UNCLASSIFIED

1431661

DEFENSE DOCUMENTATION CENTER

FOR

SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION. ALEXANDRIA. VIRGINIA

UNCLASSIFIED




NOTICE: When government or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



TR

(€
f’.‘
L
<

Wit

431661

AS ¢

QUARTERLY PROGRESS REPORT

No. 72

JANUARY 15, 1564

)

;‘J

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

RESEARCH LABORATORY OF ELECTRONICS
CAMBRIDGE, MASSACHUSETTS



The Research Laboratory of Electronics is an interdepartmental
laboratory in which faculty members and graduate students from
numerous academic departments conduct research.

The rescarch reported in this document was made possible in
part by support extenced the Massachusetts Institute of Technology,
Research Laboratory of Electronics, jointly by the U.S. Army
(Signal Corps), the U.S. Novy (Office of Naval Rescarch), and
the U.S. Air Force (Office of Scientific Research), under Signal
Corps Contract DA36-039-sc-78108, Department of the Army Task
3-99-25-001-08; and in part by Grant DA-SIG-36-039-61-G14.

Partial support for work in Plasina Dynamics is provided by the
U.S. Atomic Energy Commission under Contract AT(30-1)-1842;
the National Science Foundation (Grant G-24073) ; the U.S. Air Force
(Electronic Systems Division) under Contract AF 19(604)-5992;
and the U.S. Ai: Force {(Acronautical Systems Division) under Con-
tract AF 33(615)-1083.

Partial support for work in Communication Sciences is provided
by the National Science Foundation (Grant G-16526), the National
Institutes of Health (Grant MH-04737-03), and the National Acro-
nautics and Space Administration (Grant NsG-496).

Additional support of specific projects is acknowledged in foot-
notes to the appropriate sections,

Reproduction in whole or in part is permitted for any purpose of
the United States Government.



MASSACHUSETTS INSTITUTE OF TECHNOLOGY
RESEARCH LABORATORY OF ELECTRONICS

QUARTERLY PROGRESS REPORT No. 72

January 15, 1964

Submitted by: H. J. Zimmermann
G. G. Harvey



TABLE OF CONTENTS

Personnel

Publications and Reports

Introduction

I1.

III.

Iv.

VI.

VII.

VIII.

IX.

XI.

RADIO PHYSICS

Molecular Beams
Cesium Beam Tube Investigation

Ammonia Maser with Separated Oscillating Fields

Microwave Spectroscopy

Ultrasonic Attenuation in Superconducting Metals at Radio and
Microwave Frequencies

Cross Relaxation in Ruby

Energy Conservation of Hypersonic Waves in Semiconductors

Radio Astronomy

A 22-Gc Balanced, Canonically Tuned Varactor Quadrupler with
50-mw Output Power

Discovery of the Interstellar 18-cm Lines of the Hydroxyl (OH)
Radical
Far Infrared Spectroscopy

Far Infrared Reflectance and Tiransmittance of Potassium Magnesium
Fluoride and Magnesium Fluoride

Infrared Absorption Spectra of Crystalline KZPtCl4
Elastic and Thermal Properties of Solids

Geophysics

Transition from Predominantly Electric to Predominantly
Magnetic Binding in the Hydrogen Atom in a Magnetic Field

An Interpretation of Some Optical Radar Results

Noise in Electron Devices
Analysis of Noise in Optical Maser QOscillator

Optimum Noise Performance of Multiterminal Amplifiers

Magnetic Resonance
Nuclear Magnetic Resonance of Polar Liquids in Electric Fields
Nuclear Relaxation in Xenon Tetrafluoride

Electron-Spin Resonance of Metal-Ammonia Solutions
X-ray Diffraction Studies
Soft X-ray Spectroscopy

Mechanism of Enzymatic Reactions

iii

vii
xiv

xix

13

13
14
15

25

26

28
31

31

38
43
45
45
48

53
53
56

59
61

64
64

67
69

71



XII.

XIII.

XIV,

XV.

XVI.

XVII.

CONTENTS

Physical Electronics

Physical Acoustics

Sound Emission from Karman Vortices

Electrodynamics of Moving Media

Interpretation of Relativistic Force Density in Moving
Polarizable and Magnetizable Media

PLASMA DYNAMICS

Plasma Physics

Scattering of Microwaves from "Collective Density
Fluctuations" in Plasmas

Scattering from Plasma Oscillations in the Presence of an
Inhomogeneous Magnetic Field

Electromagnetic Compression
Anomalous Pulsed Emission and Absorption by a Xeon Plasma
at the Electron-Cyclotron Frequency
Plasma Electronics

Beam-Plasma Discharges
System A: Radiofrequency Signals Radiated by Beam-Plasma
Discharge

System B: Rotational Instability in the Beam-Plasma Discharge
Rotating Plasma Instabilities
Instabilities and Amplifying Waves in Beam Plasma Systems
Beam-Excited Ion-Plasma Oscillations

Coupling of Empty-Waveguide and Quasi-Static Modes in
Waveguides Loaded with Gyrotropic Media

Turbulent Diffusion across a Magnetic Field

Plasma Magnetohydrodynamics and Energy Conversion
Work Completed

Large-Signal Behavior of a Parametric Magnetogas-
dynamic Generator

Alfvén Wave Studies
Some Properties of Magnetohydrodynamic Waveguides

Experiments with a Liquid-Metal Magnetohydrodynamic
Waveguide

Magnetohydrodynamic Power Generation with Liquid Metals

Experimental Study of Induction-Coupled Liquid-Metal Magneto-
hydrodynamic Channel Flow

Neural Patterns in Blood-Pressure Regulation

Penetration of an Ion through an Ionic Dipole Layer
at an Electrode Surface

iv

13

75
75

77

77

81

81

94
99

102

113
117

117
121
125
125
125

126
131
139
144

144
144
144

149
155

156
163

166



XVIIL

XIX.

XXI.
XXII.
XXIIIL
XXIV.

XXV.

XXVI.

XXVII.

CONTENTS

COMMUNICATION SCIENCES AND ENGINEERING

Statistical Communication Theory
Generalized Superposition

Energy Distribution in Transient Functions

Process Analysis and Synthesis

Handwriting Simulation

Processing and Transmission of Information
Picture Processing
The Subjective Effects of Pictorial Noise
Coding Color' Pictures
Experimental Facility for Sequential Decoding
An Error Bound for Fixed Time-Continuous Channels with
Memory
Artificial Intelligence
Speech Communication

Mechanical Translation

Linguistics
The Prosodic Questions of Slavic Historical Phonology Restated

Description of Deviant Language Production

Communications Biophysics
Further Observations of Response Characteristics of Single
Units in the Cochlear Nucleus to Tone-Burst Stimulation
Neurophysiology
Algorithmic Theories of Growth and Differentiation

Measures on the Computation Speed of Partial Recursive
Functions

Olfaction

Neurology
Nonlinear Operator in the Pupil System
Double Oscillations in the Pupil Servomechanism
Accommodation Tracling

Experiments on Error as a Function of Response Time in
Horizontal Eye Movements

Optokinetic Nystagmus in Man: The Step Experiment

Remote On-Line Computer Diagnosis of the Clinical
Electrocardiogram: Smoothing of the Electrocardiogram

175
176
183

187
187

193
194
194
195
196
198
209
211
213

215
216
218

223

224

233
236

237
253

257
258
260
262

267
269

272



CONTENTS

XXVIII. Sensory Aids Research 279

XXIX, Circuit Theory and Design 281

Recent Developments in Parametric Multipliers 281

XXX. Network Synthesis 295
Non Series Parallel Realization for Lossless Driving-Point

Impedances 295

XXXI1, Computer Research 301

XXXII., Advanced Computation Systems 303

XXXI1II. Stroboscopic Research 305

Author Index 307

vi



PERSONNEL

Administration

Professor H. J. Zimmermann, Director

Professor Gi. G. Harvey, Associate Director

Mister R. A. Sayers, Personnel anu
Business Manager

Advisory Committee

Dean G. S. Brown (Ex officio)

Professor W, W, Buechner

Professor W. B, Davenport, Jr.

Professor P. Elias

Professor G. G. Harvey

Professor A. G. Hill

Professor I. W, Sizer

Professor H. J. Zimmermann
(Chairman)

R.L.E. Research Committee

Professor H. J. Zimmermann (Chairman)

Professor S. C. Brown
Professor L. J. Chu
Professor R. M. Fano
Professor M. Halle

Professor G. G. Harvey
Mister R. A. Sayers

Professor W, M. Siebert
Professor L. D. Smullin
Professor M. W, P. Strandberg
Professor P, D. Wall
Professor J. R. Zacharias

Faculty
Algazi, V., R. Freedman, S. I.
Allis, W. P. (Absent) Gallager, R. G.
Arden, D. N, Garland, C. W. (Absent)
Barrett, A. H. Getty, W. D,
Bekefi, G. Graham, J. W,
Bers, A. Gyftiopoulos, E. P.

Billman, K. W. Hall, J. L., II

Bitter, F. Halle, M.

Bose, A. G. Hammes, G. G.

Brazier, Mary A, B. Harvey, G. G.
(Visiting)

Brown, G. A. Haus, H, A.

Brown, S. C. Heinz, J. M.

Carabateas, E. N.
Chomsky, A. N.

Heiser, W. H.

Chu, L. J. Hill, A. G.
Cooper, R, S. Hoffman, M., A.
Dennis, J. B. Huang, T. S.
Dupree, T. H. Ingard, K. U,
Eden, M. Jackson, W. D.
Edgerton, H. E. Jacobs, I. M.
Elias, P. Jakobson, R.
Fano, R. M. Katz, J. J.
Fiocco, G. Kerrebrock, J. L.
Fodor, J. A. King, J. G.
Kinsey, J. L.

vii

Hatsopoulos, G. N. (Absent)

Hennie, F. C., 1lI

Klima, E. S.
Kyhl, R. L.

Lee, H. B.

Lee, Y. W.
Lettvin, J. Y.
Lidsky, L. M.
Liu, C. L.
Manders, A. M.
Mason, S. J.
Matthews, G. H.
McCune, J. E.
Meissner, H. P.
Minsky, M. L.
More, T., Jr.
Nottingham, W, B,
Oates, G. C.
Peake, W, T.
Penfield, P. L., Jr.
Penhune, J. P,
Perry, C. H.
Pfeiffer, R, R.
Postal, P.
Putnam, H.
Rafuse, R. P.
Reiffen, B. (Visiting)



Reynolds, J. M.
Rose, D. J.
Rosenblith, W. A,
Ruina, J. P.
Samuel, A, L. (Visiting)
Schetzen, M.
Schreiber, W. F.
Schwab, W, C.
Searle, C. L.
Shannon, C. E.
Shapiro, A. H.

Alter, R.

Andersen, J,

Briggs, R. J.

Bruce, J. D.

Crystal, T. H. (Absent)
Dean, L. W., Iil

East, D, A.

Gray, P. R.

Ferretti, E. F.

PERSONNEL

Faculty (continued)

Siebert, W, M.
Smith, J. L., Jr.
Smullin, L, D.
Stevens, K. N.
Stickney, R. E.
Stiglitz, I. C.
Stockham, T. G., Jr.
Strandberg, M. W. P,
Teager, H. M.
Thornton, R. D.
Tretiak, O. J.

Instructors

Huibonhoa, R.
Ingraham, J. C.
Katona, P. G.
Kincaid, T. G.
Kliman, G. B.
Koskinen, M. F.

Krishnayya, J. G. (Absent)

Lecturers

Goldstein, M. H., Jr. (Visiting)

Barlow, J. S.
Bishop, P. O.
Cerrillo, M. V,
Dupress, J.
Durlach, N. I.
Edmonds, P.

Andrews, John M., Jr.
Badessa, R. S.

Bates, V. J.

Bosche, Carol M.
Breon, R, K.

Brown, R. M.
Campbell, Elizabeth J.
Charney, Elinor K.

Clark, W. A., Jr. (Lincoln

Laboratory)

Research Associates

Gesteland, R. C.

Hall, R. D.
Hermann, H. T.
House, A. S.
Jones, M. E.

Staff Members

Congleton, Ann

Crist, A. H.

Darlington, J, L.

Duffy, D. F.

Edwards, D. J.

Farley, B. G. (Lincoln
Laboratory)

Gerstein, G. L.

Giberman, E.

Goodall, M. C.

viii

Troxel, D. E.

Van Trees, H. L.
Wall, P. D.
Warren, B. E.
Waugh, J. 3. (Absent)
Weiss, T. F.
Whitehouse, D. R.
Wozencraft, J. M,
Young, L. R.
Zacharias, J. R.
Zimmermann, H. J.

Landsman, E.
MacDonald, J. S.
Oppeniieim, A. V,
Parente, R. B.
Perlmutter, D. M.
Pierson, E. S.

Shavit, A,
Spann, R. N.
Pitts, W. H.
Rines, R. H.

Kilmer, W, L.
Reifenstein, E, C., III
Stark, L.

Szekely, G.
Thompson, E.

Yngve, V. H.

Harrison, M, C.

Hewitt, J. H.

Howland, B. H. (Lincoln
Laboratory)

Ingersoll, J. G.

Ingham, K. R.

Isami, Y.

Jordan, F. N.

Kannel, Muriel

Kerllenevich, N.



Keyes, R. V., Jr.
Kiang, N. Y-S.
Kierstead, J. D.
Kuiper, J. W.
Langbein, D.
Levin, M. I.

Levy, Rachel J.
Lindsley, V. Susan
Maling, G. C., Jr.
Marceau, C.
McCarthy, J. J.
McCulloch, W. S.
Mulligan, W, J.

Baldwin, H. A.

Bendall, L. K,
(Postdoctoral Fellow —
Social Science Research
Council Study Fellow)

Chayen, M. J.

(Visiting Scholar)

Cunningham, J. E.

Fohl, T.

Frenk, S. (Postdoctoral
Fellow of the John Simon
Guggenheim Memorial
Foundation)

Hancox, R.

Huggins, A. W. F.
(R. L. E. Postdoctoral
Fellow)

Ikushima, K.

Keyser, S. J.

Allen, R. J.
Andrews, M. L.
Arunasalam, V.
Axelrod, F. S.
Badrawi, M, T.
Baecker, R. M,
(National Science
Foundation Fellow)
Bar-David, I.
(Israel Government
Fellow)
Bartsch, R. R.
(Teaching Assistant)
Bauer, R. F.

PERSONNEL

Staff Members (continued)

O'Brien, F. J.
Ohman, S. E. G.
(Fellow of the
Sweden-America
Foundation)
O'Rourke, Ann M,
Palfy, M. A.
Papert, S.
Pennell, Martha M.
Percival, W, K.

Pitts, W. H.
Rosebury, F.
Visitors

Kornacker, K.
(Postdoctoral Fellow
of the National Insti-
tutes of Health)

Lehtinen, Meri
(Visiting Scholar)

Lindblom, B. E. F.
(Fellow of the Wenner-
Bren Foundation for

Anthropological Research)

Menyuk, Paula
(Postdoctoral Fellow
of the National Insti-
tutes of Health)

Molnar, C., E.

Moore, G. P.
{(Postdoctoral Fellow of
the National Academy
of Science)

Graduate Students

Berlekamp, E. R.
(National Science
Foundation Fellow)

Bever, T. G.

Black, W, L.

(RCA Fellow)

Blum, M.

Bobrow, D. G.

Botha, D. G.

Brassert, W, L.

Breeding, R. J.

Brown, T. S.

Buntschuh, C. D.

Burns, S. K.
(Teaching Assistant)

ix

Ryan, L. W,

Saltalamacchia, A, J.

Sandel, T. T. (Lincoln
Laboratory)

Sayers, R. A,

Smith, P, L.

Thomas, Helen L.

Vidale, Eda B.

Viertel, J. J.

Vlaardingerbroek, M, T,

Weingrad, J. S.

Wendt, R. H.

Wiilke, H. L., Jr.

Nadezhkin, V. V.
(Visiting Scholar)

Pickard, W. F.
(Postdoctoral Fellow
of the National Insti-
tutes of Health)

Prange, E. A.

Rondeau, G.

Schiff, Helga (Post-
doctoral Fellow —
German Scientific
Research Fellowship)

Tinkham, M.

Walker, D, E.

Weksel, W, (Postdoctoral
Fellow of the National
Science Foundation)

Wu, K. (R.L.E.
Postdoctoral Fellow)

Bush, A, M.

Cahlander, D. A.

Capranica, R. R.
(Communications
Development Training
Program Fellow of
Bell Telephone Labo-
ratories, Inc.)

Carson, J. F.

Chandra, A. N.

Chapman, J. C.

Chessman, M.

Clarke, J. F.

Clayton, R. J.



Clemens, J. K.
Coccoli, J. D.
Coggins, J. L.
Colburn, H. S,
(National Science
Foundation Fellow)

Collins, L. D.
(National Science
Foundation Fellow)

Crimi, G. F.

Cuvaj, C.

Dethlefsen, R.

Diamond, B. L.

Disbrow, J. R.
(Teaching Assistant)

Domen, J. K.

Donaldson, R. W.
{Teaching Assistant)

Dunn, F. E,
(National Science
Foundation Fellow)

Dym, H.

Ebert, P. M,
(National Science
Foundation Fellow)

Edwards, R. K.

Ellis, J. R., Jr.

Epstein, M. R.

Erman, J. E.

Evans, S. A.

Falconer, D, D.

Fessenden, T. J.

Fetz, E. E.

Flannery, D, L.
(General Motors
Fellow)

Fleury, P. A,
(National Science
Foundation Fellow)

Forney, G. D., Jr.
(National Science
Foundation Fellow)

Fraser, J. B.

Froeschle, T. A.

Fukomoto, A.

Gadzuk, J. W,

Garosi, G. A.

Gaut, N. E. (NASA Fellow)

Gentle, K. W,
(National Science
Foundation Fellow)

Gerry, E, T.

Ghosh, S. K.

Glaser, J.

(National Science
Foundation Fellow)

PERSONNEL

Graduate Students (continued)

Glenn, W. H., Jr.
{Hughes Aircraft
Fellow)

Golub, R.

Graham, D. N.
(Teaching Assistant)

Gramenopoulos, N.
(Teaching Assistant)

Grams, G. W,

(Ford Fellow)
Grayzel, A, 1.
Greata, J. M,

(‘Teaching Assistant)
Greenblatt, S.

(Teaching Assistant)
Gronemann, U. F,
Guinan, J. J., Jr.

(National Science

Foundation Fellow)
Guttrich, G. L.

Hall, Barbara C.
(National Science
Foundation Fellow)

Halverson, W, D,

Hart, T. P.

Hartenbaum, B. A.

Hegblom, E. R.

Henke, W. L.
(Teaching Assistant)

Heywood, J. B.

Holsinger, J. L.

Hooper, E. B., Jr.

Hsi, C-F. G.

(U.S. AEC Fellow)
Hsieh, H. Y.

Ivie, E. L.

(Teaching Assistant)
Iwadare, Y.

(RCA Fellow)
Jameson, P, W,
Johnston, W, D., Jr.
Kachen, G. I., Jr.

(U.S. AEC Fellow)
Kellen, P. F.

Kinzer, T, J., III
(National Defense
Education Act Fellow)

Kiparsky, R. P. V.

Kniazzeh, A. G. F.

Kocher, D. G.

Koerber, K. C.

Koons, H. C.

Kronquist, R. L.

Kukolich, S. G.

Kuroda, S. Y.
(Whitney Fellow)

Kurtz, D. C.

Kusse, B. R.

Langendoen, D. T.

Lee, K. S.

Lenoir, W. B.
(Teaching Assistant)

Lercari, R, F.

Levine, R, C.
{Teaching Assistant)

Levison, W, H.

Lewis, T. B.

Lieberman, M. A.
(National Science
Foundation Fellow)

Lightner, T. M. (National
Defense Foreign
Language Fellow)

Little, R. G.

Llewellyn-Jones, D. T.

Lou, D. Y-S,
Lubin, B. T.
Lutz, M, A.

Maidique, M. A.
Manheimer, W, M,
Mark, R. G.
Marks, R. E.
(Teaching Assistant)
Mattison, E. M.
Mayo, J. W.
McCawley, J. D.
{(National Science
Foundation Fellow)
McMorris, J. A., 1II
McNary, C. A.
Mendell, L.
Mermelstein, P,
Michael, J. A.
(Public Health
Service Fellow)
Mills, J. D,
Moran, J. M., Jr.
(Sloan Fellow)

Morse, D. L.
Moses, J.
Mozzi, R. L.

Murphy, R. A,
(National Science
Foundation Fellow

Nelsen, D. E.

Niessen, C. W,
(National Science
Foundation Fellow)

Nolan, J. J., Jr.
(Teaching Assistant)

Norton, L. M.

Nowak, R. T.



Offenberger, A, A,
(Whitney Fellow)

Olsen, J. H.

Otte, R. F.

Patt, M. A.
(RCA Fellow)

Pauwels, H. J. E. H.
(Belgium-American
Educational Foundation
Fellow)

Peters, P. S., Jr.

Petrie, L. M., Jr.

Pilc, R. (Bell Telephone
Laboratories Fellow)

Pollak, R. K.

Porter, R. P.

Prabhu, V. K.
(Teaching Assistant)

Pruslin, D, H.

Puri, S.

(Teaching Assistant)
Qualls, C. B.
Redi, O.

Renard, R. H.

Reznek, S. R.

Rich, M. A.

Rizzo, J.

Robertson, C. G.

Rogers, A. E. E,

Rogoff, G. L.

Rook, C. W,, Jr.

Rosenbaum, P, S.

Rowe, A. W,

Sachs, M. B.
(Teaching Assistant)

Sandberg, A. A.

Savage, J. E.

Schaffer, M. J.
(National Science
Foundation Fellow)

Aaron, A. M.
Brincko, A. J.
Broadley, W. H.
Brown, P, B.
Buckman, A. B.
Carpenter, R. A.
Chang, G. D. Y.
Chang, K.
Cheng, J.
Chiodi, W. R.
Deininger, C. C.
Der Sarkisian, S. F.
Eggers, T. W,

PERSONNEL

Graduate Students (continued)

Schane, S. A.
(Teaching Assistant)

Schneider, H. M,
(Teaching Assistant)

Schuler, C. J., Jr.

Shah, J. C.

Shimony, U,

Simon, R. W.

Sirapson, J. I.

Sklar, J. R,

Slater, T. S.

Smythe, D. L., Jr,
(Teaching Assistant)

Snow, K. D.
(Teaching Assistant)

Solbes, A.

Spangler, P. S.

Spoor, J. H.

Staelin, D. H.

Stanley, R. J.
(National Science
Foundation Fellow)

Steele, D, W,

Steinbrecher, D. H.

Stewart, C. C.

Strahm, N, D.
(National Science
Foundation Fellow)

Sutherland, W. R.
(National Science
Foundation Fellow)

Taub, A. (National
Institutes of Health
Fellow)

Taylor, M. G.

Theodoridis, G.

Thomae, I. H.
(National Science
Foundation Fellow)

Thornburg, C. O., Jr.

Undergraduates

Elliot, J. L.
Gibson, E. J.
Gill, G. Y.

Haney, D. L.
Jensen, E. R.
Keiser, K. K.
Kalman, J. S.
Knobe, B. S.
Luconi, F.

Mann, C. A., Jr.
Moxon, E. C.
Norris, P. E.
Norris, R. B., Jr.
O'Halloran, W, F., Jr.

xi

Tomlinson, R. S.

Tse, F. Y-F.

T'sou, C. L.

Turner, J. H.

(I. T. T. Fellow)
Ulvang, W. F.
Vanderweil, R. G.
Wagner, C. E.
Ward, R. L.

(IBM Fellow)
Wiener, S. D.

(National Science

Foundation Fellow)
Welch, J. R.
Whitman, E. C,
Wickelgren, Barbara G.

{Mational Science

Foundation Fellow)
Wiederhold, M. L.
Wien, G. E.

Winett, J. M,

Wissmiller, J. C,

Witting, H. L.

Witting, J. M.

(I. T. T. Fellow)
Woo, J. C.

Wright, B, L.
(National Science
Foundation Fellow)

Yarnell, C. F.

Yudkin, H. L.

Zeidenbergs, J.
(Sperry Fellow)

Zeiders, G. W., Jr,

Zieger, H. P.

Zuber, B. L.

Zwicky, A. M., Jr.
(National Defense
Education Act
Fellow)

Perrolle, P, M,
Pettigrew, D. D., Jr.
Politzer, P. A.
Sanders, R. D.
Schmidt, R. A., Jr.
Shook, G. K., II
Siemens, P. J.
Smith, D. P., Jr.
Stampfel, J. P., Jr.
Steele, G. R.
Walpert, G. A.
Wan, A. C. M.
Weidner, M. Y,



PERSONNEL

Senior Thesis Students

Abzug, C. Gallant, J. M. Ng, L. C.

Alusic, D, J. Gerhart, D. E. Okereke, S. A.
Barron, M. B. Greenberg, A. J. Pappalardo, A. N.
Bennett, J. G. Harlem, G. S. Prather, J. F.
Bowman, H. W. Hawk, T. L. Savin, N. J.
Brown, D. G. Herbert, T. J. Shulsinger, A.
Brownell, J. H. Hirsch, M. S. Smith, D. F.
Burnett, G. J. Irwin, G. M. Staecker, P, W,
Chrisman, B. L. Katyl, R. H. . Sterling, S. A.
Clay, A. W. W., Jr. Laurence, C. L. Strober, Janet K.
Coldwell, J. A, Lipes, R. G. Teich, A. H.
Diamond, S. M. McCarthy, D. J. Veneklasen, L. H.
Erickson, S. A., Jr. McCowan, D. W, Wactlar, H. A,
Fertel, Jeanne H. McGaughy, J. P., Jr. Weinstein, A. A.
Friedlander, S. B. Moter, J. T. Yuille, D. L.

Murray, M. J.

Assistants and Technicians

Aquinde, P. Fitzgerald, E. W., Jr. Neal, R. W,
Arnold, Jane B. Fontaine, C. L. North, D. K.
Babcock, E. B. Gay, H. D. Papa, D. C.
Barrett, J. W, Grande, Esther D, Peck, J. S.
Barrows, F. W, Greenwood, E. L. Proteau, J-C.
Beaton, Catherine M. Gregor, C. A, Pyle, Cynthia M,
Bella, C. J. Haywood, K. A. Rowe, T. A.
Berg, A. E. Karas, P. Saunders, Marjorie A,
Booker, D. M. M. Kelly, M. A. Schwabe, W. J.
Butler, R. E., Jr. Kirkpatrick, Patti I, Sears, A. R.
Chase, Arbella P. Lewis, R. R. Shane, Carolyn S.
Colby, Betsy F. Linehan, J. Sprague, L. E.
Connolly, J. T. Major, Diane Stevens, J. A.
Cook, J. F. Massey, L. N. Thompson, J. B.
Cranmer, R. E. McKenzie, J. A. Tortolano, A. J.
Crist, F. X. McLean, J. J. Volkmann, Ruth
DiPietro, P. J. Merrill, E. G. Yaffe, M. A.
Engler, R. R. Misail, M. L. Yee, F. Q.

Document Room

Hewitt, J. H. Luster, Faith L.
Hurvitz, Rose S. Myers, Alberta L.

Drafting Room

Navedonsky, C. P., Foreman Mcrss, Dorothy H. Porter, Jean M.
Donahue, J. B. Rollins, 1. E.

xii



Keefe, J. B., Foreman
Aalerud, R. W,
Barnet, F. J.

Bletzer, P. W,
Brennan, J.

Bunick, F. J.

Cabral, M., Jr,

Attix, E. Patricia
Barron, Gladys G.
Bertozzi, Norma
Blais, Gisele G.
Carbone, Angelina
Cavanaugh, Mary C.
Chapman, Carol A,
Cheever, Beatrice J.
Cohen, Phyllis J.
Cummings, Jane F,
Docos, Dorothea H.
Dordoni, Joan M.
Epstein, Elinor F.
Fuller, Ruth D.

Barnes, R. A.
Fleming, Patricia L.

Doiron, E. J., Foreman
Audette, A. G.

Cardia, P. F.
Haggerty, R. H.

Lorden, G. J., Foreman
D'Amico, C. R,

Staff
Rosebury, F.
Ryan, L. W,

PERSONNEL

Machine Shop

Carter, C. E.
Gibbons, W, D.
Harvey, A. O.
Ives, D. W,
Liljeholm, F. H.
MacDonald, J. R.
Marshall, J. J.
Muse, W. J.

Secretaries

Geller, Elaine J.
Giles, Natalie M.
Gordon, Linda S.
Iverson, Alice I.
Johnson, Barbara A.
Johnson, Christine
Kaloyanides, Venetia
Kruckemeyer, Ann S.
Lannoy, Doris E.
Laurendeau, Carole A.
Loeb, Charlotte G.
Mackenzie, Jean E.
May, Nancy A.
McCarthy, Barbara L.

Technical Typists

Levin, L.

Stock Rooms

Joyce, T. F.
Legier, D. O.
Lucas, W. G.

McDermott, J. F.

Technicians' Shop

Fownes, Marilyn R.

Tube Laboratory
(Glass Blowers

DiGiacomo, R. M.
Doucette, W, F.

xiii

Reimann, W,

Ryan. J. F.
Sanromd, J. B.
Shmid, E.
Smart, D, A.
Tucker, C. L,

Wentworth, W, G., Jr.

McEntee, Doris C,
Milan, Marilyn A,
Murray, Maureen P,
Owens, Mary Elien
Parenteau, Joan C.
Petone, Rosina C.
Scalleri, Mary B.
Smith, Clare F.
Solomon, Cynthia
Staffiere, Rose Carol
Thorne, Jutta
Toebes, Rita K.
Townley, Madeline S.
Weisel, Linda E.

Levine, R. I.
Rabkin, W, 1.

Pacitto, H. T.
Riley, J. F.
Sharib, G.
Sincuk, J., Jr.

Lander, H. J.
MacDonald, K. B.

Technicians

Aucella, Alice A,
Griffin, J. L.

Leach, G. H., Jr.
MacDonald, A. A.



PUBLICATIONS AND REPORTS

MEETING PAPERS PRESENTED

International Symposium on High-Temperature Technology (sponsored by Stanford
Research Institute), Monterey, California

September 8-11, 1963
W. B. Nottingham, Emitter Materials for High-Temperature Energy Conversion

International Scientific Radio Union General Assembly, Tokyo, Japan
September 9-20, 1963

A. G. Bose, A Two-State Modulation System
J. M. Wozencraft and R. S. Kennedy, Coding and Cornmunication

American Chemical Society Fall Meeting, New York
September 11, 1963

G. G. Hammes, Relaxation Spectra of Enzymatic Reactions

Fifth International Congress of Slavists, Sofia, Bulgaria
September 17-24, 1963

M. Halle, On Cyclically Ordered Rules in the Russian Conjugation Systems
of Slavic Languages (in Russian)

Physics Seminar, University of New Hampshire, Durham, New Hampshire
October 3, 1963

S. C. Brown, Infrared Studies of High-Density Plasmas (invited)

American Electroencephalographic Society Meeting, San Francisco, California
October 7-9, 1963

J. S. Barlow, Some Preliminary Observations on Evoked Responses and
Perception of Visual Stimuli in Man (invited)

Thermionic Converter Specialist Conference (sponsored by IEEE), Gatlinberg,
Tennessee

October 7-9, 1963

W. B. Nottingham, Voltage-Current Data Interpreted in Relation to the Theory
of the Isothermal Cesium Diode

H. L. Witting and E. P, Gyftopoulos, Volume Ionization Processes in Cesium
Converters

Institute of Electrical and Electronic Engineers, Boston Section Meeting, Boston,
Massachusetts

October 8, 1963

W. A. Rosenblith, Engineering and the Sciences of Life and Man (invited)

xiv



MEETING PAPERS PRESENTED (continued)

Fifth IBM Medical Symposium, Endicott, New York
October 11, 1963

W. A. Rosenblith, The Use of Computational Techniques in the Study of Brain
Function (invited)

Sixteenth Annual Gaseous Electronics Conference, Mellon Institute, Pittsburgh,
Pennsylvania
October 16-18, 1963

K. U. Ingard, G. Bekefi, and K. W, Gentle, Effect of Gas Flow on Electrical
Properties of a Positive Column

IEEE Joint Meeting, Professional Groups on Nuclear Science, Microwave Theory
and Techniques, and Electron Devices, Boston, Massachusetts
October 23, 1963

A, Bers, Electron Beam-Plasma Interaction for Fusion (invited)

National Electronics Conference, Chicago, Illincis
October 28-30, 1963

R. P. Rafuse, Recent Developments in Parametric Multipliers

NEREM Conference, Boston, Massachusetts
November 4-6, 1963

H. H. Woodson, Magnetohydrodynamic Power Generation
Associated Mid-West Universities, Argonne National Laboratory Conference on
Direct Conversion, Lemont, lllinois
November 5, 1963

W. D. Jackson, Review of MHD Power Generation (invited)

Acoustical Society of America Meeting, University of Michigan, Ann Arbor, Michigan
November 6-9, 1963
J. L. Hall II, Binaural Interaction in the Accessory Superior Olivary Nucleus
of the Cat
T. F. Weiss, Response of a Model of the Peripheral Auditory System to
Sinusoidal Stimuli
American Physical Society, Division of Plasma Physics Fifth Annual Meeting,
San Diego, California
November 6-9, 1963
A. Bers and R. J. Briggs, Criteria for Determining Absoluie Instabilities and
Distinguishing between Amplifying and Evanescent Waves
R. J. Briggs and A. Bers, Electron-Beam Interactions with Ions in a Hot Plasma
T. H. Dupree, Theory of Radiation Emission and Absorption in Plasma
W. D. Getty, High-Perveance Electron Beam-Plasma Interaction



MEETING PAPERS PRESENTED (continued)

L. M. Lidsky, Orbit Stability in the Corkscrew

D. L. Morse, Low-Frequency Instabilities of a Partially Ionized Plasma in a
Magnetic Field

D. L. Morse, Plasma Rotation in a Hollow-Cathode Discharge

D. J. Rose, L. M. Lidsky, and E. Thompson, Radiation Enhancement in an
Optical Thomson Scattering Experiment

L. D. Smullin, The Beam Plasma Discharge (invited)

Physics Colloguium, Dartmouth College, Hanover, New Hampshire
November 14, 1963
S. C. Brown, Far Infrared Studies of Gas Discharge Plasmas (invited)
16th Annual Conference on Engineering in Medicine and Biology, Baltimore,
Maryland
November 18-20, 1963
M. Eden and P. Mermelstein, Mathematical Models for the Dynamics of
Handwriting Generation
W. H. Levison, G. O. Barnett, and W. D. Jackson, Nonlinear Analysis of
the Pressoreceptor Reflex System
Sechenov Centennial Celebration, Academy of Sciences, Moscow, U.S.S.R.
November 24-30, 1963

W. A. Rosenblith, D. A. Fessard, J. Massion, and R. D. Hall, Cortical and
Thalamic Responses to Somatic Stimulation in Awake and Asleep Cats (invited)

American Physical Society, Division of Plasma Physics Meeting, Cambridge,
Massachusetts

November 26, 1963

N. Gothard, W. D. Jackson, and J. F. Carson, Preliminary Experiments with
a Liquid-Metal MHD Waveguide

W. D. Jackson and M. H. Reid, Experimental Study of Induction-Coupled
Liquid-Metal MHD Channel Flow
JOURNAL ARTICLES ACCEPTED FCR PUBLICATION
(Reprints, if available, may be obtained from the Document Room,
26-327, Research Laboratory of Electronics, Massachusetts Insti-

tute of Technology, Cambridge 39, Massachusetts.)

F. T. Barath, A, H, Barrett, J. Copeland, D. E, Jones, and A. E., Lilley, The
Mariner Il Microwave Radiometer Experiment and Results (Astron. J.)

A. Bers, Electron Beam-Plasma Interaction for Fusion (The Reflector)

M. Clarke, Jr. and P. Milner, Dependence of Timbre upon Tonal Loudness
Produced by Musical Instruments (J. Audio Eng. Soc.)

T. H. Dupree, Kinetic Theory of Plasma and the Electromagnetic Field (Phys. Fluids)

xvi



JOURNAL ARTICLES ACCEPTED FOR PUBLICATION (continued)

M. Eden, Human Information Processing (IEEE Trans. PGIT)
J. A, Fodor, Review of "Questions of Meaning" by L. Antal (Language)

W. D. Getty and L. D. Smullin, The Beam-Plasma Discharge: Build-up of
Oscillations (J. Appl. Phys.)

W. J. C. Grant and M. W. P. Strandberg, Derivation of Spin Hamiltonians by
Tensor Decomposition (J. Phys. Chem. Solids)

G. G. Hammes and M. L. Morrell, A Study of Ni(Il) and Co(ll) Phosphate Complexes
(J. Am. Chem. Soc.)

H. A. Haus, Review of "Topics in the Theory of Random Noise" by R. L. Stratonovick
(Gordon and Breach Science Publishers, New York, 1963) (Proc. IEEE)

J. J. Katz and J. A, Fodor, A Reply to Dixon's "A Trend in Semantics" (Linguistics)
C. L. Liu, The Memory Orders of States of an Automaton (J. Franklin Inst.)

A. P. Paul, A. S. House, and K. N. Stevens, Automatic Reduction of Vowel Spectra:
An Analysis-by-Synthesis Method and Its Evaluation (J. Acoust. Soc. Am.)

L. Stark, M. Okajima, G. Whipple, and S. Yasui, Computer Pattern Recognition
Techniques: Some Results with Real Electrocardiographic Data (IEEE Trans.
Biomedical Electronics)

L. Stark and L. R. Young, Variable Feedback Experiments Supporting a Discrete
Model for Eye-Tracking Movements (IEEE Trans. (PGHFE) Special Manual
Control Issue)

S. Weinreb, A. H. Barrett, M. L. Meeks, and J. C. Henry, Radio Observations
of OH in the Interstellar Medium (Nature)

D. R. Whitehouse and H. B. Wollman, Plasma Diffusion in a Magnetic Field
(Phys. Fluids)
LETTERS TO THE EDITOR ACCEPTED FOR PUBLICATION
J. A. Bellisio, C. Freed, and H, A, Haus, Noise Measurements on Gaseous
Optical Maser Oscillators (J. Appl. Phys.)

W. H. Heiser, Magnetohydrodynamic Shock Waves and Magnetically Driven Shock
Tubes (Phys. Fluids)

S. G. Kukolich, Ammonia Maser with Separated Oscillating Fields (Proc. IEEE)

O. Redi and H. H, Stroke, Spins and Nuclear Moments of ngo3 (Phys. Letters
(Amsterdam))

W. F. Schreiber, The Effect of Scanning Speed on the Signal/Noise Ratio of Camera
Tubes (Proc. IEEE)



TECHNICAL REPORTS PUBLISHED

(These and previously published technical reports, if available,
may be obtained from the Document Room, 26-327, Research
Laboratory of Electronics, Massachusetts Institute of Technol-
ogy, Cambridge 39, Massachusetts.)

414 Laszlo Tisza and P, M. Quay, The Statistical Thermodynamics of Equilibrium

416 Joseph L. Hall II, Binaural Interaction in the Accessory Superior Olivary
Nucleus of the Cat — An Electrophysiological Study of Single Neurons

417 William D. Rummler, Optimum Noise Performance of Multiterminal Amplifiers
418 Thomas F., Wziss, A Model for Firing Patterns of Auditory Nerve Fibers

419 Michael A. Arbib, Hitting and Martingale Characterizations of One-Dimensional
Diffusions

SPECIAL PUBLICATIONS

W. P. Allis and J. L. Delcroix, Notions générales sur la théorie macroscopique des
ondes dans les Plasmas (Seminar, University of Paris, September 1962)

A. G. Bose, A Two-State Modulation System (Proc. 1963 Western Electronic Show
and Convention, Los Angeles, California, August 20-23, 1963)

J. B. Dennis, Distributed Solution of Network Programming Problems (Proc.
Allerton Conference on Circuits and Systems, University of Illinois, Urbana,
Illinois, November 15-17, 1963)

H. A. Haus and J. A, Mullen, Noise in Optical Maser Amplifiers (Proc. Symposium
on Optical Masers, Polytechnic Institute of Brooklyn, New York, April 16-18,
1963)

W. S. McCulloch, Studies in Carbohydrate Metabolism and Its Regulation in Health
and Disease of the Central Nervous System (Ann. New York Acad. Sci.)

D. R. Whitehouse, Diagnostics and Communications (Proc. Third Annual Symposium
on the Engineering Aspects of Magnetohydrodynamics, Gordon and Breach,
Science Publishers, Ltd., New York)

Proceedings of the VIth International Conference on Ionization Phenomena in Gases,
Orsay (S-et-0O), France, September 1, 1963. The following papers are included:

H. Fields and G. Bekefi, Relaxation Rate of Electrons to Equilibrium

J. C. Ingraham and S. C. Brown, Electron Erergy Decay in the Helium Afterglow

P, W, Jameson and D. R, Whitehouse, Electron Energy Streaming in a
Collisionless Plasma

D. T. Llewellyn-Jones, S, C. Brown, and G. Bekefi, Far Infrared Electron
Density Measurements

J. F. Waymouth, Perturbation of a Plasma by a Probe

xviii



Introduction .

This report, the seventy-second in a
series of quarterly progress reports issued
by the Research Laboratory of Electronics,
contains a review of the research activities
of the Liaboratory for the three-month period
ending November 30, 1963. Since this is a
report on work in progress, some of the
results may not be final.

Following our custom of the past several
years, in this issue of January 15, 1964 we
preface the report of each research group
with a statement of the objectives of the
group. These summaries of our aims are
presented in an effort to give perspective to
the detailed reports of this and ensuing
quarters.
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I. MOLECULAR BEAMS"

Prof. J. R. Zacharias R. S. Badessa S. G. Kukolich

Prof. J. G. King V. J. Bates F. J. O'Brien

Prof. C. L. Searle R. Golub R. W. Simon

Prof. K. W. Billman G. L. Guttrich C. O. Thornburg, Jr.
W. D. Johnston, Jr.

RESEARCH OBJECTIVES

Three kinds of research are pursued in the molecular beams group:

1. High-precision studies of atomic and molecular radiofrequency spectra, an
example being the study of the rotational spectrum of HF.

2. The development and intercomparison of atomic frequency standards. The two-
cavity ammonia maser and the ammonia molecule decelerator are examples. The CS
electric resonance studies mentioned in our "Research Objectives" in Quarterly Progress
Report No. 68 (page 25) have been abandoned, because of insufficient signal-to-noise
ratio. Work is also being done to determine the system properties of a cesium beam
tube, and to develop complementary electronics to realize its latent frequency stability.
These new clocks and others of different types will be intercompared by using the com-
puter facilities at M.1. T. in order to check for possible variations in rate with epoch.

3. Experiments that apply parts of these techniques to interesting problems in any
area of physics, as in the following list:

(a) measurement of the velocity of light in terms of atomic standards,

{b) search for a charge carried by molecules,

(c) an experiment on an aspect of continuous creation.

These problems are well advanced. In an earlier phase are the following experiments:
(d) the velocity distribution of He atoms from liquid He,
(e) experiments with slow electrons (10_6 ev).

J. R. Zacharias, J. G. King, C. L. Searle

A. CESIUM BEAM TUBE INVESTIGATION

In Quarterly Progress Report No. 70 (pp. 59-60) it was reported that measurements
made on two atomic clocks (incorporating Type 1001 cesium beam tubes) showed that the
frequency stability falls far short of the results that might be expected on the basis of the
tests of the electronic apparatus described in Quarterly Progress Report No. 69 (pp. 17-
21). It was suggested that the instability was caused by a component that would not influ-
ence the results of these electronic tests such as faults in the beam tubes themselves or
in the modulators used to frequency-modulate the X-band excitation signal. Since plans
had already begn made to replace the Type 1001 beam tubes by the improved Type 2001,
investigation during the past quarter has been confined to a detailed study of the modula-
tors and the errors that they might introduce. The results of this study not only indicate
that distortion was being introduced by this particular modulator design, but also showed
that a modulator capable of maintaining the low distortion required in this application for
long periods of time would be difficult to realize in a practical design.

*This work was supported in part by Purchase Order DDL BB-107 with Lincoln
Laboratory, a center for research operated by Massachusetts Institute of Technology,
with the support of the U.S. Air Force under Contract AF 19(628)-500.

—
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(I. MOLECULAR BEAMS)

Because square-wave phase modulation can be generated easily with low distortion,
we are now studying the properties of systems that have modulation of this type. We
have termed it "Frequency Impulse Modulation" to avoid confusion with the square-wave
frequency-modulation system that we have been describing in recent quarterly reports.
Whereas for square-wave frequency modulation we utilized gating in an attempt to mini-
mize certain undesirable characteristics of the beam-tube transients, the new method
of modulation provides a method for removing the basic cause of these undesirable
characteristics. In so doing it causes the output frequency of the atomic clock to depend
to a greater extent upon the cesium atom itself, thereby achieving accuracy, as well as
stability. Specifically, frequency impulse modulation provides a means for detecting
the existence of a cavity error 6 by observing the beam-tube output while it is in actual
operation as a frequency-stabilization device. It therefore permits continuous instru-
mentation to correct for this error.

The approximate transition probability of a beam tube with separated oscillating

fields in the vicinity of resonance is given by

(w =)L
_ .2 2bg 2_"o
Pp,q = sin —vn» cos —Zvn , (1)

where Wy (hereafter called the "true" cesium frequency) is the frequency of the Cs133

hyperfine transition (4,0-3,0) for the magnetic field that is being used, £ is the length
of each of the microwave exciting cavities, L is the distance between the two cavities,
b is proportional to the RF amplitude, and Vo is the particle velocity.

We have assumed in this equation that the oscillating fields in the two cavities are
exactly in phase, a condition that in practice is hard to achieve. If the two cavities are
out of phase by an angle 8, then the frequency-dependent part of the beam-tube output

in the vicinity of resonance can be expressed as

@o -w)L
Vo = A (vn) cos —Vn— + 0 (2)
= A'(vn) cos (a+0), (3)
where
w. -w)L
v
n

Note that the quantities ¢ and 6 are identical as far as their effect upon the output is con-
cerned. The peak output is not obtained at cesium frequency, but at the frequency for

which e = -8, If we plot the output voltage from Eq. 2 as a function of (wo—w), the cosine

van evn
I and a central peak at a frequency (uo—w)= b ot

function would have a period Aw =

Since these quantities are both functions of particle velocity, summation of a family of
these curves to represent the effect of a velocity distribution would be the summation

QPR No. 72 2




(. MOLECULAR BEAMS)

of a group of cosine functions that differ

l%%;,,.g both in period and position. The result is

the familiar Ramsey pattern that, for 6 =

m 0, would be symmetrical about the cesium
MODULATCR PHASE )

frequency (mo—w) =0.
Let us first consider the case of a

OUTPUT SIGNAL monovelocity beam with rf excitation at the

cesium frequency and no cavity phase error
(that is, e=0, 6=0). The operating point

Fig. I-1. Monovelocity (v,), (w,w) = will be at the exact peak of the cosine func-

SR tion as shown by position X | in Fig. I-1.
If we then apply an abrupt step of phase to the rf excitation, the atoms that had left the
first cavity before the phase step, on entering the second cavity, see a phase offset equal
to this step. The result will be a sudden drop of the operating point to a lower point on
the cosine function, say, to position X1 (shown for a 90° step). If we maintain this new
phase, P undisturbed, the operating point will remain for a while at position Xl' then
return abruptly to the steady-state position Xo after all of the atoms that are present
between the two cavities at the time of the step have left the interaction space, that is,
after an interval L/vl. If we then apply a second phase step, thereby returning the radio
frequency to its original phase ¢ 0 the operating point will again drop to a lower point
on the cosine function, but this time on the opposite side of the peak. As before, if we
maintain this phase undisturbed, the operating point will drop back abruptly to the posi-
tion on the peak after an interval equal to the transit time between the cavities. This is
shown by the waveforms of Fig. I-1. If the phase steps (or frequency impulses) are gen-
erated by a square wave, the output waveform will consist of a series of identical rec-
tangular pulses occurring at twice the rate of the modulation. Hence no odd harmonics
of the modulating rate would exist.

@,
MODULATOR PHASE |— < Ly =@ 2
o MODULATOR PHASE —<— L —mp— o
= O —
iy L L
OUTPUT SIGNAL L vy t OUTPUT SIGNAL 0 N '
o £ £

Fig. 1-2. Monovelocity (vl), (uo—w) = Fig. I-3. Monovelocity (Vl)' (uo—w) =
L1 vl 11.
?r,e=o, -eL,e;éo.
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(I. MOLECULAR BEAMS)

If the rf excitation frequency is now changed so that (wo-w) =%‘;—_‘1-, the output waveform
will consist of a series of alternating negative and positive rectangular pulses as shown
in Fig. I-2. Such a waveform contains odd harmonics of the modulating signal (including
a strong fundamental) which could be used as a control quantity by passing the output sig-
nal through a synchronous detector. If we had chosen to operate at a frequency located

X
N2/ at e
\VALVA
Sh
MODULATOR PHASE —Jf_T;————Jl— ®
— &
_L_ .!'..
OUTRUT SIGNAL V2 o C‘zJ '

Fig. I-4. Monovelocity (vz), (wo-w) =

v
1
GL,

6#0.,
on the other side of cesium resonance, the output waveform would be the exact negative
of the one shown and thus would also provide sense information.
Next, let us assume: that there is a cavity tuning error 6, and that the frequency of
ov

Tl, that is, ¢ = -8, Under these conditions, the

steady-state operating point is again at the exact peak of the cosine function, as shown

the rf excitation is such that (wo-u)) = -

in Fig. I-3. Square-wave phase modulation produces here an output waveform that is

% ®
—ct @
x?
%

MODULATOR PHASE —-C’L'—— @
S
L L
QUTPUT SIGNAL | Vl V‘I t
L L
o v,
OUTPUT SIGNAL 2 Vz u +
‘___TI_I__-SVNCNIONOUS DETECTOR
| WAVEFORM  |——
COMPOSITE QUTPUT 1 '
SIGNAL | AI AZ
[}
L_——d F"‘TFIJ
evl v
Fig. 1-5. Dual velocity, - L < (wo—w) <1

8 #0.
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free of odd harmonics of the modulating frequency, and hence, in the absence of knowl-
edge regarding the existence of cavity error, would give the erroneous information that
the excitation was at cesium frequency.

If, however, we assume a different velocity, Vo, but maintain the same rf excitation
ov
frequency (mo—u) = -—LL, then the operating point will fall to one side of the peak as

shown in Fig. I-4. It is obvious that odd harmonics of the modulating rate exist in the
output waveform. Thus a frequency-stabilization loop would call for correction of the
rf excitation frequency.

If the beam tube has particles of both vy and v,, then the loop must find some com-
promise condition, for example, such as the one illustrated in Fig. I-5, in which the
operating points corresponding to vy have been circled for clarity. The condition of lock
requires that the operating points be placed so that the corresponding output waveform
gives zero average voltage when applied to the loop synchronous detector, If the syn-
chronous detector reference is positioned as shown by the dotted line in Fig. I-5,
this imposes the condition that area Al = area AZ' By geometrical procedures, it can
be shown that stabilization for the case illustrated in Fig. I-5 will occur at the frequency
(wo—w) which satisfies the relationship

1 T L 1 _. L
—sin |(w -m)—+9] + — sin [(w -w)___+e]=0. (4)
vy |_ o v, v, o v,
ev sz
By inspection, it is seen that (wo—m) must lie between -1 and -1 Thus the cavity

error 8 will still cause an inaccuracy to exist. If we extend the analysis to the general
case of n velocities, in which the relative density of particles of velocity v is denoted
Dn' we obtain

D .
n . L
Z-—-vn sin [(mo—m)——-vn + 9] = 0. (5)

Notice that no term involving the size of the phase step is present in this expression;
thus it appears that frequency impulse modulation causes the frequency of lock to be
independent of modulation level.

Of special interest in Fig. I-5 is the fact that the part of the output waveform asso-
ciated with the positive phase step is not identical in shape to that part associated with
the negative step. This indicates that odd harmonics are still present, even though the
condition area A1 = area A2 causes an average voltage of zero to occur at the output of
the synchronous detector. Thus as we tune the rf excitation through resonance, the odd
harmonics will reach a minimum at some frequency, but will not go to zero as long as
there is a cavity error 6. The synchronous detector output voiltage, on the other hand,
will go through zero whenever the areas enclosed by its positive and negative half-

periods are equal.
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(I. MOLECULAR BEAMS)

The consequences of having odd harmonics in the output waveform that merely go
through a minimum as a function of the rf excitation frequency are twofold. First, it
causes the position of lock of the loop to become dependent upon the phase of the syn-
chronous detector reference. This is evident from Fig. I-5, for, since A1 and A2 have
different shapes, a choice of synchronous detector reference slightly to the right of the
one shown would cause somewhat different areas to be enclosed, and would make the

loop call for correction. Second, the existence of these residual odd harmonics gives

OurPuT

CAVITY
BEAM TUBE
SIGNAL CORRECTION

Fig. I-6. Double-loop servo system for
e oos locking to true cesium fre-
' YNCHR ONOU!

DETECTOR quency'

|

FREQUENCY
CORRECTION

SIGNAL

SYNCHRONOUS
DETECTOR

JAODULATION
SOURCE

valuable evidence that the cavity is, indeed, out of adjustment, and permits us to take
measures to correct it, thereby eliminating both the dependence of lock upon the position
of the synchronous detector reference and the error caused by having a detuned cavity.

A double-loop system for accomplishing this might take the form shown in Fig. I-6. One
loop is used for tuning the rf excitation and is essentially the conventional loop used for
frequency stabilization. Its synchronous detector reference could be in phase with the
modulating signal. The second loop is used for trimming the phase of the cavities and
has a synchronous detector reference delayed somewhat from the first. Some interaction
between the two loops will occur, but the final point of stabilization will be at a frequency
and a cavity tuning for which the average voltage from both synchronous detectors is
zero. This, however, can only occur when successive half-periods of the output wave-
form are identical, a condition that occurs only at cesium frequency with perfectly tuned
cavities.

What we have said regarding the undesirability of residual odd harmonics is true for
all stabilization loops, regardless of the type of modulation used. In sinusocidal mod-
ulation (for which the effect is termed "quadrature"), as well as in other types, it is
characterized by output waveforms with minute differences of shape between successive
half-periods. In the past the cause of this difference has often been the distortion in the
waveform of the phase modulation of the rf excitation, a distortion that might be so low
that it defies direct measurement and still be significant enough to completely override
the contribution caused by moderate cavity detuning. Since the waveforms used in
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frequency impulse modulation are of a type that are easily obtainable to meet virtually
any distortion specification (the phase modulator, for example, operates at essentially
two discrete points on its characteristic), the presence of any "quadrature" effect can
safely be assumed to result from the action of the beam tube itself.

The most significant advantages of frequency impulse modulation will now be sum-
marized.

1. Frequency impulse modulation produces waveforms that are conducive to
extremely low modulation distortion. This permits using the presence of residual odd
harmonics as a guide for correcting cavity phase error and achieving lock to the true
cesium {requency.

2. The stabilization frequency of a loop with frequency impulse modulation is inde-
pendent of modulation level, even when the presence of uncorrected cavity error pro-
duces a Rainsey pattern that is unsymmetrical.

3. Since frequency impulse modulation derives all of its information from obser-
vation of the effect of applying phase steps to the RF excitation, the period of repetition
of these steps need be no longer than that required to accommodate the resultant transi-
ents. This tends to yield high permissible modulation rates, which is a desirable fea-
ture from a practical standpoint, particularly when long beam tubes are used.

Two atomic clocks incorporating Type 2001 cesium beam tubes have been assembled
with control loops for which frequency impulse modulation is used. Since no provision
exists in these beam tubes for electronic correction of cavity tuning, a system of wave-
form correction has been devised which is based on the principles outlined above and
has been incorporated in a control loop to serve as a temporary substitute for the cavity
correction loop. The measurements that we have made are preliminary, but they seem
to confirm the desirability of this type of modulation,

Examination of the data presented in Fig. I-7 shows a frequency stability somewhat
better than one part in 10lz for averaging times of approximately one hour. The first
test was made during one afternoon. After its completion, the clocks were shut down
until the following morning when they were restarted for the second test. The third
test was taken approximately 24 hours after the first. Care was taken to reset the C
field currents to the same level for each test, but an improved method for setting these
fields is under consideration for future measurements.

R. S. Badessa, V. J. Bates, C. L. Searle

B. AMMONIA MASER WITH SEPARATED OSCILLATING FIELDS

The 3-2 inversion transition in ammonia was observed by means of a molecular beam
maser with two microwave cavities separated by 36 cm. The resulting resonance shows
the typical Ramseyl shape with several peaks, the width of these peaks being determined

by the separation of the microwave cavities.
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This device is similar to the original ammonia maser2 in physical construction but
differs in that this device does not oscilalte spontaneously and the linewidth is much
narrower, since it depends on the separation of the microwave cavities, Using sepa-
rated cavities has the additional feature of greatly reducing Doppler effects that would
be encountered with a single long cavity. The two-cavity maser is shown in Fig. I-8.

Microwave power is injected into the first cavity, and a microwave receiver is con-
nected to the second cavity. Both cavities have open ends to that some of the microwave

. power from the first cavity is coupled
into the second cavity. The condi-
COLUMNATING tions are similar to those described

by Ramsey1 for resonance with

SOURCE
[ e—

separated oscillating fields, except

‘ FOCUSER _] l— j [_ that here the transition probability
CAVITY 1 CAVITY 2

is not measured by deflection of the
Fig, I-8. The maser- beam but by observing the additional

power delivered to the microwave

receiver by the ammonia molecules.

Feynman3 has shown that any ensemble of two level noninteracting systems may be
described by the equations of motion of the magnetic moment of a spin -é-particle in a
magnetic field. This allows us to use the analysis of the magnetic case by Ramseyl to
describe the interaction of the ammonia beam with the RF fields. For the ammonia beam
the only physical axis in the representation given above is the axis along which the beam
passes, since the oscillating electric field is in this direction.

If we use this description we see that the RF field in the first cavity produces an effect
that is analogous to rotating the moment by /2 about the RF field direction in magnetic
resonance. That is, the transition probability in the first cavity is nearly 1/2, and the
beam has a coherent oscillating electric polarization as it leaves the first cavity. In the
space between the cavities the RF field is very small (the Q of the cavities is 1200), so
that this polarization oscillates unperturbed at the ammonia inversion frequency. If the
frequency of the fields in both cavities resulting from the injected signal is very near
the inversion frequency, the oscillating polarization in the beam and the field in the
second cavity will be in phase as the beam passes through the second cavity. Conse-
quently, the field in the second cavity will increase the total transition probability and
hence also increase the power level in the second cavity, which is coupled to the micro-
wave receiver,

If the frequency of the RF fields in the cavities is slightly off the ammonia frequency,
the oscillating polarization in the beam will become progressively farther out of phase
with the RF power injected into the cavities as the beam passes from the first cavity to
the second. If this phase difference becomes zw, the RF field in the second cavity will
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reduce the total transition probability and thus the beam will absorb power from the
second cavity. This condition will produce the first minima on either side of the main

resonance peak.

If the beam velocity is v and the cavity separation is L, the accumulated phase dif-
—,i,"— = -"L—Y or when Af =%—-£’7 . If the effects of the beam veloc-

ity distribution are properly taken into account, then Af ¥ 0. 6Lv— and other maxima

ference will be m when Aw =

are reduced with respect to the main pe:a.k.1
We may also note from this description that if the RF field in the second cavity is
phase-shifted by w with respect to the rf field in the first cavity, this will appear as

a frequency error of approximately Afo, the linewidth of the molecular resonance. Thus
S _ &

Af T W
o
One way of obtaining a phase shift §¢ is to detune the second cavity. Near the center
§f
of the cavity resonance this shift is 25¢ =A_fc , Where BfC is the cavity detuning, and af,
c

the width of the cavity resonance. Thus the shift of the observed resonance resulting from

5f
A&ff = GT‘P = EQ This effect is similar to the "cavity-pulling® formula
o c

. q 4 3 .
for a single-cavity maser "~ and also occurs in a conventional Ramsey molecular beam

cavity detuning is

apparatus.

In a thorough analysis of a two-cavity maser Basov and Oraevskii® have also sug-
gested that this experiment would be possible.

In our experiment the beam is produced by a crinkle-foil source. A four-pole elec-
tric field, 22 cm long, focuses the upper-state molecules into the cavities. The upper
inversion-state molecules then pass through two TM010 mode microwave cavities 10cm
long and separated by 36 cm. The frequency of the stimulating signal injected into
the first cavity is varied, and the power delivered by the second cavity to the micro-
wave receiver as a function of frequency is measured. The injected signal is frequency
modulated at 165 cps, and a phase-sensitive detector is used to obtain the first

Fig. I-9. Derivative of Ramsey resonance pattern
with /2 phase shift between the rf fields
in the cavities.
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derivative of the resonance. The first derivative of the resonance for n/2 phase differ-
ence between the cavities is shown in Fig. I-9.

The observed linewidth is approximately 1 kc, and the resonance pattern is the typi-
cal Ramsey curve. In a preliminary experiment the frequency of the ammonia 3-2
inversion line was measured with respect to a National 1001 cesium clock. The mea-
sured frequency is 22, 834, 184,850 + 100 cps. This is in agreement with 22, 834. 18 mc
obtained by Shimoda and Kom:lo.6 In this frequency measurement the output voltage from
the phase-sensitive detector was used as the error signal in a servo loop to control the
frequency of the microwave power injected into the first cavity. The resetability from
one day to the next was a few parts in 107. The principal source of this inaccuracy is
believed to be variations of the cavity temperatures, which are not yet sufficiently well
stabilized. Since the present cavities are silver, the variations in thermal tuning could
be sufficient to account for these deviations. The focuser voltage on this device was
changed from 12 kv to 24 kv and the frequency of the resonance changed by less than one
part in 108.

Since for larger cavity separation this device may have a very narrow linewidth, it
should be possible to construct a molecular resonance clock of useful stability.

S. G. Kukolich
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RESEARCH OBJECTIVES

Our major emphasis is now focused on studies of the metallic and semiconducting
states. This extremely broad area is one of current worldwide interest and investigation.
Our specialized interest lies in interactions within the electron "plasma" and between the
electron plasma and the lattice phonons. We now have considerable experience and facil-
ity in the generation and use of microwave phonons (coherent sound waves in the kilomeg-
acycle frequency range), and, in particular, sound-aitenuation measurements in metals
and superconductors will be an important activity. Other studies in the microwave fre-
quency range include surface impedance measurements (both phonon and electromagnetic
impedance) and investigation of phonon amplification mechanisms in semiconductors.
Related studies at optical frequencies in which a gas laser is used continue.

This program represents a continuation of the shift away from electron paramagnetic
resonance in crystals which was our major interest during the past several years. A
problem in paramagnetic cross relaxation which must be resolved before we can leave
this area of research is described in this report. Apparatus for paramagnetic resonance
measurements in solids and gases is still operative and is being used by our own per-
sonnel and by members of other laboratories.

M. W. P. Strandberg, R. L. Kyhl
A. ULTRASONIC ATTENUATION IN SUPERCONDUCTING METALS AT RADIO

AND MICROWAVE FREQUENCIES

This report is a summary of a Ph. D. thesis submitted to the Department of Physics,
M. L T., October 28, 1963.

Ultrasonic attenuation by conduction electrons in soft superconductors has been stud-
ied as a function of temperature, magnetic field, and frequency. A derivation is presented
of the electronic contribution to the ultrasonic attenuation coefficient e, of metals in the
normal state, which follows closely the kinetic approach of Pippa.rd1 except that quanti-
ties involving the product of the ultrasonic frequency w and the electronic mean-free
time v are not neglected. The same results as those obtained by Pippard are obtained
for all cases in which e, is sufficiently large to be observable. The quantum theory of
superconductivity is worked out in detail by following the original Bardeen-Cooper-
Schrieffer (BCS) derivation,2 except for the introduction of the improved mathematical
devices proposed by Bogolyubov3 and V:-).latin.4 In particular, the statistical operator of
Valatin serves to simplify the calculation of as/an which is worked out for the case in
which the phonon frequency is less than the superconducting energy gap. An analysis of

ultrasonic attenuation in superconductors in the intermediate state is presented, based

*This work was supported in part by Purchase Order DDL BB-107 with Lincoln Lab-
oratory, a center for research operated by Massachusetts Institute of Technology, with
the support of the U.S. Air Force under Contract AF 19(608)-500.
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upon the assumption of an average magnetization throughout the volume of the metal.
Particular attention has been paid to the phenomenon of supercooling; in this research a
modified form of the mathematical model of Faber5 was followed.

Experiments were carried out at 0.165 Ge, 0.910 Ge, and 9.17 Ge. Analysis of the
temperature-dependent data at 0.910 Gc indicates a close agreement with the BCS theory.
The magnetic-field dependence of the ultrasonic attenuation coefficient supports the con-
clusions of the theoretical treatment, thereby indicating an effective demagnetizing coef-
ficient of the sample that exhibits the proper orientation dependence, and yielding critical
field values whose temperature dependence is in close agreement with the data of other
investigators. The temperature dependence of the supercooling phenomenon exhibits the
same sort of behavior that is anticipated from theoretical considerations, and the con-
clusions regarding the size of the nucleation centers that trigger the phase transition are
numerically consistent with the values obtained by Faber, who employed a different
experimental method. The frequency dependence of e, agrees qualitatively with the pre-
diction of Pippard. It was not possible to observe ultrasonic attenuation at 9.17 Gc; this
is attributed to the fact that the sample faces were many wavelengths out of parallel at
this frequency. Recommendations for further research are offered.

J. M. Andrews, Jr.
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B. CROSS RELAXATION IN RUBY

In 1962, certain experimental paradoxes in our measurements of cross relaxation
in typical ruby maser crystals were reported.1

More accurate measurements have been made and have disclosed the nature of some
of the discrepancies. Our original results on 0.05 per cent ruby near 27° orientation,
4400 gauss, for which 2, 3, and 4 quantum levels (Chang-Siegman notation) are equally
spaced, are shown in Fig. II-1. These results are consistent with those of other experi-
menters, except for the presence of additional time constants as shown. At low temper-
atures and low chromium concentration, we have ’I‘2 < le < Tl; we are referring
to the time constants for spin-spin relaxation, cross relaxation, and spin-lattice relax-
ation, respectively. The effect of spin-spin relaxation was observable, although not
plotted in Fig. II-1. If we "burn a hole" in the inhomogeneously broadened ruby
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005% RUBY T, resonance lines with a magnetron pulse, the
HI (L[]

100 msec| oyt y hole fills in within a few microseconds, and
\ / we might assume that thermal equilibrium
is established within each energy level in a

omaser time of that order.
ok The new surprising result is that the cross
Imsect- 2 relaxation is not properly describable by a

time constant, but that equilibrium among
the three not quite equally spaced levels is

24
ol “1/2 . ..
3¢ 3 approached approximately as t with time.
I 2
[ " We must have a distribution of cross -relaxation
33° ORIENTATION

2
N
100usec-
Ly
a g
27'0RIENTATIO[N

10psec times. The crystals are of laser quality and
5000 4000 3000 . , . .

GAUSS show no evidence of inhomogeneous effects in

spin-lattice relaxation so that it does not seem

Fig. II-1. Relaxation time of ruby possible to ascribe the effect to inhomogeneity
3-4 transition near 30°

orientation. Frequency, in magnetic field or c-axis wander. Thus it

9 Ge. appears that the cross relaxation proceeds

between quantum levels that are not them-
selves in thermal equilibrium. It is true that one chromium site in the lattice differs
from another in the disposition of nearest neighbors and of aluminum nuclear spins,
but the observed microsecond time constant should average over the sites. Probably
we have an interesting example of nonergodic behavior. The resulting theoretical
puzzle is being analyzed.
R. L. Kyhl
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C. ENERGY CONSERVATION OF HYPERSONIC WAVES IN SEMICONDUCTORS

Amplification of sound waves in semiconductors through interactions with electrons
drifting under the influence of a D. C. electric field and having velocity vy greater than

e As a coupling

the velocity Vg of the sound wave was discovered some time ago.
mechanism one may either have piezoelectric coupling or deformation potential coupling.
Experiments have been successful on piezoelectric materials (CdS) at frequencies at

which it is possible to work at room temperature, that is, up to 600 Mc.3'4 For higher

frequencies it is necessary to work at liquid-helium temperature. The lack of
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piezoelectric semiconductors with appropriate conduction properties at these tempera-
tures makes it necessary to use the deformation potential coupling, which is much weaker
than the piezoelectric coupling, but becomes more important as the frequency increases.

Experiments at 9 Gec on n-type InSb of carrier concentration 1014 cm-3

performed in
our laboratory have not been successful thus far. We might mention, however, that
theoretically an amplification of 10 db/cm is expected at power densities described by

10 amp/20 mm2 and 10 volts/cm. We computed also that in GaAs (piezoelectric) ampli-
fication of 70 db/cm should be possible at slightly higher power densities. But we would

3). We do not know whether or not these are avail-

. 14 -
require very pure samples (10 ~ cm
able.

The coupling mechanism between a sound wave traveling in the z direction and

drifting electrons can be described one-dimensionally by the equations:
D =¢E + P
T=cS+F,

in which D is the electric induction, E the electric field, T the stress, S the strain,

€ the dielectric constant, and c the elastic constant. P is a (longitudinal) polarization
and F a stress on the lattice. P and F are the coupling terms and are related by energy
relations. It is known that in piezoelectric semiconductors P = eS and F = -eE, in
which e is the piezoelectric constant. A rather simple theoryz has been formulated for
this kind of coupling at lower frequencies. The deformation potential is described by
P = —-(Ce/q)(8S/92), in which C is a constant and q the electronic charge. We have
found that F has to be -(Ce/q)(8E/8z). This expression provides a theory for the
deformation potential which is analogous in formalism with one given by White2 for the
piezoelectric coupling. It leads to the important result that amplification through the
deformation potential coupling in a given material under given conditions is more impor-
tant than through piezoelectric coupling at w > Wop = vseq/eC, the ratio being (m/wcr)z.
For InSb this critical frequency should be <10 Ge, with e < 0.025 C/mz; for GaAs, pie-
zoelectric amplification is 25 times stronger at 10 Ge; for CdS, 3600 times.

In trying to derive an expression for F, we developed some energy conservation
principles, which may have some didactical value. If a sound wave travels through a
conducting crystal, the energy appears under different forms: electromagnetic energy,
acoustical energy of the lattice, kinetic energy of the electrons and heat (incoherent
acoustical energy of the lattice). We shall try to find the relations between these dif -
ferent forms of energy. We use the following notation: E, H, D, B, €, p, international
symbols for electromagnetic fields; J, current density; P, polarization; T, stress;

S, strain; c, elastic constant; F, coupling stress; v, velocity of the electrons; Vg
drift velocity of the electrons; u, velocity of the lattice; upe displacement of the lat-
tice; m,, effective mass of the carriers; q, electronic charge; p, resistivity or
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specific weight; N, carrier density; NO, density of donors; E_,, Fermi energy; f, den-

F
sity of particles per unit volume in position and velocity space; T, relaxation time. All

fields have a D. C. term and an A. C. term of the form exp j{wt-kz).
1. Electromagnetic Energy

We have D = €E + P. From curl E = -pdH/8t and curl H =:—t(€E+P) + J, after dot
multiplication with -H and E, respectively, we obtain in the usual manner

2
o (e? ™H 9P
~div (ExH) =2 \&E& s )+ g-2B, 5. E. (1
3T\ 2 z Bt

It can be shown that for sound waves the A. C. part of div (EXH) can be neglected.

2, Coherent Motion of the Lattice

For simplicity we treat the problem one-dimensionally. We have T =¢S + F. From
8T/0z = pd’up/8t?, with u =duy, /ot and S = du, /32, we obtain

@

2u_oT 8s _
Pat - Bz il ot -

o
N e

After multiplication with u and T, respectively, we obtain
8 (1, 2Y 8 (1 2} p85_ 3
2 (3eu?) + & (3es?) + P B =L . (2)
3. Kinetic Energy of the Electrons
Let us first give an introductory calculation based on the equation of motion.

v m, (v-u)

W=-gE-———, (3)

m

in which v is the average velocity of the electrons. We assume that r is independent
of the thermal velocity of the electrons. The assumption of completely inelastic scat-
tering is related to the assumption v « Vih This equation also assumes that the wave-
length is large compared with the mean-free path, since we have not taken an integral
of E over the trajectory of the particle. After taking the dot product with Nv = Nu +

N(v-u), we obtain

2
|

E

"

oWy oy (T
EJ-BNy-w? - 22 (L Nu)

u

E * J - p(J+Nuq)® + ’;1—3- (J+Nuq). (4)

We made use of the expression J = -Nqv, we omitted the index ¢ of m,, and we replaced
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m/N qz-r by the resistivity p. The left-hand side of this equation can be transformed
to a—t %mva) +V- (—Zl—mvav) by making use of the facts that v = v(r,t) and thus

dv/dt = (8v/dt) + v - (8/8r)v, that N = N(r,t), and that the continuity equation for the
number of particles is aN/at + V - (Nv) = 0. Equation 4 thus becomes

8 (12 2
% (zmv?N) + ¥ (zmvPNv) = E - - pa4Naw? + 22 (74Nqu). (5)

The interpretation of (5) is as follows: The rate of increase per unit time of the energy
density, plus the power flow from a unit volume, is balanced by the energy taken from
the electromagnetic energy minus the energy lost to the scattering centers in incoherent
and coherent form. The last term of the right-hand side of (5) can be understood by
writing it as u * Nm(v-u)/r, which is the product of the velocity of the scattering cen-
ters and the force exerted on them by the electrons.

Given Eq. 3, one can derive (5). Its interpretation is correct if v should be the real
velocity of the electrons, not its average. We therefore develop a more exact calcula-
tion based on the Boltzmann transport equation in the presence of the sound wave and
the D. C. electric field.

_+v-._.+-_-_=_, (6)

with f = f(r,v,t) = perturbed distribution,
fg = equilibrium distribution centered around the velocity of the scattering centers
and adapted to the local electron density given by
fg = fo[v—u(r,t), EF(r,t)].
We now define
electron density, N = [f a3y
current density, J = —quv d3v =-Nvq
pressure tensor of electron gas, P= [ mvve d3v.
After integration of (6) over v-space, we get

g+V'(NV)=N;N=O. (7

We have assumed that T and the force (-qE/m) are velocity-independent. After mul-

tiplication of (6) with v and integration over v-space, we get

qE Nu + J/q

Z-(NT) + VB e — (-N) @)

We made use of
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o (fv. ov.
(VJ) v

3 ) I3
——vdv=E. d”v - E, f—dv
i Bvi i é)vi

=0-E, gfé.. adv = -E.N.
1 1) )

We shall now transform and linearize Eq. 8 in the perturbat].on The 1ndex 0 will indi-
cate the unperturbed quantities. We assume that ffv d v =—f fv d v for i=1, 2, 3,
and that [ fvivj d3v =0 for i# j. This implies that tp_e electron gas cannot exert shear
stresses; we also have neglected VZ with respect to vz, which is a second-order error.
If we assume that this average ) fv2 d3v is only dependent on the local position of the

Fermi level, and not on other properties of the perturbation, we may set

P _1 2 3

E":,; S‘fv d V'd’(N)v (9)
sothat V* P/m = VP/m = $'(N) VN. We now give an example of linearization:

NV = (No+n)(vo+v) = (No+n)v = Nov + ...

In the same way (8/6t)(J/-q), ¢'(N) VN, qEN/m, Nu, and J/-q are replaced by Noav/at,
:b'(NO) VN, qENo/m, Nou, and NOV, respectively. Thus from Eq. 8, after multiplica-
tion with rn/N , we obtain

ov  ¢'(N)

m-5T+m N
o

VN = -qE + (u-v) m/T. (10)

Dot multiplication of (10} by Nv and multiplication of (7) by m¢‘(No) N/N0 and adding
the results gives
362 o m¢’ (N )
9 N

o

2
19N _ . ;_mN — 2 mu
> at] =E-J e (v—u) +—q_r (J+Nqu).

m

le

|EVN) NV + NV« (NV) + 5

We now define

: _1.2
$'(Ny) =5 v

and neglect third-order, so that Navz/at = NOBVZ/Bt. Then we get

2 2
—2 mv, mv
9 mv T N . TN v=).w. 1_ 2, mu <
3t <No st N N>+V (Z _No Nv)-E J - p(J+Nqu) +—q_r (J+INqu). (11)

The various terms in (11) are of second order in the perturbation except the second and

the third terms of the right-hand side. If we set N = No + n, we get
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o 2N

o

mv> mv?

: TN V. ™o (ot oo
\% TN NV |=— v <N0v+2nv+

The first-order part of {11) thus, in fact, is
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From Egs. 1, 2, and 11 we derive Fig. II-2.

)
Q
—_— %(HEAT OF LATTICE) | ——»=
- Y. (J+ Nqu) p(J+ Nqu)2
qT
Ske 2 2.2
9 mv mvr N
S VN Af o )
4N°
s
S
em 2 2
—— a_(f_E_+ pi- E, P) [—
at 2 2 dec
oy aP
ac 3y
ac 3y
S
; 1 <2
9,1 2
—’g;(ipu +ECS + Fd.cS) —
Fig. II-2.

2
n-v
N>'
o

The electric field and the coupling

9s .
SQ - aQ SQ = HEAT FLOW
z
=) e = ] v
ke 32 ke 2 No
S - asem S =EXH
em az em
S - BSS S = -(uT)
s
dz ..

Energy balance for sound waves in semiconductors showmg

energy storage and power flow.

20



(II. MICROWAVE SPECTROSCOPY)

<V-SQ>
- (5 + Nquh <p(J+ Ngu)?>
q!‘
— —<y.5 >

<J+E>=<J E>+<J E >
o o ac  ac

<V'S>
s

Fig. II-3. Energy balance for sound waves in semiconductors
in a stationary situation.

stress F have been split into a D. C. and an A. C. part. Figure II-3 illustrates a sta-
tionary alternating situation, in which < > means the time average over one period.
The term <V - Semm > is split into V- (EOXHo] and the contribution of the A. C. parts.
The former is equal to JOEO, as can be easily understood by considering a simple con-
ducting wire; the A.C. parts can be proved to be negligible for a sound wave. We note
that <V- Ss> is negative for attenuation, and positive for amplification. At each small

circle, we have a balance.

5. Applications
a. Equations of State: Piezoelectricity and Deformation Potential

Figure 1I-3 shows that

9S P u
<Fac -BT'> = <Eac W> + <c‘1‘—-'r— (J+Nqu> :

If we neglect the second term on the right-hand side, we obtain

oS\ . L 2P
éac?t->- <Eac at /-~ (12)

In the piezoelectric case we have D = €E + P, with P = eS. It can easily be seen that
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(12) is satisfied if and only if Fac = —eEac. There is no physical reason why this equa-
tion should be valid only for the A. C. components; thus F = -eE, and the equaticns of
state thus are

D= €E + eS T = ¢S - eE.

We can verify the statement that F8S/at = -Ed P/8t, so that we can say that instantane-
ously the energy taken from the acoustical wave through the coupling force F shows up
in the electromagnetic energy as the energy set free by the depolarization of the "piezo-
electric" charges.

In the deformation-potential case, we have D = €E + P, with P = -(Ce/q)(8S/0z).
By considering sinusoidal fields, we can again verify the conclusion that (12) is satis-
fied if and only if Foe = -(Ce/q)(dE/0z), so that the equations of state are

D = €E - (Ce/q)8S/oz T = ¢S - (Ce/q)3E/8z.

In this case it can be verified that FaS/at = PaE/at = -:T(PE) - EoP/at, so that the pre-
vious statement about the instantaneous energy transfer is no longer true. Figure Il-2

is only approximate.

b. Attenuation Constant

From Fig. II-3, we see that the energy taken from the sound wave is given by

= {F,. at> < - _aatp> %(J+Nqu)> < E> —(J+Nqu> (13)

If all fields are now of the form u = U, exp jlwt=kz), with jk = a + jB, we get

g %
2 Re (“;‘" ):Q (14)

from

—<v‘ ss> = <Fac at> Q and 5, = ~(uT).

The attenuation, e, is caused by the factor F in the equation T = ¢S + F, and thus in
pdu/at = 8T/dz. If we calculate a by a first-order calculation, we use formula (14)
but calculate @ and uT" in the unperturbed situation. Thus from pdu/dt = cdS/9z,
T = ¢S, and 3S/0t = 9u/d8z, we get vz =c/fp and S = u/vs.

Thus for ¢ we obtain

Q Q
a= = : (15)

z
2 Re (“—gf> plul Vs
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with Q given by (13). This is the equation used in published results for calculations

of a.
H. J. E. H. Pauwels
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RESEARCH OBJECTIVES AND SUMMARY OF RESEARCH

The research objectives of the radio astronomy group may be subdivided as follows:
1. Development of techniques for radiometry at millimeter wavelengths.

2. Observation of extraterrestrial radio sources, principally, but not exclusively,
at short centimeter and millimeter wavelengths.

3. Microwave studies of the terrestrial atmosphere and surface with application
to meteorological satellites.

4. A study of wide base-line interferometry at millimeter wavelengths.

During the past year work has progressed in all of these research areas, to a varying
degree. Significant results have included the construction of 4. 2-mm radiometer having
a bandwidth of 1.8 Gc/sec, and a sensitivity of approximately 1.5°K for an integration
time of 1 second. This radiometer incorporates a wide-band crystal mixer, which was
also developed under this program within the past year. A digital synchronous detector
has been designed and built. Work has progressed on a solid-state local oscillator, the
ultimate objective bemg a 5-mm source of local-oscillator power. At present a high-
efficiency quadrupler is in operation from 5 Gc/sec to 20 Ge/sec.

Because the over-all program is concerned with millimeter wavelengths, we must
have detailed knowledge of the transmission properties of the terrestrial atmosphere.
This has led to a program of atmospheric studies at wavelengths of 13, 5, and 4 mm.
Observations of the 13, 5-mm water-vapor line have been made over a small region cen-
tered on the resonant frequency in an attempt, thus far unsuccessful, to detect strato-
spheric water vapor. Further observations of the entire line will be made with a
multichannel K-band radiometer that is nearing completion. A program for studying
the molecular oxygen lines at high altitudes has also been started. A three-channel
5-mm radiometer has been constructed, and one balloon flight has been made. Other
flights are planned for the coming year. In conjunction with observations of planetary
radiation at 4-mm wavelength, measurements have also been made of atmospheric atten-
uation at this wavelength.

Three observing programs on extraterrestrial radiation have been initiated during
the past year: (i) measurements of Venus, Taurus A, Sun, and Moon at 11. 8 mm; (ii)
discovery of the interstellar OH line in the absorption spectrum of Cassiopeia A at
18-cm wavelength; and (iii) observations of Jupiter and Taurus A at 4.2-mm wavelength.
All of these programs will continue during the coming year, except that the K-band
observations will be expanded to cover the wavelength range 16-8 mm.

In the study of wide base-line interferometry we have investigated the degree of phase
coherence permitted by the terrestrial atmosphere and ionosphere as a function of fre-
quency, and the advantages to be gained by using "clipped signals" and digital data

*This work was supported in part by the National Aeronautics and Space Adminis-
tration (Grants NsG-250-62 and NsG-419); in part by the U.S. Navy (Office of Naval
Research) under Contract Nonr-3963(02)-Task 2; and in part by Purchase Order
DDL BB-107 with Lincoln Laboratory, a center for research operated by Massachusetts
Institute of Technology, with the support of the U.S. Air Force under Contract
AF 19(628)-500.
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processing to reduce the problem of gain instability of separated amplifiers.

A 10-ft precision parabolic antenna has been put into operation on the laboratory roof
and used in the 4-mm observations. The antenna is altazimuth mounted and controlled
in celestial coordinates by a PDP-1 digital computer. This whole system is now in oper-
ation.
A. H. Barrett, J. W. Graham

A. A 22-Gc BALANCED, CANONICALLY TUNED VARACTOR QUADRUPLER
WITH 50-mw OUTPUT POWER

To the best of the authors' knowledge the varactor multiplier that is described in
this report is the first successful realization of a symmetric, multiple-diode varactor
frequency multiplier at centimeter wavelengths. The quadrupler is capable of delivering
a power output of more than 50 milliwatts at 22. 2 Ge with an efficiency in excess of
13 per cent.

The circuit is unique in several respects. First, separation of even- and odd-
harmonic power into different parts of the circuit is inherently accomplished through
the use of a two-varactor balanced arrangement which increases the power-handling
capability by a factor of two. Second, canonical (noninteracting) tuning is provided in
the input, output, and idler circuits. Third, a combination of waveguide and coaxial
elements are utilized to achieve the desired separation of harmonic and fundamental
power.

The breadboard model of the quadrupler is shown in Fig. III-1. The coaxial

Fig. IlI-1. Partially exploded view of the 5.55-22. 2 Gc balanced quadrupler. The two
varactors are mounted across the waveguide and driven coaxially at the
center point. The idlers are tuned individually by the two coaxial stubs.
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Fig. III-2. Efficiency and power output versus input power for the 5.55-22.2 Gc bal-
anced quadrupler.

structures serve as the idler (11.1 Gc) tuning adjustments while simultaneously pro-
viding short-circuits at the guide faces at 5. 55 Gc and 22.2 Ge, independently of the
position of the idler tuning stubs. The third harmonic (16. 65 Gc) is open-circuited at
the input port by a quarter-wave series trap. The output is tuned and matched to the
load with a sliding backshort and an E-H tuner (not shown), and then filtered with a
simple cavity filter (to insure that all of the indicated output power is at 22.2 Gc). Input
tuning is provided by coaxial, double-stub tuners. The diodes are individually biased
from 1000 © ten-turn potentiometers supplied with 12 volts.

The power output and efficiency of the quadrupler is plotted against the input power
in Fig. IlI-2. Note that the efficiency rapidly climbs from 8 per cent to over 10 per cent
for a 3-db input-power increase from 50 mw to 100 mw and then levels off to a slow rise
to 13.5 per cent at 400-mw input. Calculations have indicated that the diodes begin to
overdrive at less than 80-mw input. The canonical tuning makes the adjustment of the
multiplier particularly simple. Saddle points and other tuning anomalies are absent;
in fact, with a very small sacrifice in efficiency, the quadrupler can be retuned for :nput
powers ranging from 30 mw to 500 mw with bias voltage adjustment alone.

Although the experimental quadrupler employs overdriven graded-junction varactors
(two matched, epitaxial GaAs varactors, Type D5047B, supplied by Sylvania Electric Pro-
ducts, Woburn, Mass. ), the theoretical results that are available on overdriven doublersl’2
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can be used to extrapolate from the existing abrupt-junction theory.3 If reasonable levels
of idler loss and input-output circuit loss are assumed, the measured efficiency is in
agreement with the theoretical efficiency. The overdrive ratio is fairly high (greater
than 5:1) without appreciable conduction current (less than 1 ma/diode at 50-mw output).

Recent measurements directed toward separation of diode losses and circuit losses
indicate that a considerable portion of the circuit loss is associated with the input double-
stub tuners, The magnitude of this portion of the loss is approximately 3-4 db. Thus
it appears that an improved input tuning structure may increase the efficiency by as much
as a factor of two. A new low-loss tuning structure has been designed and construction
is now in progress. '

The results verify the supposition that careful attention to design, together with
symmetric-circuit techniques, can remove a great deal, if not all, of the necessity of
having an "agile screwdriver" for successful operation of microwave varactor multi-
pliers. The multiplier presented no surprises other than pleasant ones and proved trac-
table and free of spurious oscillation.

Further results will be presented at the International Solid State Circuits Conference,
to be held in Philadelphia, February 19-21, 1964, and will be published in the Conference
Digest.

R. P. Rafuse, D. H. Steinbrecher
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B. DISCOVERY OF THE INTERSTELLAR 18-cm LINES OF THE HYDROXYL
(OH) RADICAL

Following the detection of the 21-cm line of atomic hydrogen in the interstellar
medium, Shklovskyl and Townesz both suggested that the A-doublet line of the ZII 3/2’
J = 3/2 state of the hydroxyl (OH) radical might be detectable. A search, in 1956, by
Barrett and Lilley was unsuccessful,” but this search was made without the benefit of
precise laboratory frequencies for the lines. In 1959, Ehrenstein, Townes, and
Stevenson4 measured the frequencies in the laboratory and obtained 1667.34
0.03 mc/sec for the F = 2 = 2 hyperfine line, and 1665.46 + 0. 10 mc/sec for the F =

1 = 1 line.
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With accurate values of the frequencies and the improved techniques that are now
available, another search was undertaken, in October 1963, as a joint experiment
between the Research Laboratory of Electronics and Lincoln Laboratory. M. L. Meeks,
S. Weinreb, and J. C. Henry participated from Lincoln Laboratory. The experiment
was performed with the 84-ft parabolic antenna at Millstone Hill Observatory, Lincoln
Laboratory, M.I.T., and made use of a digital spectral-line autocorrelation radiometer
that had been designed and built by Weinreb at the Research Laboratory of Electronics

TLLSTONE mIL. RADICMETER AVERALE PI1]
OURCE CAS A OCT g1 1963 TINE « 21-11-22 93
NUMBER OF RUNS TN AVERAGF -83

\ /\/,..\
o J]._ss ! f 5 %.n‘; A} : 15 } 15 %-'ﬁ
A Tc\/ V FREQUENCY

= KCfs

J.O.L i}

OPTICAL DEPTH

TEMPERATURE °K

Fig. III-3. A portion of the observed 1667 mc/sec OH absorption spectrum in Cassio-
peia A. The heavy line shows 8000 seconds of data taken with the antenna
beam directed at Cassiopeia, and the light line shows 6000 seconds of data
taken with the beam displaced slightly from Cassiopeia.

as part of his doctoral research program.5

Observations were conducted between October 15 and October 29, 1963, in the direc-
tion of the strong radio source Cassiopeia A, since this direction would yield the largest
observable effect for the least number of OH radicals in the antenna beam. The obser-
vation frequency was corrected for the Doppler shift resulting from the motion of the
earth and sun. The first night's observation gave strong evidence of a positive detection
of OH absorption lines in the spectrum of Cassiopeia A, and subsequent nightly obser-
vations furnished verification. Absorption lines corresponding to both OH lines were
found at 1665 mc and 1667 mc, with relative intensities in agreement with expected
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values. A 20-kc shift of the lines was observed between October 17 and October 29,
1963, which is in agreement with the orbital velocity of the earth and gives positive evi-
dence that the OH was extraterrestrial. One of the absorption lines is shown in
Fig. III-3.

The detection of OH provides radio astronomy with a second radio line, and will lead
to many comparison studies with the galactic H distribution as determined from 21-cm
research. The OH/H abundance ratio can be computed from our results, and gives val-
ues of 10_7. Our preliminary results have been published.6 Word of our discovery was
communicated to radio astronomers with the result that the Australian group confirmed
the detection within three weeks.

Observations of OH in other parts of the galaxy will continue at the Millstone Hill

Observatory.
A. H. Barrett
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Prof. C. H. Perry D. J. McCarthy J. P. Stampfel, Jr.
Jeanne H. Fertel E. C. Reifenstein III H. D. Wactlar

RESEARCH OBJECTIVES

The aim of this group is to continue the study of the properties of solids in the far
infrared. Transmission and reflection measurements at room temperatures of three
perovskite titanates have been completed. Temperature-dependent reflection measure-
ments in the range 77-700°K are to be undertaken on these materials above their Curie
temperatures to gain further understanding of their ferroelectric behavior. With this
end in view, the study is being extended to zirconates, hafnates, and other perovskites
that exhibit similar properties. Current solid-state research problems also include
the infrared spectra of some antiferromagnetic materials and some inorganic compounds
that have low internal molecular and lattice vibrations.

The study of low-temperature detectors for the 50-1000 p region continues in cooper-
ation with Professor R. C. Lord of the Spectroscopy Laboratory, M.L T.* Detector noise
measurements as a function of frequency are being undertaken to study the detectivity
of these bolometers and ascertain the optimum chopping frequency. The evaluation of
the performance of a commercial far infrared Michelson interferometer is expected to
be carried out in the near future, but this will have to await delivery of the instrument.
Interferometers should inherently make better use of the available energy than conven-
tional spectrometers; this should decrease the time for taking spectra, as well as pro-
vide better resolution. Some modifications in the instrument will be necessary in order
to make reflection studies and for low-temperature measurement, but these appear to

be minor.
C. H. Perry

A. FAR INFRARED REFLECTANCE AND TRANSMITTANCE OF POTASSIUM
MAGNESIUM FLUORIDE AND MAGNESIUM FLUORIDE

1. Introduction

Many compounds possessing the cubic perovskite crystal structure exhibit unusual
properties, such as ferroelectricity and antiferromagnetism. Knowledge of the nature
of the interatomic forces in the crystal should prove extremely useful in explaining these
phenomena. To make such information available, several s’cudiesl'5 of the far infrared
and Raman spectra of the perovskite titanates and the related rutile have been reported
recently. Some disagreement exists concerning the interpretation of these spectra. To
furnish additional data to help resolve the disagreement, and to facilitate the interpre-
tation of the electronic absorption spectral studies of the compounds made by one of us
(J. F.), research on the transmittance and reflectance spectra and the dielectric disper-
sion of potassium magnesium fluoride and magnesium fluoride was undertaken as a prel-
ude to a more comprehensive study of the vibrational nature of fluoride perovskites and

their "rutile" counterparts.

*This work is supported in part by the National Science Foundation (Grant G-19637).

QPR No. 72 31



(IV. FAR INFRARED SPECTROSCOPY)

2. Experiment

The room-temperature reflectances of potassium magnesium fluoride and magnesium
fluoride were measured by using unpolarized radiation from 4000 cm-l to 30 cm_l rela-
tive to the reflectance of a reference mirror coated with aluminum. Measurements were
also made on each material at 5 cm-l, with the use of a "Carcinotron" source of 2-mm
radiation at Lincoln Laboratory, M.I. T.; the samples were mounted at a 20° included-
angle bond in a light pipe, and the reflectances were compared with a reference mirror
in the same position. The results were in reasonably close accord with our low-
frequency far infrared measurements.

The infrared reflection spectra were recorded on a Perkin-Elmer Model 521 grating
double-beam spectrophotometer, equipped to scan continuously from 4000 cm_1 to
250 cm_l. A Perkin-Elmer reflectance attachment was used in this instrument, and
the reflectance data were recorded at an angle of incidence of approximately 15°. Below
400 cm-l, it was necessary to flush the instrument with evaporated liquid nitrogen to
remove most of the water vapor. A single-beam grating spectrometer, constructed in
the M. I. T. Spectroscopy Laboratory, was used for measurements below 500 cm_l.6
This instrument was improved by complete enclosure in a vacuum case7; this proce-
dure allowed water vapor to be entirely removed from the optical path and so provided
smooth background spectra. Again, the angle of incidence for the reflection measure-
ments was 15°. The samples used were grown at the Bell Telephone Laboratories, Inc.
The KMgF3 sample was a single crystal with a polished face approximately 0.5 inch
square. The Mng was not a single crystal and was more irregularly shaped, which
necessitated a slight vignetting of the beam. Transmission measurements over the
same range as for reflection were made on the two infrared instruments deccribed
above. The samples consisted of finely divided powders dispersed in KBr matrices
for measurements above 300 cm_l, and dispersed in polyethylene for measurements

below 600 cm ! o

3. Data Analysis

The real and imaginary parts of the complex dielectric constant, €' = n2 = kZ and
€" = 2nk (where n is the refractive index, and k is the absorption coefficient) were
obtained by transforming the reflectance data by using the Kramers-Kronig relation.8
-ie, where r = Rl/z, and R and 6(v)
are respectively the reflectance and the associated phase angle, the latter being given

by

In this, the reflectivity amplitude is given by re

2 w In [r(v')] dv’
Sl e
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The infinite integral was evaluated by representing ln r (v') by straight-line segments
between data points and programming the relationships for use on an IBM 7090 computer
at the Computation Center, M.I. T.

4. Discussion

Potassium magnesium fluoride possesses the cubic perovskite crystal structure,

9 and contains one molecule per unit cell.

which belongs to the space group O:l (Pm3m)
Each atom of the same element in the crystal forms an equivalent set, but the site sym-
metry of the fluorine atoms is D4h' while that of the magnesium and potassium atoms
is Oh'

In discussing the number and symmetry species of the active vibrational modes in
the perovskite BaTiO3, I_.ast1 breaks down thc twelve nontranslatory modes into one
triply degenerate set of three lattice modes (Flu) in which the Ti03 group oscillates as
an entity against the lattice of barium atoms and nine modes of vibration of a titanium
atom surrounded by a regular octahedron of 6 half-oxygen atoms. The last are treated
under the point group Oh and yield the result that there are two triply degenerate sets
of Flu infrared allowed modes fnd one triply degenerate FZu infrared forbidden set of
modes. Narayanan and Vedam, in reporting the Raman spectrum of strontium titanate,
disagree with Last's conclusion and assert that there are, in fact, 4 nontranslatory
triply degenerate sets of infrared-active modes, all of which belong to species Flu’
and they quote Rajagopal's10 treatment of the lattice dynamics of cubic perovskites as
substantiating this contention. We feel that they have misinterpreted this work, for
although Rajagopal states there are four triply degenerate fundamentals for a cubic
ABO3 structure, he does not specify to which symmetry species they belong. He does
indicate, however, that his determinant of order fifteen factors into three of order five
(indicating 5 triply degenerate oscillations, of which one is the acoustical or translatory

mode), and furthermore that the v, mode separates out. The cubic equation resulting

4

from the removal of the translatory mode and the v, vibration yields the three infrared-

active vibrational modes described by Last. !
We have used the following standard considerations to arrive at a conclusion that is

in agreement with Last's. The number of normal modes of a particular symmetry spe-

cies is given by n, the number of times the irreducible representation 1"i corresponding

to that species is contained in the reducible representation I'. The group theoretical

expression for n, is

n, = ‘11\1' Z h X! (R) X,(R),
p

where N is the order of the group, hp the number of group operations falling under the
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class p, X")(R) and Xi(R) are the characters of the group operation R in the represen-
tation I' and I"i, respectively, and

X;)(R) = UR(:tl +2cos ¢R).

Proper rotations by ¢ take the positive sign, and improper rotations take the negative
sign. For point group operations, UR is given by the number of atoms that remain
invariant under operation R. For space group operations, however, which are appro-
priate when considering crystals, UR is the number of atoms in the repeating unit (for
crystals, the unit cell) which, for a particular operation R, contains either the appro-
priate rotation axis, reflection plane or inversion center. When applied to KMgF3 (which

has an ideal cubic perovskite structure“), these considerations yield 4F " lFZu as

1
the symmetry species of the normal modes, of which one Flu is a translation and the

F
2u
ment with our experimental data. Figures IV-1 and IV-2 show the transmittance and

mode is forbidden in the infrared. We find that such a conclusion is also in agree-

reflectance spectra of KMgFS, and Fig. IV-3 shows the real and imaginary part of the
dielectric constant calculated from the reflectance data. The maxima of the imaginary
part yields the true resonant frequencies, and these are listed together with assignments
in Table IV-la. While we describe the various modes as bending and stretching, we
realize that they are not pure modes, and knowledge of the actual form of the vibrations
must await a complete normal coordinate analysis.

For magnesium fluoride, the tetragonal crystal structure is isomorphous with

TRANSMITTANCE (PER CENT)

600 500 200 300 200 100 0
WAVENUMBERS (CM™")

Fig. IV-1. Transmittance of KMgF3 in polyethylene films.
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Fig. IV-2. Reflectance of KMgF3.
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Fig. IV-3. K-K analysis of reflectance data for KMgF3.

cassiterite (SnOZ), belongs to the space group D;ﬁ [1°4Z/mnm],12 and contains two
molecules of Mng per unit cell. The magnesium atoms have DZh site symmetry, and
the fluorine atoms have CZV' Using the considerations outlined above, we find that the
vibrations belong to the following symmetry species of the D4h space group (D4h):
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Table IV-1. Frequencies (in cm_l) and symmetry of infrared
modes obtained from K-K analysis of the reflection
data for KMgF3 and for MgFZ.

vy 450
vy 295
vy 140
vy 435
vy 405
Vs 280
vy 265

lu

lu

1u

(a) KMgF3

MgF stretch
FMgF bend

K-(MgF3) stretch (lattice mode)

(b) MgF2
MgF stretch

MgF stretch — FMgF bend

pseudo lattice modes with Mg
moving one way and F in the
opposite direction

Alg + AZg + AZu
are infrared-active.

tions by Narayaman13

+B1g+B2g+ZBlu+E

and Matossi. L

g + 3Eu, of which only the A2u and 3Eu modes

This agrees with the results of the treatment of the rutile vibra-

The transmission and reflection spectra and the dielectric dispersion data for Mng

QPR No. 72

90

60

50

a0

30

TRANSMITTANCE (PER CENT)

1
800 700

L
600

| 1 1 | |
500 400 300 200 100 o

WAVENUMBERS (GM™")

Fig. IV-4. Transmittance of MgF, in polyethylene films.

36



(IV. FAR INFRARED SPECTROSCOPY)

90
80
Msz
~ 70
=
&
o 60
@
w
2 sof
w
2
Z 40
g
o
Y 30|
s
® 20 -
1o
fo) | | 1 1 1 | |
800 700 600 500 400 300 200 100 0
WAVENUMBERS (CM™')
Fig. IV-5. Reflectance of Mng.
22
20
18 Mg F,
16
14+
- l2f
Z 10
g
»w 8
3 o
o
o 4r
Eoep .
§ 0
w "2
o -4}
-6l
-8l
10
-12
-4 L I L | | L | |
800 700 600 500 400 300 200 100 [

WAVENUMBERS (cM™")

Fig. IV-6. K-K analysis of reflectance data for Mng.

are shown in Figs. IV-4, IV-5, and IV-6, and the resonant frequencies are listed in
Table IV-1b. The AZu and one of the Eu modes correspond to motions in which all of
the fluorine atoms are moving together in a direction opposite to that of all the Mg atoms.
There is, of course, no "lattice" mode corresponding to that for KMgF3. The two
remaining Eu modes can be considered as motions in which only the fluorine atoms are
moving appreciably. The stretching and bending modes are more difficult to describe
and less pure than for KMgF3, since the fluorines in MgF2 form an irregular octahedron
around the magnesium atoms and consequently the lattice is made up of interpenetrating
unit cells. Hence a mode in one cell which could be described as predominantly a
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stretching mode automatically gives rise to a predominantly bending mode in all of the
interpenetrating cells., Again, a full description of the form of the vibrations must await
a normal coordinate analysis for which the additional information regarding the frequen-
cies of the infrared-active modes must be obtained from the Raman spectrum,

We wish to express our thanks to Professor R. C. Lord of M. I. T. for his encourage-
ment in this work and for many helpful suggestions; to Dr. D. L. Wood of Bell Telephone
Laboratories, Inc. for useful discussions; to Mr. J. Ballentyne of the Insulation Labora-
tory, M.I.T., for reflection measurements at 5 c:m_1 taken at Lincoln Laboratory,
M.I. T., and for the use of his K-K analysis program, and to Dr. H. J. Guggenheim and
Dr. K. Knox of Bell Telephone Laboratories, Inc. for the crystal samples.

C. H. Perry, G. R, Hunt, J. Ferguson
(Dr. G. R. Hunt is now at the Air Force Cambridge Research Laboratories (CRFL),

Bedford, Massachusetts. Dr. J. Ferguson is at Bell Telephone Laboratories, Inc.,
Murray Hill, New Jersey.)
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T
S

B. INFRARED ABSORPTION SPECTRA OF CRYSTALLINE KZPtCI4

1. Introduction

Many fundamental frequencies of inorganic molecules occur below 400 cm_l. In

particular, the stretching and bending frequencies of metal-halogen bonds and lattice
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vibrations occur in this region. We have made a preliminary investigation of KZPtCI4
with a view toward extending this study to other complex halides. A similar solid-state
study of this molecule has been carried out recently by D. M. Adams and H. A. Gebbie,l
using a far infrared interferometer. There is some disagreement, however, in the
assignment of the infrared normal modes because we have found two additional infrared-
active vibrations that were not observed by the previous authors. Owing to the presence
of a center of symmetry in the unit cell of these crystals, there is a mutual exclusion
rule between the infrared- and the Raman-active modes. The Raman spectra of the
complex ion (PtC14)2— has been observed by H. Stammreich and R. Forneris,2 and the

assignment of the observed frequencies to the Raman-active modes can be made directly.

2. Experiment

Transmission measurements of crystalline KZPtCl4 suspended in polyethylene

matrices3 have been studied from 400 to 60 cm—l. The measurements above 250 cm_l

were made on a P-E double-beam spectrophotometer, and below 250 crn-'1 they were

recorded on the single-beam vacuum far infrared instrument.‘}'5 Preliminary investi-

gation at room temperature showed a strong band at ~320 cm-l, and two broad bands in
the far infrared. Further experiments with samples of various thicknesses showed that
the two broad bands were probably each split, and this was confirmed by transmission
measurements at liquid-nitrogen temperature, with the use of the Limit Research
90—

go—\\ = _e-mTTTTTTTe
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Fig. IV-7. Transmittance of KZPtCI4 in polyethylene from 60 cm™ "~ to 360 cm™ .
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Corporation low-temperature cell both in the P-E 521 and in the far infrared instrument.
The final results are shown in Fig. IV-7 for the sample of ~3 mg KZPtCI4 per square
centimeter run at ~300°K and ~100°K.

3. Discussion

The vibrational spectrum of Rn(XY4) molecules belonging to the Dt'lh space group
would be expected to consist of 5 nondegenerate and two doubly degenerate fundamental
modes for the (XY4)n- ion. The tetragonal crystal structure6 would cause the triply
degenerate lattice modes to split into a nondegenerate and a doubly degenerate lattice
mode.

Three Raman-active frequencies have been observed,2 in full agreement with the
selection rules, and the normal mode assignment can be made directly. Two doubly
degenerate and one nondegenerate mbde are active in the infrared, together with one
degenerate and one nondegenerate lattice mode as described above. Five infrared-
active vibrations have been observed in our results (see Fig. IV-7) and this is in full
agreement with the selection rules. The frequencies, vibrational assignment and a
short description of the motion are given in Table IV-2.

Macoll7 gives the approximate form of thesc normal vibrations and the symmetry

species, with which all previous workersl'2

and the present authors agree. Adams
and Gebbie,l however, in the assignment of their frequencies ignore the fact that they
may not have been able to resolve all of the bands and also the possibility that one of

the bands with which they associate an internal vibration may be a lattice mode. This

Table IV-3.
Frequency (cm-l)
Adams and This Species Qualitative description
Gebbie work
320 3211 E, PtC14 1. P. stretching
183% 190 % 5 E, PtCl, L P. bending
* .
93 170 £ 5 AZu PtCl4 O. P. bending
- 110 £ 2 AZu Lattice mode
— 89 +2 E, Lattice mode
*broad
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can be seen more clearly in Table IV-3, in which our results are compared with those
of Adams and Gebbie.

The complete removal of these ambiguities can only be accomplished by further
measurements on materials of similar structure. Consequently, work is already in
progress here on RbZPtCI4 and CsZPtC14. We would expect that the cation-(PtCl4) lat-
tice vibrations would be most changed, and we would expect to see the two lowest vibra-
tions shift to even lower frequency, and little change in frequency for those associated
with the Pt:Cl4 internal vibrations if our interpretation is correct.

Further study is proposed for the bromides of these materials, and also for PdII
and Aulll (in place of the PtII), in order to determine the low internal molecular and
lattice vibrations for all of these materials.

C. H. Perry, Jeanne H. Fertel
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V. ELASTIC AND THERMAL PROPERTIES OF SOLIDS

Prof., C. W. Garland
R. H. Renard
C. F. Yarnell

RESEARCH OBJECTIVES

There is a variety of problems in the physics and chemistry of solids in which pho-
nons (lattice vibrations) play an important role. The theory of lattice dynamics can be
used to calculate many bulk properties of a crystalline material if appropriate inter-
atomic force constants are known. The adiabatic elastic constants of a single crystal,
which can be measured with high precision by ultrasonic pulse techniques, provide direct
information about the dispersion curves and frequency spectrum at low frequencies, and
thus determine the low-temperature thermal properties. They also provide a way of
testing or evaluating the force constant parameters in various force models of a solid.

Recently, attention has been focussed on the elastic properties of crystals near
lambda-point transitions. There are "anomalous" changes in the elastic constants of a
solid near the critical temperature for an order-disorder transition; such chunges are
related to the detailed structural changes that occur and to the nature of the interatomic
forces involved.

Experiments performed in the past year showed that there are important variations
in the elastic constants of NH 4Cl around the lambda-point transition. These variations

are caused partly by the change in the volume of the lattice which occurs at the lambda-
point transition. To resolve these contributions, the pressure dependence of the elastic
constants of NH4C1 will be studied at several temperatures. A high-pressure system

capable of achieving pressures up to 10, 000 atmospheres has been built for this study.
A large constant-temperature bath was built in order to obtain good control of the tem-
perature down to -30°C. To improve the accuracy of the measurements, the ultrasonic
pulse method of H. J. McSkimin was adopted. Preliminary measurements of the elastic
constants of NH4C1 as a function of pressure at room temperature have been made.

NH4Br and KZSnCI6 have lambda-point transitions at a convenient temperature.
Crystals of NH4Br and KZSnCI6 are being grown. The elastic constants of these crystals

will be measured as a function of temperature and pressure and the results compared
with those for NH4C1.

C. W. Garland
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VI. GEOPHYSICS

Prof. F. Bitter Dr. J. F. Waymouth H. C. Koons
Prof. G. Fiocco R. J. Breeding R. G. Little

Dr. T. Fohl J. C. Chapman O. Redi

Dr. H. C. Praddaude G. W. Grams C. J. Schuler, Jr.

W. D. Halverson

RESEARCH OBJECTIVES

This group will be concerned with a variety of problems of geophysical interest,
including laboratory investigations of the properties of matter and radiation under
extreme conditions. The initial program includes two principal projects.

1. Planetary Radiation Belts

Theoretical and experimental studies will be undertaken to extend our knowledge of
the interaction of charged particles in a magnetic field, especially to include conditions
under which electric and magnetic forces are of comparable magnitude. These studies
should have a bearing on scattering, recombination, and radiation processes in very low
density plasmas.

Laboratory studies are planned for the investigation of the diffusion of charged par-
ticles in the fields of magnetic dipoles.
F. Bitter

2. Scattering of Light in the Earth's Atmosphere

Studies of the Earth's atmosphere by scattering of laser radiation will be pursued.
An important part of this program will involve studying the dust layers existing at an
altitude of 20 km and above. We are planning to take the apparatus to Sweden during
next summer to observe noctilucent clouds.

The possibility of using Raman scattering in order to obtain profiles of density and
temperature for various species in the lower atmosphere will be investigated.

The scattering cross section in the vicinity of an absorption line will be investigated
experimentally with a tunable laser.
G. Fiocco

A. TRANSITION FROM PREDOMINANTLY ELECTRIC TO PREDOMINANTLY
MAGNETIC BINDING IN THE HYDROGEN ATOM IN A MAGNETIC FIELD

Attempts to obtain complete solutions for the hydrogen atom in a magnetic {ield
thus far have been only partially successful, and will not be reported now. The
following simple semiclassical calculation of the effect of combined magnetic and
electric forces acting on electrons in circular orbits in a hydrogen atom with the
nucleus at rest indicates the kind of phenomena to be expected. For this case,
for the forces, we have

2y
_m_V__=_%+evB, (1)
r

r

and for the canonical angular momentum
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p=nﬁ=mr2<c.b-2££-). (2)

Upon eliminating the velocity, we obtain an expression for the radius

2 r4
nf=Lil (3)
b

where a is the first Bohr orbit

ﬁZ

_ -10
ke = 0.53 X 10 meter,

as

and b is the lowest cyclotron orbit radius

_3.62x 107° meter
B

b

This case is illustrated in Fig. VI-1. For small values of r and B, the radius is
independent of B. This is in accordance with the Larmor theorem, which states that,
to a first approximation, magnetic fields do not distort atomic configurations, but
merely produce the Larmor precession. At high fields and in large orbits in which

B (w/m?)

10° 1?'5 103 10 10°
|

10 " .
\ \ 102m 10 m
o7 LA™ 1 1 1

CONTOURS OF CONSTANT
RADIUS

Fig. VI-1. Radius of circular Bohr orbits with magnetic quantum
number m = %n plotted as a function of n and B.
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the electrostatic forces are negligible, the orbits approach the cyclotron orbits of free
electrons.
The total energy of the system,

_1 2 ke
E=gmv - i
may be put into the form
- 2_rxr | _lke
E —ipBB[u:t n a:l T (5)

r

For small orbits in weak magnetic fields n2 =3 and the energy is simply the zero-

field energy zn kB B. For large fields % « nz, and the energy becomes

E=2nPBB

when the magnetic moment is antiparallel (diamagnetic), or zero when it is parallel
(paramagnetic) to the applied field. In the diamagnetic case, the energy levels approach
the cyclotron or Landau levels.

2.0

1.5

2)

B (teslas,or w/m

Fig. VI-2. Magnetic moment of quantized circular orbits
in arbitrary magnetic fields.

The magnetic moment of the atom in these states is plotted in Fig. VI-2 in units nor-
malized to "n" Bohr magnetons. The density of energy levels, normalized to the corre-
sponding density of Landau levels, is plotted in Fig. VI-3. Note that the usually accepted
density of states of an atom in zero magnetic field, which rises to infinity as negative
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Fig. VI-3. Density of atomic-energy levels for circular diamagnetic orbits
in the vicinity of the ionization potential.

energies approach the ionization potential and is zero for positive energies, is a
"singular" or physically unachievable condition. In arbitrarily weak fields these par-
ticular states have a very low density for negative energies, and a constant density equal
to the density of L.andau levels for free electrons for positive energies.
This work was partly carried out at the Computation Center of the Massachusetts
Institute of Technology.
F. Bitter

B. AN INTERPRETATION OF SOME OPTICAL RADAR RESULTS*

Recent optical radar observations of echoes from the upper atmosphere have been
reported elsewhere by Fiocco and Srnullin.1 The results of several successive nights
of observations indicated, among other features, weak sporadic echoes at altitudes
between 110 km and 140 km; between 100 km and 110 km a noticeable reduction of the
returned signal was observed. The interpretation of the results reported here has been
developed in collaboration with Dr. Giusseppe Colombo, of the Smithsonian Institution
Astrophysical Observatory, Cambridge, Massachusetts, and the University of Padua,
Italy.

The results that are of present interest are shown in Fig. VI-4. The diagram gives

the observed radar cross section per unit volume, averaged over 10-km range intervals

*
This work was supported in part by the National Aeronautics and Space Adminis-
tration (Grant NsG-419).
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and over 13 nights during which observations were possible, from 17 July to 16 August
1963. The radar's wavelength is 0.694 micron.

We are concerned at present with an interpretation of the echoes obtained at heights
above 100 km, that is, with the presence of maxima in the radar cross section above
100 km, and of minima between 100 km and 110 km. The diagram results from averaging
the successive observations of each single night (several hundred pulses), and then
averaging again the results of the 13 successive nights, giving to each night the same
weight. A few remarks have to be made with regard to the accuracy of these determina-
tions. Some measure of accuracy is provided by the amplitude of the rms background
fluctuations, which is equivalent to 1.5 X 10~!3 (2/100)2 cm?/cm® (Z = height in km).
Because of slow recovery and nonlinearity of the photodetector, the sensitivity of the
receiver decreases with decreasing height. The effect is noticeable at altitudes below
90 km; the cross sections, as given in Fig. VI-4, are less accurate at this range. No
correction has been introduced, since the present discussion is limited to the resuits of
observations at higher levels. We note, however, that the echoes observed between
80 km and 90 km, at the mesopause, are indicative of cross sections much smaller than
those that would be expected in noctilucent clouds.2 and are in agreement qualitatively
with the measurements of Mikir‘ov.3 The appearance of these echoes could be related
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to the same process that is responsible for the formation of the noctilucent clouds.

It seems reasonable to assume that these echoes at higher altitudes are produced by
small particles, meteoroids. A knowledge of their shape and of the ratio of the size to
the wavelength is therefore essential in order to establish their individual cross sections.

10 ir 1, o
o - T,
N Q?X X(7rq )
. N amad
Q N 3
_ 2)‘0
A\ = 0.694 microns
|+
Fig. VI-5.
& Radar cross section No of N totally
ok i 1 radi
k reflecting spheres of equal radius a
—|x and constant volume Q.
0.1~
0.01|/0.1 I . 10
; . ——r 4 —
0.0l 0.1 almicrons)— |
RADIUS

For a particle much larger than the wavelength the radar cross section, o, is propor-
tional to the geometrical cross section and independent of wavelength; for dimensions
much smaller than the wavelength \, the scattering cross section decreases with -
dependence. In the intermediate region of sizes, large fluctuations occur. Values of
the ratio tr/TraL2 for totally reflecting spheres are given by Van de Hulst4 as a function
of x = 2ma/\. Suppose that a given volume Q is fragmented into N totally reflecting
spheres of radius a, the density remaining constant. The total radar cross section of
the N spheres, taken as independent scatterers, is

—garlf o
No = Q35 x( 2). (1)
Ta
A plot of %—Uf is shown in Fig. VI-5. As the wavelength of the radar is 0.694 micron,
Ta
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a reduction in size corresponds to a large increase in total cross section until an opti-
mum size (x= 1, a=0.11 micron) is reached beyond which the cross section decreases
very rapidly. Thus one may conceive that on its flight through the atmosphere a meteor-
oid undergoes progressive fragmentation in such a way that the collective radar cross
section of the fragments increases until an average optimum size is reached and that
further breakup, at lower heights, is responsible for a successive reduction of the
observed cross section.

In the real case the particles will not behave as totally reflecting scatterers; the
choice of spherical shape is unfavorable because it minimizes the geometrical cross
section for a given mass and is probably far from reality, since published photographs
of "fluffy" particles by Hemenway and Sobermam5 indicate very complex shapes. For
these filamentary shapes the radar cross section is much larger than the geometrical
cross section.

Since we are interested in obtaining from the measure of the collective radar cross
section an order-of-magnitude estimate of mass density and influx, but do not have any
measurement of individual radar cross sections, we shall assume that at some stage
in the descent the meteoroid breaks up into fragments of optimum size for observation
at the radar wavelength. We shall also assume that when the optimum size is reached,
the average radar cross section ¢ is 10 times larger than the average geometrical cross
section A.

Witt, Hemenway, and Soberman2 have collected particles from the mesopause. They
found a large number of submicron particles of a size that would not be expected to
scatter efficiently at wavelength A = 0. 69 micron, and that cannot exist in elliptical orbit
in the solar system, because of radiation pressure.

Some conditions of a purely mechanical character, which we have formulated but will
not present here, indicate that physically the following process is possible: A meteoroid,
with a radius of 10 microns or more, a density between 0.1 and 0.5,l and entering
velocity of 30 km/sec, will begin to fragment in sizes of0.1-0.5 micron at a height of
120-140 km {(which is above the height Z previously defined) if it has a crushing strength
somewhat higher than 10 dynes/cmz; these fragments of density close to one will keep
breaking up in flight downward into smaller crystals, typically of 0.02-0.05 micron, at
an altitude of 110-120 km, having reached a speed of approximately 10 km/sec, if they
have a crushing strength of the order of 100 dynes/cmz. The size distribution should
be variable with height, and the atmosphere would be working as a "filter."

On the bases of the radar observations and of the present model of fragmentation,
an attempt can be made to estimate the influx on Earth of meteoric material that is
undergoing fragiaentation and is of a size suitable for observation.

From the size population found by Hemenway and Soberman it can be established that
most of the total mass is obtained in sizes smaller than 0. l-micron radius. According
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to our model, all of this material is produced by fragmentation. Thus an estimate of
the flux based on these particles of larger size that are observable by optical radar at
higher altitudes accounts for most of the mass obtained at lower levels. Some of the
larger particles may well enter at lower speed in such a way that their contribution to
the total flux will be small.

Since the experiments have been performed in a period of high meteoric activity and
at night, a seasonal and diurnal rate factor affects the measurements. For the sake of
obtaining an order-of-magnitude estimate, we take the yearly average of the observed
difference in cross section between the maximum above 110 km and the minimum between
100 km and 110 km to be of the order of 10713
close to optimum, we shall assume an average radar cross section of the order of
7 X 10_'9 cmz, an individual mass of the order of 2.5 X 10—1
an average radial velocity of 5 km/sec. A total influx of the order of 6 X 104 tons a day

cmz/cm3. For particles of dimensions
4 . ]
gm, a density of 1.5, with

on Earth is thus obtained. It is unnecessary to emphasize the great uncertainty attached
to this estimate, in view of the scarcity of experimental data and the variety of assump-
tions. The number obtained is, however, in agreement with other published results. For
instance, it is in fair agreement, within an order of magnitude, with evaluations obtained
from measurements of meteoric impact on satellites by Dubin and McCr'acken.6 The
hypothesis of fragmentation may account for the relatively Jow influxes obtained on the

basis of Volz and Goody's twilight experiments.

G. Fiocco
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VII. NOISE IN ELECTRON DEVICES

Prof. H. A. Haus
Prof. P. L. Penfield, Jr.
Prof. R. P. Rafuse

RESEARCH OBJECTIVES

The purpose of the work on the noise performance of multiterminal-pair networks
(Quarterly Progress Report No. 68, pages 53-59) has been to ascertain the limiting noise
performance, as well as to determine appropriate measures of noise performance for
amplifiers with more than two terminal pairs. This phase of the work has been com-
pleted and the results were submitted to the Department of Electrical Engineering,
M.I.T., June 1963, as part of an Sc.D. thesis by W. D. Rummler. This thesis is to be
published as Technical Report 417 of the Research Laboratory of Electronics, M.I.T.

Our future effort will be concentrated in three areas. The first concerns the noise
performance of devices in which quantum effects are expected to be detectable or, in
fact, dominant. Because amplitude noise measurements cn the c.w. gaseous maser
oscillator are relatively convenient to make, the theoretical and experimental work will
be concentrated around this device.

(a) A quantum-mechanical analysis of the noise in optical maser oscillators will be
undertaken. The purpose of the analysis is to determine the limitations of the semi-
classical analysis, briefly summarized in this report.

(b) Measurements on the amplitude noise in optical maser oscillators will continue.
Our intent is to determine the noise level of "quiet" optical maser oscillators by refine-
ment of the existing apparatus.

(c) The sensitivities of various experimental methods for the determination of
amplitude noise of optical waves will be compared experimentally.

The second area of interest is noise in frequency multipliers, especially those made
from varactors. We hope to develop simple parameters to indicate the noisiness of a
signal and of a multiplier through which this signal passes, and then to compare the noise
performamce of various types of multiplier chains.

The third area of interest is the noise contribution of double-sideband degenerate
parametric amplifiers in a variety of applications.

H. A. Haus, P. Penfield, Jr., R. P. Rafuse

A. ANALYSIS OF NOISE IN OPTICAL MASER OSCILLATOR

With the aid of a semiclassical analysis, Lambl has shown that a gaseous laser with

a Doppler-broadened line obeys equations similar to those of the van der Pol oscillator.
Because of these results, it is reasonable to attempt to relate the existing work on noise
in van der Pol oscillators to fluctuations in the optical maser. If one considers a maser
oscillating in a single mode and if one dis-

regards the coupling to other modes of the

optical cavity, one may represent the dynamic

cC F L G_ G t in behavior of the amplitude of the oscillation
by the equivalent circuit of Fig. VII-1. The
nonlinear negative conductance of the maser

Fig. VII-1. Equivalent circuit. material has the assumed voltage dependence
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G_=G_(1-a<V?>), (1)

where the angular brackets represent a(short-)time average over a few cycles of the
optical frequency, and a is a constant. The conductance G represents the losses and
external loading of the optical cavity. The inductance L and capacitance C of the cir-
cuit resonate at the optical-cavity frequency w i their magnitude with respect to G is
determined by the "cold" cavity Q. If one intends to represent microphonics as caused
by the vibration of the mirrors, an important contribution to the frequency modulation
of the optical maser output, one would have to vary L and C in time, keeping their ratio
fixed if the Q remains unaffected by these variations. Here we shall disregard such
effects in the belief that they may not contribute to the amplitude modulation of the maser
output. The noise current generator incorporates the fluctuations associated with thermal
effects (negligible in the case of an optical maser) and with the emission of the active
material. If one disregards changes in in that are due to the nonlinearities of G_, one
may use for it the well-known valuez'4 associated with the spontaneous emission in a
linear, active material. The mean-square fluctuations within the frequency increment
AV are

i% = 04G_hvav. (2)

n m
Here, a(=1) is a factor accounting for the incomplete inversion in the maser medium.

1
a=1+% ' (3)

hv
exp(—\ -1
ey

where Tm is the (equivalent) negative temperature of the maser medium. To the equiv-

alent circuit of Fig. VII-1 one may apply the theory of noise in a van der Pol oscillator,5

One assumes the time dependence of the voltage

V{t) = R(t) cos [wot-e(t)]. (4)

Furthermore, one notes that R(t) and 6(t) are relatively slow functions of time. Finally,
one treats the case of low noise, for which

R(t) =R0+Rl(t). (5)
Here,

Rl(t) & Ro

0(t) = ©_ + 8 (1), (6)

where el(t) is a slow.function. Under these assumptions, for the steady-state ampli-

tude Ro one finds
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(7

and for steady-state phase 90

8, = const. (8)

The noise terms R, and 6, satisfy the (approximate) differential equations

° O 1 din
R, +=R, = -—=(—=2 sin (v _t-9 ) (9)
1 Q 1 wOC dt o) o
di
o 1
R6,=-5¢ <d—t“ cos (wot-80)>, (10)
o
where
woC
LIS,
Q - Gm - G 4 (11)

Here, Q' is the "hot Q" of the oscillator. Near threshold it varies between a value much
greater than the "cold Q" to a value comparable with it. The spectra of Rl and 91 can
be obtained from Eqs. 2, 9, and 10. Defining the spectral density of the driving noise
current generator, WO(V), by

iZ
=0
WO(V) =5Av (12)
one has )
%
Wgp () = ——2—, (13)
1 Cz[wzmg/Q,z]
with w = 2™v, and
1
-— W
2 ol
Wq (v) = - . (14)
17 TR%c? WP

A measurement with a photocell or photomultiplier on the light output of a single maser
detects only WR (v). The mean-square fluctuation R| may be obtained from the integral
1

. . 2 .
over all frequencies of WR (v). For the modulation ratio m~ one finds
1

3
Z_Rl ~ ahVO Gm e
" TRE T IR Gt G
o 270 m

QPR No. 72 55



(VII. NOISE IN ELECTRON DEVICES)

The output power may be expressed in terms of an external Q, Qe:

w C
ol

e

One may assign a bandwidth Aw_ to l/Qe by
Ame = wo/Qe. (17)

Then the modulation ratio becomes

2 aﬁVOAwe Gm
m = 5 G -G (18)

One can make estimates as to the magnitude of mz. Taking the He-Ne visible maser
line at 6328 [o&, Awe =10° me, and an output power of 1 pw, one has
G
m2=aG—T—G 1.9x 107>,
m !

(19)

The factor aGm/(Gm-G) is greater than unity. We believe that a value of m2 as obtained
here is within reach of achieved experimental sensitivities.
H. A. Haus
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B. OPTIMUM NOISE PERFORMANCE OF MULTITERMINAL AMPLIFIERS

This report is an abstract of an Sc.D. thesis, Department of Electrical Engineering,
M.I.T., August 19, 1963, which will appear as Technical Report 417, in January 1964.

The problem is to find the optimum noise performance that can be achieved from a
linear multiterminal-pair signal source used in the most general linear way with a linear
multiterminal-pair amplifier; this optimum performance is achieved at a single-output
terminal-pair in a narrow band of frequencies. The most general linear way in which to
use such a source and amplifier is to imbed both networks in an arbitrary linear lossless

network and take the output through this network. The optimum noise performance of
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such a system is defined as the maximum signal-to-noise ratio that can be achieved at
large exchangeable signal power. It is shown that this is a meaningful criterion for any
system that is to deliver ultimately an amount of signal power considerably greater than
kToAf, the noise power available from a room-temperature resistor in the same band-
width. The techniques described can be used, however, to determine the maximum
signal-to-noise ratio that can be achieved at any value of exchangeable (or available)
sigt 1 power.

The discussions are simplified by presenting the results in a plot with noise-to-
signal ratio and the reciprocal of exchangeable signal power as coordinates — the noise-
performance plane. This plot is useful for examining the noise performance of any
linear system. The noise performance of a conventional two-terminal-pair amplifier is
examined on this plane. Such a system defines two points in the noise-performance
plane: one by the noise-to-signral ratio and exchangeable signal power of the source; and
another by the noise-to-signal ratio and exchangeable signal power at the output. In
terms of these two points, noise figure, exchangeable-power gain, and noise measure
are given a geometrical interpretation in the noise-performance plane.

It is shown that the noise performance — signal-to-noise ratio and exchangeable
signal power — that can be achieved by imbedding a multiterminal-pair source and a
multiterminal-pair amplifier in an arbitrary lossless network can also be achieved by
imbedding the source in an arbitrary lossless network to reduce it to a one-terminal-
pair source and using this one-terminal-pair source to drive an arbitrary lossless
reduction of the amplifier. Thus the optimization problem can be solved by considering
separately the noise performance of the source and the noise performance of the ampli-
fier. For this reason, the problem is attacked by considering a set of problems of
increasing difficulty. First, the noise performance that can be achieved with a noisy
(positive or negative) resistance used in conjunction with a one-terminal-pair source is
examined. The points in the noise-performance plane that can be achieved at the output
of such a system all lie on a straight line through the source point with a slope equal to
the exchangeable noise power of the resistance. Subsequently, the problem of the noise
performance of a multiterminal-pair amplifier used with a one-terminal-pair source
is considered. After the noise performance of a multiterminal-pair source imbedded
in an arbitrary lossless network has been examined, the general noise-performance
problem can be solved by inspection.

With this work used as a basis, definitions are given for the noise figure,
exchangeable-power gain, and noise measure of a multiterminal-pair amplifier that is
used with a multiterminal-pair source. These quantities are derived and/or interpreted
by comparing a system with its noiseless and "gainless" equivalent — its equivalent
source network.

The optimization procedure is extended to multifrequency networks coupled in an
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arbitrary manner by a lossless nonlinear device that obeys the Manley-Rowe formulas.
In this context, the optimum noise performance of an ideal (lossless) double-sideband
parametric amplifier is examined for both the cases in which the noises in the two side-

bands are uncorrelated and partially correlated.
W. D. Rummler
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VIII. MAGNETIC RESONANCE

Prof. J. S. Waugh J. W. Riehl D. S. Thompson
J. D. Macomber C. G. Wade

RESEARCH OBJECTIVES

The activity of this group is centered on the study of the structure and atomic dynam-
ics of solids and fluids through experiments on nuclear and electronic magnetism. Work
is under way on six specific projects.

1. Structure of Liquid Dielectrics

Nuclear spin Hamiltonians of interest in magnetic-resonance experiments can be
expressed in terms of spherical tensors of rank 2, a circumstance that arises because
the nuclear moments involved are magnetic dipole and electric quadrupole. The secular
interactions, which give rise to shifts and splittings of the nuclear Zeeman levels, thus
have scalar parts and parts that depend cn the orientation of molecules through Yim(e, ).

In ordinary liquids, rapid molecular reorientation makes the anisotropic terms unob-
servable, inasmuch as the average of Ylm over a spherically symmetric probability

distribution vanishes. In a polar liquid subjected to an electric field, however, the prob-
ability distribution is no longer exactly spherical, and one expects to see small pertur-
bations of the nuclear-resonance spectrum which depend on electric field intensity E

2
and temperature T as (E/T)", and also on the local order in the liquid produced by
intermolecular forces. For molecules of known properties it becomes possible to meas-

ure such averages as Y20 through the nuclear-resonance spectrum. This information,
together with a knowledge of Y0 obtained from dielectric studies, is expected — for the

first time — to provide detailed information about the degree and type of local order pro-
duced by molecular interaction in dielectric liquids. It is also expected that such exper-
iments will throw light on the mechanism of electrical conduction in insulating iiquids.
The present state of our experiments is described in this report.

J. D. Macomber, J. S. Waugh

2. Magnetic Relaxation in Gases

Nuclear relaxation in monatomic gases such as helium is exceedingly slow, a fact

that has suggested the use of He3 nuclear moments in navigational gyroscopes. We
are studying the mechanisms responsible for such relaxation by performing tran-
sient magnetic-resonance experiments on gases at high pressures for which the relaxa-
tion is rapid enough to be measurable. We are even more actively studying nuclear
relaxation by similar methods in simple polyatomic gases, in which there are stronger
mechanisms arising from the anisotropy of the forces between colliding molecules. We
are at present attempting to get a detailed picture of these forces in the simple proto-
type system of hydrogen deuteride gas at low temperatures. We hope, in collaboration
with Professor Irwin Oppenheim, to arrive at an exact theoretical connection between
nuclear relaxation times and intermolecular forces for simple systems.

C. G. Wade, J. S. Waugh
3. Transport Properties of Dense Fluids
For a long time, a great deal of theoretical attention has been devoted to the general
problem of the nonequilibrium properties of liquids and dense gases. Despite the fact

that diffusion, viscosity, thermal conductivity, and so forth, are among the most clas-
sical subjects of experimental physical chemistry, almost none of the work that has been
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done is of direct use in testing transport theory. This is because of the necessity of
low temperatures and/or high pressures for obtaining high densities of fluids composed
of single atoms or small molecules. Also, one would like experimental values of trans-
port coefficients over wide ranges of temperature and density, since one would expect
transport theories to do a better job of predicting the form of temperature and density
dependences than of giving numerical values of the transport coefficients. Fortunately
the experimental difficulties of the classical methods are largely obviated, in the case
of diffusion, by the spin-echo technique of nuclear resonance. We have already used
this method to study the temperature dependence of self-diffusion in liquid ethane over
an extremely wide temperature range (see Quarterly Progress Report No. 64, pages 37-
39). We have now completed and tested a system for extending the same type of meas-
urements to high pressures. It will be used initially to study the experimentally con-
venient liquids CH4 and CZH(:’ and will then be extended to monatomic and other

polyatomic liquids.
J. W. Riehl, J. S. Waugh

4. Atomic Motion in Solids

Thermal relaxation of nuclei in solids typically occurs through the agency of mag-
netic dipole-dipole interactions, randomly modulated by the motions of nuclei with
respect to one another. In general, it is assumed that the time autocorrelation function
G(T) describing the statistical fluctuation of these interactions .##(t) is an exponential,
described by a correlation time TG

() =) Hwn) D= | HW)|F explor/x ).

This assumption, applied to solids whose atomic motions are thermally activated so that

Te = Teo exp(E/kT), has been very successful in identifying the atomic motions that occur

and determining the energetic barriers E that hinder them. An example from our recent
work is described in this report.

In general, where correlations exist between the motions of neighboring nuclei or
where the motion is complex in character, the assumption that a single correlation time
exists is certainly not correct. The nuclear relaxation time is still a measure of the
correlation function, being directly related to its Fourier transform evaluated at the
experimental resonance frequency. We are beginning a series of studies of relaxation
in various solids with the object of mapping out the correlation function experimentally
and finding out what sorts of departures from exponential behavior do occur typically.
Such work requires observing the relaxation of nuclear magnetization toward equilibrium
in an applied magnetic field whose strength is variable from a few to many thousand
oersteds. The usual procedure is to polarize the sample in a strong field and then
reduce the field quickly to the desired value. After a time, the field is restored to a
large value and the remaining magnetization is measured by means of a free-induction
decay or an adiabatic fast passage. Alternatively, the desired low magnetic fields can
be obtained in the rotating frame by means of Solomon's "spin-locking" procedure.

J. S. Waugh
5. Electron-Spin Resonance

A good deal of interest exists in the properties of magnetically dilute solutions of
transition metal ions in diamagnetic crystals, partly because of the applications of such
systems to optical masers. We are carrying out some optical and X-band electron spin-

resonance studies on the ci‘1 ion Cr"'2 in CaF, and SrF, single crystals. The object of
this work is to obtain an analysis of the Jahn-Teller effect through its influence on the
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F19 hyperfine interaction at low temperatures. We are also carryirg on some electron
spin-resonance work on solutions of rare-earth metals in liquid ammonia in the hope of
throwing some further light on the structure of these peculiar conducting liquids (see
this report).

D. S. Thompson, J. S. Waugh

6. Mdssbauer Effect

Isomer shifts and quadrupole splittings in recoilless gamma-ray spectra are known
to be related to the electronic structure of solids, but the theoretical interpretation of
these quantities ab initio is very difficult. We have done some preliminary studies of a
number of solid monosubstituted ferrocyanides having a range of tetragonal crystal field
strengths in an attempt to establish semiempirical criteria for the discussion of chemical
bonding. This work is now dormant, but results obtained thus far are partially discussed
in a paper that has been submitted to Applied Optics.

F. Mannis, J. S. Waugh

STATUS OF CURRENT PROJECTS
1. NUCLEAR MAGNETIC RESONANCE Or POLAR LIQUIDS IN ELECTRIC FIELDS

Detection of the small effects of dipolar interactions and anisotropy of chemical shift
on the nuclear magnetic resonance (NMR) spectrum of a liquid subject to an electric field
requires the greatest possible spectral resolution. In sample cells of most practical
designs the applied magnetic field is made inhomogeneous by the presence of the cell
structure and the sample itself, both of which have magnetic susceptibilities different
from that of the surrounding air. Small currents flowing in the sample also produce
inhomogeneous magnetic fields of their own. After much experimentation, we seem to
have solved the first of these problems by constructing long cylindrical cells containing
the sample liquid in a long cavity of rectangular cross section. The cell body is cast
from an epoxy resin that has been doped with rouge until its volume diamagnetic sus-
ceptibility matches that of the sample. The electrodes are sufficiently thin that they do
not appreciably distort the magnetic field. As far as the magnetostatic problem is con-
cerned, the sample cell can then be treated as an infinite homogeneous cylinder, inside
which the field is uniform. We have also tried long concentric glass cells in which the
sample and electric field appear in a thin annulus. The glass is coated with a chemically
inert semiconducting film (courtesy of Dr. D. W. Rice of the Corning Glass Company).
Such a cell avoids, in principle, both sources of field inhomogeneity mentioned above.
But it must be rapidly spun about its cylinder axis in order to average out the line broad-
ening that arises because the relative directions of the electric and magnetic fields are
different in different parts of the cell. This averaging reduces the observable effects
of the electric field on the NMR spectrum by a factor of four. This, together with the
complications inherent in making the necessary electrical connection to a rotating cell,
have resulted in our preference for the, perhaps less elegant, parallel-plate geometry.
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The above-mentioned sorts of spurious line broadening, as well as other forms of
interference, always occur to some degree when a strong electric field is applied to a
liquid whose steady-state NMR spectrum is being examined. Rather than trying to dis-
entangle the desired shifts and splittings from these adventitious effects by direct exam-
ination of changes in the NMR line shape, we are now employing a sideband technique.
Instead of a constant electric field, we apply an audiofrequency alternating field,
Eo cos w t. Its effects are conveniently described with reference to the proton resonance
of CH3N02. on whicn much of our work has been done. In the alternating field the res-
onance, previously a single line, splits into a triplet of intensity ratio 1:2:1 and spacing
3DHH' At the same time, sideband resonances appear at :L—Zwe from the main resonance.
These resonances have the form of doublets of spacing 6DHH. Their amplitudes contain
a component oscillating at the frequency Zwe with intensity proportional to a product of
Bessel functions: Jo(k) Jl(k)' where the modulation index k is given by k =
const, X Ecz/we' These sidebands are not present at all unless the desired electric~
field splitting exists, and their intensities, suitably measured with a lock-in detector
operating at the frequency Zwe. measure DHH' Calibration is conveniently made by com-
parison with a magnetic field modulation sideband of like frequency. In order to increase
the time during which the weak signals can be integrated, it is convenient to lock the
spectrometer into resonance by means of still another magnetic sideband, after the fash-
ion of Freeman and Anderson. ! The equipment for accomplishing this rather involved
situation has now been built and successfully tested, although refinement still continues.

A preliminary account of this work was given at the Eighth Jugoslav Summer School
of Physics, in Hercegnovi, September 1-7, 1963, and will be published in the Proceedings
of this conference.

The polarization of a liquid by an electric field introduces into the spin Hamiltonian,
among other things, a dipolar interaction for each pair of nuclei:

(1j) _ T
3q" = Dy L= 35050
where

2
v;v;h

. S

D.. = r?. <P2(coseij)/.

1)
1

Here, eij is the orientation of the internuclear vc-tor Eij with respect to the magnetic
field H. The average with respect to eiJ is related to the averaging of the molecular
dipole moment p in the electric field E (described by an angle ¢) as follows:

<P, (cos eij)> = <P2(cos ¢)> P, (cos a) P,(cos B,),
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where a is the angle between E and g, and ﬁi. is that between B and Eij‘ Observation
of dipolar splittings in the NMR spectrum of a molecule of known structure thus permits
a determination of <Pz(cos ¢)>. Both this quantity and <cos¢>, which for highly polar
liquids is approximately obtainable from the dielectric constant €:

(e-i) E
e (¥
<cosy>= N)'

4T
are characteristic of the angular distribution of molecules in the electric field. For a
fluid without intermolecular forces, this distribution is proportional to exp(RE cos $/kT),
and leads to

rE

2
RE
<cosy> = %(-ﬁ). <P2(cos ¢)> = %(ﬁ) o

In dense fluids, in which intermolecular forces are important, either of these may be
made consistent with experiment if E is replaced by an "effective field" F that is imag-
ined to represent the effects of neighboring molecules. For this concept to be physically
meaningful, the same value of F must be used in both of the above-mentioned averages,
and leads to the requirement

ns <P2(cos ¢)>/<cos¢>z =%.

The combination of the electric-field NMR experiment and measurements of dielec-
tric constant thus provide a measure of the extent to which specific intermolecular forces
ca:use the distribution function to depart from a basically independent-particle form
describible by an effective field. Such departures may in fact be very large: The results
obtained by Buckingham and McLauchla.n2 on the moleculeg-nitrotoluene, together with
the dielectric constant (estimated to be 20.5 + 0.5 at the temperature of their NMR
experiment), give n= 4.

The absolute value sign on this result reflects the possibility that certain rather spe-
cial types of local ordering in the liquid might lead to a negative value for Pz(cos ¢). Such
a situation (considered very unlikely in this case) would require a reversal of the argu-
ment by which the above-mentioned authors have determined the absolute sign of the indi-
rect spin-spin coupling constant Jij’

J. D. Macomber, J. S. Waugh
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2. NUCLEAR RELAXATION IN XENON TETRAFLUORIDE

The spin-lattice relaxation time Tl of the F19 nuclei in polycrystalline XeF4 has
been measured between approximately 77°K and 400°K. (See Fig. VIII-1.) At low

Fig. VIII-1. Spin-lattice relaxation of F19 in crystalline
XeF4. The relaxation time, Tl’ is plotted

on a logarithmic scale against the recipro-
cal of the absolute temperature. Measure-
ments were made at 30 mc. The straight
line is drawn for an activation energy for
molecular motion of 12. 0 kcal/mole.

1
45 4,0 3.5 3.0 2R S)
16/ T (k)

temperatures Tl is roughly constant at approximately 103 sec, but at higher tempera-
tures it drops proportionally to exp(E/RT). The activation energy is 12.0+ 1.5 kcal/mole.
The molecular motion responsible for relaxation is evidently an activated reorientation
of XeF4 molecules in situ, These results are consistent with a previously reported line-
width transition in the neighborhood of 250°K. Details have been submitted for publica-
tion to the Journal of Chemical Physics.

C. G. Wade

3. ELECTRON-SPIN RESONANCE OF METAL-AMMONIA SOLUTIONS

The well-known blue solutions of alkali metals in liquid ammonia exhibit a single
sharp paramagnetic resonance absorption. This single resonance has been attributed
to "solvated free electrons" formed, for examole, in the reaction:

+ NH

ot -
Nametal) ¥ NH3 (13quid) = N3(inliq. NH,) * ©(solvated) 3 (liquid)’

There has been considerable speculation concerning the degree to which the metal
ions and the "solvated electrons" are associated. Knight Shifts of the Na23 resonance
indicate an appreciable spin density of "solvated electrons" at the sodium nucleus in
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sodium-ammonia solutions. This has led to a model that considers the electrons to be

very closely associated with the sodium ions in solution — forming "expanded atoms.”
Indeed, concentrated solutions of metals in liquid ammonia have a metallic luster, and
are very metallic in their electrical properties.

We have prepared and measured the paramagnetic resonance spectra of solutions of
Europium metal in liquid ammonia. It was predicted that this rare-earth metal-ammonia
system, which is qualitatively similar to alkali metal-ammonia systems, might further
elucidate the electronic structure of metal-ammonia solutions, in that the Europium
cations as well as the "solvated free electrons" might be expected to exhibit paramag-
netic resonance absorption. This has been found to be the case.

Work is now in progress to measure the line shapes and linewidths of these para-
magnetic resonance spectra of Eu-NH3 as a function of concentration and temperature.
Future work will include study of the absorption spectra of these solutions from the near
infrared to the ultraviolet.

Recent experiments indicate that Eu metal may also dissolve in very pure tetrahy-
drofuran and dimethoxyethane, thereby giving blue solutions. It may also be possible
to study metal-ammonia solutions of other rare-earth metals.

D. S. Thompson
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IX. X-RAY DIFFRACTION STUDIES

Prof. B. E. Warren
R. L. Mozzi

RESEARCH OBJECTIVES

The work of this group is concentrated on the application of x-ray diffraction methods
to the study of problems of interest to solid state physics. Applications of current inter-
est are:

1. The determination of interatomic force constants and elastic-wave frequency dis-

tributions in simple structures from a measurement of the temperature diffuse scattering
of x-rays. An application to gold is now in progress.

2, Measurement of long-range and short-range order parameters in binary alloys
that show order-disorder changes. A new interpretation of short-range order in Cu3Au
is developing from present studies.

3. Studies of the imperfections that characterize the structure of real materials, in
particular the nature of cold work in a deformed metal. Present applications are to the
study of deformation in ordered Cu3Au.

4. Development of the technique for x-ray diffraction study of the structure of non-
crystalline materials. Present application is to the simple glasses SiOz and B203.

B. E. Warren
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X. SOFT X-RAY SPECTROSCOPY

Prof. G. G. Harvey

RESEARCH OBJECTIVES

The soft x-ray spectroscopy program has as its objective the experimental study of
the structure of the conduction band of electrons in a series of metals, particularly the
alkalis, alkaline earths, and some of the transition metals. The filled portion of such
a band can be studied by observing the emission spectrum produced by transitions from
this band to the nearest available sharp levels below this band. In most metals this cor-

responds to an energy in the range 15-250 ev (wavelength in the range 900-50 A), so that
techniques of extreme ultraviolet vacuum spectroscopy need to be used. The energy
widths of these bands usually lie in the range 2-10 ev.

In order to avoid serious contamination of the metal that is being studied, an ultra-

high vacuum (5 X 10"10 Torr) spectrometer has been constructed. Another feature of
the device is the elimination of the usual ruled grating as a dispersing element. Anal-
ysis of the emission spectrum is accomplished by using a neutral atomic beam from
which photoelectrons are ejected after absorption of the x-rays to be analyzed. This
instrument has been completed and some preliminary tests have been run.

This project is temporarily inactive because of lack of manpower.
G. G. Harvey
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XI. MECHANISM OF ENZYMATIC REACTIONS*

Prof. G. G. Hammes
J. E. Erman
T. B. Lewis

RESEARCH OBJECTIVES AND SUMMARY OF RESEARCH

In recent years, considerable effort has been expended in the elucidation of biochem-
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