figs. XXI-l and XXI-2 that the training patterns are quite similar to the

histograms of the complete sets of curves. The two test  groups were  combined into a

single shuffled test set of 60 molecules. Then each curve was compared with the

training set histograms of P22 and BP5 to obtain a correlation coefficient as a
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(a) 

(b)

Fig. XXI -l .  PDM histograms for P22 molecules. (a) Complete set
of 60 molecules. (b) Training set of 30 molecules.

(b)

Fig. XXI-2 . PD~ I his tograms for BPS molecules. (a) Comp lete set of
55 molecules. (b) Training set of 25 molecules.

measure of s imi lar i ty .  The ~
th curve (molecule) f rom the test  set was c l a s~~ fied

according to the following decision rule:

i E P22

~~i , P22 
~ E BPS ~ i , BP5

An ana ly s i s  of the resul t s  shows that 29 of the  t h i r t y  P22 curves  and 2n of the  t h i r t y

BPS cur ’;i - s  w i - r i -  cor rec t ly  a s s idn e d .  For the set of P22 curves , the quanti ty  ~ 
—

13p5) had averaiz e . 19 w it h  var iance  .09; for the set of BP5 curves , the average was

I
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— .12 , w i th var ia nce .11 . This is qui t e  s ignif icant  h -c a u se  bi ’ logical ly  the BPS cu r - i-s

would be expected to have some port ions of thei r  pa t te rns  in common w ith t h o s e  of P22,

since BPS is a delet ion phage of P22.

Ref e r e n ces

1 . I. T. Young, D. 1,evinstone, ~l. Eden, B-K Ty c- , and I). Botstein , “A l ig n m e n t  of
Part ial  Denaturation Maps of Circular ly Permuted 1)NA h~ ( i c ~put er , ” J. Mol.
Biol. ~~~~~, 52 8-532 ( 1974) .

5. ANALYSIS OF CIIR0ruIOSOME IMAGES: M U L T I P L E - C E l l .

KARYOTYPING

National Institutes of Health (Grant 2 P01 GM19428-04)

Goesta H. Granlund, Ian T. Young, Gregory W. Zack, Mur ray  Eden

In our studies of the automated karyotyping of human chromosomes we have formed

a new potentially powerful concept of statistical karyotyp ing, which is that a karyotype

can be developed from the chromosome complement of several cells. An obv ious

advantage is that we can take for analysis from each cell only chromosomes that  are

not touching , over lapping,  or o therwise  dis tor ted.  An even more important  a d v a nt ~~~e

is that information about the average behavior of descriptive parameters of each chro-

mosome class can be assembled.

The reason for analyzing the chromosome complement is that clinical judgment is

necessary rather than just an assembly of the karyotype picture of a particular cell.

If we have only the chromosome spread image of a particular cell, we ge t very little

information about the chromosome complement. If something unexpected is observed ,

we must obtain one or more images to confirm or reject a suspected irregularity.

The system that we have built is shown in Fig. XXI-3. It has been described else-

where~~
’5 and tested on Giemsa-banded metaphase cells. Because of its organization

___________________________ OUTER

_ __ _  

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

Fig. XXI-3. Automated karyotyping system.
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and func t ion , it  is d i f f i cu l t  to compare it with convent ional  systems or to spec ify its

accuracy  in well -known terms.  An important  factor in evaluating a conventional

ka i’ \s ’tvp ind i  sy s tem  is the recogni t ion  rate of the sy s t c - iu ;  that is , the percentage of

c o r r ec t ly  c lass i f ied chromosomes. With our system, by observing the data output from

the  c l u s t e r i n g  and c l a s s i f i c at i o n  block , we have achieved a r ecogn i t ion  rate  of 90~ o , plus

or minus  a f e w  percent  depending  upon the qua l i ty  of the prepara t ion  and the  care t a k e n

in the se lect ion of spreads.  This ma t t e r ,  however , is not pe r t inen t  for our s y s t e m .

Instead of error , we have an overlap of classes , as well as in homologues wi th in

classes. It can be shown that the error rate is d i rec tl y related to the overlap of the

distr ibut ions.  The situation illustrated in Fig. XXI-4 shows two classes of chromosomes

20 . . . . 
. ‘

Fig. X)U-4.

Example of feature  overlap of two
classes: chromosomes No. 20 and
No. 2 1.

.. 
. .

. 
. ~~~~~~~~~~~~ 

, 2 1

with an overlap in the distributions of two features. We cannot tell to which distribution

the points in the overlap region belong, but that i s not important for our purpose. What

is important is to find the means and variances of these two dis t r ibut ions , since they

reflect the average behavior of these features, and we can now obtain this  information.

These methods can be used to detect aberrations in the chromosome complement.

Since the discovery of the banding stains, great variability in banding patterns has been

observed, which is sometimes linked to clinical syndromes. Several hospitals now

make invest igations routinely in order to find chromosomal abnormalit ies that can be

linked to observed syndromes. Some of these abnormalities are visible in the
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karyotypes , while others can only be suspected. The methods that we have described
may be and have been used to resolve such problems.
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A . Signal Transmiss ion  in the Au d i to ry  Sys t  em

Academic  and Resea rch  S t a f f

Prof.  W i l l i a m  T. I’eake Dr. John J. Guinan,  J r .  David W . A l tm a n n
Prof .  Wil l iam M. Siebert Dr . Nelson Y. S. K iang  Alan  H. Cr i st
Prof .  Thomas F . Weiss Dr. Michael J. 7du l rov  E l i z a b e t h  M. Marc
Dr. Terrance H. Bourk David A. S tef fens

Graduate  S tuden t s

KeId  B a d e n - K r i s t e n s e n  l’5-Iargaret  L. G i f fo rd  Thomas J . Ly n c h  III
Ber t rand Delgut te  Thomas Holton Wi l l i am M . Rabinowitz
Wil l i am A. F r e z z a  Binseng  Wang

1 . BASIC AND CLINICAL STUDIES OF THE A U D I T O R Y  SYSTEM

Nat iona l  I n s t i t u t e s  of Heal th  ( G r a n t s  5 ROl N S1 1000-03  and I I’Ol N S 1 3 1 2 6 - O i l

\t,r i l l i am T. Peake , William M. Siebert , Thomas F . Wei ss ,  N i - i s o n  Y . S. Kiang

In r ecen t  years  we have found oppor tuni t ies  to app ly resu l t s  of our basic research

to c l in ical  problems.  Interac t ion  with cl inical  inves t iga tors  in such proj ects  is an

i m p o r t a n t  part  of a new program suppor ted  by the N a t i o n a l  I n s t i t u t e s  of Heal th  in wh ich

a conso r t ium of four  in s t i t u t ions  (Massachuse t t s  I n s t it u t e  of r echno logy ,  M assachuse~t s

Eve and Ear I nf ir ma r y ,  Harvard Medical School , and M a s s a c h u s e t t s  Genera l  Hosp i ta ll

is coopera t ing  on basic and c l in ica l  s tudies of the aud i to ry  sys tem.  Speci f ic  c l in ica l

problem areas are those involving pathologies of the ear and of the b ra in .  In coopera-

t ion with ot ologis ts  at Massachuset t s  E ye and Ear I n f i r m a ry  we are work ing  on the inter-

p re ta t ion  of aud i to ry  nerve action po ten t ia l s  recorded f rom p a t i e n t s  who appear to have

hea r ing  defec t s .  Methods for loca l i z ing  abno mal regions  in the brain are also be ing

developed , i nc lud ing  the use of e lec t r ic  responses  of the lower brain centers  and the

c h a r a c t e r i s t i c s  of the acoustic midd le -ea r  muscle  re f lex .  These c l i n i ca l  c o m p o n e nt s

- v i i i  comp lemen t  con t inu ing  basic s tud ies  on the processes of hea r ing .
• We have made progress  dur ing  the past year in the f o l l o w i n g  s tud ie s :

a. Middle  Ear

U s i n a  ph ys ica l  and p s y c h o p h y s i c a l  me thods ,  Wi l l i am \ l .  H ab i n ow i t z  has m e a s u r e d

changes  in t 9 e  i npu t  i m p e d a n c e  and t h e  ~r - 1r 1smi ss ion of th c- m i d d l e  ear t h a t  occur d u r i n g

the  acous t i c  ce f l ex .  The d e p e n d e n c e  of these  changes  on the f r e q ue n c y  and on the  level

of he i - l i c i l n c  s t i m u l u s  can be i nt e r p r e t e d  in t e r m s  of a change  in s t i f f n e s s  of e i en ~e n s

in ‘he m i d d l e  ear.  The growth  of the  r e f l e x  e f f ec t  w i th  i n c r e a s e s  itt e l i c i t i n g  s t i m u l u s

i - v i - l  i n d i c a t e s  t h a t  he neu ra l  sys tem involved  in the  r e f l ex  has f re o u e n c v - d e p e n d e nt
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\ \ i-  h av e  cn m p l i - t ~ -d me a su : - l - r , - -  i i t ~~ i t  i i , -  i n p u  in p i - i l a t e & -  of ‘ l i i - i t i i i i - i  i - a r -  in cat ~~. 2

a ndl have  d i - r n o r ~st r : i t i - d  t h a t  \ - : i i - i a t  o t i s  in c - i - r - h i - i -.~p i r i a l  f l u i d  pr - s — u r e  can f l i e r t he

i c o u — t  ic comp l i ance  of m i d d l e — e a r  l i g a n en s .

b. I n n e r  Ear

( i t  C e l l u l a r  M e c h a n i sm s  i f  T r a n s d u ct i o n  in the  A l l i g a t o r  I . i z a r d

Phe dc p o t e n t i a l s  in the cochlea , the i n t r a c e l l u l a r  r e s t i n g  p o t e n t i a l  and t h E  i - x ’r a -

c e l l u l a r  i n d o ly mp ha t i c  potent ia l  are thought to be important for the  generation of

I - e sp o u s e s  to sound in the  r e e l -N o r  ce l l s . W -  have descr ibed p r o p e r t i e s  of ‘ hese  p o t e n —
3

t t a t  s.

A pap er  desc r ib ing  i n t e r c e l l u l a r  j u n c t i o n a l  complexes  u s ing  t r an s m i s s i o n  e l e c t i o n

m i c r o s c o py  and f r e e z e - f r a c t u r e d  p r e p a r a t i o n s  has been accepted  for p u b l i c a t i o n . 4

W i t h i n  the past year we have concen t r a t ed  our e f f o r t s  on the use of n e w  ‘tc - h n i a u -s

for i n t r a c e l l u l a r  i - i - co rd ing .  The combined use of ni - i c  f a c i l i t i i - s  at  t he  .\ l a s sr t c h us~~~s
Fyi - and Ear In f i rn i a r v  and the use of a m e c h a n i c a l  mic rop ipet d r ive  has i -na b led  us to

record  s table  i n t r a c e l l u l a r  p o t e n t i a l s  for longer t ime  in te rva l s  than  has been possible

previously. By using beveled , d o u b l e - b a r r e l e d  micropipets we have been able to record

in t r ace l l u l a r  p o t e n t i a l s  f rom one bar re l  while  passing cur rent  th rough  the second b a r r e l .
Such techni ques wil l  be emp loyed in i nves t iga t ing  the m e c h a n i s m s  of m e c h a n o e l e c t r i c

t r a n s d u c t i o n  in hair cells and perhaps in measu r ing  the e l ec t r i ca l  c h a r a c t e r i s t i c s  of

suppor t ing  and hair cel ls .

(ii)  Cochlear  Potent ia l s  in L i za rds

Both cochlear microphonic (CM )  and neura l  response componen t s  can be recorded

by means  of a gross wire electrode placed near the round window. In response  to c l i cks
the  two components  are p a r t i a l l y separable in t ime .  In response to tones ,  the r e s u l t a n t

wave shape is a comp lex composite of such componen t s .  In order to isolate these com-

ponents ,  we used a potent  neuro tox in ,  t e t rodotoxin , to a t t e m p t  to e l i m i n a t e  the contpo-

nen t  a t t r ibutable  to action potent ia l s  in cochlear nerve f ibe r s . 5 Resul t s  showed that  the

appa ren t ly  comp lex dependence  of the N 1 component  of the response to c l icks  on the

s t i m u l u s  pa ramete rs  in an in tac t  ear probab ly  r e s u l t s  from the i n t e r a c t i o n  of a n e u r a l

componen t  with  a l ow- f r equency  CM component .

c. A u d i t o ry  Nerve

( i i  I . i za rd

Since it is feas ib le  to s tudy  i n t r a c el lu l a r  responses  in t h e  l i z a rd  basi lar  pap i l la .  i t  is

e s s e n t i a l  to d e t e r m i n e  whether  r e s u l t s  ob ta ined  in this  p repara t ion  have genera l  v a l i d i t y
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for sensor  t ransduct ion  in v e r t e b r a t e  audi tory  organs . Fhereiore we s tud ie d  r e sp o t i s i - s

of coch lear  n e rv e  f i b e r s  in th is  animal  and compared  our r e sul t s  wi th  those  ob t a ined  liv

using the same techni que s in the cat . Thus f a r ,  we l tave sy s t e maticall y s tud ied  the fre-

quency  t u n i n g  propert ies , the spontaneous  ac t iv i ty,
7 and the phenom enon of t w o - t o n e

rate suppression and we have observed responses to clicks and tone bursts. We f i n d

charac te r i s t ic  d i f fe rences  in the response  p rope r t ie s  of apical and basal f i b e r s  tha t  go

to morphologicall y d i f fe ren t  regions of the bas i lar  pap i l l a .  Phi- response properties

of ap ical f i be r s  resemble those of m a mm~il ian f ibe r s  more c l o s e ly  than do those  of basal

f ibers .

(i i)  Cat

The spon taneou-s  ac t iv i ty  of aud i to ry -ne rve  f ibers  in the absence of acoust ic  s t imul i

was s tudied by recording s imul taneous ly from pairs of f ibers.  The d ischarges  were

shown to be s t a t i st i ca l l y independent  even when the charac te r i st i c  f r equenc ie s  of h i

fibers were essentially iden tical. This result indicates that acoust ic  noise,  i n c l u d i n g

Brownian motion , is not the dominant  source of spontaneous  d i s char ges .~
Studies of acoustically traumatized and ‘ normal” cats suggest that cochlear abnor-

mali ties exis t  even in “normal ’ animals.9 To obtain baseline data f rom a n i m a l s  k r j n - t L

to be free from previous exposure to high-level environmental sound , k i t t e n~ are b eing

raised in a “sound-proofed” room. The study of cats subjected to acoustic rauma ha~—

demons t ra ted  several correlat ions between abnormal s ingle-f iber  r e s p o n sE - s  and the

condition of hair cells and neurons  in the cochlea observed with the light mic ro~ c r p  - 10

These f indings are of interest  not onl y because of the i r  imp l i ca t ions  for i n t e r p r et a t i o n

of the damage resul t ing from high-in tensity sounds hut also for the light they shed on

normal  cochlear  mechanisms . For ins tance , the fact that some abnormal fibers i-xh ihit

a supernormal sens i t iv i ty  to certain acoustic stimuli suggests an interaction of cxcii -

at o rv  processes in the normal  cochlea.

d . ( ochlear N u c l i - u s

(i )  Signal T rans fo rma t ions  of AVCN Neurons

A survey has been completed of the physiological properties of single units  in the

a nt e r n v e n t r a l  cochlea r  nucl eus  (~\V( N) of t h e  cat , based on spike responses recorded

e xt r a c e l lu l a r ly .  I .ocal izat ion of ex t r a c e l lu l ar lv  recorded spikes has made it possible

to compare  var ious  c at e g o r ie s  of sp ike responses wi th  descri ptions of cell morphology .

[he sp a t i a l  d i s t r i b u t i o n  of “ p r i n i a r v l ik e ” u n i t s  s t rongl y suggests  their correlation wi th

t he b u sh y  c e ) l ~~. p ar ’ i i - t i la i’ l y in t he  mo st  ros t r a l  subdivision of the AVCN where  1)0th

pr - Ou r m a  - [he c- i n p l e x  s p i k e -  wave fo rms  c o n s i s t e n t ly  found for “ pr imaryl ike ’ un i t s

are it l ’ (- r prE~~” ~ 
.
~ ~~~~ z i o i o g i c a l  co r re l a t e  of the  presence of very  large synap t i c
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endings  ( e n d - b u l b s  of Held) on the bush y cel l s .  In poster ior  AV C’N where  the e n d - b u l b s

art ’  s m a l l t - r , the  complex waveform is less p rominen t .  The two other m aj o r  categories

of un i t s  in the  AVCN , “ chopper ” and “ on ” , p resumabl y correspond to s te lla te  ce l l s .

Since at least  two subcategories  of “ chopper ” un i t s  were found to be d i f f e r e nt i a l l y  dis-

t r i b u t e d  w i t h i n  the .AV ( N and the “ on ” uni ts  showed a range of charac te r i s t i cs, we

expect  tha t  subsequent  anatomical  s tudies  wi l l  reveal  f u r t h e r  d i s t inc t ions  among the

stellate neurons.

(i i )  Synapt ic  Mechanisms

l’o unders tand  the cel lular  processes involved in the s ignal  t r a n s f o r m a t i o n s , we

have worked on methods  for recording responses i n t r a c el lu la r l y and are p repa r ing

resul t s  from an ini t ial  study for publication. l’he cu r ren t  e f fo r t  is c o n c e n t r a t e d  on

technical  improvement s  aimed at ex tend ing  the in t racel lular  record ing  t ime  and intro-

ducing sets of s t imula t ing  electrodes to allow antrodomic act ivat ion and s t imula t ion  of

e f f e r e n t  pa thways .

e. Superior Olivary Comp lex: Neural Pathways of the Middle-Ear  R e f l e x

Expe r imen t s  on unanes the t ized  decerebrate cats in which electric s t imul i  have been

used have indicated that  the pathways of the midd le -ea r  ref lex involve neurons  tha t  are

in the vicini ty of the ven t ra l  and medial  nuclei of the t r a p e z o i d  bod y but do not go

through the medial  superior-olivary nuclei  as had been suggested previously. These

el ectric stimulation experiments do not give precise locations for the neurons that are

involved. Therefore we have begu n i nj e c t i n g  the enzyme horseradish peroxidase (HRP 1

int o th e VIlth motor nuc l e i  ( through which the stapedius ref lex  is known to pass) .  The

HRP should be t r anspor t ed  along the nerve f ibers in re t rograde direction and should

make  the cell  bodies of the neurons  that  i nne rva te  the VIIth motor nuclei  h i sto log ica l l y

detectable.

Refe rences

1 . W. M. Rahinowitz, “Effects of the Acoustic Reflex on Middle-Ear Transmission
and Ea rd rum Admi t tance  in Man , ” J. Acoust .  Soc . A m -  , Vol .  59 ,  Suppl.  No . 1 .
pp. S29-S30,  Spr ing  1976.

2. T. J. Lynch  III , V . Nedzelnitsk y, and W. T. Peake, “Measurements of Acoustic
Inpu t impedance of the Cochlea in Cats,” J. Acoust. Soc. Am.. Vol . 50 , Supp l No . 1,
p. S30 , Spr ing 1976.

3 . T. I’ . W~ j ss , D. W . Altmann,  and M. J. Mulroy , “ E n d o l y m p ha t i c  and I n t r a c e l l u l a r
R e s t i n g  Po ten t ia l  in the Al l iga tor  L i z a r d  Cochlea ” (i n preparation).

4 . . 1. B. Nado l , M. J . Mulroy,  D. A. Goodenoug h, and f. F . W e iss , “ l i g h ’  and Gap
Junc’in ns in a Vertebrate Inner Ear , ” -\m . .1. \n at .  147 , 2 5 l -~~fl 2 ( l ~~~ -)-

5 . 13. 0. Szaro, “ E f f e c t s  of ‘r e t r o d o t o x in  on Gross t ochlear  I o t i - n l i a l s  in ‘ h i -  l i z a r d .
S.B. I’hesis , Department of Electrical Engineering and ( o mp u t e r  Science . ~l I. T ..
l’ t 7 6 .
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1. INTENSITY PERCEPTION A N D  LOUDNESS

National I n s t i t u t e s  of Health (Gran t  1 ROl N S l l l 5 3 - O l )

Loui.s D. Braida , Nathaniel I. Durlach, Ad rian J. M. Houtsma ,

Jac S. E .im , Wi l l i am III .  Rab inowi tz

This resea rch  is or iented toward the creat ion of a coherent , quan t i t a t ive , and uni-
f ied  theory  of i n t e n s i t y  perception and loudness , and involves the cons t ruc t ion  and inte-
grat ion of models  of decision making.  sensory processes, s h o r t - t e r m  memory ,  and
perceptual  con tex t  e f f ec ts , as well  as extensive  psychophys ica l  exper imenta t ion .  1-8 We
expect  the results  to provide greater insight  into basic phenomena of i n t e n s i t y  pe rcep t ion
and loudness,  and to be of value in the s tud y of equivalent  problems involving other stim-
ulus  d imens ions  and subjective a t t r ibutes  and other senses , in the stud y of memory
processes involving more comp lex s t imul i  or more comp lex tasks,  and in var ious
app l icat ions  such as the evaluation of annoyance In noise pollution and the i n t e r p r e t a t i o n
of abnormal  I n t e n s i t y  perception and loudness in subjects with hear ing  i m p a i r m e n t s .

During the past year , our funds  for this project have been ex t remely l i m i t e d  and
our e f f o r t s  have been confined p r imar i l y to preparat ion of a new grant  proposal , prepa-
ration of previous r e su l t s  for publ icat ion , 7 ’ 8 and fu r t he r  t e s t ing  of our theory  of loud-
ness matching . 7 ’ ~

The work on loudness ma tch ing  has been directed toward an e xp e r i men t a l  e v a l u a t i o n
of the theory ’ s pred ic t ion  t h a t  two s t i m u l i  S1 and S2 at i n t e n s i t i e s  I~ and 12 are m a t c h e d
in loudness if and onl y If I~ and 12 divide  the dynamic  ranges of S1 and S2 p r o p o r t i o n a t e ly
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in t e r m s  of number  of j u s t - n o t i c e a b l e  d i f f e r e n c e s  ( t n d s t  in i n t e n s i t y . The s t i m u l u s  pa i rs
cons idered  w e t i -  a tone signal vs the  s a l i l i -  t i n t ’  s ignal  i i i  a background of noise,  and a
tone s ignal  vs a noise s igna l .  [he r e s u l t s  of these  e x p e r i m e n t s , a l t hough  v e ry  prelim-
ina ry ,  tend  to suppor t  th e  t heo ry .

Refe renc es

1. N. I. Durlach and L. D. Bra ida ,  “ I n t e n s i t y  I’ercept ion .  I. P r e l i m i n a r y  Theory of
Intensit y Re solution, ” J. Acoust . Soc. Am. 46 . 372-383 ( 1 9 6 9 ) .

2 . L. D. Braida and N . I. Dur lach , “ I n t e n s i t y  Percept ion.  II. Resolution in One -
Interva l  Paradigm s, ” .1 . A c o u s t .  Soc. A m .  51 , 483-502 ( 1 9 7 2 ) .

3 . C. T. Pynn , I . .  D. Braj da , and N. I. Durlach , “ I n t e n s i t y  Percept ion.  III. Resolu-
tion in Sma l l -Range  Iden t i f i ca t ion , ” .1. Acoust . Soc. Am.  51 , 559-566 ( 1 9 7 2 ) .

4 . J. E. Ber l iner  and N. I. [ )ur l ach,  “ I n t e n s i t y  Perception.  IV . Reso lu t i on  in Roving-
Level Di sc r imina t ion , ” J. Acous t . Soc . Am 53 , 1270-1287  ( 1 9 7 3 ) .

5. H. P. Lippmann , L. D. Braida , and N. I. Durlach, “Intensity Perception. V. The
E f f e c t s  of Payof f s  on S e n s i t i v i ty  and Bias in A b s o l u t e  I den t i f i c a t i on , ” .1 . Acoust . Soc.
Am. 59, 129- 134 ( 1 9 7 5 ) .

6 . %V. M. Habinowitz, J . S. Lim,  I. . D. Bra ida . and N. I. Dur lach,  “ I n t e n s i t y  Percep-
tion. VI .  Summary  of Recent  E) ata on I )ev ia t ions  from Weber ’ s Law for 1000-Hz
Tone Pulses. , ” J. Acou-~t . Soc. Am.  ~9 , 1506-1509 ( 1 9 7 6 ) .

7 . J . S. I . im ,  W . M . R a hj ’io wj t z , 1,. D. Braida , and N. I. Dur lach ,  “ I n t e n s i t y  Percep-
tion. VII. Loudn ess Comparisons h e t w e i n Different Types of St imul i”  (to be sub-
m i t t e d  to .J . A c o u st  Soc. A m . ) .

8. J. F Be r l i ne r , N .  I. Dur lach,  and L. D. Braida,  “ I n t e n s i t y  Percep t ion .  VIII . Fur-
the r  Data on Roving-Leve l  Disc r imina tion  and the  Resolut ion and Bias Edge E f f e c t s ”
( to  be s u b m i t t e d  to J. Acoust . Soc. A m , ) .

9. RLE Progress  Report No. 117 , Research  Laboratory of Elec t ronics , I’d I. T. , Jan-
uary  1976 . pp. 107-108.

2 .  B INAURAl ,  HEARING

National Institutes of Health (Grant 2 HO! NS10916-02t

H. Steven Co lbu rn ,  Na than ie l  I. Dur lach , Ph i l ip  ~V. Herman , Jr., Allen W.

I”. Ii l ls , Wi l l i am i’d. Siebert , Ronald A . Siegel,  R icha rd  rd Stern , Jr.

The object ive of th is  research  cont inues  to be the deve lopment  of a u n i f i e d , q u a n t i -
t a t i v e  theory  of b inaura l  i n t e r a c t i o n  t h a t  is app l i c a b l e  to a wide v a r i e ty  of b i n a u r a l  phe-
nomena and is c o n s i s t e n t  with neu rophys iolog i ca l  data  on the  aud i to ry  sy s t e m .  During
the  past year , we have con t inued  to pursue the f o r m u l a t i o n  of our theory ,  f u r t h e r  devel-
oped our laboratory fac i l i t i e s ,  and conducted  several  e xp e r i m e n t a l  s t u d i e s .

Theore t i ca l  work has  con t inued  to focus  on the deve lopm ent  of our theory  of b i n a u r a l
in te rac t ion  based on aud i to ry-nerve  data. 1’ 2 This t heo ry  incorpora tes  exp l i c i t l y  t he
t r a n s f o r m a t i o n  f rom acoustic s t i m u l u s  to a u d i t o r y - n e r v e  f i r i n g  p a t t e r n s  and  pos tu l a t e s
tha t deci sion s are made on the bas is of an o p t i m u m  l i nea r  c o m b i n a t i o n  of ou tpu t s  f r o nt
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a b inaura l  d isp layer tha t  processes the  t ime  st r u c t u r e  of the  f i r i n g  p a t t e c n ~ on f i h e c ~
from the  two t a r s .  l’his model describes i ’ssen t i al ly  all of our da ta  on t h e  b i n a u r a l

detect ion of tones  in noise ,~ but is u n a b l e  to descr ibe  t h e  dependence  of the  u s t  -

not iceable  d i f f e r e n c e  (j n d )  in i n t e r au ra l  t i m e  delay  on the i r i t er a u r a l  phase  and a m p li-

tude d i f fe rence  of a tone . 3

We have modif ied  our theory by r e s t r i c t i n g  the i n f o r m a t i o n  t h a t  is a v a i l a b l e  for

mak ing  decisions wi th in  the model. 4 Whereas earlier vers ions  of the  model p o s t u l a t e

that the displayer outputs are combined optimally. the modified version po stulates that

the disp layer outputs  are processed nonopt imal l y to give a (lec is ion va r iab le  t h a t  i~
re la ted to sub jec t ive  l a te ra l  position and that  represents  the on ly  i n f o r m a t i o n  ava i lab le ,

aside from pitch and loudness information. This model has been eva lua ted  for 500-Hz

tonal stimuli and describes the lateral-position-matching data  of ~~~~~~~~~~~~ as well as

most in te raura l  d i sc r imina t ion  resul ts .  The onl y cases for  which the p r e d i c t i o n s  of

this model are inconsistent with discrimination ri-suIts are those for w h i c h  the  m e a n

lateral  position (I .  e. , the mean  of our decision var iable)  is the  same for both s t i m u l i

in the discr iminat ion task.  For examp le , p redic t ions  are i n c o n s i s t E nt wi th  interaural

t ime jnds  when the  grap h of mean la te ra l  posi t ion vs i n t e r a u r al  t ime  delay  has zer, ’

slope. In these cases , emp irical data are generally quite variable within and among

subjects .  but some subjects , with t ra in ing ,  can perform s i g n i f i c a n t ly  be t t e r  t h a n  pi e-

dicted.

When the predict ions of the modified model are compared  wi th  b inau ra l  de t ec t  ion

resul t s ,  onl y a subset of the data  can be de s c r i b e d .  6 In p a r t i c u l a r .  t h e  dependence  nt

thresholds  on the interaural parameters of t h e  m a s k i n g  noise canno t  be descr ibed ,

although the model  seem s adequ ate to describe d e t e c t i o n  s i t u a t i o n s  w i t h  i n t e r a u r a l ly

iden tical masking noise. To encompass all detection casi’s c i t h i t  the domain  of the

modif ied model ,  we have p o s t u l a t e d  a dec i s ion  var iable  in add i t ion  t o  the  one re la ted  to

la tera l  posi t ion (and in ad d i t ion  to the imp l ic i t  p i t c h  and i ’n e c g v -b a ~~’-d l oudness  van-

ab l e s t .  [‘he mod e l  tha t  a s su m i - s  op t imum use of th e s e  two va r i ab l e s  in b inaura l  si~ ua -

t ions  makes  usE ’  of cons ide rab l y less in fo rmat ion  ti tan the or ig ina l  model tha t  u s i - s  t h i -

o p t i m u m  l i n ac co ntb i n a t io n  of d isp layer ou tpu t s , and th is  modi f i ed  model is c on s i s  n t
with most  of the da t a  f rom l a t e r al i z a t i o n ,  d i s c r i m i n a t i o n ,  and de tec t ion  i - x p e c i m e n t s

wi th  500-Hz tones.6 F u r t h e r  i n fo rma t ion on t h i s  work is available in t h e  doctora l  t l t i - s i s
of H . 2t1 . S t e rn , Jr 7

We h a v e  also pursued  the ex l i ’n s i o n  of our b inaura l  i n t e r ac t ion  model to high f r ’ - q u i - n -

c ies  tor  which the au c l i t o r y - t i i ’r v i -  p a t t e r n s  are not s y n c h r o n i z e d  to t h e  d e t a i l e d  ‘i m e
st r u c t u r e  ot the s t i m ulu s . 8 Al l  of our work is c o n s i s t i - n t  wi th  the h yp o t h e s i s  t h a t  the
‘) t i l y  d i f f e r i ’n c e s  b e t . v i - i - n  h i g h —  and l o w — f r e q u e n c y  processing t ’eside in t h e  peri pheral
t r a n s t o r m a t i o n  f ron t  acoust ic  waveform to f i r i n g  p a t t e r n s  on the a u d i t o ry  ne rve  ( j O  c~~.

[‘he process ing  of t h e  i n f o r m a t i o n  in he p a t t e r n s  would t hus  be b - s c r i b ed  by a
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mechan i sm that  gives equ iva len t  t r e a t m e n t  to all f ib e r s  w h e t h e r  they are primaril y

sens i t ive  to h igh or low f r equenc ies .

\Vt ’ have expanded  our l ab o r a t o r y  f a c i l i t i e s  by d e v i - l o p iri g a c o m p u t e r - c o n t r o l l e d

acoustic m o n i t o r - a n d - a dj u s t  sy s t e m . 9 (Wi ’  had prev ious l y d e t e r m i n e d  the  need for  a

m on i t o r - a n d - a d j u s t  p rocedure  for c e r t a in  b inau ra l  e x p e r i m e nt s  and deve loped  a m a n u a l

monitor  sys tem. 10 ) The new s y s t e m  s y n t h e s i z e s  a p a i r  of w a v e f o r m s  with the  desired

in te rau ra l  r e l a t i o n s h i ps , mon i to rs  a c o u s t i c a l ly  the  s t i m u l i  p r e s e n t e d  at t h e  ear c a n a ls

of the subject  during each s t i m u l u s  p r e s e n t a t i o n  of an e x p e r i nt e nt , computes  the correc-

t ions  tha t  are requi red  to remove dev i a t i ons  f rom th e  desi red in t e r au r a l  r e l a t i o n s h i p s .

and makes the computed cor rec t ions  on the  n e x t  s t i m u l u s  p r e s e n t a t i o n  ( w h i c h  is also

moni to red , e t c . ) .  The sy s t e m  has been ev a l u a t e d  for  t o n e - b u r s t  s t i m u l i ,  in which  the

prob lems  of s y n t h e s i s  and e s t i m a t i o n  of i nt e r au r a l  p ha-a - and a m p l i t u d e  p a r a m e te r s  are

r e l a t i v e l ~’ s imple .  In order  to use the  s V s t e t i ,  for wid eband  s t i m u l i , a more comp lex

in te rau ra l  parameter  e st ima t ion  scheme such as thc f a s t  I- o u rler  t r a n s f o r m  would  have

to be used .

E x p e r i m e n t a l l y ,  we comp le ted  a p roj ec t  on the  d i s cn i n i n at i o n  of in t e r a u r a l  t i m e

delay for 500-Hz tonal  s t imul i . 1’ I n t e r a u r a l  t i m e  nd m e a s u r e m e nt s  were made on sev-

eral  sub jec t s  us ing  p ar a m e t e r  values near  po in t s  of perceptual  ambigu i ty ,  s p e c i f i c a l l y

at t ime  delays in the neighborhood of 750 ~ s. R e s u l t s  in this region show large differ-

ences  f rom s u b j e c t  to sub jec t  and large t r a i n i n g  ef fec t s  for some subJ ec t s  . ,A l~~o , we

have  in i t ia ted  p ro jec t s  on i nt e r au ra l  adap ta t ion  e f f e c t s , t r adeab il i tv  of i n t e r a u r a l  t ime

and amp l i t u d e  d i f f e r ences,  and l oca l i za t i on  of tones in a back ground of m a s k i n g  n o i s e .

Al l  of t h e s e  pro ,j ec t s  are being c o n t i n u e d .
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3 . HEARING AIDS

National  Ins t i tu tes  of Health (Gran t  1 ROl NS 1284 6-0 1)

[Part of th is  work is being carried out in col laborat ion wi th  the Harva rd -N I .  I . T .
Rehabil i tat ion Engineer ing  Center , with support f rom the V. S. D e p a r t m e n t  of
Health, Education , and Welfare (Grant 23-P-55854).j

Ian 1”.I . Beguesse, Louis D. Braida , Michael C. Coin , Mark A. Clement s ,

Steven DeGennaro , Leonard C. Dowdy, Nathaniel I. Durlach , Bruce L. Hicks,

Richard P. Li pprnann , Douglas R. Mook , Susan J. Norton , Yvonne N I .

Perlmu tter , Michael A . Picheny, William M. Rabinowi tz , Charlo tte NI . Reed ,

Mart in  C. Schultz , Ed gar V i l lchur

The goal of this program is to develop improved signal-processing and disp lay

schemes to match acoustical signals to residual sensory capacity in people with noncon-

ductive hearing impairments .

The research activities of this program are subdivided into three areas: signal

enhancement , matching speech to residual auditory func t ion , and tact i le  aids.

a. Signal Enhancement

In this work we are seeking to develop preprocess ing  schemes to ass is t  h a r d - o f -

hear ing l i s teners  in noisy and reverberant  envi ronments .  A speech in t e l l i g ib i l i t y

enhancement  sys tem 1 based on adaptive comb f i l te r ing  has been imp lemen ted  and eval-

uated quanti tat ive ly for l is teners  with normal  hear ing .  Sentences spoken by males  and
females  were used as both targets  and maskers .  Tests were conducted  wi th  var ious

combinat ions of sys tem parameters (du ra t ion  of f i l t e r  impulse  response.  t r e a t m e n t  of

unvoiced segments) ,  ta lkers ,  and t a rge t - to -masker  amp l i tude  r a t i o s .  Base l ine  t e s t s

were conducted for processed mate r ia l s  in the absence of i n t e r f e r e n c e ,  as iv e l l  a ’~ for

PR No. 119 130 

,- 
----- .-

~~~~
- 

- —,. - -.



( X X I I  COMMUNI CA I’ION S BIO1 ’IIYSI( ’S)

unprocessed matt-rials at vari,,us t a t ’c i - t — t o — m a s k e r  ra t ios .  The resu l t s  indicate

tha t  comb f i l t e r i n g  a t t e n u a t e s  the masker amp li tude 2-10 dB, and t h a t  gr e a t e r  a t t i -n u a -

t ion co rr i ’sponds  to  longer  f i l t e r  i m p u l s e - r e s p o n s e  dura t ions  and to m a l e - f e m a l e  speaker

combinations. The processing also degrades the i n t e l l i g i b i l i t y  of t a rge ts  presen ted  in

the absence of maskers , particularl y for t h e  longer filter impulse responses. Adap tive

comb f i l t e r i n g  f a i l e d  to inc reast -  i n t e l l i g i b i l i t y  in the p resence  of i n t e r f e r e n c e ;  in fact ,

in all of these cases scores were inferior t~~ those for unprocessed materials , Further

work in th i s  area is required to u n d e r s t a n d  these  resu l t s .  In add i t ion ,  the  comb-

f i l t e r i n g  sy s t em will  be eva lua ted  for maske r s  cons is t ing  of broadband random noise .

Fur the r  d e t a i l s  are avai lable  in the Master ’ s thesis  of Yvonne N-I . P er lmu t ter .2

b. M a t c h i n g  Speech to Res idua l  Audi to ry  Funct ion

We are con t inu ing  to focus on mu l t i band  amp litude compress ion for l i s teners  with
reduced dynamic  range and on f r e q u e n c y  lower ing  for listeners with negligible hearing
at h igh f r equenc ie s .

Our present  work on multiband amp litude compress ion  is directed toward compara-
tive evaluat ion of a multiband compression system adjusted to res tore  normal  loudness
f u n c t i o n  for tones and several l inear  amp lification sys tems .  In these studies we emp loy
a small number of listeners with sensorineural impairments characterized by reduced
dynamic range and recruitment. Performance of the sys tems is being studied for male
and f emale  speakers  in bo th quiet and reverberant noisy environments.

Our work on f r equency  lowering is directed toward evaluat ing pi t ch - invar ian t  pro-
cessing techni ques. including both lowering and warping.3 In initial studies we are

comparing the ability of l is teners  who have normal hear ing  to unde r s t and  warped-

lowered speech with their ability to understand lowpass filtered speech. The results of

p r e l i m i n a r y  tes ts  of CV nonsense  sy llable iden t i f ica t ion  have indicated  the  need for

including multi ple tokens of test items to prevent artifacts from providing reliable cut’s -

Since our fac i l i t i es  do not permit us to perform the warp ing - lower ing  operat ion in real
t im e , we have had to provide for random-aecess  storage of a large vocabulary of pre-

processed tes t  mater ia ls .  This has taken a little ext ra  t ime,  but we hope that  signifi-

cant resul ts  will  soon be obtained.

We have prepared a series of three detai led ar t ic les  on signal processing for

hear ing  aids , including l inear amp li f ica t ion ,4 amp l i tude compress ion .
5 and f requ ency

. 6  -
‘lowering.

c. Tactile Aids

We are working  on the development  of a s imp le , wearab le ,  v ibro tac t i le  aid to pro-
vicl e the profoundly  deaf with a genera l  awareness  of acoust ica l  s igna ls  and wi th  t h e

gross amp litude and t empora l  cha rac t e r i s t i c s  of these s ignals .  In one such aid now
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being considered , 7 the envelope of the acoustical si gnal is u sed  to modu la te  the amp li-

tude of a 250 -Hz  tone. The circui t  design also includes p r eemp hasis of high f requenc ies

and automatic  gain control .  P re l iminary  psychophys ica l  tes ts  invo lv ing  de tec t ion  ot

tones  in silence and in background noise and recognition of environmental sounds and

sen tences  in closed sets indicate that  this  device is superior to a s imple l inear  amp li-

fication system.

We are also exp loring dif ferent  encoding and display schemes for the tactile per-

ception of speech us ing the Optacon t ransducer  s y s t e m .  Among the schemes  that are

being compared are a un id imens iona l  f requency  disp lay, a two-d imens iona l  f r e q u e n cy -

amp li tude disp lay,  and a two-dimensional  t ime-swept  f r equency  disp lay. The sof tware

for this p ro jec t , which makes use of a computer  system for process ing and control ,

has been completed and experiments concerned with the discriminabilitv of selected

pairs of speech e lements  are now under way .

An evaluat ion is being made of tacti le speech communicat ion  us ing  the Tadoma

method , in which the “ reader ” monitors  the a r t i cula tory  f e a t u r e s  of speech directl y by

p lacing his hand on the talker ’ s face.  Preliminary experiments with a deaf-blind,

experienced Tadoma user 8 have included tes ts  of the discr iminabili ty  of speech

elements ,  recognit ion of words in isolation and in sentences , an d percept ion and compre-

hension of syntactic and prosodic f ea tu r e s  of speech. Pre l iminary  e x p e r i m e n t s  with

comparat ively inexperienced normal subjects  (for whom deafness  and b l i ndnes s  are

simulated) have focused on the discriminability of speech elements. In general, the

resul ts  of these various expe r imen t s  have not onl y demonst ra ted  that good tact i le  per-

cept ion of speech is indeed possible but also have documented the types  of errors made

in Tadoma and have provided insight into the perceptual  cues used in Tadoma.

Re fe r ences
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4 . NITJ SI CAL PITCH

Nat iona l  Ins t i tu tes  of Heal th (Gran t  1 ROl N S l l 6 8 O - 0 1)

Howard L. Golub , Adrian J. NI. Hou t sma , Afar in  Ordubadi ,

Roger \V . Wicke

-
~~ The objective of th is  project  is to obta in  a better  u n d e r s t a n d i n g  of the audi tory  pro-

cesses that  under l i e  the t r ans fo rma t ion  of a comp lex sound into a sensa t ion  of mus ica l

p itc h.

a. Pitch of Harmonic  Two- Tone Comp lexes

Musical  interval  ident i f icat ion e x p e r i m e nt s  were conducted  with dichoticall y pre-

I: sented two-tone complexes of nonsuccessive harmonic  numbers .  P.s expec ted , we fou nd

that for comp lexes of harmonics n , n+2 iden t i f i ca t ion  pe r fo rmance  is ident ica l  to that

for successive harmonic s of twice the f u n d a m e n t a l  f r equency  when n is even. When n

is odd, f u n d a m e n t a l  t r ack ing  is worse than  for successive harmonics ,  a l though it is s t i l l

significant. For n, n+3 complexes, no significan t evidence for fundamental tracking

was found.  These last  two resu l t s  cannot  be expla ined  by a n y  c u r r e n t l y available model

on pitch process ing .~~~
3

b. Pi tch of A m p l i tude-Modula ted  Noise

The mus ica l  in t e rva l  ident i f ica t ion  paradigm was also used to s t u dy  the p i tch of

square -wave , s ine-wave , and p u l s e - m o d u l a t e d  widehand noise.  [‘he no ise  was Iowpas s

i il ’e red  before modula t ion , and the lowpass  cu to f f  f r e q u e n c y  served to c o n t r o l  the

amount  of s t a t i s t i ca l  corre la t ion  between succes s ive  periodic noise samp les. R e s u l t s

seem to indica te  t h a t  there  are two different and independent pitch mechanisms at work ,

one of which may be spec t ra l,  the other  a lmost  ce r ta in l y t empora l . 4
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5 . MUSICAL ACOUSTICS

Nat ional  I n s t i t u t e s  of Heal th ( G r aot  1 ROI  XS ! 16 80-01)

Adr ian  J. NI . Hou t sma , E r n e s t  J. l ’ ur evosk i

We are seeking to u n d e r s t a n d  the ph ysical behavior of mus ica l  i n s t r u m e n t s , part ic-
ular l y s t r inged i n s t r u m e n t s .

a. An Electronic Pickup System for the Classical Guitar

When an acous t ica l l y weak i n s t r u m e n t  such as the c l a s s i c a l  g u i t a r  is p layed ir  a
symphony orchestra concert, the intensity unbalance makes electronic amp l i f i ca t io n of

the guitar n e c e s s a ry .  The convent iona l  t e chn i que of amp l i fy i n g  a n e a r - f i i ’ l ’t  n . i c r o p ho ne
recording, t yp icall y a f e w  inches  from the sou nd hole , gives a less than optimal t e p ic .

senta t ion of the f a r - f i e l d  acoustic spect rum of the i n s t r u m e n t . \Ve are t r v i r : C  to f i n d  a
limited array of poin t pickups tha t by linear mixing  can provide a e l s e t’ , .~tm a t i on
of the acoustic far field measured in a flat-response reverberant chamt,i-r.

We have made aural  compar isons  of white noise drive n i n p u t s  at the bridge and of
actuall y p layed in s t run ’i e n t s . Resu l t s  thus  far  indica te  t h a t  best  ma tches  can be obta ined
through a l inear  combina t ion  of an acoust ic  a i r - p r e s s u re  s ignal  t a k e n  at t h e  sound  hole
and the i n t eg ra t ed  ou tpu t  of an acce le romete r  p laced on the bridge that  r e p r e s e n t s  the
veloci ty  of the s t r i n g  t er n t i n at i o n  point . 2

b. Developmen t of a - ‘ NI i ’Iogt’ap h”

In folk music t~~iI -  musicologis t  is faced  wi th  the problem of charting the exact timing
and pi tch s t ruc tu re  of ac tua l l y per formed melodies .  This is of ten accomp lished wi th a

device ca l l ed  a m elograp h that charts pitch vs t i m e .  Problems ar e encoun tered wi t h
c u r r e n t ly  avai lable  e q u i p m e n t  when mus ica l  s igna l s  are measured  tha t  are l a r g e l y  upper
ha rmonics  or that  have more t han one m a j o r  peak per period , s ince this  e q u i p n a - n t  usu-
ally works  th rough  f i l t e r i n g  and f u n d a m e n t a l - f r e q u e n cy  t r ac t  ~. g or t h r o u g h  peak
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d e t e c t i o n .  V a r i o u s  ha rdware  and so f tware  schemes are being i n v e s t i g a t e d  to f i n d  an
e f f i c i e n t  m e a n s  of t r a c k i n g  the p i tch  of f a s t - c h a n g i n g  per iodic  ‘a’ q u a s i - p e r i o d i c  s o u n d s ,

i rn ’s p i t t  iv , ’  of th eir h a r m o n i c  n a t u r e .
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Yearb ook , Vol .  4 , 1972 , pp. 119 -136 .
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(‘. Transduct ion  Mechan isms in Lateral Line and V e s t ib u l a t ’  Organs

A c a d e t t t j c  Research Staff

Prof. I .awi ’i-nce S. Fr is l ikop f
Prof. Charles NI.  Oman

Graduate Students

Scott N. Peterson

Our broad goal is to understand the mechanisnt s  of t ransduct ion in t h e  r e c k  pt ’ .r

organs of the acust ico-lateral is  system of vertebrates .  Study of the nt echan ica l , , l i - k -

t r i ca l , and synaptic events in hair  cell organs and the i r  relation to ier ’, i  a i . ’; t - . is

basic to such understanding . In pursui t  of these goals we have during the past - ea t ’ :

( i )  determined the composition of the inner-ear  f lu ids  in representa t ive  species  of

several classes of vertebrates;  ( i i )  estimated experimental ly an upper home ( t i  ‘c .e

magnitudle of cupula motion in the ampulla of the semici rcular  canal of the ska te  in

response to nt aintainedl caloric st imulat ion and begun to measure afferenit  r c . s ty -ns ’

character is t ics  of ampullary nerve f ibers  in th i s  preparation; and ( i i i )  c ’on t in te - : our

effort to ident ify the hair cell afferent synaptic transmitter.

1 . ANAI .VSIS OF VERTEBRATE INNI-:R-E,.\R FLUIDS

National Inst i tutes  of I lea lth  (Grant 5 ROl N S 1 1 O 8 O — 0 3 )

NI. I. T. h ealth Sciences Fund (Grant 76-07)

Scott K. Peterson , Lawrence S. Fr ishkopf , Charles  NI. (h ; i a n

Vertebrate hair cells — the receptor cells of t h e auditory , ves ti hular , and la teral
line s’~ s tems — are part of an ep~t h t - l i a 1  o e i t th c a , i e  that separates  f lu ids  of di fferc ’nt  con’t —
no~~i t i o t ’is. These f lu ids , cal led )  endlol ’,’mp h and p ei’ i1\~ vnh , ba the  the  apical  a~ n — h a  a1’ ~ t te
and basal sy n a p t i c  portions f t h e  h a i r  cel ls , r e spec t ive ly ;  t i c i t t  tunc t ions  between ce l l s
at the ep i t h e l i a l  surface appear  t i t ’r e .~et t t  an ef fect  ire  barr ier  to ionic m ov em e n t  across
the nientbrane. P u s  p r e sen t  t n  endolvmp h and perilymph may p lay a s i u n i f i c a n t  r ole
i n m e c h a n i c a l - t o - ’  l~’c ’r i c a l  ‘ r ’ a r c - d u c t i o n  and ~v n a p t i c  and n e u r a l  t r a n s m i s s io n  in t h e s
receptor  “rp am .  l ’ h t ’ n i ’ f ” n i -  t . kn ot 1, - t i c e  of t he i r  concentrat ions could be Important  in
understa ndi n~ h a - s i -  pr tti s ’s. Much is a l ready known of the composi t ion ( if  t h e  i n t i i i’—

1 2c-ar l . - mphs .

In cc I l a h o r a t  i- n “.‘ i t l  J ’ i” f ’- s sor  ‘F ’ ’ ’ u ’,uas  F. W i - i s s  of th Communica t ions  J3 iop} tv ~~ i c ,’~~
(;~ ‘~~~~ ‘ , I I I  .1~ an d I ) i ’ . Claudle F’ ‘i - i t ,  t i  of h arvard Medical  School , U e t a t ”  ‘b l a i nee
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Ta) 1’.’ XXII- 1. Summary oi conipo s i t ion  measurements.

C C ’ C E h T R A T i O ! ~S FiFE I N  M I L L I M C t L E S  PER L I T E R
M E ~~~ a M E F i ’~ O F  A N IM A L  M EA N S

S T R N I - F i F’ D E R RO R OF THE tIEAN
a 

~ L- ’~~ E~ t F  t R N I M A L S
ULt MBER OF S A M P L E S

K NA CL CA MG F’ S

C A T  PERI L~’MP H
NA = 3 • NS a

MEAN 2 1.96 154. 6’ 165. 7 1. 683 ci. 7556 Li . 6244 1. 126
SEPt 8. 6831. 9. 886 1.2. 3? 0 . 2205  ci @9 7 3  8.  8296 0. 4311.

C A T  ENDOLY M PI4
“IA a , NS = 5
P1E API 1.91. 6 0. 9983 20 8. 4 Li :929 0 0022 ci . 5026 1. 174
SEPt  1. 72 0. 4 9 9 4  4. 862 0. @056 0 0022  8. @255  0 6311

LI RRD ~‘ER I LYM F’ N
NA = 1.? • N5 = 42
M E A N  2. 87 2  1.72 2 160. 2 1. 745 1 . 06 5  8. 44 69  2 029
S E N  8 h I  3 3. 597 4 . 886 0 . 072 ?  El . 0 522  0. 08 14 0. 2791

SL ’~~T E  P E R l L ~’lIPH
N A  = 5 NS = 18
MEA N 4. 3 2 4  173 23 0.  7 I .  964 3 36 1. 625  6 . 404
SE N 0. 5887  19 . 8 4  19. 99 0. 594 5 1. 17 0. 253  8.  974

S K A T E  ENI’OL’? M F’ H
NA 5 NS = 13
1IEAN 91 64 248 3 4 0 6 .  1 3 76 6  0. 4 6 6 6  Li . 6 94 5  1 56
S E P t  8. 733 24 . @2 2? .  21 0 1557 0. 1042 0. 1051 0. 4 1.77

S t : A T E  C E F I E E u R C S F ’ I N A L  FLLI I~i
h A  = 4 N S = 4
‘l EA N 3. 217 168. : 225 . 9 2.  725  1. 552 1. 527 6 12
S E P  ci 1657 2 3 .  81 28. 6 0 17 74  0. 4417 0 2633 : 4 7 2

S E A
= 4 , hS  = 6

!I E F I ’l 6’. 165 130, 5 45 1. 7 6 . 905 4 8.  62 ci. 772 5  25 .  73
3Et’ l Li 486 1 24 . 82 20. 55 0 . 3967 .1 019 0 1797 1 273

Because of the di f f icul ty  of obtaining endolymph in the lizard and the hi gh variabil-
i ty  in the data , no est imates  for th is  fluid have been included in the table.
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samp les of endo l t ’mp h and p i l l  ly m p h by mic i ’t p dtnc ture  of t he  inner  eai’ .s ‘ ‘f t i ir e i  ‘ t’t r t i ’ —

hi ’ate species , skat e , a l l i n a t  1’ l i z a r d , a nd eat. ‘F h i e s e  s a u t i l l t - s  h ay ’-  b -e i i  :,u1: l z i -d  for

con ci ’i it i ’at i ,  ‘i ts  of s i t  en , - 1 i - n i i ’ t i t ~ ( ,\ a , N , (‘1, (‘ a , .l lg,  5, 1’), usi an t h t’ t i ’c l in i qta -  ‘‘ 1
i ’ l , ’i ’ t i ’ , it p i - ohe  m i c r o a n a l y s i s .  S o l u t e  of the  resul ts  of th i s  s t i i d t  are shown in

‘FabI , ’ XXII— !. The skate data form thic ’ basis of ik, i ’mula t ions  i f  a r t i f i c i a l  c ’ndolvmp h

an d) p e r i l v i t i p h t h at we h i a t t -  used in ph ysiolot t ical  d ’xper i md ’nts  on th e  excised iniii i ’ ca r

of th i s  species , as described in Section XXII—C. 2.

Two aspec t s  of th is  stud y seem unique : f i r s t , it provides  a comparison 01’ inne r—ear

l tm p h concentrations of representative species of s i - t i - I a )  e r tebi ’ate  clasa s, by us inp

a sinp i , ’  technique;  second , for the f i r s t  t ime  data have be -ut obtained in these spec ies

cii  the concentrat ions of (‘a and N i p ’, ~‘lc ’iu i c t t t s  whose sipt t i f i can ce  in t u e  funct ioning of

nei”.’e , i i iu sc le  and ceceptoc cells, and of synapses is wel l  documented. Ca ++ appear s
4 -

t i  p lay a s igni f icant  ro l t-  in hair  cell t ransduct ion.  Limited data on C a and NIg c o n c i - t i —

tr a t ions  in inner—ear  f lu ids  have been available previously for on ly  a few speck s. f , ~

We have measured element concentrations in endolymph front the ampulla of the

ska te ’ s semicircular  canal before and after prolonged excitatory or inhibitory s t i t . ula-

tion. Prel iminary resul ts  indica te  a significant increase in concentrations of four i ii’ -

ments (Na , N , Cl , and Ca) during excitat ion and a significant  decrease during inh ihit i i ,n .

Although of variable magnitude from preparation to preparation , the direct ion of these

F changes was consistent under a v a r i e t y  of stimulus conditions.

References

1. S. Rauch and I. Rauch , “Ph ys ic~. -chemical  Properties of the Inner Ear Especial ly
Ionic Transport , ” in W. B. Keidel and W. B. Neff (Eds . ) ,  h andbook of Sensory
Physiology,  Vol. V/ i :  Auditory System (Springer Verlag, New York , 1974) ,
pp. 647-682 .

2 . P. NI . Sellick and B. NI. Johnstone, “ Production and Role of Inner Ear Fluid , ” Prop ’.
Neurobiol .  5, 337-362  ( 1 9 7 5 ) .

3. 5. N. Peterson , “A Comparat ive Study of the Composition of Inner Ear Fluids , ”
S.M . Thesis, Department of Electrical Engineering and Computer  Science , NI.  I. T.
September 1976.

4. 0. Sand , “E f f e c t s  of Different  Ionic Environments  on the N lechanosens i t i v i t v  of Lat-
eral Line Organs in the Tilud puppy, ” J. Comp. Physiol. 102 , 27 -42  (19 75) .

~~. R. Fäng e, A . Larsson , and U .  Lidman, “ l”luids and Jellies of the A c ou s t i c o  I.at-
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SC \ lI(’IR( ’U I .A1t ( ‘A N A l .

N I .  I. ‘1’. I I  e a l th i  Sc kn ee s  Fund ( G i an t  7 6 — 0 7 )

Na t iona l  Ins t i tu tes  )f h ealth (Grant  5 hl ( 0 N5l  1 0 5 0 — 0 3 )

C harles .\l . Oman , I ,au r e n ce  5. I” r i sbkopf

Dui’ing t h i i -  past year , we deternuned expe r imen ta l ly  an upper bound on the phy s i c —

logical  I ’anp ’e o1 cupula motion in the skate semici rcular  canal , and have begun to stud y

the response cha rac t e r i s t i c s  of d i f fe ren t  types  ( if  a f ferent  uni ts  in the ampu l la rv  nert  i-

The quest ion of what  const i tutes  the natural ly occur r ing  magn i tude  and mechanical

modle of cupula motion is one ol’ thc- o ldil ’st problems in t’estibular ~h i y s i o l o g t  , ‘ i t t ’  t h a t

cannot he sa t i s f ac to r i ly  resolved pui ’el\ on the basis  of anatomical  s tudies.  I n v e s t i L a —

tors h ave therefore  a t tempted to answer  the question by means of o b s e r v a t ion s  in viva .

Expe rimental studies~~~
4 have reported cupula motions well in c-x cess  of 5 ~ m. Ti i i , i ’ i - t -

ical considerations, 5 however , led us to question whether  ph ysiological cupula n iot i ’ n~, ,

in fact , are large enough to be v isual ized  when looking throug h the wail  of the ampuhl a ,

and whether  earlier workers  imposed t r auma t i ca l ly large st imuli  on the semicircular

canal ampulla.

W ’i ’k inp ’ in the isolated labyrinth  ,, f  the skatc- Raj a er inacea,  we visualized the  cupula

by punctur ing t h e  ampulla ry  wall  with a sharpened g lass pi p et te  and by staining local

regions by slow in fus ion  of small  amounts  of A lc i an  blue dye.  Single and nt u l t i u n i t

a c t i v i t y  in the  antpu llary nerve was moni tored  whi le  ca lo r ic  s t intu la t ion  \ t a s  app l i e d

wi th  a spot of l ight  focused on the  canal diuct.  Calor ic  s t imul i  tha t  more ti tan d l oub l d -u :  t l ic ’

)evel of af ferent  a c t i v i ty  and recru i ted  many previousl \  silent uni ts  were  found ti ~~i’-

diuce no detectable  motion of s ta ined  regions of the cupula as monitored visuall y through

the ampullary wall.  If the  cupula was l’irst visibly disp laced by rap id dye i ni e c t ion , I ’ - ”.-

ever , motion of the top of the cupula was thereaf te r  obser\ ’edh in r i -sponse to an identical

caloric stimulus. The basis of this traumatic change in t h e  mechanical  s t i f fness  ‘~f t h .

cupula resu l t ing  from rap id d ive  i n i e c t a ’n  could not be d e t e rm in e d .

We concluded that the ph ysiologic rang e of cupula motion in th is  animal is probably

less t i tan the resolut ion of our op t ica l  method , w h i c h  we c o n s e r v a t i v e ly  e s t int a t e  as

3—5 kim. Ex p e r i m e n t a l ly  obsi-r ved  motions of the  cupula an i ‘i ’der , f  magni tude larg -r

are probably not phy s io log ica l , and) nay i- c sui t  fro m t r a u m a — i n d u c e d  changes  in t h e

mechanical  cha rac t e r i s t i c s .  Tha se r i - s u I t s  w e r e  p resented  at t in ’ ( ‘ i i i  Annual  Nb ‘- t im

f the  Soc ie ty  for N eu r o s c i e n c e  in ‘P a ”  ‘t i t i , (‘anada , ~
‘ and a b - t a i l e d  r u ct is be ing

prepared  fat’  p u b l i c a t i ’ n.
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Inc luded  unde r  t h i s  head ing  are a v a r i e t y  ot’ top ics in biop h ys i c s , p h y s i o l o g y , ‘ , t d

med ica l  e n g i n e e r i n g,  M a n y  of these  are i n d i v i d u a l  p r o j e c t s  of s t u d e n t s  s u i u t , n r ’ , ’ r l  1w

t r a i n i n g  g r a n t s  f ront  the N a t i o n a l  I n s t i t u t e s  of I -I ea lth ,
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1. B - W A\ ’  C SENSI ’l ’IVI TY 1) 1’ R I N G  I . O N c , - T l : I I N I  l) A RK ,-WAPTA ’I’TON

TN THE F ROG’S h -~V l -~

National Institutes of I-health (Grants 5 TO1 h - Y 0 0 0 9 0 - 0 3  and 3 RO 1 I ‘ dO l l  49 -035 1)

E r i c  Newman , ,Je rome Y. l , e t t v i n

A p r e l i m i n a r y  stud on l , i n c ’— t , ’ r n t  , dark  adapta t ion  of t h e ’  fi ’oit  r e t ina  has he ’en com-

pleted , us ing  the threshold  of the B-wave of the e l e c t r o r e t i n o g r a m  (E R G )  as a measu re

of the sens i t iv i ty  of the i ’ve. In order -  to s tudy the en t i r e  span of dark adaptat ion , care
was taken to mainta in  the eye in a cond i t ion  that  was as “ ph y s i o l o g i c a l l y  n o r m a l”  as

possible.  To t h i s  end , a prepara t ion was developed that allowed the i’ c ’co rd in g  of the

B-wave of the ERG from the in tac t , normal ly  c i rcu la ted  eye of a frog t lta t  was r e s t r a i n e d

by a few pins but allowed to breathe cont inuous ly  in a normal fash ion .  It was not fleet’s-

sary to treat  the frogs wi th  e i the r  anes the t ics  or paraly z i n g  agents to ach ieve  s a t i s f a i -

tory recordings .

The threshold of the 3-wave of the ERG was de te rmined  in two series of experi-

ments .  In the f i r s t  series , the l igh t  i n t e n s i t y  (a 10-ms flash of wh i t e  l i gh t )  needed t ’ ’

produce a c r i t e r ion  B-wave response , which ranged from 15-80 1iV , wa determ i ned

dur ing  the entire course of dark adaptat ion.  It was found that  f o l l o w i n g  an r i nse

bleaching flash of l ig ht , the threshold of the B-wave  fell  s teadi ly  and did not reach a

constant  value for an average of 9 h r  (range: ( - I I  hr ) , Th i s  lon i t ,  da rk -adap ta t ion

period was seen in all preparat ions (7 frogs) wh ich  remained  heal th y for at l eas t  12 h r .
It was observed that the test flashes used in p roduc ing  the c r i t e r i o n  B-wave

responses we re suff icie nt ly dim so as not to a f fec t  the adap ta t ion  s ta t”  of the cvi’ , In

order  to rule out comp letely the poss ib i l i ty  that  the t e s t i n g  l i g ht f lashes were in some

way a f f ec t ing  retinal threshold so as to produce a ~e ’eming ly lengthened adaptat ion

period , a second series of exper iments  was conducted.  In these e x p e r i m e n t s , the

threshold of the B-wave was assessed ‘ n d i r e c t l v  by m e a s u r i n g  the ampl i t ude  of the

B-wave response (60-1i V maximum) to iden t i ca l  t e st  f l ashes  p resen ted  at regular  in ter-

vals , e i the r  0. 5 or 1 h r .  It was found that f o l l o w i n g  a b l each ing  adapta t ion  l i g h t , the
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ir t p !itu l~- of the h I — a n v e ’  d l i i i  riot r’’ ’a i ’ l i  a m a x im u m  v a l u e  u n t i l  ~ to  10 h , , u i ’~ f da rL . t d , i p —
t n t i , ’ i t  had , ‘ J a t e ’ — , ’ , J , i h t ’ p i ’ n d t , u ~ ‘ , t i  i i ~, i r i t t ’ i N i t v  of iii,. - b le a i i t n g  l i g ht , Iii ni le  u ’ ,~’-e , i t i n s
1), , Si ’Oh IO to n i a i r i t a i n  a pr ’ i ’t , t i ’ a t i o n I i  3 i lu i ’ ~~, In  t i n s  e a — e , h i ’ ’  B — w a v e , ha v i n g  i - n i  h i - ’ )
a s t a i d , ’ va lue  a t t n 10 h r  in  tin.’ l , i r L  , r i u n i t i t a t  t i  t h a t  amp l  t u d , -  I i ’  tile d u r a t i c i r t  of t I n ’
i ’x p ’ ’r ’ im ’ - r i t .

‘Chest ’  ‘ ‘xp t ’r r l n ’ i i t n  in d i c a t e  that  the ’ s ’ ’ r i s i t i ’ ,’ i t v  i f  t i l e  13 — n a v e  p i e  es.- i , I  t I n ’  PIG
r e q u i r e s  lip to ~ h i ’ ‘ ‘ I  ‘ l a r k  a i l a p t a t i ~~n to a t t ai n  a m a x im a l  y a l u , ’  and l i i i , ’  . t l t , - i  n i a i r i t a i i s

ti _ i t  v a lu e  i i i  t he  h a r k  to t ’  at I , ’a s t  3 l a y , — .

2.  l ’~ \ \~~l l b ~ I ’!\ \ l  ( ‘ t ’ l I l l [N ’I  t N l )  101.  . \( ‘TIVJ ’I ’V ( I I ’  FROG
b l i - : l l \  U ,  C \ N G I . ! (  IX t ’ i - : l . i . s

\ . i t u , , r i a l i t s t i t u t , ’~ i f  h ea l th  ( G i a n t s  ~ TOl [100090-03 and 3 301 FY01 l ’ 4 9 - f l 3 ~~l )

i3~- ! I I n h -  ‘ t a t ’  - c u e ’ s  ( G r a n t )

[t i e  \ ‘ , ‘;it i a t i , , l e i ’ , ’n i i ’  V .  i . ’ ’ t t v i n

‘!‘ti e c x l  st e t i ( ’ i’ 1 a nonsynap t i c  nt echanb  sat of i n fo i -ma t ion  t r ans f e r w i t h i n  the r e t i n a
b ias  i ’m  s i i i ’~~ , ’ ~ t & ’ u l  by t h e  wi nk oh  I) r . M a r k  I .u r i e , 1 who demonst ra ted  a co r r e l a t i on

- , ‘ r i  t he  a c t i v i t y  of t y pe— t ou r  gang l ion c e l l s  of the f rog re t ina  and the C— wave of the
, ‘lect  i i ’  r e t  i i i ’  ‘i ~ r’ ,ini (F BC) . Lu rb  has pi’oposecl that cu r r en t  produced by the p igment
e p i t h e l i u r n  , w h i c h  ite di ’ ‘ ‘a te ’s  the (‘ — wave , migh t  modulate  the a c t i v i ty  of t h e  i - c t )  na.

E x p e r i men t s  brave been conducted  on the in tact , c i r cu l a t ed  d y e s  of c u r a r iz e d  frogs
in ord lel ’  t i  conf i rm l u r i e ’ s r e su l t s  and to test  the h y p o t h e s i s  of re t ina l  - e n s i t i v i t v  t ’’
p i g m e n t  ‘ - p i t l i ’ l i u m  c u r r e n t s,  The a c t i v i t y  of t i ’ .’ p i gm e n t  e p i t h e l i u m  was moni to red
wi th  i n tr a r e t in a l  e lectrodes by measu r ing  the voltage across the p r o x i m a l  r e t  m a
(h t ’ t i v e e r u  the recept or ’  region of the re t ina  and the v i t r eous ) .  Gangl  ion ce l l  a c t i v i t y  was
m on i t , ,r e d  s i mu l t a n e ou  s ly  w i t h  \\ ‘ood’ s metal  electrodes pos i t ioned in the gangl ion  cel l
layer  of a n e a rby  por t ion  of the r e t i na . In th i s  m a n n e r  the ac t iv i ty  of a gangl ion  ce l l
could he compared w i th  t i re  local t r a n s r e t i n al  cu r ren t  from the same i’ e g i u ’ n  of the
r e t i n a .

S i m u l t a n e o u s  ri ’cord ir i ~~s of type-fou r gang l i o n  c e l l s  and r e t i na l  voltages fo l l owing
flashes of l i gh t  p r e s e n t e d  to c lark-ad apted eyes have shown that  there is  a good corre-

~~ s p o n d e n c i ’  be tween the peak of the t r a n s r e t i n a l  voltage and the onset  of pe r iods  of gan-
glion cell ac t iv i ty .  This  has been seen for a range of flash in tens i t i e s  producing delays
of 3 to 50 seconds. R e c o r d i n g s  from some t~’pe-three gangl ion ce l ls  have shown a sim-
i lar  corre l a t i ct n be tween  t h e  onset of a prolonged burs t  of gangl ion cell a c t i v i t y  and the
peak of the t r a n s r e t i n al  voltage.

I, n i t  r ecord ings  were  made from the optic tectu rn of the frog in order  to m o n i t o r  the
a c t i v i t y  of type- two  gangl ion  c e l l s . It was found that  th i s  typ e of ce l l , although it  does
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- - , not  respondi to a diffuse flash of light , w i l l give a dc laved  b u r s t  of a c t i v i t y  f o h i o w i r i i t  a

flash if a black spot of the proper  s ize  is placed w i t h i n  the i- i c ’ -  p t i v ~’ f i e l d  c l  t bi~ (‘ e l i ,

The dura t ion of the d e l ay  preced ing the burs t  i.s r o u g h ly  pz’np i z ’ t i ’  ‘i ’ll ) t i ,  t i n ’  l ii ’ at  t i , ,

flash i n t ens i ty .  Thus , althou gh th i s  is d i f f i c u l t  to sh oic d i i ’ e, ’t l v , it is p o ss ib le  t h a t  t y p e —

two  ganglion cells , as wel l  as type - three and type—four ’ , d i s p l a y  a t ime  cou r se  i i  an t v-

ity co inc ident  wi th  the t r a n s r e t i n al  component of the C- wave of tlte l- 13G.

Ex te rna l ly  generated cu r r en t  was passed across the d a r k— a i l a p t e d  r e t i n a  w h i l e

record ing  from type- four  ganglion cells in order to test  whe ther  the t r a n s ret i n a l  cur ~
rent p rev ious ly  seen to be corre la ted  wi th  gang l ion  cell a c t i v i t y  was su f f i c i e n t  to account

for the modulat ion of a c t i v i t y .  It was found that exte r ’r i a i l \ ’  g e n e  rated c u r r e n t  (app l i e d

between the v i t reous  and the choroid)  of the same magn i tude  as the c u r r e n t s  seen d u r i n g

the C-wave (measured by the IR drop across the proximal  re t ina )  produced s i g n i f i c a n )

modulat ion of ganglion cell a c t i v i ty .  The pola r i ty  of the e f fec t , howeve r , is r ou e h i l v

opposite in the two cases. When t r ans r e t ina l  cur ren t  is generate h by the eve in response

‘ 

to l ight , ganglion cell ac t iv i ty  begins at the peak of the t r a n sr e t i n a l  cu r r en t  and co n h in -

ues  as the cu r r en t  decreases,  \V lt ’ln  c u r r e n t  is applied , ‘x t erna l l v , a c t i v i t y  is greates t

as the cu r r en t  increases  and stops when peak posit ive ’ cu r r en t  is reached.

These exper iments  have demons t ra ted  that  the ret ina is sens i t ive  to cu r r en t s  of the

magni tude  generated du r ing  the (‘ - wave of the LRG as m e a s ur e d  by gangl ion-cel l

response. Because cu r r en t s  of in t e rna l  and exte rna l  o r i g i n  seem to a ffect  the r e t i n a

wi th  opposite polari t ie s , however , it seems l ikel y that those ret inal  e l e m e n t s  s e n s i t i v e

to t ransre t inal  c u r r e n t  do not lie in the proximal  re t ina,
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\ et  i v r t v — d e p e n d e n t  c o n n e c t i v i t y  appears to be a bas ic  li en ,f i n f or n t a t i o n  h’anci l r i g  by

tin ’ ne n ’.’ous sy s t e m .  ‘[‘lie e x p e r i m e n t s  summar ized  h e r e  s u e ’ part i f  ‘a lanc e:  i’ , - ( t o r t  t ’ ,

clue idl at e  t i r e ’  r u l e s  for the t r a n s f o r m a t i o n  of t emporal  pa t te rns  of i n t p u l s r ’  s in to  spat i n—

tentpor ’al  p a t t e r n s  of a c t i ve  su hj s e t s  of te r m i n a l  h i ’ar t ch ies  of a ni t ’  I v , ’ , i o n  the m o m e n t ,

icc’ are ci n e e ’n i t r - a t i r r g  our a t t en t i on  on the in f lu i - n i c e’ i i i  the ion pumps ant I - x t r ’ u u ’e l l u l a r -

concent r a t i o n  changes .  ‘Femperatu re has si n r e  i n t e r e s t i n g  e f f e c t s , and we have made

a new obse rvation in that  area.

a . I n t e r m i t t e n t  Conduc t ion  and N e r v e  Threshold

Step hen A. Raymond , Paul  .\ - Panga in I

A l ( ,— m m  color film on inte r m i t t e n t  coitduct ion and nec’.’ ’  t h r e sho ld  was pi’ es,- n t c u l

at the 6th Annua l  M e e t i n g  of the  S o c i e t y  f ur’  N i ’i i nosc ienc e , Ton on t to , Canada , N ov e m b e r  7—

11 , 1976. The fil,m makes the r e l a t i o n s h i p  betweert  t h re sho ld  andl conduc t ion  mij r , ,  v i v i u l

and und lers tandable  than has been achieved th roug h s t a t i c  plots  and logic .  The ideas that

thresho l ’l  a f fec t s  conduct ion , and that a c t i v i ty  a f f e c t s  t h r e s h ,  Id , are f u n d a m e n t a l  for oui’

n o t i iu n s  conce rn ing  int ’ornt a t ion hand l ing .  Inves t iga tors  have marI e  c u t - l i a r s  i ’b se ’rva t ) , ns
for which  these  ideas lead to clear hy p o t h e s e s .  One of our pu rp ses in m a k i n g  th e ’ f i l m

was to induce invest igators  w o r k i n g  on a var ie ty  of sy s tems  to t e l l  us oh ’ cases where  —

ac t iv i ty -dependen t  threshold s h i f t s  provide an explana t ion  of t h e i r  n O se- i -va t  ions , The

film has been well rece ived  arid two new cases ( I f  a c t i v i t y — d e p e n d e n t  t h r e s h o l d  s h i f t s in
inver tebra tes  have been reported to us .  Our not ions about gene ra t ion  of r epe t i t i ve  f i r i t t e ,
p r e synap t i c  i n h i b i t i o n , and uninvacl able  b ranches  have all  received ne on - u - expen i m e t ~’a~
support .

b. E ffec ts  of Nerve Impulses  on Threshold of Fr’og S c i a t i c - N en v ,~-

F ibers

Stephen A. Raymond

A new ser ies  of experiments was undertaken to d i ’ t e r n t i n e  the  shape  of t h n e~~it o l d
curves  with a c t i v i t y .  The m a i n  i m p r o v e m e n t  was to d e ve l o p  a scheme for n u a n t i f ~ ing
the  threshold a x i s ,  These e x p e r i nt e n t s  have  been a r ranged  in a logical  p n o c n ’- s~~n ’n
t h a t  leads  to a descr i pt ion of t ite  t h r e s h o l d  curv i ’  as a c o n t i n u o u s  f u n c t i o n  of ne i v i t v

A paper cover ing  obse rva t ions  and ex p e r in t e n t s  f rom 1’~’7l t o the  p n r - ~~’t : ’ w i l l  f e

su b m i t t e d  for p u b l i c a t i o n .  It w i l l  he t h e  f i r - s t  p u b l i s h e d  accoun t  of the  r e l a t i i ’n : s  ‘hat
we have described. 1
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c . A c t i v i t y — I n d u c e d  Changes in Ner’ve T h r e s h o l d  Cause I n t e r ’ m i t t u ’n t

( ‘ondluct ior i

S t e p hen A .  l l avmnn i i , Paul A. Pangaro

l3aserl on the r e s u l t s  of our s tudies  of nerve f i b e r s , equat ions  have h e e n i  w r i t t e n  for

each t’ih e  c’ s t h r e s h o l d  curve.  I n t e r m i t t e n t  r e spons iveness  was  obse i”.- ed d u r i n g  repe t  i—
t iy e  s t i m u l a t i o n  wi th  a near— threshold  st imu lus  magni tude .  The period of the i n t e r m i t —

tenet ’ changed iv i t h  the  rate of s t i m u l a t i o n .  It also changed w ith  the magni tude  of

s t i m u l a t i o n .  The equat ions  for t h r e s ho l d  showed the same rate-period and magn i tud u ’-

period relat ions observed in the nerve.  Our conclusion is that t it i s  evidence shows tha t
res-paribus conduction depends on threshold changes; in fact , in this experiment con-

duct ion or block could  be predicted well by t h r e s h o l d  curves taken  alone ,

d . E f f e c t  of Ion Pumps

Step hen A. Raymond

Ouabain and strophan th id in  counte r the bui ldup of depress ion  of th resho ld .  These

pump poisons completely e l iminate  depress ion  that has been developed by main ta ined

impulse act ivi ty  in the nerve. The threshold drops below res t ing threshold w i t l t in

10 minutes  fol lowing the admin i s t r a t ion  of the poison. It reaches the level associated

with maximum superexci tabil i ty .  At 10-30 ms intervals  a f te r  a condi t ion ing  impulse ,

when the membrane in an unpoisoned axon is near peak superexci tabil i ty ,  the threshold

of poisone d axons shows a slight t ransient  depression. In other words , the superexcit-

able phase reverses: Processes that make an unpoisoned axon superexci table make a

poisoned axon depressed . This work suggests that depress ion  is en t i r e ly  due to meta-

bolic act ion , presumably ion pump ing, and that the nerve at rest is held away from i t s

point  of maximum exc itabili ty by the action of the pump. This work was reported at

the ~th Annual  Meet ing of the Society for Neuroscience.2

e. Just ification for the Hunter Circuit

Louis L. Odett e , Step hen A. Raymond

We have examined our method c measu r ing  thresholds by us ing  the success or fail-

u re  of each tr ial  to modif y the s t imulus  for the next  t r i a l . We had noticed that the ou t-

put of the hunter  c i r cu i t  was t r ack ing  in a very  n a r r o w  band near  the cen te r  of the range

of s t imulus  magni tudes  between 0’~o and l00~” p r o b a b i l i t y  of f i r i n g  (the gray region) . Out-

side the gray region large st imuli  will a lway s  produce a response , and that w i l l  reduce

the next stimulus; the opposite is tru e for d eL - r m i ni s to ’  s t i m u l i  that  are too small.  Thus

the hunte r  paradigm converges.  W i t h i n  the p r o b a h i I i - ’~t i c  range two f eature s  operate.
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F i r s t , the p r o b a b i l i t y  of success is g r ea t e r  wi th  large s t i m u l i , and hence the p r o b a b i l i t y

of a. re tu l ’n  is  l a rge r the t a r ’t h er  tire s t i m u l u s  is from tit e center  of t h e  d i s t r i b u t i o n .  ~‘ ‘c —
and , the p r o b a b i l i t y  of a s t r i n g  m a n y  iu m p s  in a row is very  small  the s u u .e’ e s si v, ’ Iy

smal le r  p r o b a b i l i t i e s  of c o n t i n u i n g  a jump in the same d i r e c t i o n  are m u l t i p l i e d . .-\ shi rt

note on t I re  general problem of measur ing  th r e sho lds  is in p repara t ion .

f. Conduc t ion  \‘e l o c i t v  V a r i a t i o n  wi th  Threshold

Step hen A.  Ilaymor td

V a r i a t on s in la tency have been obse rved  d u r i n g  our exper imen t s  . A n  ins t rument

has been built  to allow the systematic de te rmina t ion  of the re la t ionship  by p lo t t ing  the
latency of each t r ia l  wi th  t ime .

c. Temperature  E f f e c t s

Step hert A .  Raymond , M i c h a e l  J .  B inde r

[The work of ‘N I .  J .  B inder  was supported by the Na t iona l  Inst i tute s of Hea l th
(Grant  5 TOl E Y 0 0 0 9 O_ 0 3 ) . ]

We have previously 3 reported a curiou s compensation of the nerve for t empera tu re
changes in a broad range from 10 °C to 30° C. Our evidence that  the th resho ld  was
regu la ted  actively and not merely careful l y balanced is that there  were t r a n s i e n t s  in the

threshold accompanying fast changes in the temperature. In a few minu t e s  these would

die away leaving the nerve at its rest ing threshold. During the summer we not iced that

nerve f ibers  consistently did not show the t r ans ien t s .  Even at rest , extremely rap id
changes of temperature evoked no variation of threshold at all. In the au tumn the tran-

s ients  reappeared. We suspect that what underl ies this  observation is the d i f f e rence

between summer and winter  frogs.  In any case , some active t empera tu re -compensa t ing
mechanism seem s to exis t  for threshold.

Re fe r ences
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.i .  Quarterly Progress Report  No . 102 , Research Laboratory of Electronics , NI. I. T.
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4 . TFIRES HOI .D H UN T [R  l ) h ; \ ’ l c t - ;

N a t i ’ ’n i a i  I n s t i t u t e ’s  of I l e a l t h  ( G r a n t  3 1101 I Y0 11 ‘l~ ’— 0 3’-i 1

Bell Labora tor ies  (Grant)

s tephen A. Raymond , Lou i s  L. ( )de t t e

\\ e have i n i v e t i t e d  thus  device  to se rve  as a general i v  stem for a u t o ma t i c a l l y  mea-
sur ing  and t racking the threshold of nerve  cel ls .  It iv~ h l work  equally w e l l  for m e a s u r i n g
thresholds  of other  mechanica l , citemical  or e lec t ron ic  b is table  sy s tems . The usua l
method of de t e rm in in tg  threshold is to use a series of t r i a l  s t imu l i  that are analyzed to

obtain  the p r o b a b i l i t y  of response for each level of s t imu lus .  The threshold h u r : t u ’ r  is
designed to v a r y  the s t imulus  so as to h u rite i i i  on the thr ’esho ld . The outcome of eaclt
t r ia l  condi t ions  the next  s t imu lus  as tir e threshold of the system var ies , which  it du es
with temperature and other var iables .  The ou t pu t of the threshold hunter , w h i c h  is a

voltage propor t iona l  to rh ,  s t imu lus , fo l lows  t h e  v a r i a t i o n s .  The u ’ x t e ’ nt  of t r i a l - F - t r i a l
v a r i a t i o n  of the hur t t e r  co it ta in ts  i n f o r m a t i o n  about t h e ’ thresl’iol d “ n ’u i s e ” of t he -v - - t e n :
under  stud y. \\ e have proved the conceptual  v a l i d i t y  of the ctortvergence of the t h r c -~ b ,ol d
hun te r  to the svs ten t  tt ’i r ’ e ’shol d , and have ‘ive-s t iga ted  op t imal  h u n t i n g  s t r ’a tegies  fu n’ a
v a r i e ty  of s i tua t ions .  Wi th  some anal ysis , the h u n t e r  output  wil l  y i e ld  the p r o h a b i i i t v
of response to the stimulu s magni tude r u c iv e . C hang e ’s  i n t h i s  d i s t r i b u t i o n , i f  h icy occur ,
can be read from tlte threshold hun te r .

5. N E R V E  THRESHOLD CHENIOG RAP F I

National  In s t i t u t e s  of Hea l th t  (Granr  3 ROl E Y O l l 4 9 - 0 3 — ’l )
Bell Labor -aton es (Grant)

Stephen -‘. . Raymond

‘rhis device is an app l ica t ion  of the threshold hun te r  devic , ’ . \ l i v i n g  ax e: mem-
brane is used as a detector for neuroph a r m a c e u t i c a l.. . The t h i ’, ’s l i , ld h u n t e r  n : , i n i t  s
the threshold  curves cha rac te r i s t i c  of the a x e , an d chem i c a l s  ar e  cj r c n ,nl a tech  pas t  the
r , iemhrane. Those chemicals  having  an e f fec t  on the n cr -v ,  membrane  ot ’ ’ l o ~~~’ changes
in the t h r e s h o l d  that can be d i s c e r n e d  eas i ly  by connec t ing  t h -  t h r e s h o l d h u n t e r  to a r h a ~~t

recorder .  Our exper ience  thus far i n d i c at , - s  that  ar ty  u ’ -tt ~~u u n n d a~ r u ’  c t i  i rg  th in  ne ~ u ‘us
sy s tem (s t ry chn ine , ACO , chol ine , pH , ethanol , p e ’n tobarb i to l , d i g i t a l i s , N 2

(d  ha s i t s
own c h a r a c t e r i s t i c  f f u ’ c t  on n - i ’v e  t h r e s h o l d .  \‘~‘ e’ ann ’  ear’’ n. to f ind ‘ u r n ’  i’,’he ’ t h ‘ - r t i - - Se
c h a r a c t e r i s t i c  e f fec ts , ru nce tl ~u ’ are compi led  for a iv iu le  s a r ’ ph i ’  of r l t e r n i ca l  i : - n ’s ,
w i l l  he su f f i c  i , ’ n t t l y  i n d i c a t i v e  of II , ’  k i n d  of d r u g  and i t s  i - l i  ,‘i ’t  5’’ as n ’ be u~~, — t u , l

d e u t e c t i  iii. ’ no el neu n ’oph arnt aceu t ica l s  of cu t : ca l  n’ip ’ ir t a n c ’ -
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6. N i - : R \ ’ l -~ N I h - I N l l t l i  A X E  N l O l ) l - LS

It - I I  I , a h ’ u  ‘ ‘‘at i n i t ’s (C’, I—ant)

l . r r u i .  I . .  ( ) t l u ’ t t e ’

\Ve are an a ly z i n g  and s vn t t l r e s i z i n g  e l e c t ron i c  ant a l og  models of ncr ”.’ ,’ membrane .
‘l’hese models are monostables based on the equivalent  c i r c u i t  for t ir ” membrane , w ith

F the relat ion b e tu ’e’e’n the stead y- state values of the var iable  conductances  and the “t rans-

membrane ” voltage d e r ’ i v e u h  from a s ing le f u n c t i o n a l .

\Ve have cons t ruc ted  a c h r r u i t  that den ton . - tr ate ’s  m a ny  e l ec t r i ca l  p rope r t i e s  of the

squid giant axon: the form of the m e m b r a n e  a c t i o n  p o t e n t i a l , as t ell as subthreshold
response; anode break exc i t a t ion t ;  and the cu r ’ rent_ v oltage -  t ime re la t ions  revealed

through voltage-clamp e x p e r i m e n t s .
\V ith t h i s  back ground we shal l  explore t i n ’  re la t ions  between the mode l s  and phys ica l

r ep resen ta t ions  of the nerve membrane .

7 . P R O P E R T I E S  OF TIlE Cl IO I . IN E RG I C SYSTI -I NI IN THE OPTIC
Nl- : R V1’ l  AND OPTIC T l - ;CT UN I

Bell  Labora tor ies  (Grant)

E d w a r d  II.  G r uh e r g  , . l , ’ r ’ , ’ n te  V . L e t t v i n

Opt ic  nerve  f i b e r s  were  s tudied  as a potent ia l  cho l ine rg ic  sv~ tc’m . U s i n g  14 C-cho l ine

as s u b s t r a t e , iv,: fu ’u n d  a c t i v e  t rp t ake  of c h o l i n e -  in the nerve. Tlte up t ake  ri -as h i g her’ per

u n i t  p r o t e i n  than  in tIn ’ t ec tum , the st r ia tu m , the pa l l ium , the ventra l  root f ibers , ari d

the dorsal  r o u t  f i be r s .  The 
~~1 0 

of uptake was 2. 3 and was h igh ly  s o d i u m - d e p e n d e n t .

Optic  n”cve acety icholine (ACh) syn t h e s i s  f rom 14 C-choline is approximately the same

as in tIn ’ ‘.-ent  r’a l i t  and an u i r e h e r  of m a g n i t n n d e ’ g r e a t e r  t i tan in tine dor’sal r o u u t  . H i g h

a c e t yl c h oh i n e s t e ra s e  a c t i v i t y  i s  a lso associa ted ivith each of the opt ic  nerve t e r m i n a l

p ro j ec t ions .  Thes” r i - s t i l t s  imp ly that  the op t i c  f ibers  are cho l ine rg ic .

The opt ic  f i b e r s  are u s  ,t  s t i f f i c i e n t  t u  account  for all the c h o l in e r g i c  a c t i v i t y  if t i r e

tec tu rn . (‘u t t i n g  the opt ic  r i ’  nv , l e a d s  t u , an ir tc  r ’ ,’a se of ACit  sy n t h e ’s i s  in the c m l  r a la ’ —
e r a l  t ec ta l  lobe. l s u u l a t i n g  t h u ,  t ’ - c t u m  from la te ra l  inpu t s  leads to a decrease in ACh
s vn t h , ’ ,~i s. Tir e o r ’ i g in  u u f  t b r , ’ s e  f i i o ’r s  was d e t e r m ine d by iontop horesis  , - f  h o r s e r a d i s h

pe roxidase (N. H. P.) r u t -  - l i i , ’  t , - r t u m .  N . II .  P. is  t r an t s po r t ed  r et r o g r a d e  in a x u ’n s  to
t i n - j r ce l l  bo , l i , ’s .  F i r ”  u n t l v  c e l l s  — ‘u , i ‘ ‘ u i  iv, ’ re a d i s c r e t e  gr -oup in  the nu cic irs  i s t h m i .
l- l e c t rolv t i c  l e s ion  of l i t , ’  n u c l e u s  i ,— ‘hmi  r educes  A( ‘h sy n t h e s i s  in the ip s i l a t e ral t ec t a l

lobe to the sant e , ‘x t , ’n t  as l a f e r ’aI F ’c t a l  I e s i , u n .

Dv i on t o p h n o r e s i  s of 3I ! —p r o l i n ~’ n i t ’ ’  t he  nucleus  i ~t l t mi  and sub sequen t t  aut  r ’ a u h i  ‘g—
raphy ,  we have t i-a sh a b i l a t e r a l  pro3 ect ion of f i b e r s  to dl i , -  t ec tum.  ‘[he i p s i l a ter -a l
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pro jec t ion  e n i u l s  d i f t r i s e ’iv  in  .1 p~m t t e rni  c o i n c i d e n t  w i t h  opt ic  ru i n’ ’ .-,- f i i , m ’ n ’ s  but  r ’ e s t n i u - ’ m ‘ I

‘ru E ’  t i m  t i n , ’  m e u t i a l  .rspi ’ e ’ t .  l i i i -  e ’ m , , , n r ’ a l ’ a t , ’ n ’ a l  P r ’ , m , i e et  err  is ‘ u — t r u t h f u , r ’  t i r e  m o s t  p a r t  ar id

i n ton , t h i n  at - n - s  o f  n h ,  s t i p i - r ’ f i r i a l  t e ctum . ‘ I I ’’ pr ’o l ’ct m u n r s  have’ h o e r ,  co n f i ni’ried hy

l” i r i k — I l e i n n c ’r  u i , ’ ~ , ’ r re ’ r ’ a t i on s t t n u l i , ’s .

We’ are now err uae ’, ’ ’ l  i n  t r vm , j ’e’ l , i t , ’ u l  st u u i  i , - s ,  In  tIre  f i r s t , we fi ll t in e m u p t i c  f ib e r s  w i th

an e l e c t  r’, m n — u h , ’ n u s , ’ m a t ’ r i a l  w h i l e  s i n r u l t a n e o u s l v  l a be l i n g  ch cr l i n e r g i r  e n d i n g s  w i t h

l abeled a — b u r u u a r ’ m m t u ’ x i n  and d o i n g  ‘ l i t  n’ u t  m ir - n ’ , ‘s ’ ’  pc a u t m , u ” a d  iograp h v. In the second ,

ic- c’ a t tentpt  to see a n a t o m i c a l ly  i i u , ’t i r e  r we can f ind  sp r ’ ur r ’ h og of nuc: l , ’u s i s t h m i  f ibe r’s

in  I c ’ sponse to opt ic  rue ’  we ’ I m ’s i m m n s .

8. Dh - :SI GN .~ ND ( ‘ONi-i T l l l ’CT ION 01- ’ \N A R T I F I C I A l .  L A R Y N X

N a t i o n a l  I n s t i t u t e s  i u f  11m ’a l th  (G ran t s  3 110 1 l - Y O I  149—0 351  and 5 TOl b Y 0 0 0 9 O — 0 3 )

Bel l  l . a b o n ’ a t u m n i , ’s (Grant )

Dona ir l  \V. Sr’h oendon fer ’ , Step hen \ ,  Rav m on ul

The major  t h r u s t  in  t i n ’ t r u n k  of t in , ’  p a s t  f , ’w mon ths  has  b e n  t h e  d~’v~’ l o p m i ’n ’  and

o p t i m i z a t i o n  of an in te rna l  a r t i f i c i a l  l a rynx  for la r v n g e c t o m i z”h  pa t t ~’n i t s . We’ have ’ be e n :

working with Dr.  Donald P. Shedd of ll u s r v e u i h  Park N I , - n s m  a ial In s t ~’ n n t e  , H u h  a la ,

New York .  He has developed a r ee u h  fi s ti i la  t e c h n i q u e  ‘, f s p u r  h r ’ , t h a h i l i t a n r ’ m r . ‘ h i s

t e chn ique  has advantages over alte rna t ive  r e h a h i l i t at i - n  t u ’ c h n i q n i ~- s .

a. \n  ar t i f ic ia l  vocal source is used which  in  p r ’ i n c i p i e ’ can be d e s i g n : ~’d to pr u~ Iur ~’
an accurate  reproduct ion of the sound made by the n u u n m a l  l a ry n x  a ’ p h v s i - n l or o  .~ I prx ”~-

sures  and a i r fi ows .  It is , there fore , eas ier  f u n  i i i , ’  p a t r e t ’ ‘ a ,‘e I ’ a n u  — i n - c l , ,  ( ‘t l : ’ ’r
t echn iques  require  that the patient f i r s t  learn t m  produce ’ an ac ’’r n- ’ :’ e x c u ’ a t ~~’n I ’ ’

vocal tract;  for example , esophageal speech is done by b u r p i n g  e t c  f r m - n :  ‘ 1 ’ -  se t’ ,

b. The patient is able to use exhaled a i r  from the l u ng s  t ’’  p- “.c , ’r  a ’  r O i l  rol

artificial larynx , as in normal speech.

c. The a r t i f ic ia l  sound source is introduce d low in th i ’ vocal t r ac t  s i  ‘hat t i , ‘rans-

fer funct ions  of the pat ient ’ s tract are s i m i l a r  to t i r u ’ s e  pr -m r t m  i i i , -  p~’ t ’ a r  on .

In the past , Dr .  Shedd’ s pa t i en t s  have used lar ~ ’ - e x t m ’r n a l  a r t i f i c i a l  dcvi i ’s’s th at f i t

ov,r r  the t racheostoma and rest on the lowe r neck.  The sound output  of these ext , ‘ n - n r a l

devices was routed into the vocal tr ac t  by way of a s k i n  f i s t u l a  cons t ruc ted  d u n r n e  th e

Iaryngectomy .  These skin  fistulas va n- y in lengt h from 3 cm to 20 cm and are  3/ s ’ in

d iamet ’u c .
The e x t e r n a l  la rynx is acoust ica l l y undes i rab le  for  two impor t an t  reasons.  l ” i r s t , i’

per’mits  a large amount of sound to radiate from its th in  wal ls  and i n t e r f e r e  w i t h  t l :e

v , ,iced sounds from th~’ mouth .  S e c u i r r m l , the downstream tube c onnt ~’ c l i n i g  the e x t e r n a l

l a rynx  t m the vocal tract introduces its own formants  on the source spectru m , These
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t ’ , u r ’ n r a n n t s  a n - c ’ r e l a t iy e l r - st a t i u n r a n ’v but d r a s t i c a l l y  d , ’ r ’ n c -  as,: r h  i u u , r ’ m a l i n r ’  m l  t h ~~ ’ p u t t u e . n t ’ s

S pe ccli ,

‘FIr e ’se l iv ’ ,  problent s  could be eh i n t i n i s h e d  by m a k i n g  an a r t i f i c i a l  l a r y n x  s r n n a i h  enough

t i  u be placed at the end of tite f i s t u l a . ‘fhece would ‘, h r e nl be no d u u u ’ ,’n i s t r ’ ea m tube h e t r ’,’e ’ ’i ,

i t  and tIr e vocal t r ac t , and i ts  dir’ect  sound r ad i a t i on  would be damped b the t i s~ ues  of

the neck.  A device of 3/ 8” or less in d i ame te r  was needed to turn  the st eady  a i r  flow

from the lungs into pu l s i t i l e  a i r  flow wi th  a sound spectrum of the shape genera ted  by

the normal  la rvrx .  \~-‘e used a re laxat ion  osc i l la tor  modeled a f te r  the common duck call ,

w i th  a v i b r a t i n g  can t i l ev e r reed to i n t e r r u p t  the d r i v i n g  a i r  f lare .  The spectnutm of the

device  was tuned by m a s s — l o a e h i n g  the reed at spec i f i c  l ’ n - a t i u u n s  an , u l by var’ \ ’ ir g i t s  i, : . -

l i nea r  s t i f f n e s s . The f requency of osc i l la t ion  of the device could be va r i ed  by c h a n g i n g

the d r i v i n i ~ pre~~s r in ’ u: , which  a l lows in f l ec t i on  in the pa t ien t ’ s speech.

Two pa t i en t s  are now tes t ing  the new in ternal  l a rynxes . I n t e l l i g i b i l i t y  tes ts  wil l  soon

be conducted . We are of the op in i on  that t h i s  in te rna l  sv~~ten: improves  the pa t i en t ’ s

speech.
A problem associa ted wi th  the i n t e rna l  larynx tec itn i que is leakage of f l u i d s  f ron t  t h e

pharynx  through the f i s t iu t la  tube. A p ressune-  inf lated cu f f  s u r r o u n d i rt g  th e internal  I a n ’ -

vnx  is used to im pede leakage from around the dev i ce .  The pn ’ e s .u r e  of the cuff  r ous t

be regulated to prevent over inf la t ion , which  wil l  s t re tch t i r e  sk in  f i s tu la .  I .eakage t l u n - ’r r i r lu

the a r t i f i c ia l  larynx has hteen  stopped by a tin s’ , one-way flap valve. The coo rd ina t i on

of these t ie ’, met itoch s should enable the pa t ien t  to eat and d r i n , s wi thout  r emoving  the ..v u.-

tern from his f is tula  and p lugg ing the hole wi th  his thumb.  The t echr t ique  is now b e i n g

tes ted c l in ica l ly.
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~~. Ban’ba , and N.  Scltaaf , “ Ree l-

F i s tula  Metho d of Speech R e h a b i l i t a t i o n  a f t e r  La n ’vng ec t r r n :v , ” - ‘em , -~~ . Sur g .  124 ,
5 1 0 — 5 1 4  (1972) .

2. D. Shedd , V . Bakamjian , N ,  S a t - ’ , ‘N I .  N l ann , V.  \ V e i n t i n - n g ,  and N.  Schaaf , “ F ur -
titer Appr -a isa l  of R e e d — F i s t u l a  Speech F u u l F ’ i , .’i nr  P h i a r - v n ~~u u l an ’vn ~g e r t o n iy , ” Car.. .I
Ot , , l a rvn r c , l . 4 , t 5 3_ t S7 ( 1 9 75) .

9, ‘eN APPL ICA’I ’ION OF F’LO\V-THROUGI-l CO1.I~AP SIBLE TLBESr
WILL THI-: Y FUN (’TION AS PROSTHb - : ’i ’IC \ ‘OCAI . CORDS?

Nat iona l  I n s t i t u t e s  of Heal th (Grant  3 ROl FY 0 1  I .l~~~ f l 3~~l and t TOI L Y 0 0 0 ° ” t — 0 3 1

Bell Labora tor ies  (Grant)

Donald ‘it’ . Sc h r u , e n r c i i i r t ’er , S tephen A . fl avmoncl

Col laps ib le  tube flo’.v has been s tudied  by n u m e r ’u s  invest  i c a t u ’r ~ . We have

become in teres ted  in the p o s s ib i l i ty  of u s ing  one of the many re laxa t ion  o sc i l l a to r s , the
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Sta r l ing  res i s tor  (named at ’te ’ r F . F!. S ta r l ing  rr’ho , in 1912 , used col lapsible  tubes as
hyd r a u l i c  analogs f in n  flow in veins) as a possible  vocal-cord prosthesis .  We have con-
st ructed a model of the Star l ing resistor , and invest igated its flow character is t ics .  ‘iVe
found that the system could operate at p r e s s u r e s  and air  flows produced by the lungs ,
and that the frequency of oscil lat ion could be in the 100-400 Hz range. The r e su l t i ng
output sound spectru m was remarkably close in shape and intensi ty to that of normal
vocal cords.

This model was tested as an external larynx by two laryrigectomized pat ients  of Dr .
Donald P. Shedd , Roswell Park Memorial  Inst i tute , Buffalo , New York.  The output sound
was directed to the vocal tract by a fistula tube , and the resulting speech was sat isfy ing.

A simp lified analysis of the per tinent physical laws of air  flow through the Starl ing
resistor has furthered our understanding of the mechanism of oscillation. The analysis
indicated also that it would be di f f icul t  to miniatur ize the Starling resistor to the point
where it could be used as an internal  a r t i f ic ia l  larynx. A paper descr ib ing  this work
will soon be submitted for publicat ion .
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10. TERRITORIAL BEIIA\’I OR OF Macrozoarces americanu s

National Ins t i tu tes  of Heal th (Grant 5 TOl EY 00 09 O -03 )
Bell Laboratories (Grant)

William N I .  Saidel

The ocean pout , Macrozoarces arr’r ericanu s, exhibits  a te r r i to r ia l  behavior in an
aquar ium that is s imi la r  to the response directed at a scuba d iver  in the ocean . The
aquar ium behavior described in this  report was studied du r ing  the w i n t e r  of 1973 in the
National Oceanic and Atmospher ic  ,- ‘e dmin is t ra t io mi  aquarium at Wood ’ s Hole , Nlassachu-
setts; scuba observat ions  were made dur ing the summer of 1976 along the coast of
Massachusetts. In the aquarium the t e r r i t o r i a l  d isplay had three sequential  movementsr
an alert , or head-up po s it ion (F ig .  XX II I - 1) ,  an oral d i sp lay  (Fig .  XXII I -2 ) ,  and a
n i p p i n g  motion . For an inc iden t  to occur , one of the f i sh  had to be w i t h i n  i t s  t e r r i t o ry
on the aquarium bottom: two pout mee ’t ing  outs ide e i the r pout ’ s t e r r i t o ry  never
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F i g .  K X I I I - l .  F i g ’, XXI I I -2 .

I l - - a d — u p  p o s i t i o n  m i t  i a t u ’ u l  by the pr ’ ’ — —  O r-al n h i s l - r l av .
ertce of a s m - c l  rn  I pour (ar -ro n ’, 1

d I ~~p 1 u t v u ’ u i  t h i s  behav io r- .

‘l i i i  n - t v —  s e v e r n  p€ ’ r ’r ent u u f  a l l  m c  i c l en t t s  in  ivhich a d i s p lay was u t i l i z e d  by one or hr ’m t h

f i s h  we re reso lve n l  isv an a l e r t  p u u s t r n  n e - ;  9”~ by oral d i sp l ay ;  and 1 ~1”g by the ni p p i n g
m o r i u , n r  - ‘e n’ , ’ s i den t  pout i n i t i a t e d  a d i sp la ’~’ t h r ’ ec t i m e s  as o f t  ‘n as an i n t rude -n .  . \n :

in nt rueler r ’esponcled to a n e s i d i - n n t  — i n i t i a t e d  d i sp lae w i t h  a d i s p lay of i t s  ‘ u r n only 10 of

the t i n r e , w h i l e  a n ’ , ’ s i r l m - n t  responded a an i n s t r u d ’ -  n’ — i n i t i a t e d  d i s p lay m o r e  t h a n  7f l’~e of

h n u ’ t i m e .  ‘l ’he ’ n i p p i n g m r r t i o n , a l w ay s  f o l l o w i n g ’ the h e a d — u p  and oral d i s p l ay s , “- a s  u t i l —

‘Le O  m u n t l y  d u r i n g  p r u v i m n a t i v e  s i tua t ions , s n n c h n  as ‘t h e n  the  f ish we re fed , when ‘ I n , ’  f i sh

tee r e !  e ’s t ab l  s h i ng  t h e i r  t e r r i t o r i e s , arid re l i c - rn  a net’.’ pout was adch ed to tI n e  tank A r e s n —
u i - n t  pout al near ’s r e t a i n e d  its te ’ r n  t u  ‘v w h i m - n .  c h a l l e ’ tn g u ’ u h  r egard less  of the pir~’sic al u -ha  n ’ —
a c te ’r i st i c s  of the : i n t r u d e r  such as s i z e ’ .

The te n n i t ’ n n i n l  l r m - l n a v i u t n  teas p r e d o m i n a n t l y  i n t r a s p m ’c i f i c .  ‘i smal l  f r ac t i on  (<1-4  - 1

of the total  inc idents  (not inc l t r d e ch  in t in , ’  p e r c ’ c ’ i n t a u ,g: ru I n ,  l a t b u n n s  1 w e ’n ’ m ’  w i t h  ‘t in ’  n ~e ’ nre ’ r ’ a
s u r ’ h n  a~ I . u ’ r n u h m p ’ i ’ u n ’ ~~u n u ’ c  t i - ~ a r id  Gacius.

F i v e  of the  i x t e e n n  pout I e ’ n n c ’ i m t i i n t e ’ r e d  rvhi Ic d i v i n g  n - i s p  m n r u h e , h  t o  my  p r e s e n c e  wi th  a

f ’ r r i t o r i a l  d i sp la Y . Tb , -  m a x i m a l  pos i t ion  used  by ti n n - i - c  of them was tine a I m ’  n t  pm ’ s  t i  -

t I n ,  - i ’ ,’, - i o t h e r s  f o l l o w e d  f i r m - a l ,  n - i  p ’ s  i t i o n  rc ’it ln an oral d i s p l a y . ‘i l l  of these  f i s h  i n i n a b —
ted a p r’o tu  ‘ u ’ t e ’ u h  a - n ’ ’ i e. g. , at t i n ’ ’  j unc tu re of t h r e e  b r , u i u I m ’ i’s , m u c h  l i k e  t h e  ‘ i - r r i t ’  u n  es

Iu ’ t n n n u ’ ’ l  i )V d i i ’ ’  p u u t n t  i n n  t l ~~- aquar ’ iurn t . ‘l ’’- n  u u f the  , ‘Ieven n on i d i s p l a y i n t g  pout t ina t  i n : i n — , ’ - i i —

- l v  - - ‘- ‘r a in  an ’;av ‘‘ri . ’ i’ m ’  I t ’  np  u - l i n e r  ‘ u r n  i p i t  sand  or i n  seat ’,- ’ ’, ‘i’I . The i - I ‘ ‘ n ’ ’ i~n h i  fi sin

t’ m ’ t u ’ , ’ u t ’ , ’ ’ h m i t ’ a h o le .

\ t e r n ’ i t o r ’ i a l  l z ’ l n a r ’ , ’u ’ ’ , . i n : i l a r  i n  f , u r ’ n n :  t m  t h a t  d e s c n ’ i i n , ’ u I  F,: N lacn ’ozoa n ’ces  has  b u r n

1~ 11 N ’ - , I I ”  I t t
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n’ i ’ p u u i ’ t m ’ I  p r m ’ v i m m n s l v  fo r  n i e m b e r s  m m f  t i n -  p t ’ n n t ’n’ a  I t I ’ ’ n i n , i n r ~~~ ’ u t t i d  I l v p s m b l e n n n n u -  , ‘~~~ t r u t

t h i s  r e p o r t  is t i n e  f i r s t  t , u  deal i v i t i n  ti n s b c ’ l n a v i u m r ’  in  t h e  ‘ ‘ ‘ t i n s / oan ’ m ’ , — . l ) e - s p n t ’ ’  m m ’  t m - n , —

f e r le l  r, l i f t ’ m ’ n ’ en n e ’ e’ in s ize  b e t w e e n ,  nim ’ n n n l ,m m r rs m ’ t  t i , ,  n a i n , n l v  7.on, i ’ m ’ i u l n n m ’  and of t~ n m ’  fa n u n i ’ , t i e - n i —

n r i i m h a ’ ’ , a l l  t l n r ’ i ’m ’  g e n e r a  e x i s t  in ‘.vhat could he u b m ’ ~~ ’ r ihe i l  as e ’ c u , l i m g ’t c a l l \ ’  s r n r n l a n  n i che s .

The s i r n i i l a r i t y  ‘f t l , e -  t e r r i t o r i a l  h , - h i a t ’ i , u r s  r e f l e c t s  th is  b a , ’ l .
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1] .  E N E R G Y  I l i ; Q V i i l l 1 \ 1  l - N ’l ’S D U R I N G  P IG N II - NT Gil  \ N 1 ’ l . i I

‘NIIG RATION

N a t i , , n r a l  I n s t i tu t e s  u u f  Flealth (Grant  5 ‘l’OI I -X 0009 0 -03 )

W i l l i a m  ‘N I .  Saieiel

M i g r a t i o n  of p igment granules  w it h i n  tIne me lannop hore is b i d i r ec t iona l .  The a m - n e a l

motion that an individual  melanosome makes  d u r i n g  m i gr a t i o n  in each d i r e c t t ’ nn i s  no ’

ident ical .  The movement  of a granule d u r i n g  the inward  mi grat ion , indu r - , ’ d  liv cat , ’-

cholamine n , is a smooth , cont inuous motion , whereas the outwardl y dir ’ , ’ c t u - i b  movemen t

occurs  in d iscont inuou s “ lumps . ”
2 As has been observed s ince  the ean’ly l ’~0 f l ’  ~., t h u

inwardl y d i rec ted  movement  is 1 t u  4 t imes  as fast  as the d i s t a l l y  u l i r ’ , ’ e t t ’d m n ,  n -at  ‘ ‘ n : ,

Recent  expe r imen t s  have h ee rn  pe r fo rmed that shed l i g ltt  upon the m ’ n e ’ no ’ -r  n~ ci ‘q i:  n ’ ’ —

m e n t s  of these movements,  D X I ’  (2 , 4 - d i n i t r o p h e n o l )  r in se  u n i p l i ’ s  c e l lu l a r  ox ida t iy , ’  n-u - - n ab-

o l i sm from p h u u s p h u s n - v l a t i o n  of - \ ‘FP. 3 N n r - n n n a l  f l a t f i sh  sal ine 4 c o n t a i n i n g  a l 0~~ NI con-

cen t ra t ion  of I )N 1’ n -ev en’s  l i ly  induces  pigment  aggregat ion  i’s n n n m : b a n r m ’ p i n u  ‘ r i -s  o f ‘h i ’

f l a t f i sh  Pseuclopleuronectes  amer i canus .  T h i s  ag g r e ga t ion  is n t n u t  r I m , ’  t m u  f i n e  s t n n , t : b a t i m n:

of the a — a e l n ’ e n n e r e i c  s i t e  on t i n , ’  meianop }non’e  memhn ’ane because to l azo h i ne  h y u h  n’ ’ ’ I n , ’ ’ —

r i de , an a- s i te  h I ocker ,~ t l m u e t s  not a f f e c t  tine I )N P — i n d u c e d  inward  m i g r a t i o n .  This

evidence st n u n ,  r u b y  so L’t n ’ s t s  that  the o u t w a rd  p igr ’t n e n r t  g n ’ a n n u l i  - n i t i g r a t m o n  n u - q  t o n ’ - t i , -

I , n ’ m : a k , t u m rr ’nn of ‘i ’l l ’ , r r } n ’ ’ n ’ ,’a n t i n ’ ’ in\% ’ard l m u n , n ’ a t n m i n n  u i u u , ’ n ’ , n ’ ’ l ,

Two other  p n i ’ u ’ m ’ ~ of m n f o r n n a t i o n  sn i p p ~m n ’ t  t h is u - , , n t , - n i i n m u n n ,  ‘I ’he t i n ne c r i m e of
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aggr ’e oa t i c ’rn  indu ced ~~ DN P  is  app r ’ mm x i i n n a t e ’ l r ’ i,ne f i t ’t l i  m m r  the  t i me  of agg ’r er ’-it ‘ ‘ n i  i nndu m e , d

m e  a u — n  i n n : j x j o n a b  c o n c e n i t r a t i )n ‘ m l  a l  n ’ m ’ r r a l i n n , l b s  s d r O L ’ u ’ —ut1 ’ t ine ’  p r - u ’ s  ‘nc , ’ m l  i i i ,  er r i n g ’ —
n i u u s  ‘e l’!’ pool that  m u s t  be ’ u ser l  t n n ’ i t m n ’  t u  d l i ’ ’  m m n s m ’ t  of apis r’ m ’ n s a t n o n.  Second , i i  ‘hi ’

a t ) s d ’rn e e ’  ‘f C’a ’ , a me lar nop lnor ’ e’ an se tn’ m~~,ates r a p i d l y . T inis  sugge~ ts , a~ in a c t i r n — n t v m ’ s i n
u t i l i z a t i o n ,  of .‘e’l’P i n n  n iusc le ,~’ t lnut  (‘a~~ is a c , ’t ’a e t m  u r i n t in , !  A l]’ b r , ’ a l , e i u n v i , ,  i n d u c i n g

d i s t a l  lv d ir ’ ecte ’, l  p igme ’nnt  mi  p n ’ a t i r , n n .
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12. BINO ( ’LI , ,\R  EFFECTS IN CIIR OMA ’l ’T C ’ •\DAI’T \ ‘UION

National  Ins t i tu t e s  of Heal th  (G rant  S TOl E Y 0 0 0 9 O - 0 3 )
Bell Laborator ies  (Grant)

N l ichae l  H. Br i l l

Invest i gators have long sought to quan t i f y the change in appea n ’anrm ’  of t es t  l i g hts

a r i s i n g  from changes in an observer ’ s state of c h r o m a t i c  adap ta t ion .  T h i s  is g m - m u - r a l l y

done by chang ing  the spectral  compos i t ion  of a l i g ht p r ’ i ’ sm ’n t ed  to an nh se  i’ver i t  ‘n

adaptation state un t i l  th i s  l i g ht  matches a c o m p a r i s u u n  l ig ht  presented to tine c , is r - u ’n ’s - er

in another adaptation state.
In order  to avoid the imprec i seness  inherent  in p e r f o r n t i n g  color compar isons  fr etm

memory , a t tempts  have been made to place the observer in tw o adap ta t ion  s t a t , - s  at tine

same t ime , e. g. , by adapt ing  the observer ’ s eye’s separatelv) 3 I f one is t ’  be able

to infe r’ p roper t ies  of monocular  chromat ic  adapta t ion f rom b in ocu la r  conn pa r i son s , the

l ig hts presented to one ,‘ye mus t  not af fect  the colors perceived fry tine ‘l iner .  P rev iou s

st u d i i ’ s  have i n d i c a t e d  that the t r ans fe r of c o n d i t i o n i n g  m ’ f l ’en c ts  fn’o m ‘mu -  e ”  to the , m b h e r

i s  not s i g n i f i c a n t . 4 Those e x p e r i n n e ’t n t s , howev” r , used a s i n g l e ’  f i st patcin on a s p a t i a l l y

hom o r ” ’ n n u ’ m u n i s  back ground.  F ,m l l o ’ . v i n g  a suggest ion liv .1 . V. !, i - t t v i n , ‘.~ i ’ h ave shown

t i , n , t  t h i s  t r a n s f e r  is far mar ’’  pro nnounced ‘.vhen the t , ’st  f i e l u l  is a set  of lu re , ’ d i  f f , ’ n ’ , ’ n ’ t  l v
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c , m l , m re ’d patches that  a r e  mu tua l  l v  v u  m t  i g ’u u r n s  i n n  r~pu ee ,

The i ’ x l i m ’ r ’ i n r e n n t a l  ar r a n g cm m ’i r t  is s in ne r ,  inn I ’ i i i . \ N I H — 3 .  - ‘i p r e y -  i i f  r e h , i t , ’  n i , , ,, t t m -

t r a i l w i t h  3 a t t a ch e d  ( ‘ , u h m u n Ai d  papen ’s h an g s  ‘ m v - c  an n a s s em in ln ’  of 4 m i  n - n o r ’ s . ‘ l i i , ’  d i n —

— 
play  is i l lunn i nna t e ’ e t  be a t u n n g s t e n n  l amp placed s u f f i c i e n n t i y  fai  a w ay  tha t  the rvh i t ’ ’ !iS ,,l t m

______ - -
- I” p . XXIII - 3.

- ‘epparatu s for  o h sm ’  i ’v i  m g  b i n o c u l a r  el ’ l e’ , ’t s
of ch roma t i c  adap ta t ion .  NI 1 — N I m u m - c s ,

- 

\t , wh ite m a t t e ’  b o a r d ;  R , G , It , ( ‘Ho n ‘id

4 papers .

board appears un i fo rm ly l i t  An observe r preadapts  ‘ur i c ’  eve b lo emking  ti n ’ , r i nk , b a I t  a

ping- pong ball at a projected colored l igh t .  Throu ghout t i , ,  20 s e c i m n n r i s  01’ SO m , f  c i i i  - -

matte  adaptation , the other e’,’e’ is open to a m b i e n t  room i l l u m i n a t i o n .  ‘it 1, - n ,  t l e  , , I n s m ’r ve r ’
th en looks wi th  one er ’e’ at m i r r o r  NI 2 and ne i th  tine e i ther  at m i n n ’ u u r ’  Ni 3 ( F i g .  \~X!Il-3’t ,
wi l l  see two images of the t r ip le pat ch , twofo ld  rotated and d i sp l aced  from ‘ ‘ s e n i ,  ‘ t h e n’ ‘ i s

the whi te  back ground .
If the r ight  eye is adapted to red l igh t , t h e  colors seen b” t h i s  cv,’ are g r e e n e r  i r a n

those seen he the l e f t  c ,’.’, , as exoe. ted.  \Vi nenn tine ’ r ig h t eye is c i ,  s u ’ I , I t r r r e e ’ves r , t i c , ’
colors seen be tine l e f t  ey e  h e c o m u ’  I n s  red t h n a n  t i n y n ’ ;m ’n’ ,’ , l { m ’ u l p e n i n r r  t in , ,’ n ’ i g l n t  u - e m ’

i n c r ease’s tine n ’ m ’ d l n i e n s s  of tIne ’ c m l ,  n .— s i m m l iv tine le f t  or’ , ’ ,

I f  the r i g h t  eve is an l ap t ed  t u , gn ’eu ’n I i is’I n t , t lne ’r ’ u ’  i n  a — in s :  i l a r  , ‘f fe e ’t , The coior’s see r,

b y the r ig in t  e ’y m ’  are n e n l u i e  m t inan  t i n ’  u s e  se en m v  t i n , ’  Ic f t .  ( ‘ 1 ’  u s i r n g the r i gh t eve mak es  tlte

co lors  seen liv t Ine  l e f t  appear I i ’s , .  g n ’ ~’ m ’ n r ;  r ’ m ’ m m p ’ n l u g  t u e  r i g h t i v ’  m a k e s  the c o l o n s

by the l e f t  appear’ more  g r e u ’n .

‘e l d e r a t e r m ’  s , ’ c m u n r i s , the e ’ l i e ’ , ’ t —  m m :  c ln r ’ o n r a t i c  a d a p t a t i o n  t r i l l  w e a k e n s . I f  t i n , ’  1 m b !  and

r i g ht eyes a r e ’  c l o s e ’rh  a l t e ’ m ’ m i a t u ’ l y , t b -  c , u l m , r ’ s s’’ i ’ m n  by t b ,  n t - u t ’ ’ ’  s t r i l l  — ‘ ‘ ‘ n :  a p pi ’ ar  ou t . —
t r c a i . Ru t  i f  both ‘ ‘ v u n —  a t e  m p e n i - - I  ,s i n n t u l t a n n u ’ m m u _ i v , t i c -  co lon’  d i i r e ’ n ’ , ’ t c,’s r’ m ’ a n n n n , ’ni i, ’ ,

a l though by t h i s  t inn e t i n e ’ ,’ w i l l  be q r o r m ’  , n t ! , - n n n i  i t - I .

T h n s  phe’n on ’ner non n is  r e n n i n i s c ’ ’n n t  i f  s i n ’ n u l t a m n , ’ , , n i s ’ , , t i t r ’ a - _ t  i n us ‘ - t n ,’ r d , n n ’  r ’ i s i m ’ n n , and
shows tha t  t i n , ’ s t i m u l a t  n u n,  u t  l u n d ’  u - ’  can i n i f l u e n , c m ’  co lor ’  pe’r’ u ’e ’ p t n - m n be t h e  ‘ ‘ t l , u ’ t  , ‘ l i i i —
i s  an i n t e r e s t i n g  cor~oj I a r r ’  t m m  tb , -  r e ’ s r i l t s  , , f  n l i c h ’ ’ p t i c  i n c n ’ m ’ m n ent  t i n ’ u ’ s b n ’ ’ l n l  i ’xpi ’ r— i m n ! u ’ ’ t s

w u tli ac i nn’ mm n , a t i c  li~’ 1 n t s , 5 We k n , w ~
’ t h r a t  the  ~ t u a , ’ u ’  of p er c u ’ i v i ’ u l  e o l , m n ’s i~~~~~ u I u ’ t  ‘ ‘ n - m n ,  i n t ’l I nn’

~t , at ia l  and t u ’ m p o n ’ a I  l n n x t , i p ’ ’ s r l n o n  ‘f l ig h t s  p r - u - s i - m t - - I  to the i - n ’i ’ :  n m u , w  i t  — ‘i n n s i , , ’ ‘ ‘ ‘ b u m ’
sp a,  c ran a l s i u  I ,  ‘ d e ’ t u  ‘ m n  i n n t ’ n l  b ’. b in ’, cu l a r  aSs, ’s st i le ’  n i l
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4 . G. \V v s z e c k i  and \V. S. S t i l e s , ( ‘ , i l o r  S c i e n ce ( b u n  W i l e y  arid Sons , Inc ., Nec’; Y o n ’ h ,
1967) ,  p. 398.

5 . J .  I . N l a r k o f f  and .1. F. S t u n c , “Spat ia l  and l u m i n a n c e  D e t e r m i n a n t s  m t  the I n c r e -
ment  Threshold  u n d e r  Mono p t i c  and D i c h o p t i c  V i i ’w i n g , ” .b . Opt . Sac, -km . ( 1 , 1530-
15 37 ( 1 9 7 1 ) .

(- . .I . Y ,  I .e t tv in , “The Colors of Colored Things ,” Qr i a r t e r l v  P r iu g r e s s  Repor t  N i ’ , 57 ,
h -tesea rch I .abocaton ’y of E l e c t r o n i c s , NI T. T. , O r t i m t ,er 15 , 1967 , pp. 193 -2 2 9 ,

13. CONDU CTION VELOCITY ANt) SPIKE CONFIGUR A T I ON TN
N I V E L I N A T E D  FIBERS: COMPUTED D E P E N D E N ( ’ I I  ON
IN ’l ’ I - :RN OD I:  DIST.-\NCF :

Na t iona l  I n s t i t u t e s  of h ealth ( G r a n t s  5 110 1 N 5 l 2 3 0 7 — 0 2 , S TOI i I Y 0 0 0 ° 0 - 0 3 ,
and N04 N50 [)O 1O)

Bell Laborator ies  (Grant)

N l i c h a e l  I I .  B r i l l , Step ine nt C. ‘iVaxman , .l ohn \V . N loore , Ronald \V . J oyn i en
[Dr.  J. ‘it’. ‘NIc uumre  and Dr.  R .  ‘iV . , i oyn ne r are at Duke U i n i v e r ’ s i t v  Sclnool of ‘N l e d i c i n n e ’ . 1
I n n p revious  ana tomica l  stud ies ’ ~~ we showed that su m, ’ c u ’n t r a l  nerve f i t n e n s  an’e

charac ter ized  by closely spaced nodes of Ranvier .  ‘iVe have now begu n t s i m u l a t e  i n n -
pulse conduction in t h ese f ibe r s .

Huxley and Stäm p fl i 3 suggested that conduct ion v , ’ l u n r i l v  in m v e l i t n a t i ’ u b  n e t - ye’ f i h i ’ r ’ s
should have a m a x i m u m  at a p a r t i c u la r  in te rnode  lengt h , and that  the m a x i m u m  should
he r e l a t i v e l y  flat . They also predic ted  that tine i rn te r noda l  d i s t a t s c ’ ,’s of nornna l  p e r i p in-
eral nerve f i be r s  sh ould fall  close to the value for m a x i m u m  conduc t  i n  v e l o c i t y . (Biter
s t s n u h , - s 4 ’ ~ cave t e n d e d  to conf i rm t i n i s  p r e d i c t i o n  hut fa i led  t i  cover  othne r “ s i m i l a r i ty

c lass ’s ” b, ’ca rrse ’ , n i t , ’ r m s , u d e  l eng t h s that were used were not sh ort e’nougl n ( less tItan nine—
h alf  m n ’ ’ n ’ n n n a l ) .  ‘ l ’ h ,u ’ r ’e t ”u re , we have used computer  s i m u l a t i o n s  of c o n d u c t i o n  in n n y , ’ h i n -
a t ’  ‘ ‘ I  t i  bu ns  to examine tine de ’pe ’nd i ’nnc e ’  m u f  conduc t ion  r’, ’ b m  ‘ c i t ’ .  and sp i k i ’  d u n - a l  non  on

I n , t u ’ n ’ n n u de b u ’ n , ~ ’th . T in n’ m mu gb nout  the s , ’  s i m u l a t i o n s  tine nodal l eng t h  (NI .)  and area an’e f i x u ’, l
and ‘ m m lv  t Ine in te rnode lengt h (L) is var ie d  (see Table X X I I I — l ) .

t V ’  u s , ’ni  a macl i f i ca t ion  ( i f  t i n , ’  I” i t zhu g hn model. 6 ‘ I’ m ” eqr r a tnons  ne -i ’ ri n u m e r i c a l l y
i n t eg  n’ , t u  ‘ 1  he t i , ,  ( - n ’ a n i l - , — N  icho l s on  r s n i ’t hod  i m p l e m m ’n ’ u ’ cI  in F0IT TII  ‘iN on a I’l)i” — 0 r onn—
prnte r . T h i s  m , ’ t i n ,  u i  had been U5e ’d i  for r i n n n n v i ’ l  i m n a t , ’ ’ l  f i be r s 7 and was a d a p t - b  fon ’ tin ’ ’
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- F (XX II I .  N i - IF RO P IIYS IOI.OGV )

T a b l e  X X I I I — l  . P an ’ann , e t er s .

Symbol N l u ’ a n i i n i g  V a l u e  F t n i t s

sodium conductance  1 . 2  mho/rnn 2

potassium conductance 0. 09 m h m m / c m 2

leakage conductance 0. 02 mho/cni 2

‘i r res t ing  potential  0 m ’i ’

‘i Na sod ium e q u i l i b r i u m  po ten t i a l 1 115 my

potassium e q u i l i b r i u m  p oten t ia l  — 1 2  my

leakage equ i l ib r ium potent ia l  —0. 05 m\’

d axon d i a m e t e r  ( i n n e r  di am e t e r  of n i v e i  inn sheath -i) 10 j im

2N I .  nodal length 3 . 183 j im

r
a 

axoplasmic resistance per unit axon length 3 1. 2(’ )( 10 8 euhm/ cm

myel in  conductance per u n i t  length  ~~. 60 X 10 ° mine/cm

c
’N1 

m v e l in  capaci tan ce per u n r t  axon l e n g t h  1. 87 X 10 1-/ cm

nodal capaci tance per u n i t  axon length 4 3 . 1 4  X 10~~ F/ cm

I, in ternodal  le n gt h v a r i a b l e

1. All  voltage signs are r’eve rsed from those of t i n e  o r i g ina l  Hod gk i n - H u x l e y  f o r m u l a t i ’ ’ m n ,
22. Calculated from nodal area of 100 ~m

3. Calculated from specific axoplasniic resistance of 100 aIim-ens .

4 . Calculated from capacitance per u n i t  area of io
_ 6 

l”/cnn 2 .

myel inated f iber  by Ft . ‘iv. Joyner’ . This  modi f ied  Crank-Nicho l son  method was found to

give fast and accurate computat ion of impulse propagat ion arid w i l l  be descr ibed  in d e t a i l

~~ by Moore , Joyner , Br i ll , Waxman , and N aj a r  ( in  p repara t ion  for p u b l i c a t i o n ) . l’~xten-

sive invest igat ions  into the variety of mathemat ica l  models  for  myel ina tecl  f i be r s  have

shown that the impulse  propagation ve loc ity  is s ens i t i ve  to the re la t ive  values  of nodal-

to .-internodal charac ter i s t ics  but r a t h e r  insens i t ive  to change s in the desc r ip t ion  of tine

nodal membrane  ionic  cu r ren t s .

Because of the insens i t iv i ty  of propagat ion ve loc i ty  to nodal ion ic  d e s c r i p t i i ’n s , ‘.rc

chose to descr ibe  the nodal membrane  by the most conven ien t  express ion  for’ ex c i t a h l e~
membranes , the Ilod gkin-F luxley equations.  The parameters used to desc r ibe  our stan-

dard myel ina ted  f iber  are l i s ted  in Table XX TII - l .  The n n t n m b en ’ s  of sodium and p ’u ’na n -

slum channels  were increased by factors  of 10 and 2 . 8 , r espe ’c t iv i ’b~~, to ma tch  the nodal
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e’m m n t d c r e i a nn ce ’ s meascn i ’ u ’ ’i by e m m l t a c ’ m ’ — e l a n r i p  n n n , ’ t i n , m , I s , 5 ‘F ine r , u , ’ l a i  i ” ’ s t , m : ~’ r ’ e s n s t a n n ~’ e ‘ ‘as
n n n a , b e  r , u n n n l n a t i i n l e  ne - i t h i  t h e  55 N I b  r e s i s t O r s - c ’ nie~a s u n ’ m ’ , b  by ‘l’a sa l : i  by n t n ’ ’ n ’ , - a ~~n r , c  

~I f r ” , r n n
0 . 0 03 t u ’  0. 02 r r , i n i u / ’ n m n ” . I l i u m , I , ,  n ’ e s t , m r ’ e t i r e  r ’i ’ s t i n g  p a r i a h  1 ’ ’  0 nn’r \ , ‘,‘ ;u -  u ’ l n a rcgeel

“ I t ronn +10 . “ m ’i ’ b — 0 , 0 5  n n , ’ i ’ . ‘eVe a d i t n st e d  t i n i ’  r a te ,’ u ’ ’ , m n n t a r n t n -  t u u  2 0” ( ’  i ,”. m u l t i p l v n i n g
all m’a i e ’ (‘ u m m , s i a n , t s  fr~ 3~~~)~~l . 31/ 10 ‘it ’ ,-  u se ’ e i  a r ’ a l n n e  of 5 . (‘0 X 10 i i~ l n u u / r n i  t ’u u n  

~ N l ’  ~~~~‘

n n v e l i n  e’ u n i d r i e t a m n m ’ e , arid a va lue  of 1 , 87 X 10~~~ u - / cm for  
~ N I ‘ 

t i n e :  m n , ’ ,’e I  i nn i ’ a p a r ’ i t  c o m e .

Our’  i’ u ’ s r n I  t s n n n u l  , c - a t m ’  t h at , I ’  u r ’  a 10 him fiber’ , the in i t e r ’nod a l  c o n d u c t i o n  t i n c u ’  is a
r i n i u m r , m n , , n n i , ’ a l l y  i n c i ’ , ’ a s i n n g  t u n n c t b u n  of intet ’n n i , c ia l  le n n g thn I . .  I” m n’ small  l _ ,  ti c ’ : r - ’ : l a t i ’ , i : —
shi p is l i rnea r ’ , h u n  i t  depar ’ts from l i n e a r i t y  as it g u u e s  abc mv e ’ 2000 j im .  Figur ’e X N J I I — 4
p n e s u ’ m n t s  t h e se’ data in tine for ’nnn of i m p u l s e  v e l o c i t y  as a r ’n i n , e t  l o t  u m f  I . .  ‘ l ’ l , , ’ n ’ e is  —, h n ’ ,,ad

20 ’  
•

S

S

~~ I0

2000 4( 00 
‘ 

6000 6000 
‘ 

$0000
— L ( ~~m)

Fig.  ~~(III -4 . Plot of the v e l o c i ty  0 of a steadil y propagatinn g a c t i o n s
potent ial  vs internodal  length L.

m a x i m u m  between 1000 j im  and 2000 j im, which  corr ’esponds to obser -va t ions  on f r ’ u u g

sc ia t ic  nerve 6 and agrees wi th  the p r e d i c t i o n s  of J l r i x b i ’ v  arid Stämp fli . 3 \‘e ’b o r i t v  de-
creases steadil y for L above 2000 j im, and t lnere is conduct ion  failur ’e  b e f o r e  L ‘c a m - i n ’ s
10 , 000 jim . For internodal  lengths  less th an 1000 j im, tine velocity decreases  dramati-
call y. It is c lear  from Fig.  XXIII-4  that , for sinort in ternode l eng ths , the v e l o c i t y  is
very sens i t ive  to L. For small values of L , tine t ravel  t ime  (per u n i t  d i s tance)  depe nds
almost  l inear ly on equal  re la t ive  changes in L. The travel time is least se ’n~~i t i v e  to
L in the 1000-2000 j im region .

Having carr ied out these computa t ions  for only one value of d ( 10 j im, w h i c h  hence-
forth we call  d ) ,  we can take any point  on tine curve to represent  a d i f f e ren t “ s i n n i l a r i t v
c lass . ” By us ing  Rushton ’ s correspondence p r i n c i p le , 10 ry e can in te rpret F in .  >~~ II I -4
more  general l y for d i f f e r e n t  axon d iameters .  Rus inton pos tu la ted  that pe r ip heral  n e ’n’ r ’ ,-
f ibers  fall  into an equivalence  class in whic h f ibers  exhib i t  “ d i n n e n s i o n a l  s i n n i l a r i t v . ”
D i m e n s i o n a l  s i m i l a r i t y  requ i res that i n t e rnode  l eng th , mv c l i n  t h i c k n e s s , and m odal area
vam’ y d i r e c t l y  w i th  f i be r  d i a m e t e r .  G i v m ’ n n  a c lass  of f i t n , ’n s  that  e x h i b i t s  d i r n n i ’ m m n ’ - io nn a l
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sift  i l a r - i t v  and inn wh ich tine i n t r ’ i n r s i e  n n i e m bn’ an i e  p r ’~u p c ’n ’t i u ’ s  i n ’ ’ ’ a l l  t ic , ’  same , lt u — i , t u , m n

5 l , , , \ d i ’( h  that  inte r’n todal  e ’ m , r n c h c m e ’ t i , u n r  t inn e s l r , u c i l r h  In , ‘ I : , ’ n—a nnt ’ fu r’ a l l  P l i e r s  of t i n e  c l a n — ;

i . e’. , c i r n iduc t io mn vu ’lo c i t e  vam ’ie s I i i n e a r l y w i t h  f ib e’  n ‘ I  a n n e - t i m’ .

Tine n’ e’ f , , n ’ e’ , g ive n  a f iber’  n e i t i n  cer ’ ta in  inn t e n ’ n u m m m ~u ’ l u ’ m n g t h  I ,  amid innpu l se y e ’loci t v  0 , ‘re

cant ge rnera l i ze  l” ig.  X X I I I — 4  t in  f i be r s  of o the r  diam e ’t u ’ n ’ s  he  scab i i n n 0 and I . by d/d .

I” n ’onni tine m a x i m u m  in 1” ig ,  XXIII— 4 , i t  is  c lear  t i , a t  f i i m e r ’ s  n e i t i n  I ./d = 200 cia rn o t

suffe r large ’ change s in 0 whne ii I7d is ch anged mode- u- t I e. ‘l ’h n i s  is con ’, s i s te i ,r  w it i n tine

obs e r v a t i cmnn that in ,‘einm ’.’e I m ated per ’ipbn ecal  ax is s , t i n  com pa m~ ’ u I  wi t i n  co mnt r’ , m l  axon s , c’
duct ion  ve loc i ty  is reduced but to a s t a t i s t i c a l l y  i n s i g n i f i c a n n t  d e g r e e . 1 1 ( t m  t i n e  u , t l r e r

hand , the s imula t ions  p red ic t  t inat f ibers  w i t h  small L/d rvould be qui te ’  s e n , ~~i t i v o  do van’ —
iat ions in l ./d.  This  s e n s i t i v i t y  m i g ht p r o v i de  i n s i g h t m it ’ u t ine pr ’m s s i h l e  p ln y s i m u l o g i c a l

s ignif icance of the fact th at some (‘N S f ibers  lnave ann l ./d ra t i e m t lna l  is mucin less than

that for p e r i pheral nner’ve f ibers . ’’ 2 ’ 12 Beca use tine pen’ip itei’al n e r v e  i m p u l s e  ve loc i ty

is i n r s e ’ r n s i t i v e  t u u  small  chnanges inn  l ./d , t h e ’ n e ’  neo n 14 m , ’ u t  se -rn t u u  be any s i g n n a l — p n ’ o c e s s i n g

s igni f icance  to minor  local chnanr1 e’s i n I. . On tine o t h e r  ha n d , for  CNS n ’ibei’ ui w i t h  smal l

L/cl rat ios , we cannot ignore tine e f fec ts  on signal p r ’ u e u ’ s s i n n g  of small  local c ’ inan s t ’m ’ - u t

I. because the velocity  of propagat ion depends so d r a m a t i c a l ly  ‘ u r n  I , .  Local c h a n c u i n u -  i t n

1. may allow fine tun ing  of the t imes  of arriva l of impulses  at s\ ’niapses or p rov ide  a c r ’ -

venient  way of p rese t t inn g route-dependent  travel t imes  in ti c ’ c e n t r a l  nervou s svn ,’t , ’i s:  , , I ~
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Step h e n  G. \Vaxman , Donald  C’ . Qtn ick

‘is pan t i f  our s tudies  on tine morp hnop inysiology of tine axon sur face , we ’ m ace st~ r t h i e d h

t in , ’ d t  f fm ’r en t i a l  s t a i n i n g  of tine axon m em b r a r n e  at rim “ ic ’s m t  R a n s v i m ’ r  ,n nn d in in t ro u ’, I a l

r eg ions  ‘f nn orma i  p e r i p h e r a l  ncr”.’ , ’ fi b e r — , and at several  type’s of n r m m r I u ’ s  u t  i l a n s ’ - , - n ’  r

a long tine h ig h l y  d i f f e r e n t i a t e d  a x c , n c s  t h a t  comprise  tine e l m ’ r t r i c  ‘ m n - r a m  inn t ire ~~ mn ’” nd

f i shn , S te rnarcinu  s a I m i  f r ’ u m m n s .

U s i n g  a mod i f i ed  fern - i c  ic n n— l ’, ’m r ’m u c v a r n i d e  method , ce- c inave noted a s p e c i f i c  s t a i n n n : n n

r , f  tine cytop lasm ic s u n ’ h ’ae ’e’ of tine n odal axon membrane .  Our n i - c u l t s  i nd iu : a ’e a In ig in

degree of local d i f f e r ’ m ’ n s t i a t i u i n s  of tine axons membrane  withn respect  to s t a i n i ng  p n ’ c ’p i ’rt m e n

w i t h  fe ’r r ic  i m m n —  fe mr o c v a n i d e  , a n d  de ’rs , onstr’ate that n iem e lal and in n t e r r n o d a l  n i u - n s n  I n n - a n n e

e x h i b i t  s tn-uc tu cal d i f f e  n, ’n ne  e

In the p r e s e n t  s t udy ,  n’;, s tudied nns ve ’ l ina te e l  a x u ’n r s  in rat s ci a t i c  nerve  and inn t i t u ’  c l u e ’ —

t r i c  o r ’ g a n m s  of Ste rnnarchus  a l h i f r ’ u ’ n s s .  Tine f i r s t  s i te  was ci i u ’use ’n i  as an examp le of ts ’ ’rnna l

p e r i l m i n u - r a l  nner ve . The second teas r i r o s u ’nn because time ’ St e rna i ’ c hnus  e ’ I , ’ c t r , u e ~v’ , ’ axons

e x h n i h i  I t n ’ ”  u types of n , “he ’ s of h l a n v i c ’n , w h i c h  are’ d i f f e r en t ia ted  inn te i n n s  of cl ot  n eal

p r o p e r t i e s  as wel l  as of n n ’m n ’ p b no lm ’r I I v.  I nm p a r - t i c u l a m , tine e lec t  r’~ ‘er i e ’ ax emn ns  liar-c nodes

w i t h  a n mn ’ nna l  m m m n ’ p in olog” .’, ‘.e ’hicIr ‘ ‘ x b n i l u i ’  sp ike  m ’ I e c t r ” m e ’e ’n n i ’ s i s , anti large n’ node~~, n e l n m c h

d i ,  n r nt  r i ns e m e t , ’  s p i k i ’ s  hu t  r ’at lner  t ’t n n n r t i u u n i  as a sen ’ i” s  c a p a c i ty . Th u -se axons thus

P r’  m ’ .’ide an m~pp or’tu n i  i t ’. ’  f in n’  connpai’i  s uns of membran e s t a i n n i n , e ’  prope n t  i ’ s  a t  a c t i v ~’ arid

m acti  vi: n’ m t g i o n s  of s i r n g l e  ax u ’r , s .

I n .  n - nd s c i a t i c  n u n ’’ .’’’ t i n , -  m n u m u l u ’ s  i f  l t a m n v i i ’ r a re  i n t e ~nn s , t iy  st, -r m n i m ’ uI  he tine ’ fe r r i c  : ‘ ‘ : n —

f u ’ m m - m m ’ e a n n i d e  m et in o d .  Sini  hE i r  - - t o  m u  tt t’ ocru rs at t ine nnan ’m - i ’n v ( 1 — 2  j im) n i u n d e s  of t in , ’

St , ’ rna rc’h iu n’i ‘ 1 , - c t  i’u , u ’ e t, :  n e x ’ ’ n n n . 13’.’ h i g l r t  m i c r o s c ’up y ,  r I m , ’  s t a i n  appe a l’s as a d e n s e ’ m m c c

r o en gi nly  c o i n c i u b u  - t n t  w i t h  t h e  t n n n m e u ’ l  m atc h gap ~ t tine nnod e , In 3_ S  j im s e m i  u r n s  exani i n n - u i

I ’ l l  N m , . 11 “~ 
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by l i g h t r n n i e i ’ m u s e ’ u pv , , ‘ t h c e ’ r ’  m u o n- c u t  t i n , ,’ t i m - r e m ’  d r u m’ — , i m c ’ l u u i n n g  i x m , I c b a n — n t , , ‘ ‘ n m : pa ’d
nnn e , ’  u n , ;rnr h nnn n’ m ’ l i n  te ’ n ’ n m n  i na l  I ‘‘ ps , t e n ’ , ’  also t a i n m , ’ uh  i n h i  t ’ ln t  In u n u , but  t i m -  c o l o r ’  i n -  m u ch
lain tm - n .

Inn  u l t r ’ a t h r m n  n - ’ ’ , ’ t j , ,OS e x a n n i n n , ’ m i  by m ’ l , ’ c t r ’ , u rn  m i c r m u u - e ’ iu’ ; , the : hn e a v i , ’s t  ie l iO .c u ’ u- ( u l u - t O O ,

— 
a t e  found as , l u ’ t n s e ’  :i gg r ’ e n m n a t m ’ s m n ,  t i n e ’  i r n n u ’r ’  a s p u ’ m t u -  of r n o i l a l  ax’ ’ b i - n n n n u c a , ’ , A l l ’ ’  m o s t

, I m ’ r n s e ’ l v  sta in ed ni odh e ’s , ti n ’ s t a i r n  is  I e ’ i u ’ n - n t u ” t  in a ave -n ’  ~ f l_  100 nm t h i c k , inn n n m ’u i L c t , ’ l v

s e i h n i a , ’ e ’nt t m  t in ’ ’  rn oeha l a x ’ , m n  memhra mne . ‘ I i , ’ d c -n  — ‘  - au g  n ” - ; ’a t i ’  ‘ n n  of s t a i n  in  a l l  cas is
m ’ m m m n f i m n e r h  to tb ’ n m i d a l  ( i .  e . , u n n i i n v e h i n n a t m ’ ’ i )  .r x ’ ‘ ni  r n ’ - m i ’ n ’ ,n ne ’ , arid d u n i n s e  ag l J r ’ i :u t m t e ’ s  do n ,  -t

appeal ’ u - i i I n I ; d m e ’ t i t t ’ ’  t in , ’  t e ’ r m u t n t t t i n n n  n i n e - I n ’ , 1 0 - r u -  i n n  u ’ i i i n e m  n - n u l e  c u f  h i c e  n n n ” i a l  u a ;m .

In ‘ u r , t r ’ ,e s t  te) tire ’ , x ’ u l m ’ m n m r m r , c  a t  t i -  n n - , u h e s  ‘ ‘ I  i -I n e r n v i e m , i m c t e ’ i ’ r , c , , I a l  r e g i o n s  of t i n ’ ’  ax ’ ’r ,
m e m b r a n e  are mnot s t a i n n e ,h  A b s e n c e ’’’ u ’ I  SOi  t i m  t n n  - i t  t in e ’  i r i t e :  m odal axolemmae ’  is alsc,

m h s e i ’ v , ’ , i  n e a r ’  the (‘cit , ‘ r n m h s  , , f  a x ’ ’ n , s  t , ~~t hat ’ ,’ i n c u r s, ’vered a i i m ’  f i x a t j ’ ’ n n  ~ r , d  L c m : i ’ ’ n ’ ’. ’
m x p u l s d n i ’ e ’ to tine s t a m n n i n i r  s o lu t i o rns .  F i n , ’  i ’ I e m t r ” m i n — ’ i , ’ n t s e  ‘ I m - p u s i t s , but r im a u u m ’ ega t m ’n -  ( i t

s t a i n r , a n ’ , ’ seen in compact  m v e l in , i nn t e ’ r - m m m n a m i n u g  r u e - h o ‘ ‘‘ps n~’ar t i c ’ -  n i , ’ — , i n ,
S c h m i e i t — I . a : n t u ’ r r n n a n m n  c l e fr s , and a long  a x - n p asnnic  f i l a n n u - n n t n - . ‘s x u ’ip lasmic  f i l a m e n t s  an - ’-
u’m fte ’n  flat i c e a inb e  stained at tine m e r i t ’  ‘m of an ax ’ o n , se’ ve ’n’a I  m ic rm , i sn , ’r  ms d i  S t a n ’; t from t I1 ,
axohemma , whic in in c h i c a t m ’s d i f f u s i o n  of st a i n  t ) c r u  m m c m  t i re 9 x m l  ax’ ‘pIasm.

F e r n i c  ion alone gives i’ m - s u i t s  s i m i l a r  tm tin , se- ob t a i ne n i  n eith n ‘ m u  he n  n r i r

fe nr ’ oe ’y a n n i ’b e  c , u i n n h i n a t i o n  . N I v , -  b i n  is c o n sn  n - n i - t i c s ta ined  nv it in f e n m i c  ion , but “ ‘ ne’ -r

m mcm ’s am , ’ tee’I 1 s t a i r : i ’ d . Fen’n ’ ,mc e a nn i e h e ’  also s t a ins  m v e n l i n , but nodal axolemmae  ai”
s t a m r ’ne ’ei  w i th  fe n rocyanide alone.

These resul t s  an - c’ applicainle to nodes of Ranviec  inn rat sc iat ic  n e r v e ’ s and t - -  t i n e  n or-

r’ m u nei ,’st nodes (0 , 2-~ j im )  in S t ar n a r c in u s  e l ec t r i c  or g amn , Stc n n , a r c ’h iu s  elec t rocvtes  also
have some v e r y  \ e iei e  nodes ( -50 m m )  t inat are kn own to be e l e c t r i c a l l y i nu : x c i t a b l e . 3 ’ ~

These noche s are not stained w i t h  f e r r i c  i ’ ’ t , - fe r r o n ’van n ide , e i t h e r  in s  b locks of t i s scr c  in
‘.e’hich nearby n a r r o w  nodes are i n e a v i l v  s ta in ed or in teased f iben ’  pi’ e ’p a e a t i ’ u n n s  in r v h nic hn
adjacent na r row n odes m u f  t ine same axon a r e  well s t a inned . S t e ’n ’ n a n e i n c m n— nodes of t ransi-
t ional  s ize  ( 2 — 5  j i m )  d i e ’  i n te rmed ia t e  in t h e i r  s t a i n i n g  p rope r t i e s .

Our results  indicate  that the re are di~~t i~ ct stru ctural d i f f e r e n c e s  i n c ’t ’,ve ’en nr ,dal and
internodal  axolemmae . The p o s s i i m i l i t v  t inat thner’ e arc ’ d i f f e r e n c e s  in sp ec if ic  j n r upu r t i e s
be t t eee r ,  the nodal and ir s t e ’ n ’ n n u ’ d a i  axon membrane  assumes specia l  re levannce in t l t i ~

t e x t  of tin e elemyeh ina t ing  diseases , since the conduc t ion  p r ” lni ’ r ’ t  i n ’ s  of a f f e m ’ t e i l  axons rn - i l l
depend on t i n , ’  e lec t r ical  chna rac t e r i  s t i e s  of the d e ’n sn v c l  m ated i n t e r n od a l  a x , , i u  ‘r ’nuia , ’  ,
well as on th ose of the nodal membrane .  It is known that tine normal  nodal membrane
exhibi ts  d i f f e ren t  h i r ’ op e r ’ t i e s  tinan most  otine r excitable mem tira mne s  th at have h, ’ e n n  stuch i - I ,

i n c l u d i n g  those of i n v e n ’ t , ’ I c n ’ a t c  my e h i n a t e d  f i b e rs and the unmy e l i n a t e d  te rnnn i n a l s  r ,f
amphib ian  neuromuscular  ,I unc t ion .  ‘iVe emp inas ize  th at tin , ’  p r e sen t  t’ , ’su l t s  do not allot’;
us to connment  on the m: le ’c t r i ca l  p roper t i e s  of t i n , ’  n iuda l  and in te rnodal  n ” g i m ’ n n s  of t i n , ;  ax ’
membrane . Our  resul ts  de r rn ons tn nn t , ’ , im uu n ’ ; eve ’  r’ , a chnennica l  d i f f e m ’ , ’ m , t i a ’ I ‘‘n of t h e  m i n o r
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s u n - r a e ’, ’ ‘ ‘ I  t ine ax u r n  m e m b r a n e’ l c e t n t ’ m ’ en m odes arnd i n n t , ’ r ’nnde ’s im n normal  per i p i e ’ raI t n

f d a ’  n ’s , .erd l u u ’t n ’ ; e ’ e ’ n i  the i n n n , , , ’ r s ur t a u ’ e ’  , r f  the axonn memhn ’anne  at act ie , ’  n , , h , ’ s  , i n a c t i v e
n m u e h e ’ n- , c m i  l i n t  ‘ rnnodes in t in e ’  S t u ’r ’n nan’ chn u s  e le c t r ’ u i rv t e ’  a x u , n n n — .
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National i n n s t i n n t e s  of H e a l th  (Grants  5 RO 1 N 5 l 2 3 0 7 - 0 2  and [04 N S 0 0 0 l O )
Bell  Labora tor ies  (Grannt)

h a r v e y  A. Swadlow , S tep hen G. ‘i\’axman

We have continued to exami mne the morphnology and physiology of visual  callosal axons
in t Ine  a l i m I t  r abbi t .  Axons in tine pos te t ’ ior  3 mi l l ime te r- s of tine splenium of the corpu s
c ’ a i l u s e c m  were examined  by e lec t ron  microscopy. 1 IJnniye l inated  f ibers  compr i se

a p p r ’u x i r s r a t e l v  45 ”o of the f ibe r  population .  These axons range from 0. 08 j im  to 0. 6 j im
in d iameter , and usua l ly  occur  in c lus t e r s  of at least 3-4 axons.  N l y eh i n a t e d  f ibers

comprise SUN of the axons in the splenium. The diameters of myelinated fibers ran ge

f r  nc  0.  3 j im  to 0. 85 j im. Values of the rat io  g (axon d iamete r/ to ta l  f iber  d iameter )
range from 0. 64 to 0. 87 . In disc m aj o r - i t t ’ of n n v e l i n a t e d  axons , the inner  mesaxon ;

and otnter tcu n ~-u ,n of gh ial cytop lasm are located in the same quadrant . The u n m c e l mn a t e d
gap at the nodes of R anv ie r  e x t e n is less t i tan  2 j im, and an e l e c t r o n - d e n s e  unde rcoa t ing
is present , subjacent  to the axon membrane  at the node. B r a n c h i n g  of fiber - s was no t
observed .

In our ph ysiological s tudies , we examined tine conduction p roper t i e s  of 76 y i s u al  cal-
losal axons of the awake rabbi t .2 ’ 3 These axons were  studied by measur ing  la tency  to
an t id romic  ac t iva t ion  of cell bodies f o l l o w i ng  mid l ine  cah losal  and/ or  contralateral  cor-
t ica l  s t imula t ion .  Seventy- three  of 75 n e u r o n s  (axon  conduct ion  ve loc i t i e s  = 0 ,3 - 12 . 9  ns/ sl

demonstr’ated decreases in a n t i d r o m i c  latency and th reshold  t i m a test  s t imulus  that
lowed an antecedent  c o n d i t i o n i n g  s t imu lus  at appropriate  inte r vals. Con t ro l  e x p e r i m e n t s
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in d ica ted that  the l a t e m i c ’  and t i n  r’ e ’sinold va r i a t ions  m e s u l t e d  from pr’ ior  impulse  condu c -

t ion  a l o in g  t ime  axon , and that tine laten cy decrease r e f l e c t e n ,I an inc rease  in conduct ion

vel, c c t v  a l m u i n g  the ma in  axon t r u n k . On the bas i s  of d iamete ’r  spec t ra ,  we e ~tab 1ish ed

c r i t e r i o m n  conduc t ion  v e b u u c i t i e ’ s  fon the physiological  i d e n t i f i c a t i o n  of my e l ina t ed  and un-

myel inated a x , u m n s .  Tine supernormal  plnase is observed in both classes of f i be r s .  The

max imum magn i tude  of ti re ’ latency decrease i c r  d i f r ’e’ rent  axons ranged from 3-N to 22° N ,

of control values , whi le  the dura t ion  ne’ as in tine 1 8 - 1( 9  ms range. Tine du ra t ion  of t I n e

latency decrease was greater for slowly conduct ing  axons than for fas t  conduc t ing  axons .

I .atency increases to ann a n n t i d r o m i c  t e s t  s ti m u l u s  occurred for  as long as several  r u n i r n -

en t ’ :s  follore ’ing a t r a i r n  of an t i d romic  c o n n d i t i o n i n n g  pulses . An t i d r o m i c  la tency s h i f t s

lesser  magni tude  and d u r a t i o n  w er e  a b s - u  u u b s e  r ’ vm e i  in s , u n s a t ,  ‘se in sc ,r ’v  callosal a xon s  a t s u i

in sc ,nne co r t i co— tec ta l  axons.

Oum results  indica te  that a comp lex sequence of events ( r ’ e r a cb o n ’v  pe r i od — super-

normal  phase — subnor ’mal phase) follows the ac t ion  po ten t ia l  in even unbranched  ce rn t r a l

axons w i t h  a re la t ive l y s imple moi’pln n logv . Conduct ion  prope r t i e s  of axon na l t r u th - s Onu s

are not invar iant  but , on the c o n t r a ry , r e f l e c t  the h i s t or y  of p rev ious  impulse a ct i v i t y

in the axon , as suggested by Chunn g et al . 4 Otn r e x p e n ’ i m i ’r s t s  pn -ovide a body of n , u , m : n a ’ i’ ,’e

data ‘n centra l  tvh nite matter  axons.  ‘it’c in tend  m n c u t e  to examine  the ‘- ‘t i ect s  of ep i l ep t i c

spike a c t i v i t y  and demyel in a t ionn  on c e n t r a l  impulse c o n d u c t i o n .
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\t ’o r k i n g  w it in D r .  Nla rk  \ ,  I) i chn te r  m m f  Ha r v a r d  N I  e e l :  m a l  c cinool , n c ’  have h’ gin

examine  the devehupment  of s p e c i f i c i ty  in neu n ’ ‘- glia l  l m , t u -  r a c t n  ‘ - i n s , n r s i m n g  a t n  s cu m ’  “, n I —

tur” ’ model .  ‘iVe have stu died the ehe ’,’e ] e u pmss ~ ’ mn ’ ‘f n i i s ’~’ ‘ m i a~e’ I ce l l  cul tu re s of c h i c k  dor-

sal t’u c , t  gang l i a .  Otn n’ s t s r d i e s  have d , ’ n n , u n s t n ’ a t , ’ , l  ‘ m a t , d e — p i t i ~’ i n n i t i a l  d i s a g g n ’ i ’ua ’ n ’  ‘ ‘5 9’
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n nt ’c i r ons  and ghal c e l l s , an a p p a r e n t ly  no rm a l  n eun’ u m - g h i a l  r e l a t i o n s h i p  d e v e h i m p s  in tine

c’ , u u m ’ s e ’ c u t ’ sen ve ral nee ’ u ’k s. 1 This  i n c l u d e s  a normal  n e u n ’ u m n —  u - a t m - l u te cell  re a t i e n n s h i p in
a d d i m  i ’  u r n  to th e ’ lu ’v e lopnne ’n n t  of eonnpaet  mc’ ,’ u n . \Ve h i n m pe  to u n - c  t h i s  sy s t e m , , w h i c h  is

h i g h ly  acc e s s ib le  t o  experimental manipulation , as a model  for s t u dy i n g  ti e’ developnn ent
of  spec’ i f i c i t v  in n e r v e  ce ’ll clu e,’ lopment .
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Ganngh io :n ” ( tm appear inn Brain Res4 .

[‘B N m ’ . 119 166 

~~~~ Z- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



P t ’ H [ ~ l ( ’ \ T i ( ) N S  ‘ i N E )  R E P O R T S

N I E 1 ’h l ’ i N C  P - \ P i ’ i I S  i ’ i I l ’ S i ’ \ l  El)

Su ’e ’nn nd E n n u i ’ ’ ’  tm ( ‘ , ‘ t m f , ’ r m ’ n n ’ ’ m ’  on (,‘ , r m i 1 , ’ m t ; c t i u , m n n i t P t , c s n ’ s  — t ’m u n t n n u m ! t i g  i n l ’ n : u s t n i : ,  h ’ n n c  n - n m ’s
‘i nt ’l . \ s t r m u i u h v s i c s .  \ 1 , , x — P l a n r k  l n n s t r t - i i , ’  b u n ’  I’ ;asma i ’ t , ’,’ s n , ’ s , C m  - ‘ t n t m m g .  [‘‘r n ,  m r ’

\ p r i l  2 7 — 3 0 .  l 9 7 c

N. R i ’r s. J. I . . Kui p.  n in d  9’ , 1” . F .  [ar t , ’’ ’; S v m b i m l n ’ ’ (‘ ,rnn 1,,, m , u m  m mmi mm
\ u t m l  m et e r  \V , ,c ’ e I n i t m ’n ’ : , ’i m u n m n s  on N I - \C’ SN ’ NI \ ( u n c ’ t ’ - I )

O:nt i r a l  Sine i , ’ t v  of -\min , ’r n - a ,  None  Eng lan d  Sm” ’t ‘ i nn . mI s t ’  i n ’  1 , ss :n - - i n n  n , u - 1 t

N I n n y  1 7 — 2 4 ,  197 nn
5 . E z e k i e ’ i ,  I ’ l t r a — I h m g h  R e s o l t i t i o n  Op t u m ’al Sp i ’ n ’ t r m s ’ m r pv  ( n n ’ ,’ n t m ’  I )

\ I t ’ i l l )  Comi f , ’r ’ m ’n ’  “ on t ’’ n mn m’n e i n i c a t i n g  be l_ a n g n n a g e :  lmp l n : ’ n i t m o m n s  of i I , u s ’ , 5 u ’ ’ ’ ’ ’ in  n u t

l anguage  Resea re  in f u u r  the  S ’ i n m n u m l  and Ci  i n n , ’ , E lk r n c l g e  , N l n n r v l a n d

\ I av 2 3 — 2 6 ’ 107 1’

K. N. S t , ’e , ’m n s ,  The Speech  Srgna l

E i g ln t h  NS F  G r a n te e -F s er  \ I e e t in g  on Opt ‘al C u n m n n u n m c a t i o m n s ,  N I .  I . ‘F , C a m b r i d ge .
\-lassa,’hcnsettS

June 8_ u , 1q 76

Papers  in Proceedings
[I . ‘i .  H a u s ,  F i l t e r  1) - s ign  w i t h  Case aded Index C o r r cr g a t n o n s  (pp .  58_ 5’~)

J.  H . Shap iro.  P ropaga t ion  C h a r ar ’ ter i s t i ’ ’s of I,o ’,e’ - Vj sj b j h i t v  Atmosp heres :
‘in E x p e r i m e n t a l  P rogram (pp .  3 2 - 3 6 )

1976 I E E E - ’\ITT-S I n t e r n a t i o n a l  5, h i , ’r ,nne ’n ,ec Sym 1cos i en r n . C h e r ry  H i l l ,  Ni - -ne je rsey

June 1 4 - 1 6 .  1976

Papers  in Proceed ings

R.  S. Chu , .1. -\ I S - - inc  and I) . L. l. ,w ’ , l ’heary for Elec t ra -opti cal  Gra ting
\Iod c l , , t o rs  (pp.  ? 4 _ ? C

N - ~T0 , \ u i v a n ’ e ’ u l  St u u i y I n s t i t u t e  on D i g i t a l  Image i’~- om e s sn n g  and ,“t n a l v s m s  \ l u - , - m  ing
Bonas. Fr :, rn - i ’

.June 1 4 - 25 ,  1q76

L. Fh Pau .  In f ra red  Sot ree C l a s s i f i c a t i o n  Sy s t e m

2nd Sym p o s i u m  on F r i ’ q u n c n ’ v  S t : , n n l n n r i l s  and N T i ’ t r u ’d n g v  - Copper  M o n i n t a r n ,  Colorado

W h y  5 — 7 ,  1976
1, .  A .  Ha c ’kel ,  R .  P. Iln-: ’k e l ,  and S. E z e k i e l ,  M o l e c u l a r  Beam S t ah u l i z e d
\ Iu l t i w a t t  Argon l a s e r s

F.  N’ . \ t ’u ,  R .  E. Grove.  and S. E z e k i e l ,  F r equenc :y  D , s t r , b u t ’o n  of R e s o n a n m e
Fluores ’  “rice i nn an In tense  M o n o c h ro m a t ic  F r e l d

3r m h OT Op t i c a l  C o m m u n i c a t i o n  Task For e \ l cet i n g . \~np l n ’ : u t n i n n s  and U s e r s  \t’o r k n n g
G r o u p .  Boulder .  Colorado

J u ly  7 -8.  l 9 7(

~~~~~~ R. S. K en n e d y ,  Op t i ca l  C o m m u n i ca t i o n  w i t h i n  the \ tm o s p here

1 67

— -

~~~~~
_ _ _ _ _  

L f l~~~1I~V



l I N C  i ’  \ P E R S  P i I E S i- ’’\ ’I ’ED ( m ’ o n t r n ’ n ’ ’ u i l

. 1 , 1 , 1  ‘‘i. , l t : , t t e ’ I l i ’  \\ , t ’ -n ’ -n hi, ’)1n on l l , g l c l v  I ’ ’. n m ’ n t m ’ ’ I  S t n , t , ’ s ,  I mu , ‘ ; m ’ n  , — n m v  ‘ m l  ( ‘ ‘ , I u , r n u u i u u ,

I ) m  ‘t i’ ; ’ r ’ , C , n l , n r s c ’ h m n

.Tn , I v  2 1 — 2 3 ,  1) 7 6

- IV .  I )  , , ‘ : u ~ a n n u l  N I .  I - / , n m  t n n u ’ n n n n i n .  l n n t  m m ’ ’  i S I c - n m  s - ‘‘ b u y  mu f R v ’ I I m u - r g
St t m  s in  S o ’ l n c , m

I ) .  K l u ’ b u b m t n m ’ m .  I l u g i r l v  Ex i t - I  \ t u , n m m s  ( m m n ’ ; u t i ” t )

6t h I n t , ’ r t n , , m u u n m i , n h  ( ‘ - m m r f m ’ r , ’ m m , ’ m ’  on \ t , , n m n i e ’ P l , v s n  s.  1 n n v e r s i t y  of C a l n t u m n  t u u a ,  I I u ’ n ’ k m ’ I m ’ \  -

(‘ n n i l f o r n i a

- u n I v  2 r  — 3 0 .  1 ) 7 6

1 . A I d , : n nn ’ l  F) . K .  P r i t ’ i c : c m ’ ’ i ,  I ’ i n , ’ St rn i e : t  n m ’ , ( ‘ I i l c n n n d ng Cross  S i m o n  f u r
N , c - \ -  \ r ,  K r .  X e ,  N ,, , and CO 2
It’ . K .  Cook e’ and R . R .  i” r eo ’n i :,n ,  N l e a s u rem en t  of the  Sp n n —  Fi ’ , t s n m ‘n u n: ,  I

t r i m - n a  ‘t n m i t m  in  R h K r  by \ l oI e , ’u l a r  T3 , ’ni rn M a g n e t r ’  - R n ’ s o n a n n i ’e

‘1” . 1’,’ . D i ie ’as an n N I .  L. Z n m m u ’n ’  n u n s , : ,  Imn ,t ’r a rc ’, l Sp u ‘m t n o s r a p v  of R’,’db m ’rg
St : c t m  ‘s in  Soc l i t i nn

R .  R.  I” r , ’ o n r n n , n n  and 1). K l e in p n e r ,  C ur ’ ’  P o l a r i z a t i o n  and Q r n n i m ’i t n m f l i t s
in  II ngh  \ t n g i :  1 c r  \lom ’t i e r n t n m m States ‘ m l  Sod iti on

D. K l c p p n er .  H , g h n l v  Exc i t ed  ,- \ tu n nn n s  ( n n v n t u ” i )

N I .  G. L i t t m a n ,  NI.  L. Z i n ’n m e r m a n .  and D. K l e l n n n n e r ,  E l c ’m t r , c  1” m e d
I o n i z a t i o n  Rates of Sd - t o n i  S ta rk  States in S o d r t n m

‘it’ . D. Ph i l l i ps ~ nd D , K l e p p n e r .  Crossed Beam \ l c a s u rem e n t  of F n n e
St n ’ i , , ’ t n n r c  Chang ing  C o l l i s i o n  Crass  5,- i r o n

D. E. Pr it r ’harc l  ari d j . \ ,  Se ’r r i ,  \ n ,Cs  Po ten t i al s  f rom Su a t t i ’r m n g  of
P o l a r i z e d  Atoms

T t n m r ’ t v — E c g l n t l n  I . i n g u i s t  i r  So, ’ i , ’ t v  of \ m e r n ’ ’n n \ l c c t m n g ,  State U n iv e r s t t v  of ‘Sent ’ Y o r k ,
()snv c’go. Ni ”,n ’ York

Ju ly  30 — - ‘ i n i g i c s t  1. 1976

\ h s t m a -t s  i n N le et i n g  Handbook
Ti n i l y  -N . Kegl .  Ella N I .  Len t z ,  and N l a r i m ’  J. Ph i l i p .  A SI ,  P ronouns  and
C o n d i t i o n s  on Their  Use (p.  21)

Barbara  Lust .  Gapped C o o r d i n a te  Senten, -e s :  -‘en E x a m i n a t r o n  of The i r
Log i u ’al Form (p .  26 )

Lise  Menn.  The Semant ics  of I n t o n a t i o n  Con tour  nn Late Babble anti B e g m n n m n g
Sb r e r ~m h  (Eng l i sh )  (p .  2 0 )

\ lv c l  E. Solherg,  Develop ing P inanological  S v s m e m s :  N o n i o g u ’n c sn s  or
Ind iv idua l  Solut ions ? (p.  35)

Gordon Research Conference on Atomic and Molecular Interactions, \t’olfeinoro,
New H a m p s h i r e

Augus t  9 - 13 .  1976

S. Ezek ie l ,  H igh -Reso lu ti on  Studies of A toms  and \ l o i o n : n n b e ’s ( i n v i t e d )

S v m b c u u s i ’ n m  on R n , i l i a t i o n  in  t ine  A t m o s p he re .  G : c r t w i s m h ~ P a r - t o n k m r ’ ’h e n ,  \t u-st Ge rmany

Augus t  1 1- 2 8 ,  10 7 1

P. II’ , Rosenkranz  and D. H.  S t a e l i n ,  R e m o t e  Sens i ng of ‘ \ t n n o s t n h u ’ r n c  Ti n ip ,  i’ -
:, t m r e  -r i nd  It ’ s , t r ’r in Storms w i t h  the  N i  m ’n i n ics  ~a S s m n u n m n g  \ l n  ‘ - r ,n nn’ : i \ ’e Sp i ‘ - t  r o neet c’ r

1 68

__________  -
~~ ~“TI~ ~ *M~~~’ ::T~~~

i i a ‘5 ’~



— “ ,_,n a , , :_“— “ ~~~~~~~~~ - - ----- .—.~~~~ -... -, - ---—— - — -  — —.-

M E E T I N G  P ‘iPERS P R E S E N T  El) ( c o n t i n u e d )

SPIE 20 t h  Ann ena l  Techni , ’aI  Symp o s i u m .  San I) m i - p u Ca l  r f u m r n n m n ,

Au g u s t  2 3 — 7 7 ,  1Q 7 6

1, . Fossi l and 1). 11. S t a e l i n .  Pa ss ive  NI u ’ - r owave  R :nd i on i e t r i e  Oh sn’r v’at u - c n n -
of the  A tmosp here
S . E z e k i e l ,  1- l i g b i — R i ’ s m n l n i t i o n  Tunab le  I .as’’r Sp ei ’ t ros l ’ o b u v

‘rhi rd S v n n m ~r o s i u m  on P lasma  h ea t ing  in ‘l’oroidal  I ) , ’e i , ’es, V ar e n n a  (Coma) .  I t a b v

Sep tember  6-17 ,  1976

A.  Bers ,  N o n b i n c a r  Mechan i sm for Ion H at i n g  by E l e ct r o s t a t i m ’  \Vuees
ac’ross the M a g n e t i c  F ield

-‘i . Hers ,  Elect ron Hea t ing  in Tokamak s  w i th  RF Power at the  l . m rt ’ . ’ m ’ r ’
l l v b r m d  F r e q n r i ’n m v

Second Top ical  M e e t i n g  on the ‘I’ emhno logy of Cont ro l led  N ’n , ’lear  F u s i o n ,  R i eh l a n d ,
W a s h i n g t o n

Sep tember  2 1 -23,  1976

Abst rac ts  in Proceedings

A.  G. Cook and L. NI .  I . i c l s ky . The Ef fec t  of P roces s ing  and l u b r i c a t i o n
Casts  on Des ign  Cho ices  for H b r i d  and Sy m b i o t i c  F u s i o n  Reac to r  Blankets
(pp .  77 - 78 )

D. G. \ I cAlees t,  N A .  U c k a n .  K .  S. Be t t i s .  P. B. Hu m , C. I , . H e d r i c k ,
C. G. l ,awson , R.  ‘I’ . Santoro,  H. I , . Wat t s ,  L. N I .  L id skv , D. N .  Ehst ,
-N . P an t,  J. S. He r r ing .  D. I. . Kap lan,  and R.  K.  Po tak ,  The E l n , ” m  Bt,innpv
Tarti s Reactor  (pp .  64-65)

D. O l i v e r,  H . Cooper, and I , .  NI .  I . i d skv ,  Breed ing  of F iss i le  Fuel  wi th
Linear  Fus ion  Sources (p. 79)

I n t e r n a t i o n a l  Soe cia l i s t  Seminar  on the Impac t  of Ne:’,’ T e c h n o l o g i e s  in S r g n : n l
P rocess ing ,  .- \ :‘ iemore,  Scot land

September  2 2 - 7 7 ,  1976

J. Al len .  Dig i ta l  Device Technology for  Signal  P r o c e s s mt n c ’

I E E E  E l e r t r o n i u ’s  and Aerospace  Sy s tems C o n v e n t i o n ,  \ V a s h i n g t o n .  D . C .

September  2 6 -2 9 , l ’~76

Papers in E A S C O N  ‘76 Record
j  . , ‘e I I e  n ,  Special  Purpose C om p u t e r  Ar , ’! m r t u ’ - - t e r r e  fo r  S:a’c, ’i i P r o c e s sin g
(p. 1 7 2 - N )

fi. S. K.  Chan ,  -‘i Nove l  F r a m e w o r k  far  the  D e s r r i t u t  r an  of R o r i l m z ,’n m io n
S t r t ict u r e s  for I — f l  and 2 — f l  D i g i t n , I  l ’ i l t e r s  (pp.  1 57_  -\ 1 6 7 — I l )

6th C mnfr ’ ru ’n’ ‘e on P l a s m a  Phys ic s  and Control led N n n ” 9 ’ a r  F u s i o n  Ri ’sear , ’h,
R e r u ’h t esgaden .  G e r m a n y

October ( - 1 3 ,  1976

K .  A pgar .  B. Copp i .  -N .  G an d h a l ek a r ,  I I .  h le l av a .  I) . K omnu . I . S l u r - m i tt
B. N ’I ontgom ery .  D. Pappas .  H . P a r k e r .  and D . f ) v , ’ r s k u ’ i .  b l i g h  D e n s i t y
and C o l l i s i o n a l  P lasma R e g m m e s  in  t ine ‘i - - n or P m ’u e ’ m : , m

1 6°

~~~~~~~~~~~~~~~~~~~~~~ i_____. 
— ,, —~~~~~ 

.
‘ 

— 4



r 
“

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

“ -

NI E E ’ l ’ l N ( ;  P A P E R S  P R E S E N l ’E I )  ( c o n t i n u e d )

II . l t a s n n  - B. C u u 1 m p n  - 5 .  N l m , l c ’ n g  - F.  [‘i ’ g ’ i n ’ I m r m u . I .  l l n , l , , ’ n ’  - B. Ji m ,  , P.
}‘:n I m a e l , ’r’u s m n ,  K .  1’ n m p s m - t ~ u~i ’ m i n l ’ u s  n , ne l  N ,  II 0 , 5 m m ,  ‘l’ r a t n s p u n m t  P r o m ’e s s , ’s
a n n u l  l n n - i t a b n l i t n , ’ s  nn  N l : c , _’n u , ’ t m , - n n b I v  ( S u n i l ’i ned  l ’ l , ” , t m n a s  a n t i ,  ‘1 ’

,L~~
’’’ i

i~~7 n  ‘ i m i n m i r n l  \ l e ’ u ’ t n m n g  I S \ ( ’/ I  RSI  and 1 ) 7 1 -  I E E E  \ P — S  l m m t m  m’ r r n m t n ’ m n a l  S v r r n b u o s n n n m ,
t n i v e r s i t v  ut \ I I , s s n n , ’ b n n r s , ’ t t s  - ,‘\mh, ’rs t  , N l a s s , , , ’ h n n n s u ’ t t  s

O, ’ t ’ n l , , ’ m  1 1 - 1 5 .  107 1

‘i. h i .  Ba r r e t t .  P. C .  \ I v c r s ,  and N.  L. S a n l u m w s k v . A pp l i ’ a m n o mn of
N I i , ’r u : ’,vav,” i l n n ’ I , , u t n , ’ t u ’ r s  m u m  l ) m n i p n i u i s t n ’  N i m - u t i u d n e  I A h s m  n- I , ’ ’t ) ,  I RSI . p. 142

.J. -‘i . i S u u t i g  - Coup le d ‘lode ,\ m , l n m ’ u m l , , ’hes to Sp a t i a l  it  P c - n ’  n u i i t  , ‘ N l u ’ ’ I
i n i n n n i ’ g m ’ i t m ’ .l Op t ics  (,‘\ h s t r a ct ) ,  I,’ 1 U I  , p. 100

.1 . ‘i .  Kong ,  D. Cheng . and L. ‘I’ sang. G , ’ , u n , I i v s i c a l  S u b s u r f ’ , i ’u ’  Prm ’n b i n g
i t i n  Hu n r i z o n t a l  E l e c t r i c~ an ’ I N l a g n e t i c  D n i n o b e  A n t e n n a s  ( “ n l r s t r s , ’ - t l ,

I RSI , p. 76

1, .  ‘ i ’ sn r t i g  and J. ,\ .  Kong . R l c l i m n i t  “1’ T rans fe r  Theory  for  Ni m i - c , - -,’; n o
R u m ’” , ’  S m ’ m u s i n g  of T w o — I s c y e r ’  M~ ha , A P — S .  pp~ 5 0 8 — 601

I. .  l’ s s c m n p  .1 . - N .  K on g .  F). H ,  S t n o ’ lj n n ,  F .  N i , , i c n ,  at n i  .1 . It’ . \t : c t , ’ r s ,
P :n ss ive  l i , ’m , d , c  5 , - m u s i n g  of Cl u nun l  and R a i n f a , l  (Abs t ra  ‘ n ) , F i b n - I , in . 10

l ’r 7 6  - \nn tna l  N I m ’ u ’ t m n r g ,  Op t i , ’ n n l  S m n , ’ i , ’ t v  of \n ’n m ’ r i n : a ,  Tucson,  ‘i r i z a n a

u S e r  1 8 — 2 3 ,  1976

\ b s t n ”  ‘is  in 1. [n u t .  S u m -  . A m . , \ m l ,  hE, , ‘ S u m .  10 , 0 - I ’ u I , m ’ r  l ” 7 (

B. Hon ’, ’land , ‘inn F l u ’ - ‘t r on i c  A~, o r r , t i , n t n  Syn t h e s i z e r  for N i o a s , , m ’ o  n i -n t  s
of the  Eve  (p .  1 1 2 1 )

C.  \I ’ arcl e , 1 , e im ’nmer— (  e in ru ’ke Int , - - m f u ’ m  u , u u , ’ t e r  NI ’ - I r f m i ” I  for  Sp e c t r u r s ’ m n m u v
‘ m l ’ ‘F l i in  F i l m s  (p .  l~~8°)

1°7 ’-  (‘ - m t n f i ’r ’ ence  “ N i ’ ’ ,’,’ IVan ’ s of ‘ i t n r i i y z i n g  \ ‘ S , r n : u t n i m n n  in E m i g l i s h , ” Geo rg ’ ’t  ‘n ’ ,e t u
r u n  n’ers tv , \ V a s l n  m n p t u  ‘mu .  D. C.

O- ’t ’ n l u u ’ c  2 8 -  3 1 ’ , 10 7 6

.J. R .  R u n s s ,  \ l v ’ u 1 u m : c

Si’c ’e n th  ,- \nnua l  “ h i t  m u g ,  N ’ , m ’ t  h Eas t  ‘r n  L i n g u i s t i c  Sire ic’tv , Massa ’ i m , n s c t t  s in st  t I n t , ’  of
‘r , ’ehno logv.  C a m b r i d g e  \Ia ssa- - i m su ’i t s

N rc’c m n l , , ’ r  5 -7 ,  1 “7 6

P : , n n u ’ r ’ s  in \ E I . S  V I I

Sarah  Bell and I ) , N i .  Pr ’r i r n ;n t t c ’ r  - E e i c i u ’n c i ’  i i ’  a. 3 — C e l l  - ‘ i , I e a n c o ” n c tnt
[ ‘n l e  in T h r u m ’  P h i l i p p c n e  I . angnrages

1.. Geu ’u r p i ’  and .1. K o r n f i l t ,  I mu , f in n i t j v a l  l ) , n i n h i , ’ P in ssic ’e in T u r k i s h  ( i c r .  55 — 7 ’~(

‘i t - , r : — I .om ose K e a n .  “ N a t m i r a l  i-’r ’ , ’ m ’s s e s  “ and “ Learned II - i i i -’~ “ nn \ i a m ’ se ’t n , ’s s
i i - r o t c  (pp .  1 3 5 — 1 4 6 )

H. d r i v .  l u n g n ~:al l’orm and C ’’ ’ :  l r t i u n n s  mun h : n l m ’ s  (pp .  I s n _ 7 0 7 1

.1. .1. N b u ’ Cm’ t i n y , III , C r  (pp.  ?o ’~ — 2 b  7)

L ic e  \ I e n n  and Sharon F I - i s e l k o r r i , N u n ’ ,’,’ You S u e  l’,~ ‘S n:’,’ You I )  cr 1: ‘I’ n’’ o ’ n n ~
t ’ n u  D m ’ e m ” l o p m e n t  of ( ‘‘ m ” t n t n n m i n n , ’ n u t i v , ’  f’ u m n u i i u u ’~t m ~nu ’i ’ ( u ~r~. 7 4 ’~~~7~~’~~

‘‘ n i l ’.’ \‘i ’ i l k i n s ,  t , \ ’ b i _ t r , u t u t i np  and m I n e  V : , r i n , t n l c  l n t u ’ r , u r m ’ t a t i o n  C’ ’’tu : ’ u ’ ’ n t  ‘n un
3~ C 3 ~~~~)

i T e



NI F E l i  ‘St I ’ -\ P E R S  PR ES EN ’I ’  El ) (u ’ u n m r t  n n e i e d )

7 ’ ’ t i n , ‘innual  ( ‘ ‘ u m n t ” ’ r ’ i ’n ’ ’ ’ ’  ‘ml E m i g m t u i ’ i ’ r u m n g  no  \ l u ” l n  n n e  n i m n n l  b 1 ; ’ u ! u m g v ~ i l i m s - , m ’ u n .

\ 1 , ss :u , ’ h n u s , ’ i t s

N ,nen ’nu b , ’r  1 — 1 0 ,  l~~7 n

\ u , s t r : , , ’t s  i n b’ r u u , ’, ’ u ’ n l m nei s

R .  P . B i s in o p ,  Tire - \n , t o m at e d  l ) m ’ t e ’ ’t non an d C l n i s s i f m , ’ n , t i o n  of 1 I ’ n r r : : m n
C h r o m o s o m u ’ S pc , ’ :nd s (p.  4 4 4 1

T . I . . R h y n e . ‘in U l t r a s o n i c  T i s s n i e  C l i a r a u n t e r i z l u t i o n  for  t i n e  L c n n g  (p .  1 3 7 )

I , . ‘Fni ng . The Ina deqtna cy  of the  Solid - \ n n g l e  F o r m u l a t i o n  When I sed to
I ) ,  - s c r i b e  Cn ,r d i a c  I n j u r y  Potent  in i l s  (j n . 80)

6th Annua l  \Tee t ing  of the Soe’i i ’t y for N , ’ e c r o s e n e n c e ,  Toronto .  Canada

November  7 - 1 1.  1976

.- ‘ ib s t r a nn t s  in N , ’m c r o s ” i c n ” e  Abs t rac t s,  ‘i’al .  II

K.  H. G r , r b , ’r p ,  In V i t r o  I,’
~ i n n k , ’  of Chol ine  n ’,nd Sy n t h e s i s  of ,- \ c e ’t v l c h o l n n e

in  the  Op t i c  N erve and T e ’ ’ t , n r u u  of Rana  p i p i e n s  (p.  1115)

C. N I .  Oman,  I , .  S. I” r i s h k o i n f .  and N i .  I I .  Go lds te in .  An U pper I . , m i t  on
the  Phy s io logica l  Range of Cm n p u l a  M ot ion  no  the  S e m r ” m r c n i l a r  Cana l  of
the Skate (p.  1053)

S. - N ,  R ay m o n d . ‘ S i - rn ’ , ’  Threshold  and I n t e r m i t t e n t  C o n d n r , ’ t n o n  ( f i l m
p re s en t ed )

S. ‘i .  R ay m o n d . The Et ’ t ’ i ’e  t of I n n  Threshold  Ct i rves  of I’ rag S c n a t n r
N er v e  Axons (p. 417)

Stnsan B. U d i n ,  Progress ive’  - ‘it e r a t i ons  in Op t i c  Tract  and R e t m n ” u t e ’ ’t a b
Topograp hy d t r r i n g  Opt ic  N , ’r ec  R e g e n e ra t i o n  in Rana p n p n e n s  (p .  838)

IE E E  I n t e r n a t i o n a l  Pu i scu l  Power Con fe r emn , ’e , Texas ‘loc h U n i v e r s i t y . Lubbo ck ,
Texas
N ovember  9 - 1 1 .  10 7 6

G. Bekef i  and T. J. O r z e r h o w s k n ,  N i n c r o w a v e  E m i s s i o n  f rom N l a g n e t n c a l l y
Insulat ed  R e l a t i v i s t i c  E lec t ron  Beam Dnodes

G. Bekefi and T. J. Orzechowski. Microwave Generation by a Field E m i s sn o n
R e l a t i v i s t i c  u -  Beam N i a g n e t r o n

NSI” G r a n t e e -U s e r  Meeting on Op t i c a l  C o m mu n i c a t i o n s ,  I ’ n m n ’ er s n t n ’  of \ V a s h i n g t o n .
Sea ”t le ,  Wash ing ton

November 10-11.  1976

Papers  in Pr -ou ’r ’edings

J. H. Shap iro ,  Imaging  and Optical C o m mu n i c a t i o n  th rough  a Tn nr bu l en t
A t m o s p here (pp.  60-63)

92nd M e e t i n g ,  A ” n i r s t i u ’:n l Sun ” i e ’t v  of A m e r i c a .  San Diego.  C a l i f o r n i a

November  15-19.  l °7 (

Abs t rac t s  in .1. “icoust .  Soc. A m , .  Vol.  6(5 . Supp l .  N o -  1,  Fall  I ° 7 (

J. A l l e n ,  St ru c t u r e  of a Comp lete Text - to-Speech Sys tem (p.  S76)

Sheila E. Blumstein and K. N . Stevens. Peru’epttnal Invariance and Onset

Spect ra  for Stop Consonants  in D i f f e r e n t  Vowel  E nv i r o n m e n t s  (p.  S90)

171 

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



N I F E l ’  I N C  PA H E R S  PR ES F \ ’I ’EI )  ( ‘ ‘ o m i t n n n u n , ’ ’ l i

‘.1 . I I ,  C ’, ,  n u n ’ , S. ( , I ni  m i t  n i t , ’ , ,,nnd l , - I m m u n e ’  b .  1 -’:, ’ , ’ i n i  5’,’ t n t : , ’  m m , ’
I l m n ’ n n n , i : c r  i - s  u n  t i n , ’  ‘I’ m r i  ing ‘ mr l ’ t ’ , u u ’ h : ,  1’ -5: ‘ m m’ In ( p .
i i ,  Gu u l d h n r  , S n t n l  I , , ’ t  - I )  ‘ t u n i c  n n  n u t s  of It ’ m n r n i  I ) - , n ’  , r  ‘ ‘ t n  n mn 

~~~ ‘‘ ‘ ‘ ‘ I n (p .  S2 7 )

I ’ . n r c  , m  I .  \ ‘ ‘ u m ’ n s t , - ’ n , I l v  l n d u ’ ’ u ” l  b t i ~ i , , I , n l , t , m ’ s  u i  t ’u u t c t r u , l ‘, ‘ n m l n ’, ’s  (p .  Sl 15)

I ) .  i ) ’ S l , m n n p t m m r m ’ s s v .  l” in n u l , c ’ m n m ’ n r t  ‘I F r m ” j ’ n u ’ m i - -v  h ’~ I l u l u -  t m  a ‘ l i ’ x t  — m ’ m — S p i - u - c h
Scst  ‘ to  I n .  S7 ( - l

,T , S . P , ’r k e l l  and  ‘I ’ . ( P u t ’ . \‘u , ’ ’ n u l — l  m c  n i t , ’ s l u u m r n s , ’  s t n  I, m n , ’ x ,’ , u ’ ’ ’ m u ’ S  5- u l ’ l m ’ t n l n ,
lnu i m , , ’ e r l  I ) , - - ’ n ’ ’ ’  , s u - -~ in  l t n t r m e t a l  \ , r  P r e s s ,n r , ’  (p .  5 u 3 )

( ‘ - , r t , u ’ m ’ n n e  C , ,  \t ’m n l f ,  ‘m m ’ - ‘ ‘ i , t n ’ ’ m n  of V o , u ’ n n g  ,n  F i n a l  Si n g s  (p . S ’t i )

V .  It ’ . 7.- n  m ’ . ,S ’ m m , ’  I ’  t ’ m ’ m t p t ’ II i’ t’,’ n u u ’ m  i m u ’ t , t s  on t I n - ‘u b t m u i : , n ’ i m n  ‘l ori s (p .  S45)

i t i m  A n n u a l  \I , ’, ’t n m t g  u t ’ t h u  I ) ~ ’s ’ n s i u , t ,  of l ’ l n , s t m i n ,  P i n v s n u ’s, \ n , u ’ m ’ m u ’an P h v si ’ ’ ol S m , e : i e t n ’ ,
S,,n i” r c t n , ’ n , ’ m , ’o. (‘ n c l m t m c m n m ,

‘S’~v,”:”, i m i - r 1 5 _ I  ‘9 1 1 7 ,

‘ih s t r : ’ , ’ m s  i n B e l l .  N m .  F I n n s .  5 , ’ ’ . 2 1 ,  1 ~7 ’

C ’n l ~~han -N m ,  and B. (‘ u m I i p n .  Sn u i ’ , H i , , m n ’ , m r  u t  l t n t m - m : n u l  K i n k  N I u u ’ I m ’ s  i n  J l . g i c
I ’ ’ ‘ni m r’ : I s i r , ’  II i ’p n  ni i’s (p .  I t i  - I

B. i l n i s s i  m d  B. (~ ‘n pp i .  ‘‘K m t u ’ t n -  “ l i - m y  u i ’ l n r u ’ r n n n l  K m n k  N I m u ’ i , ’ s  ( in . I s n i l l

— C. 0. Beas ley ,  J r .  , E.  C.  I ’ m t i e -  .1. E. N i -  d ’, c t n i ’ , h i .  K .  \ I e n e r .  and
I V .  I .  d i m  I U j .  I , oc , i l  ‘ S o , ’ :155 c n n  I 151 . 1  , ‘ ‘ m r u m  n i n , I S l y  K I~~ ot  n i t  P b a s  m n u
(p .  1 1 1 5 )

‘N. Hers .  I ’ ‘ m n ,  N .  I- , C h t m . G. L. .1 [i n s t - m n ,  nu l l  C ,  I - , I ’ . Ka rnev . N ’ u n l m n e a r
P r u u p c g n c t  n o n  of Lower b l v b r  i u t  C ’ m n i m  - s  f r o m  a i ’ l an e  B o u n d a ry  (p .  11 56)

‘it’ . NI .  B lan ’k,  S. P. Se h l ” s c n n p ” r -  V . I. .  G r a n a t s t e i n,  R.  K. P a r k e r .
G. B e k e f i ,  and  T. .1. ( ) c zc ‘h o w s k i .  t ’ [ u m ’ i m e l n i e  ‘i l e a s in r e m e n t  of N u i s l t c
G ign r ’n ’ :it t N I m ’ ’r owave R a n h a t i o n  (p .  1 1 1 2 )

F.  IV. C h a mh e r s , cn ’  I - N .  H e r s .  E l m - - I ron  l i - n  nng  in  Tokarnaks  n ’, ’mth RI ; near
the l, o w m ’ r  I-Iyhr iii Freq  m r e n c y  (p .  11 5 ” )
FT .  C.  Chan  and D. J. S i g m a r .  l’ r - , t n s : m ’ n u l Behavior  of Al p ha fl i s t r , b u t ” n n
D l i  t n  N i t ’v~~n I’u ’ ,, v , ’  T n i r h m i l e n  ‘e ( p .  1172)

I” l ora  Y . 1” . Chu and C. F . F. Karn ev .  Sp a c e - T i m e  So lu t ion  of the  Thr , ’e ’-
l I n v e  Problem n’, i t h  One \I ’ an’ , ’ F l e a v i  Iv D a m p e d  ( p .  1155 1

B . C u r i n p i .  H igh  Dens i ty  R e g i m e s  in  Tokamak  E x i n e r n m u ’n i t s  (p .  1 1 4 1 )

B. Cop 1n i .  C ” mrn ps n ’t Breakev en  or I g n i t i o n  E x p e r i m e n t s  (p .  10°7)

H. Copp i and F. P m ’p ’u u r : m r o .  An o m a l o t n s  ‘F rans ;no r t  Model for  H i g h  D e n s i t y
R e g i m e s  of C o n f m n n i - ’ I  P l n i s n n , , s  (o .  1 I 4 Q )

K .  C , C r n m m r ’ , C.  0. Beas ley .  ,Tr. . J . K.  NI , ’ C , n m n e ,  H .  K .  ‘I c ier ,  and
SV.  1. van R i ) .  I o n - I m p i n m n t n  E m i n : i l i h r i u m  and Transpor t  in Tokamaks
(~~~ . 1 1 1 5 )

I . .  D u ’  i , h , , m n m n l ,  - Ex I , ’ 0 S o l u t i o n s  of t I n , ’  - \ x i s v m m e t m ’  u - ‘ Plasma Ec 1’n 1 i h r m n n m
F u n , ,  I “ mn (p .  i t ’  14)

‘I ’ . h i .  Du p r e e  and D. .1. ‘I ’ m - n  r u - - u i ,  l b  ‘ S m n n l  i near  ‘I ’h eorv of D r i f t  and ‘I ’ r s , ; u m ” I
F ’ u r t i m ’i e N I ’ n u I e ~ (p .  1 1 1 ~~)

N .  .1. F’ i s ch  and ‘N. He r s ,  Modr ’ -Coenp l i n g  for Resonan c e H r o n n n l e n i n g  (p.  1 1 , 68 1

N .  S. I- i sher  n ,r n d (4 . R e k e f i ,  D n r u ” t \ l e n i s u r r e r n n e n t s  of the Energy  C o n f i n e m e n t
T i m e  in t u e  V e r sa t un r  I T o kam a k  (p.  1 10 7 )

J 7 9

L 
~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



\ I E E ’[IN G P A L’~ERS P R E S E N T E D  ( u ’o n t i n u e d )

J. L. I” isher  and J. K. N i c C u n e ,  Ana l y t i c  S t m c u i v  of Dyn a m i c a l  D ’ ’v e lop me n t
of Toroidal D i s c h a r g e  in D r i f t - K i n e t i c  A~ i p r o x i n n n c t i o n

-‘i .  Uershcovitch and P. A. Politzer . Suppression of Trapped Particle
N I m , n l e s  by De t r app ing Due to P , ’ c i , r u i i c  Burs ts  of Ext , ’r ’nal  T u r i n u l m ’n ” e
(p .  1110 )

S. P. H i r s h m a n  and D. J. Sigmar . N m ’ , ’m ’lassical  T ranspor t  of a \ I u l t i sp c ’c c e s
Toro ida l  Plasma in Var ious  C o l l i s i o n a l i t y  Reg imes  (p .  1149)

G. I~. Joh nston and ‘N. Bers .  Lower Hy brid O s c i l l a t i n g  T w o - S t r e a m  and
Nl odula t ional  I n s t a b i l i t i e s  wi th  F i n i t e  Wavelength  Pump  (p. 1155)

N I.  K a r a k a w a ,  K. \ I u i l v i g .  T. J. O r z e c h o w s k i,  and G. B e k e f i ,  T in com ’ v of
t he  Steati y State Magnet ron  (p. 1114)

C. F. F.  Karney and A . Bers. Direct  Heat ing of the Ion Tail  by RF Power
near the Lower Hy brid Frequency (p. ’ 1157)

D. J. Kaup .  -N. R e i m a n ,  and A. Bers,  Soliton and Shape Transfe r  in a
3-Wave Resonant  Interact ion (p. 1156)

D. S. Komm and A .  K . Costley, Elec t ron  Cyclo t ron  R a d i a t i o n  N l ea su remen t s
f rom Alcator  (p.  1141)

J. I , .  Etn l p and A. Bers,  3-D Ray T ra j ec to r i e s  near the Lower Hy br id
F r e q u e n cy  in Tokamaks (p .  1157)

H. K.  \ Ie i er ,  C. 0. Beasley . Jr .  . J. K . M cCun e , and IV. I .  van R u ,
Thermal  Relaxat ion Times Computed  ‘,‘,‘ith a New Vers ion  of the Col l i s iona l
Plasma Model (p. 1045)

K. Nl o lv ig .  Neut ra l  Transport  in High Dens i t y  Plasmas (p. 1 1 2 5 )

K. Molvig and B. Copp i. The Ef fec t s  of Plasma \Vave E m i s s i o n  on Energy
Transpor t  and R u n a w ay  Elec t rons  in F i n i t e  C u r r e n t - C a r r y i n g  P lasmas

T. J. O r z e c h o w s k i,  G. B e k e f i ,  A.  Palevsky.  IV. NI.  Black.  S. P. Sch le s inge r .
V .  L. Granatste in. and R. K. Parker. Microwave Radiation from a
Magnetron Driven by a 0. 2 t e rawat t  R e l a t i v i s t i c  Elect ron Acce le ra to r
(p.  1 1 1 2 )

D. 0. Over skei ,  -‘i . Gondhalekar .  and B. Kusse.  Low Frequency  Fl ,n ct t i a -
t i on  Measu remen t  f rom ,- \lcator (p.  1142)

F.  Pegoraro and B. Copp i ,  Long Wavelength  L imi t  of U b i q u i t o u s  Modes
Driven by the Magnetic Curvature (p. 1110)

P. ‘N. Po l i tzer  and - N.  He r shcov i t ch.  S t a b i l i z a t i o n  of a Beam I n s t a b i b u t y
by the  Induc t ion  of External  Turbu lence  (p.  1155)

‘N. R e im a n  and -N.  H e r s ,  S a t u r a t i o n  of P a r a m e t r iu ’ Decay by P ’n m p  Dep l e t i o n
- ‘ in Two Dimensions (p. 1156)

L. S. Su ’a tu r ro  and L. NI .  Lidsky , ‘N Fas t~ R i s e ,  S u r f a c e - N l , n n , t u t m ’ l -  B o lo m e t r i c
Probe (p. 1142)

T. J. Schep and B. Co~np i . - ‘inomalous Inward  Transpor t  of Cold P lasma
(p. 1114)

D. 3. Sigmar and J. T. Hogan.  Class ica l  n - ’~ Scaling for H igh  Dens i ty
Tokamaks (p. 1125)

‘N.  K .  S u n d a r a m  and N.  Sen.  E f f e c t  of I .oo ’cr -H y h r i d  Tu rbu l ence  on T r n r :p u ” l
P ar t i u ’Ir ’ N loc les (p .  1 1° ? )

t 

- ‘i . T a r o n i ,  B. Copp i ,  and R.  Eng l a d e .  N m n m e n i c a l  S i m u l a t i o n  of H igh
D o r m s  i t v  R e g i m e s  in -\ l ’ : , tmnr  (p .  1 12 5 )

173



Ni E E ’ r I \ n  , RN HERS PI T E S FN ’I ’E D  ( u ’o n t i n m n e d )

\ I .  S . T e k n i l n i  anm i  ‘ i ,  B, r s .  (~ , c s ,  [l inear  l n h i i n n t i o n  of i T u n n , ’ ,’,’av E l ’  “ ‘t n mis
a n n u l - \ m n o m a l o n n s  Rad t : l t  ion no ‘ l ’ u k n , m’aks  (p .  1 ( 5 1 6 )

.T . I . .  ‘I ’ u ’ r ’ rv .  i i .  K.  E m - h u r l s .  K .  I .  ( I h e n ,  I I .  I I’ . N l o o s ,  a nnul ( 4.  B , ’k e f i ,  S~~:,’ - ’ - -

l i me E v , n lu t i o n  of t ) x v c m ’ t r  I nns  c i u r i n u g  a D r s m u i r t n v e  I n s t : n h i l m t ’ ;  ( p .  1 1 7 1 1

.1. W e s t  , 1N , Gu m m u ’ l i n : , i m ’ k . m r -  K .  N i m nl v i g  a n m ’ i  N I .  S. Tckul a .  O in s em” ,’ u t ’ , t u

c m i i i ‘ l ’ I n , ’ , m r v  ‘ m l ’ t he  F l u i d — I o n  Cn - i ’lo t r o n  I t n s t n m l n n l i t y  (p .  1 13 0 )

l ’ n 7 6 (‘ , n m u n ’ e m r t i , ’u n ,  A m e r i c a n  Sj , i ’ eu ’ In ann i  l i m ’ n i n c n g  N s s u -) n ’ i a t n o n ,  l i u u n n ~~t n nn , Texas

N , n n ’ m ’ m h e r  2 0 — 7  3, 1 ‘i7 1

N I .  C . S c  h t i l t z ,  D. N l u n o k ,  and I , . D. B r a i r l a ,  S hi f t s  in Sy l l a b l e  l i m ’ ’ e n e t n , t i o n
l iv  R u v , n I  I ’

N I .  C.  ,Su ’ I n u b t z ,  D.  R m’,’el l , C.  Reed . It’ . P a h m m u u n n v i t z .  S. N o r t o n ,  N .  I. D: :r ’,:, s ’ I n-
C i i m m s k y .  and I . .  D. H r a i i l a ,  P r o l i n : i n a r v  H’ n ’ l ’ u n t n : m n r ,  e N l e a s u re s  of a

i ’ s s t i n l  ‘I’ aloma Rea cher

‘ F ’ ’ , m i s  ‘\ n n n n , n l  - \ s11 ’’t ::-  n C u n n f e n m ’n ,  u on ( ‘ c m  , , t s  Sy s t  u ’ ” t ’s 5 ,  n i t  C - m m , . m ’ - m s -  P , r f m c
[t n’ . - 9’ - n t ’ u r ’ n i a

N “ . ‘ ‘ a I m -n 7 2 - 2 4  1 -“7 1-

.1 ,  I i .  , I , C l , l l I , n i  a nti [). S. K -  C t n , n ,  - N N ” ;  S r  - i - n r c  f o r  2 - D  l I lT I t I n s
I ) ,  - s c m ,  - I liv I ’ r ’ ‘ nsfor  m l ,  t i n  mrs

S r I ,  \ n t c ,  9 . 1 - ~ t i n g  of t he  I ) , n ’ , s i a n  ‘i t ’ E le ’ ’t r u n n  ,cnc l  \ t o m i c  l’ : s v s n ’ ’s. ‘in: ’ r u  ‘ i n
P h i v s m , ’ n , I  ‘5 - -  ‘ ‘ t v . [, i n n ’ ’ u n l n ,  N u ’ n u r , m s k a

1 1 - ’” ’’ o r ’  ‘ — 5 , I ’ ~7 f .

N l m s b r n n ’ t s  in  i T ’ l l .  n \m .  P i n y s ,  Sun ’ . 7 1 .  l ” 7 ’
V, . K. C ’ u u u k m ’  and R .  H.  1- ’ r ’eem an .  5 1,- m s , n ’ u ” t n ’ s m ’ n t ut t I n ,  IF ’ n o r : rn ’ - I —‘ . p - n i - m i -n
or ’ t he  van der  It-’aal s  i b , , ! , , t r l e  R b K r  (p.  12 1 1)

F T .  H .  i ’ m’ i ’ i ’ ”n : , n .  T. It ’ . D o - - o s . - nd D. K l u ’ , u n u t n , ’ n  P l : , u t , ’ , - , r i , i  , t i ’ l ’ ’ , of
,-~ lkal i  Ry d lhe rg  S t n , t e s  (p .  174 1” )

D. T i ,  Pr u t , ’hard n , n~~b .1 . A - S e r r i .  ‘S ,n Cs I m u t e r : , m  ‘nnn  i”  Pu nt - t n t  ma  Is  t t o ’ ,

S. - n i t i e r m n g  n i ’ P o l a r i z e d  ,- \toms (p .  1 7 1 1 )

b ’ . S. — J ap an  Se m i n a r  on I ) vn : c m  i — ‘ \ spc ’t s of Sp m ’ e ’im Prod ’ . iun ’ u . I’ ‘n k y o  .1:

I ) - ’ e ’  n n h c n  7 — 1 0 .  107 1

K. ‘S .  St ev i - ’n s a nul J. ~~~. P c ’ n k m ’Sl .  .Spu ’i ’ ’ I n  P l n v s n u u b o gv and P 1 , - m n - t i c  I c n n  ,r ’c s

I-’ i f t h n  E n g i n e e r i n g  F o u nd a t i o n  C ’ m t n t ’c n u ’ t i , ’e on , - N i t o r ’rn n t t e ’ l  Cv t  u n i m c v ,  P ot i s ,”, - n , :, .

T” lor ida

Do , ‘, ‘“n i n e n 1 2 — 1 7 .  l ” 7 ( -

‘S I - b .  P. f i i s l n o : ,  n~ t u r I I .  T. Y m n i : n g .  The  ,‘ N u i t , n r n n : , t c - I  C l a s s i f i c n n t  ion ut H u m a n
( ‘ l n r u i m r s o m e  Sp reads

C;. G r a n l n r n r l . I .  T .  Young . a.nd N i .  Eden .  Sb n , t i s t n c a l  I 5 a n v m n t v l  - u r i c

I . T.  Y o u n g,  b se of the  Ko lmogorov- Smi rnov  Test S i u t i s t n c  in  t in e - ‘ i n o l v i s i S
of F l u ’,’; H i s t o g r a m s

I. I ’ . “n ’ o ntn g .  S i e n u t n : , n n e  K .  S li e r ,  N I .  5. [ n u ’ c m n l u e m p ,  and - \ l l m s u mu n ; . 7,nn , ’k ,
I , , ’ m m l ’ , m m c v l , ’  \ ‘ i l n e c i ’ . : i  u n  I . r ’u k e m m a s

174

9.
- ~~~~~~. ..



T 

\ i E E T I ’SF ,  P- N P K I T S  PR ES FN ’’ l ’  E l )  ( ‘ ‘ m m m n t i n s n , ” l )

-\ l l i son  (4 . Z n n m ’k.  1. P’ . Y o u ng .  S t u ’ i u l n : m m u n m ’  K.  S i ,u ” r ,  and N I ,  S. ( i r ’ , ’ u ’m u i , , ’ n t ’ ,
Q i n a n t i t a t  ly e N b , u n n , l , u  u i  up ‘al .‘N n a l v s  is  of F m v t l n m ’  u - ‘;m , - D :umage  in DiaL ’s  is
(4 .  N I .  Z a ck ,  It’ . F ,  H u m u ’ m ’ m ’ s ,  : , n m n l  S . .A. 1 , n , r t . N c t , u n n a t i , ’ \ I u ’ a s , n r ’ i ’ m n n , ’ t , m
S r s t , ’n’ ( ‘ln ro r n n a t  i i i  E x c h a n g e  F n ’ m ’ u j u l m ’ t n ’  n

J Ot ’R N . - \ I .  P A P E R S  -\ C C E P ’F F I )  i~ou Pt B h . 1 C A ’ l ’ I O N

( R e p r i n t s ,  if a v a i l a b l e , may  be n h t a i n e u ’I f r o m  t ine  i ) o o ~ r n u ’nt  R o o m ,
1 6 — 4 1 2 ,  R e su ’ a r c i m  i , : , h u n m n , t , u n v  of E le , ’tn ’ ’ n t m i , ’s .  N i : i s s : , ’ ’ h n n s m ’ t t s  Inst i-

t u t e  ,nt ’ ’ l ’ cu ’ I , nm nlo gv  . C a m b r i d g e .  N i : , s sa ’  - t iuse t i  s 021  3° ’ Pn , g i ’ s  are
in e i i c at e ’i  for I nn i r n e r ’ S alr i ’ :,m iv p u b l i s h e d  .

.7 . .-N l s - N i e l s e n  and H. J. Bi rgeneau,  N l can  F ie ld  Theory , the Gr n z b u r g  C r i t m ’n i o n
and N la rg ina l  D i m e n s i o n a l i ty  of Phase Trans i t i ons  ( A m .  J. P hy s . )

A .  h i .  Ba r re t t ,  P. C. My e r s ,  and N.  L.. Sadowskv . A p p l i - ’ a t u u n of N l n , -n cun ’ , ’an’e
R a d i o m e t e r s  to D i a g n o s t i c  N l e d i c i n e  ( R a d i o  S e n . )

‘I’ N I ar ~’ C. Bateson. N l o t h e r - In f a n t  F xu ’ln ang es :  The E n m p e n e s m . s  of C o n v e r s n m t n o n a l
In ten : r” t i ’n n (An n .  N . Y  . , -N , r a d .  Sci .  263 ,  10 1 — 1 1 3  ( 10 7 5 ) )

“i. Bers ,  J. U. Kui p. and C. F .  F .  Karney . Symbolic  C o m p u t a t i o n  of N o n l i n e a r
\I’ ave In te rac t ion  on \ IACSY N i - N  (Compt i t .  P h nys .  C o m m u n . )

N la rga re t  Bullowa,  F rom ‘Son-verba l  C m n mm u n i c a t i o n  to Language  ( m t . 1.
Psvchol ing.  , pp. 5-14 , N I n n y  1976)

N.  N I .  Cegl io ,  Zone Plate Coded I m a g i ng  on a N l i c n ’ i s - -op ic S ale (I .  - N ! n r n l ,  Phi’s.

F. IV. C h a m b e r s  and A . Bers ,  Paramet r ic  l t i t , - n a ’ t i ons  in  an Inhomogeneous
N le d i u m  of F i n i t e  Ex ten t  - N o r m a l  Nlode So lu t i ons  (Ph ys .  F l u i d s )

IV . C. Chan .  J. A ,  Kong ,  and L. ‘I’ s a n g.  ( 4u ’un n , I n y s i c a l  S u b s ’ n m f n n ’ e P r u n h i n g  w u t h  a
Hor i zon ta l  Magne t i c  Di pole ( I E E E  Trans .  , Vol. N P - 2 4 .  No . 1’ . 

~ 
57 7_ 57 0 .

‘Sunvemher  1976)

R.  S. Chu and . T . ‘\. Kong.  N I , nda l  Theory of Spat  i a l l v  P e r i o d i c  N l c ’ I i a  ( I E E E
Trans .  ( N I T T ) )

IV. E. Cooper ,  S. G. Lapoin te , and Jeanne  NI .  P a c c i a ,  Sy nt ’ , ’ t m c  B lock ing  of
Phonological  R tn l e s  in Sp e e c h  Produ c t i o n  (J .  sNc ous t .  Sun , ’ . ‘N m .

NV .  E. Cooper .  J. NI .  Sorensen,  and Jeanne N I .  l’n , ” n a ,  C o r r e l a t i o n s  of
Dura t i on  for Non-ad j acen t  Segments  in Speech:  r N s p e - ’t s  of G r a m m a t i c a l
Cod ing (J. Acoust. Soc. Am.)

B. Copp i, R. Galv3~o, R . Pel lat ,  N-I . Rosenb iu th .  and P. R , , b h e r f o r u l . R e s i s t i v e
Internal Kink NIum , les (Plasma Phys. (U S S R ) .  Vol. 2 , pp.  ° ( ‘ I -° i 6 . 1Q 76)
( i n  R u s s i a n )

C .  D o i n t s c h ,  Rvclherg States of He I U s i n g  tine P o l a r i z a t i o n  NIo de l  ( P hv s .  I ( i - n ’ . ‘N ,
1 3 ,  2 3 1 1 — 2 3 1 3  ( l ” 7 6 ) )

(7. De ,tsch , One—Component Plasma in 2 + D i m ’  - m u s l o n s  (J. N I l  I n ,  Phvs .  17.
1404—14 13 (1Q71’))



.JOI I T ’ S A I .  P . \ PE R S  ACC E P T E I )  FOR P 1 B i . l C  -N ’I ’lO ’ S ( ‘ ‘ o n t m n n ” d )

‘I’ . It’ . D n i e ’as ann l  N I .  I , .  Z i r n n n n ’ ’m m a n ,  I n f r a r e d  St n , r k  SF , e c ’t r o s c u i l u v  of S o d i u m
I I ’ . I I u m ’ r ’ g  S t a t u s ( P l n v s .  R e v .  N)

R.  H . F r cu ’nuan and D. K l ep p n e r .  Core P o l a r i z a t i ’u n  and Q s n n , n t s n m  D e f e ” b s  in
h igh , \ m r g n n i n c m ’  N l u n n n n e n t u m  S tates  of A l k a l i  .-N t o r n n s  (Phi ’s.  Rev -N 14 .
1 i 14 - 1 i - I”  ( 1 9 7 6 ) )  

—

A . N I .  Ga laburda .  5. (4 . \t ’ a x m a n,  T. L. K u ’ n n i u u ’ n .  and h i .  H. Jones.  P m ’cp m , ’s s iv e
Ilhrlt , f i n , ’ a i  ‘S -nnro log ica l  D u ’ t ’ i ’  i t  w i t h  D n s s e m i n a t e e i  S n n h 1, ia l  I ) .  ‘ r n , v m - I -  u n o t i o n
(J .  N i -u ropa tho l . Exp.  N e ir r o l . .  \-‘ol. 35, No.  5. PP .  481 _ 4 h n 4 ,  Sept . — f l ’ t .  19 7 ’ - )

R .  G. Ga l l age r .  Basic  L i m i t s  mo Protocol In fo rma t ion  in  Data C o m m u n c - a t n o n
N , ’tworks  ( I E E E  ‘l’ n ’ans . ,  Vol. I T -2 2 .  ‘ Sum . 4 , pp .  385-398,  J r n l y  12 7 1 .)

R.  K. G r u m v e , I .  1. II’u ,  and S. E z e k i e l ,  M e a s u r e m e n t  of the Spe ’t n t . m  of
R e s o n a nce F l u o r e s c e nc e  f r o m  a ‘l ive -Leve l  A t o m  in an In t ense  N l o n o ”h r o t : i at i
1- meld (Phi’s. Rev .  -N 15,  2 2 7 - 2 3 3  ( 1 9 7 7 ) )

K. Hale ,  [ . i n g u i s t i c ’ A c m t o n o m y  and tbne L i n g u i s t i c s  of Carl  Voegel in  (~N n t i n n o p o l .
I . nng . 18. 1 2 0 - 12 8 (1 976) )

S. P. H i r s h m a n  and D. J. S igmar . A pp rox ima te  Fokke r-P l anck  C o l l i s i o n  Opera to r
for  Transpor t  Theory A pp l ica t ions  ( P i ry s .  F lu ids  19 ,  1532-1540 ( 1 Q 7 6 ) )

S. P. H i r s h m a n  and D. J. S igmar ,  ‘Su ’oelass ica l  Transpor t  of a Mul t i species
Toroidal  ? ba s m a  in V a r i o u s  Col l i s ional ity R e g i m e s  (P iuy i s .  F l u i d s )

B. Howland and FT. C.  Howland ,  Sub jec t ive  N b e a s u r e m e n t  of H i g h - O r d e r  A b e r r a t i o n s
of the Eve (Science 193,  580-582 ( 1 Q 7 6 ) )

Sharon H u n n i cu t t ,  Phonological Rtr l es  for a Te” x t - t , , - Srn c ’c eh Sys tem ( - N m .  J. Comput .
L i n g . .  AJC L 57 N l i c r o f i c h e , 1 — 7 2  ( 1 Q 7 6 ) )

U .  Ingard and V. K. S ingha l .  Flow Ex , ’ n t n ’ct ion and Coup l ing of Acous t i c  Modes of
a S ide -Branch  Cavi ty  in a Duct  (J. .- ‘(coust . Soc. Ann . 60, 12 13 - 1 2 1 5  ( 1 Q 7 6 ) )

NI .  E. Jernigan and NI .  Eden ,  N lodel  for a Th ree -Dimens iona l  Opt ica l  f llus ion
Percep t .  Psychop hys. 20 ,  43 8-444 ( b ° 7 6 ) )

J. D. Joannopoulos and K. J. Mele ,  N Local F o r m a l i s m  for the Study of \‘ery
T.arge Bonded Sy s t e m s  (Solid State C o m m u n .  2 0 .  72 9 - 7 3 2  ( 1 Q 7 6 ) )

J. D. Joannopotn los  and NI ’ . B. Po l la rd,  E lec t rons  and Phonons i n n  ‘Nmom ’p lnous
Py r a m i d a l l y Bonded Solids (Solid State C o m m u n .  20.  9 4 7 _ Q 5(5 ( I ° 7 6 ) )

D. h -I . Johnson and N.  N ’ . S. Kiang .  Analys is  of D i s e ’harges Recorded S i m u l t a n e o u s ly
f rom P,’nirs  of ,‘Nudi torv  Nerve  F i b e r s  (Biop hy s.  J. 1C ~ 7 l Q - 7 3 4  ( 1° 7 ( ’) i

P. K i pa r sky  and IV. O ’ N e i I .  The Phonology of Old E n g l i s h  In f l e c ’ in o n s  ( I . in g .
I n q u i r y .  Vol. 7. No. 4. pp.  527-557 ,  Fall  1976)

D. FT. K l a t t ,  S t r u c t n , r e  of a Phono logm~’al R u l e  Componen t  for a Sy n t h e s i s - by - R u l e
Program (IEEE ‘l’ nans . .  Vol. \SSP-I’4, ‘S’ . 5. PP .  391~~308. October i h n 7 I ~i

1.. I . F,. Ko h l lö f f e l ,  ‘N S tt m u i y  of N n ’ ’ n r o m n u ’  ,‘ \ m ’ t i v i t y  in the  S i u , r a l  Ganglion  of t h e
Cat ’ s Basal Turn  ( - ‘ n m .  O i o - R h u n o— I , a r y n g . 20° . I 7 ° -7I i 2 ( l~~7 5 ) )

17 1 -



~~~~~~~

‘ 

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

~~~~~~~~~~~~~
-. ‘

.101 I i ’ S \ I .  P~\ P E l , , ’3 -\ C C E P ’I ’E I )  I~0IT P 1 ’ R I . I C A T I O N  ( ‘ ‘ u o n o n c n , ’ ’  l )

J. \ . Kong . S,’ , ’ u u m n ’ i — O r , I m ’ r ’  ( ‘, , c n u t ,  ‘‘ , m , , u t m ’  K q s s . , I , u u t , s  ‘ m m ’  Sp n m t i : m I l v  H , r ’ , u , ’ i c ’ ’ N i ’  ia
( .1 . Op t .  S , u , ’ , “ r n . )

G. F . Kop ei ’ . A . I’ . ( ) p I , , ’ m n t n u ’ n m ,  and J. NI .  ‘I’ r i b o l e t ,  S1 u i ’ m ’ ’h ‘ \ n n n m l v s i s  I i ’ .
H o m o m o r p h i c  P r e i i , ’ t i o n  ( I E E E  ‘I’ r a n s .  ( . I S S P ) )

J. N’ . [.et tvin,  On Seeing S i u l m ’ I o n g  (The S ” i u ’ t n ’ , ’es I N . Y . A~’ ad . Sr i ,  ) ,  pp.  10 - 7 ( 5 ,
Tech ’! ‘N uig i n st 1 ‘‘7 i i

II ’ . 1” . G. N I e e ’ k l e n n h r a n i k c ’r  : , m n u l  FT. N I .  N I I ’r s e r e au  , N i , ’ C le l l : ,n i  ‘i ’ n : , i i s f ’  u n i t s a t  i ons
fo r T w o — D i m e n s i o n a l  D t e i i t n c l  F i i t m ’r ’ i n g : II .  Imp leme n t a t i o n  ( I E E E  ‘i’ n ’ a n n s .
I” u n i .  C.- N S — 2 3  . , ~ m m . 7,  pp .  4 1 4 - 4 2 2 ,  j u d y  l ° 7 t . I

E. J.  NI ele and J. D. Joannopon i los .  G a u s s i a n  R e l a x a ti o n  N l u - t l n - n u ’t . 1. t i o n i n o b c ” u l a r
l ’ u ’t n a h e d r a l  Sol ids  (Phys .  Re’n’ . )

K. N lo lv ig  and N .  h Tostok er ,  Plasma b i c a t m n p  w i t h  a R o t a t i n g  H e l a t i v i s t i ”  E l c u - t r o n
Ho n n r n .  I . R e t u r n  C n i r ren t  Processes ( I ’h v s .  F lu ll s )

I l .  Nlol vig and N.  Hos tokcr ,  Plasma Heat ing  n ’ , ’ i t h n a Ro ta t i ng  R e l a t i v i s t i c  Elect ron
Beam.  II. N l agne toson ic  \ V n m v e  E m i s s i o n  (Phys .  F lu id s )

P. C. N ly e r s .  On Con t inuum R a d i a t i o n  f rom Dark  Clouds (Ast rop liys. J . )

.1. B . ‘ S  n , u i , n i ,  Jr. , NI .  J. N ltilr oy , D . .-N. Goodenough. and ‘I’ . I” . W e i s s ,  Ti g h t  and
Gap Ju n n , ’t ion s in a Ver tebrate  loner Ear ( - N m .  J. Ana t . 147 . 2 8 1 -3 0 1  ( 1 Q 7 0

\ I , c m ’ n  J. N n r e n s  and R. J. Sln i l lman .  \I ’ iny a 1’ Is N i t  a V : , -N N i - n v  Look at  the
Di s t i n c t ly , ;  T” ea tu res  of Letters (. T . Exp .  Psy chn ol .  2 ,  394 —400  ç 1 97 6 ) )

N V ,  F .  P i ckanc l  and J. N’ . Let t v i n .  ‘N P h y s i c a l  N I - u l e l  f o r  the  Passage of Ions t h n u n s n c l n
an I o n - s p e c i f i c  Channel  — 1. The S u n n l m , m r n n - I i k e  Channel  ( N l a t h .  B i o s u ’ n ,  3 7 .
37—50  ( 1 9 7 6 ) )

H . B. P ,so n i ,  I d e n t i f i - ’ n , t n ’u n and Dis e ’ r i m i t n , - , t i o n  m t  the  R e l a t i v e  t On s i l ‘I’ i me of ‘1” , ’’
Component  Tones: lmp lic’at ions for V n i - ’n n g  P erce~u t i u n t u  in  Sro 1,s (.t . ‘N , ’u n u s l .
Su ,e . A m . )

R.  K. F.. Poon , N l i c n n ’ ,vnn vc ’ .‘\ t n sonp t i on  of Oxygen N l easu red  w i t h ,  a Fabrn’ -Pcro t
Sp e c t rome te r  (J. Qu an t .  .S~n e ’ t n o s .  R a d i a t .  Trans l em ’i

Tanya Reinha r t , P ,d s , n ’ i t y  l i u - v m ’ m ’ s a l :  Logic or P ragmat ic s  ‘? ( I ~ ing . I n q u i rn ’ . I’ol . 7.
‘Sun . 4 . PP . ~7 — 7 0 5 .  F all l °7 ’ - )

I . Sag. Ps emi doso lu t ions  to the I’so ’ :do t m ar ami ox :  Sanskr i t  D i a sp i r a t e s  R e v i s u l ” I
( L i n g .  I n q u i r y .  Vol . 7.  No. s. Pp. 6 0 9 — 6 3 7 ,  I- all 197 ( 51

I .  Sag. N N o t e  on Verb Pimrase  De le t i on  (L i n g .  I nqu i ry .  Vol .  7. N-n , 4 . pp .  “ ( 4 - 1 7 1 ,
Fall  l ° 7 ” - )

I . Sop and J. F i a n k am e r ,  l ) c ’c n ,  an d  Su r f ace  N n a p hor a  ( I , c n u g .  I n q n r u n v , \ o l .  7 . N - ’  3
pu n . ‘ i l _ 4 2 1 F . S u m m e r  19 7 6 )

C . 1.. Searle .  C.. I) . Hr a i d a .  N i .  Davis ,  ‘~fl ’ i h I .  S. C o l l n n r n .  ‘n l u ’ l e l  f o r  \ n i d m t ’ n n v
1, o’ ’a l i z a t i o n  (.1 . \cou ,t . Sc’- ’ . A m ,  ( n i . 1 1 1 - 4 — 1 1 7 5  ( l ° 7 6))

N .  Se c’r n I l .  R e cu r s i v e  E s t i r ’na t ion  fru n nu D O -  n e t c - T i mr ’  Point  Pro- esses ( T F.F.E
‘l ’ r : n n s .  - V. 1. I T - 77  ‘So . 4. r u n , .  4 7 2 - 4 3 1  l i ly  1070

177



- - -~
- - ‘Ø ‘ ‘ 1,9. ~~~“ . i ~~~~~u ’ ’ - ” , , . .

.IO t ’ R N . - N I. P A P E R S  ACC EPTED 1”OR HI B I . I CAT 1ON ( c o n t i n u e d )

N I .  Slnao n , nc l  1). fl S l n , m ’ l m m m ,  ‘N l ong H n n s e l i n e  Op t i i ’a i i m n m i ’ r f m ’ r u , n m , e t i ’ r  fu r  ‘ N s m r ’ u m m , ’ t n ,
(.1. Op t .  S u m , ’ . N u n . )

S tu ’t ’ n , n r c  H .  S l i n m t t u c k  and 1) . 1-1. K l a t t ,  The Pe rcep tua l  S i m i l a r i ty  of Ni i r r o r  Image
.N , ’ m u , n s r  n c  P at t e r n s  in ~ i’ i ’ m ’ c ’ in ( P c n m ’ep t .  Psv’ ’h o h r i n v s .  2 1 .  47 r u —474  (1 ‘~ 7 1.) )

G . IV ,  S1m n n r ’ k s .  J r .  and S. .  Ezek iel .  I .n , s , ”r  S t r c n ,k  \‘eloci met rv  for T w o - D i me n s i o n a l
F l u n : v s  in  G:ises ( ‘ i l - N A J. )

D. I I .  S t ael in ,  11. F. K u n z i .  H.  L. P ’ ’ t t v t u , h n .  F T . K. I, . Poon, H .  It ’ . NI ’ m l ’ o x  , m m v i
.1 , II’ , II’ a ters  , l i m ’ t u , ’ m t m ’  S e n s i n g  of , - N t m n : u m sI , I , i ’r  I ’ ’ N \ ’ n n t m ’ n \ ‘ n m p u n n  and I . m q u  i i  IVater
wi t ln the ‘ S n  n u n l m n n i s - 5  M i c r o w a v e  Spect r o m e t e r  (J .  A j m 1 m l .  \ i i ’ t m ” u r o l .  15. 1204-
1 2 1 4  (1 976))

J. 5!. T r ibo le t ,  A New Phase U m n w r a p p i ng A l g o r i t h m  ( I E E E  Trans .  (ASSP) )

L. Tsang.  Theory of The rmal  N l i c r o w av e  Emiss ion  f rom a T w o - t o n i-n N i e u t i n , m
( Peire “ i ’P 1~ Gco phy s.

L. Tsang and J. A. Kong , Thermal  N l in :r owave E m i s s i o n  f rom a Random l n n l n o r - ’ -

geneous l una r over a Homogeneous N l edium Us ing  the N l e thod  of I nva r i an t
Imbedd in g  ( R a d i o  S d . )

L. Tsang . J. - ‘i . Kong , E.  N 9 m k n n , D. H. S t ae l in ,  and J. NV . N \ ’ a t c n s ,  T l m c m m n v  fo r
N - l ic no ’, vo . ’e Passin ’e Re n ne t , ’  Sensing of Cloud and R a i n f a l l  ( I E E E  Trans .  (AP))

S. G. \I’ n , x r ’o n , n ,  N i .  h i .  Br i l l ,  N’. Geschnn’j n d , ‘I’ . D. S a h i n ,  and J. Y. L , ’ t t y n n n ,
P robab i l i ty  of (‘an t ’ , . t ion D e f r ’ ’ i t  as I l m ” l a i  m ’ n i  to F i b e r  l e ngt h  in R a n d o m —
D i s t r i b u t i o n  ‘Nl ” ] u ’is of Pu ’ n m n u h e r r n l ‘ S m ” n ’~opa th ie s  (J. N c n n r o l .  Sci . 2 0 . 3Q _

~~3
( 1°7 6))

J. C. \Veaver , C. 1.. Coonev , S . P . 1” - r u n .  P. S ’ h n u l e r .  and S. H. T a n n e n b a u m .
Exp c ’ r i r r n i ’n t s  n i m n ’ l  d ’ a l u - , ,  , t ‘en s ‘‘- t n  “n ’  n i n g  a T h e r m a l  Enzyme  Probe ( B i o c h i m .
B iop hy s .  \ . ‘ m u 4~~’ H ~~~~~~~~ ‘ “ I  ( I ’ 1 7 m

T. F.  ‘,V c i ss , NI . !, ‘ , t !ro ~ 1. ; . ‘C’ ,n n m ’r  and C a t h e r i n e  L. P i k e .  T enn ing of
S i n g] ’ - 1” i br ’n s  in  t ’ ne C u  ni l - a n  \‘er n ’e of the  \ lb i g a t o r  L i z a r d :  R e l a t i o n  to
I i ’ ’ - ’ ’ : ‘ar  N i m m n n , i i i n l - ’m J ’ ,’ ( t I n - o n  l i ’ s .  1 1 5 .  7 I — Q 0  ( 1 9 7 6 ) )

H. NI . ‘.1 ,.  ‘ u s  ,nn il F. S , m u ’ l , ’ r s .  C u n m p a r i s o n  of Layer Th ickness  as Otnserved by
N i n ’s~,’ .~~— E S b n ’ : r u n ’ .va ve Sn , , ’ - ’, t m , , : t , , - t , ’ m ’  a nd by Radno s ,nndes  (.1. .‘N pp l. S l e t u ” u n n o l ,

5 u~~ — ‘ u  ( I  ‘7 ’

1’ u m i n u ’ n m t m m ’  0 . ‘.n - ‘ I f .  l ’ l , u ’  I ’ m ’ ’ ’ -  ‘ - .s s r r ug of l” n i n d a m e n t a l  F req , i enm ”v in a Dm ’ i n u n t n c
N l m n t c h i m n p  Task (B r a i n  l o n g .

C a t h e r i n e ’  0 . I\’ u a b f and D. 0. R o b in s o n ,  I se of Sn e ] l i n p - t ’ - - S o ’ n n i l  Rr ,rles in R e a d i n g
(Pe r c e n t .  S l u t , Sk i l l s  43.  11 3 5 — l I l t -  ( 1”7 111

I .E’r ’rERS ‘FO I b l E  EDITOR .\ CCEPTED l- ’OR PFBI . I C  \ Th 0 ’S
‘N. I I .  B a r r e t t ,  P. T. P. i T o . an d P . C . \ i v u ’ n s .  \ m m o r ’n i a  in  the l S l u ’ i n ” : o n n — I . o w

N u ” h u n , I n ,  ( A s t r u u p i m v s  . 1. 2 1 1 ,  I , 3 Q — L 4 3  ( 1 17 7 ) )

- N .  FT. Ba r re t t .  J. N T .  Bo logna , ,N .  (7 , C h e u ng . NI .  I . C i n i n i ,  P. T. P. l i e .  iS .  .1~
J o h n s t o n.  H. N .  N l a r t i n , I ) .  \ l a t s : , k m s ,  .1. N i .  N i o r a n ,  and P. H. S, ’h:’; o r m z ,
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‘\‘i t r’ m n : , m mn ’ s, l , a t t m ’ n s  18 , 1 3 — 1 4  (P .7 1 1 1
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G. Bekef i  and T. J. Orz , ’ , ’how sk i ,  G i a n t  S i n ,  n’owav ’ Burs ts  E m i t t e m h  f i nn a l” m u ’ b ’ i -
E nu i s s i o n .  I t e l a t i n ’n s t n e  — E l e c t r o n — B e a m  N lagnet ron  ( P h m v s .  Rev . I ,e t t u - r s  3 7 ,
379—382 (1Q76)) 

—

B. Copp i , G. Lampis .  and F. Pegora ro ,  ,‘N n n u u m a l o u s  Transport  Model  in FTu t ’ h
D e n s i t y  Reg imes  of Conf n nech P lasmas (Pin s. L ,et ters  S’iA, 1 1 8 - 12 0  ( 1 ” 7 6 m I

N la r g a r m ’t 1. F’r e r k i n g  and D. J.  N lu e h l n e r ,  I n f r a r e d b l e t en o u l y n e  Sp e , ’ t r m u s . ’o ln v of
.Nt nnosp l m e r  I c  O z o n u m ’  ( . ‘N~up l. Opt .

H. A.  Haus.  Nlodes in SAIV Gra t ing  Resonators  (E l c , ’t ron .  l .et ters)

C. H en and S. K i m ,  T h i n - I ” i l m  Dye Laser  w i t h  Etched Cavi ty  (A pp l. Phy s. l , , ’ t t u ’ n s
29 ,  582—585  (1 9 7 6 ) )

N I .  G. L i t tman ,  NI.  I . .  Z i m m e r m a n,  and D. K leppner ,  Tunne l ing  Ra tes  for
Excited States of Sodium in a Static Elect r ic  1- ’ield (Phvs .  Rev.  Let ters  37 ,
486-48 9  ( 1 9 7 6 ) )  —

H. C. \I” alker,  K. J. Johnston,  B. F. Burke ,  and J. H. Spencer .  VLBI Obser-
vat ions of High Velocity H a O Emiss ion in 114 ‘9N (Astrop hy s .  J . )

C. NV. W e r n e r ,  E. Z a m i r ,  and E. V . George,  Pressu re  D ep e n d e n c e  of tbne Elec-
t ron De ns i t y  in E l e c t r o n - B e a m - Ex ited Rare-Gas  P lasmas  (A pp l. Phi’s.
Letters 29,  2 3 6 - 2 3 9  (1976) )

SPECIAL PI’BLICATIONS

A. H. Barrett and P. C. NIn’ers, Nlicrowave Thermograp iny: Noninvasive Sensing
of Subcutaneous  T em p e r a t u r e s  (Proc.  I n t e rnat i ona l  Sy m p o s i u m  on Cance r
Therapy ~~ Hype r the rmia  and Ra dia t ion .  IVashington .  D . C . ,  .‘;p r r l  28-3 0 .
1975 ) .  pp. 204 -208 .

N largaret  Bullowa. J. L. Fidelholtz .  and ‘N. H.  Kess ler,  Infant  Voca l iza t ion :
C o m m u n i c a t i o n  Before Speech .  in W. C. N -IcCormack and S. A.  NI’ u r m .
( E d s . ) ,  Language and NIan : .-Nnthropo logical  Issue (N lou ton ,  The Hague.
Par i s,  1976 ~. pp .  ~ T .95.

H. D n n i f h u i s ,  A Crude  Quant i ta t ive  Theory of Backward N i a s k i n g . in E. Z ivncker
and E. Terhardt  ( E d s . ) ,  Facts and Models in Hea r ing  (Proc . Sy m p o s i u m
on Psychop hysical  N !or l els and Phys io log ica l  1” acts in H e a r i n g .  Tt i tz rng .
Oberbayem. Federa l  Republic of Ge rmany , A pril  2 2 - 2  6. 1974) (S p r i n g e r -
Verlag. New York. Heidelberg, Berlin. 1974), pp. 275-284.

N .  D. F i s h e r ,  B. L. Ledsham, P. IV . Rosenkranz, and D. I-I. Staelin. Satellite
Observat ions of Snow and Ice w i t h  an Imaging Passive N l i c row ave  Spectrometer
(Proceedings of the Sympos ium on Meteorological  Observat ions f r o m  Spare :
The ir  Con t r i bu t ion  to the F i rs t  GARP Global Expe r imen t ,  held nn  cnn ~unc t  n o n
w i th  the 19th Meet ing  of COSPAR, Philadelphia. Pennsylvania, June (5-10.
1976) .  pp. 98-103.

N.  Y.  S. Kiang . NI. C. Liberman, and H. A. Levine. A u d i t o ry - N e r v e  A i ’ t i v r t y  n n
Cats  Exposed to Ototoxic Drugs and H i g h - I n t e n s i t y  Sounds (Trans .  I i ” t t n
Annual  Meeting .  Amer ican  Otological Society, Palm Beach’ ,, F lor ida .  ‘mcn r n l
2 5 - 2 6 ,  1976. Vol .  T .XIV)  ( Am e r i c a n  Otological  So c i e t y .  St .  L o u i s ,  N l i s s o ’n n
1976J ,  p’~~~~ 9 _ Q 5 .
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N .  ‘n ’ . S . I ’I i : , t r g .  I I .  C’ . \ h c u x o n .  ‘ m n r - t N m m , n ’  H . i ’ I . c t n n .  ‘ l i i ’  I l i ’ l . t n , n s t , , : >  of Gross  P o t m ’ n n —
t O o l s  11 “ “ m n ’  ‘ ‘ m l  f r o m t h e  (~‘ ) u ’ i n l m ’ n c  to S n n g l ’ l ’ n i t  - N t c n ’ u t v  i n the  r N u d i t m m n ’ . Ncr ’. ” ’
in IT. .1. R n . b m ’ m n . C. E l h ” n l i ’ n ; ’ . m u  G.  -Sol omon IE ’ l .s. n , 1- I . ’ - -
( l ’ n m v u ’ r s n t v  Pa rk  I’ r’ , ’ss,  I T n , l t c m o r e ,  l .ondon,  Toky o,  I ‘ 7 ’ .  ‘a . ‘~~~ - t t

- : D. K l e o p m u e n .  H i g h l y Exc i t ed  A t o m s ,  in Atomic  P hy s i c s  5 (Proc . 5th I n t e r n a t i o n a l
C , n m n n m ’n u ’n, ’e on A t o m i c  P h v sn , ’s,  I n i v e r s i t n ’  ‘ f C o l n t ’o n ’ i n  , R i ’n k e l e ’.’ C a l , f -  - c m iii ,
Ju ly  2 h - 3 0 ,  l ° 7 6 )  ( P l e n u m  Press,  N”.’ Yo rk ) ,  pp. 6mm~~2 8 2 .

K. I - ’ . Ku n z i and D. H. Stael in,  N i e a s n n r c m c n t s of Snot ’.’ Coven ove n I. an ’.1 ‘ .v n t h  l ice ’
N n m ’r ’,ln ’, n s — S  N i n c r o ’ n ’ :,ve Sp e c t r o r n c t cn (P roc .  T e n t h  I n t e r na t i o n a l  Svm p o sn n . m m, tn
Remote  Sens ing  of ’ E n n n ’ i r o n m e n t ,  E n v i r o n m e n t a l  R e s e a n .  tm l m c s r  n t , , ’’ ‘,f ~~~~ 0,~ ’g ’.
Ann Arbor ,  N l i e b n n g a n ,  October 6 — 1 0 .  1 9 7 5 ) .  ‘ in .  124 5 — 1 2 5 3 .

J. H. N T c C n , ” t l an ,  Compt i t e r  Op t im i z a t i o n  A l g o r i t h m s  for  D i g i t a l  F i l t e r  ] ) “ s i g n  ( I”. ’ .
1~~7i ’ I E E E  Internat ional  Sympos ium on C i r c u i t s  and Sv st ,” m ’nn s  I ’  n nnn n - ‘ I

of N lu n i c h ,  F . R .  Germany.  A pri l  2 7 — 2 0 ,  1 9 7 m . ) .  pp .  77 0 ~~~7 5 1 .

t O e  Menn ,  Evidence  for an In ter a ct i o n i s t -D i scon ’e rv  ‘l ’lneonv of Ch i ld  P i , ’ , t n ’ ) ’aP’ - i n
Elaine Andersen ( E d . ) .  Stanford Un ive r s i ty  Papers amid Re 1n ,nt s on C a n ] ’ ]
I , o n ge na g e  Development  No. 13,  December 1976.  pp .  1 6° - i 7 7 .

D. N I .  P e r lmt nt t e r .  Evidence  for  S n t l n l e c t  D o w n g r a d i n g  ~n Pn n n t e n g ’ .ese. in J.  S ’ h i m t d t -
Rad efeldt  ( E l . ) ,  Re ’am ’h i n g s  in  Por tuguese  L i n g u i s t n c s  (Nor th -Ho l l and  P n l n ] n s h i n g
Co. , A m s t e r d a m,  The N e t h e r l a n d s ,  1976) , pp.  93 - 138 .

H. NI.  P r ice , Rad iome te r s,  in N T . L. N leek s  ( E d . ) ,  Methods of E xp e n i mr ’ .n tn ; I P 19 ’sr 5.

Vol. 12,  Part  B ( A c a d e m i c  Press ,  ‘Sent ’ York ,  San F’r a n n i s c o ,  I , o’i , lor i , I Oi  I .

pp. 2 0 1 - 2 9 8 .

P. 11’. R o s e n k r a n z .  D. H. Stael in,  and B. L. Pe t tyjo hn .  Re t r i eva l  of ‘\ tmos ~- l n u n r ”
T e m p e r a t u r e  Prof i les  by a Scann ing  N l i c r ow a v e  Spec t rometer  ( P r m n , ’ e . e d m n ,g~ a:

the ~~,~~p o s ium on Meteoro log ,~,~~~ O b s e r v a t i o n s  f rom Space: T h e i r  C o n t r r b . t  con

to the Fi r s t  G.ARP Glo l n nn l Ex p e r i m e n t  held in c o n iu n c t i on  w i t h  the l ° tl ’m Sim” u ” t : o ’ J

of ‘
~~‘öSPAR. Ph i ladel 1nh n a ,  P ennsy lvan i a ,  June 8 - 10 .  1Q 76) , pp. 2 0 - 2 1 .

D. H. Staelin, F’. T. Barath, K. J. Johnston. NV. Ledsham. NV . B. l , , ’ n , n , n .  R. I. 
,

Pettyjohn. P. NV . Rosenkranz, and J. NV. \ V a t m ” n s .  Observa t ions  of ,-N t r ’nos nnhm ” r’nc

Water  w i t h  tine N i m b u s  -6 Scanning Microwave  Soe, ’t r o r n e t c n  ( P n u n c e i ” l  imig s  nt
Sy m p o s i u m  on Meteo ro l ing ica l  Observa t ions  f ro m  Space: T h e m  C o n t n i b , t m n n  t o

the  F i r s t  GA R P  Global ~~~~~~~~~~~~ held i n e’on lt n nc t l on  n v m t f n  t iu i ”1”~ii~ INh e r i n g

of CO SP AR .  Phi ladel p hia ,  Pennsy lvan ia,  June 8 -10 .  l Q 7 t - ! , pp. 30-33.

J a e q n n e l i n e  V a i s s iè r e .  I ’ ne P r o ” e du r e  de Segmenta t ion  A u t om a t i q u e  de Ia Parole en

Slots Prosodiqt ies,  en F ranca i s  (Proc .  7 èmes Journées  d ’Etu ch e sur Ia P a r o l e .

‘San, ’v, F rance ,  Slav 10 ~~2 1 ,  1976) . pp.  1 0 3 - 1 1 4 .

.1. C.  NI’ ea vr ’r .  Possible Biomedical A pp lications of tine Vola t i le  E n z y m e  P r o d u c t
Methodi , in T. NI .  S. Chang ( E d . ) ,  Biomedical A pp lications of Immobilnzed
Enz i ’nues and Proteins, Vol . 2 (Plenum Press. New York, 1977). pp. 207-225.

, T , C. N I ’ m ” a ’ .’cn ,  C.  1 , .  Coonev .  8 . R.  T a n nen h a u m ,  and S. P. Ful ton ,  Possible
Biomedica l  A pp l i ca t ions  of the Thermal  E n z y m e  Probe ,  in T. N I .  S. Chang
(Ed ) ,  F l i o n n e n l i u ’a i  .- \ t n p l i ’  O l i ” mtn s  of l m m o b m l i z n ” l  Enzymes and Proteins. Vol. 2
(P lenum P re s s .  ‘Sea Y a n k .  1” 7 7 ) ,  pp .  10  - 2 t  5.
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