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SECTION A

INTRODUCTION

This Fourteenth Annual Report includes information briefly
describing the total research activity related to the science of
materials at Stanford University dufing the period July 1, 1974,
through June 30, 1975.

This report contains brief descriptions of the various
individual research programs active during the period July 1974,
through June 1975. The organization of such a large and varied
compilation presents a serious problem. Many programs are
cooperative and involve several faculty members, and there are
many faculty members with catholic interests, so that arrangement
by subject area becomes cumbersome. It waé decided that the
simplest and most straightforward way to encompass Stanford's broad
activities in this area would be an alphabetical arrangement by
principal investigator. In addition to brief abstracts relating to
the various research programs, compilations arekincluded of publi-
cations, doctoral dissertations,. faculty and senior staff members,
research associates, graduate students and degrees awarded. Finally
a name index has been added for convenience in locating references
to the activities of specific individuals.  From this compilation,
it can be seen that research on materials and related problems is
being conducted within twelve different academic departments as well

as in the Hansen Microwave Laboratory.

The research described'herein received financial suppdrt from
many different sources. “As indicated in their descriptions, some of
the research programs were supported by private sources. However,
most received support from one or more of the following agencies of

the United States Government.



Atomic Energy Commission

Defense Advanced Research Projects Agency
Department of the Air Force

Department of the Army

Department of Commerce

Department of Health, Education and Welfare
Department of the Interior

Department of the Navy

Department of Transportation

Energy Research and Development Agency
Environmental Protection Agency

National Aeronautics and Space Administration
National Bureau of Standards

National Science Foundation

In addition to the direct support of individual research
programs by the agenciés mentioned above, broad-base core support was
furnished by the National Science Foundation through its Materials
Research Laboratory (MRL) Program under Grant No. DMR 72-03022 (formerly
GH-33630), administered by the Center for Materials Research (CMR),
during this past year. Prior to July 1972, this core support was provided
by the Advanced Research Projects'Agency through its Interdisciplinary

Laboratory (IDL) Program.

Besides contributing to the direct support of many individual
materials research programs, core funds from this source have been used
to help pay the capital costs of some of the laboratory and office space
in the McCullough Building. Also of particular importance has been the
financial assistance received through these programs for the establish-
ment and operation of a group of vital Central Facilities, which
provide a truly unique service to the whole materials research

community at the University.
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SECTION B

MATERIALS RESEARCH PROGRAMS

1, ELASTIC AND THERMAL PROPERTIES OF COMPOSITE
MATERIALS

Andreas Acrivos, Professor of Chemical Engineering

Graduate Students:

H, -S. Chen J. P, Muth
F, A, Gadala-Maria G. G, Poex
M, J. Hommel R. W. Watkins
T, S. Lo G. K. Youngren

S. Moosman
*Re ceived Ph, D, during report
period.

Agency Support:

NSF GK 36515X and GK 43608

NSF GK 41781 .

EPRI-RP-314-1

Technical Objective:

To develop a theory (substantiated by experiments) for pre-
dicting the bulk elastic and thermal properties of composite ma-
terials containing dissimilar constituents. Specifically, the aim is
to investigate in detail those cases in which the addition of rela-
tively small amounts of a suitably chosen foreign substance can alter
substantially parameters such as the effective bulk elastic modulus
and the effective thermal conductivity of a simple solid both at
steady-state and during the transient regime, as well as to study
concentrated composites in which there exists a strong interaction
- among the individual elements comprising the dispersed phase,
The ultimate objective of this work is to provide a rational basis
for designing composite materials having desired elastic and
thermal properties, e.g., composites having high tensile strength
but low weight, or composites which are high conductors of heat in

one direction, but act as insulators in the other.



Research Report:
(1) Elastic Properties of Composite Materials Containing Solid

Spheres
Graduate Student: H, -S., Chen

A theory has been developed for predicting the effective
elastic moduli of composite materials containing small solid spheres
in moderate concentrations, This was achieved by applying a tech-
nique recently described by Jeffrey for the analogous heat conduc-
tion problem, Experiments are being performed to test the theo-
retical predictions in the more dilute range and to provide much

needed data for extending the theory to the concentrated regime,

(2) Thermal Properties of Composite Materials Containing

Slender Inclusions
Graduate Student: H, -S, Chen

The electric conductivity of dilute suspensions of highly

conducting and aligned slender fibers was studied experimentally as
a model for the analogous phenomenon of heat conduction in a com-
posite containing slender inclusions of very high conductivity., The
data was found to agree, in the infinitely dilute range, with a theo-
retical expression recently derived by Rocha and Acrivos, A theory
was developed to account for the experimental observations at higher
concentrations which exhibited a very imarked increase in the longi-
tudinal effective conductivity upon the addition to the sample of
small quantities of slender fibers, An attempt is now being made to
extend the theory to substantially higher concentrations in which a
strong interaction exists among the fibers comprising the suspen-

sion,

Reference Publications:

1, A, Rocha and A, Acrivos, "On the Effective Thermal Con-
ductivity of Dilute Dispersions, General Theory for Inclu-
sions of Arbitrary Shape." Q. J. Mech., Appl. Math, 26,
217 (1973),



W. B, Russel, "On the Effective Moduli of Composite Ma-
terials: Effects of Fiber Length and Geometry at Dilute
Concentrations, '' J. Appl. Math Phys, (ZAMP) 24, 581
(1973).

A, Rocha and A, Acrivos, ''On the Effective Thermal
Conductivity of Dilute Dispersions, Highly Conducting
Inclusions of Arbitrary Shape,' Q. J., Mech, Appl. Math,
26, 441 (1973).

W. B. Russel and A, Acrivos, '"On the Effective Moduli of
Composite Materials: Experimental Study of Chopped-Fiber
Reinforcement, ' J, Appl. Math Phys, (ZAMP) 24, 838
(1973).

A, Rocha and A, Acrivos, "Experiments on the Effective
Conductivity of Dilute Dispersions Containing Highly Con-
ducting Slender Inclusions, ' Proc. Roy, Soc. London A 337,
123 (1974),



CHEMICAL METALLURGY

R. N. Anderson, Associate Professor, Applied Earth Sciences

Professional Associates:

T. J. Connolly, Professor, Mechanical Engineering
W. C. Luth, Associate Professor, Geology

R. H. Jahns, Professor; Geology

G. A. Parks, Professor, Applied Earth Sciences

N. A. D. Parlee, Professor, Applied Earth Sciences

Consultants:

R. W. Bartlett, Kennecott Copper Corp., Salt Lake City
D. Cubicciotti, SRI, Menlo Park

C. A, Eckert, University of Illinois, Champaign-Urbana
K. S. Sree Harsha, San Jose State University

Graduate Students:

G. E. Beckstead M. J. Mitchell#*
T. H. Chin M. T. Naney*
B. H. Coyle** G. S. Selvaduray
M. Hassan B. D. Sloana#*#*
H. H. Haung E. L. Von Lohlen
C. D. Heising J. R. Wang
A. Jayarajan

*

Received Ph.D. during report
period.
*% Received M.S. during report period.

Student Assistants:

C. Drury
T. Duralde
M. Fang
J. Koperski

Agency Support

NSF through CMR

NSF GA 35621

Bureau of Mines GA 133080

Bureau of Mines GA 133085

Stanford Institute for Energy Studies
Argonne National Lab. ANL-31-109-3100 (ERDA)
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Technical Objective:

To investigate the thermodynamic, kinetic, and transport phenomena
necessary for the development and design of mineral and metallurgical

extraction processes,

Approach:

The approach varies with each study.

Research Report:

(1) Recovery of Non-Ferrous Metals from Auto Shredder Refuse

Professional Associates: G, A. Park-~

Graduate Student: B. H. Coyle '

The objectives of this research program are to develop a
hydrometallurgical method of producing pure zinc, copper and aluminum
metals fror the nonmagnetic metallic scrap generated by junk:automobile
shredding operations. An optimum hydrometallurgical circuit has been
designed and the economic analysis of a 250 ton/day plant is proceeding.
The chemical kinetics of the hydrometallurgical operations in the process

are being evaluated in the laboratory.

(2) Equilibrium Vapor Pressure Study of Bi283

Consultants: R. W. Bartlett
D. Cubicciotti

Graduate iStudent: M. J. Mitchell
Mass spectrometric and thermogravimetric Knudsen effusion

vaporization studies of. sulfide have been performed to determine

the species present in the vapor at temperatures up to the melting

poiﬁt of the sulfide. These basic thermodynamic data for trace

elements in minerals are necessary for such geochemical applications

as prospecting and developing new extractive metallurgical techniques.

Sublimétion enthalpies and entropies were determined for synthetic

bismuthinite (BiZSB)’ Contrary to previous work, the Bi283 appears

to sublime congruently in the same manner as that found for Sb253 and
-7-



273"

(3) Pollution-Free Copper Extraction Metallurgy

Consultant: R. W, Bartlett

Graduate Student: H. H, Haung

A mixed lime-concentrate pellet roast process has been developed
for the metallurgical treatment of copper sulfide floatation con-

centrates, Air pollution by S0, is practically eliminated since all

sulfur is retained as a solid with the lime. The oxidized copper

in the pellet can be dissolved in a sulfuric acid leach and recovered
as cathode copper. The critical parameter in this process is the
roasting temperature —-- temperatures that are too high produce
insoluble copper-ferrite and temperatures that are too low produce acid
soluble iron sulfate. Studies of the operation of the process in a

fluidized bed are currently underway.

(4) Analysis of an On-Stream Particle Size Analyzer

Consultant: R. W. Bartlett

Graduate Student: T. H. Chin

The theoretical analysis necessary to model the behavior of a new
concept of on-stream particle size analysis is being developed. This
analysis method is based on continuously measuring and comparing the
percent solids in an internal reference stream containing'only
undersized particles. A semi-permeable hydraulic system is used so
that the mass concentration in the internal stream can vary and is
proportional to:the undersize particle mass concentration in the pulp
stream. The density changes in the two pulp streams are continuously

measured with nuclear gauges.

(5) New. Energy Systems for Process Metallurgy

Graduate»Student: A. Jayarajan

The‘enormous energy requirements of the metals industry suggests



- consideration of new energy alternatives. The MHD generator seems
particularly well suited to the integrated production of metals
utilizing electrolytic and carbothermic reduction such as aluminum

o and steel. In this study, a model of a dedicated MHD facility used
in making iron is investigated. This arrangement is capable of reducing
the overall carbon consumption per ton of irom by 1/3. Moreover,
metallurgical coke is not required in this process. Improved
efficiencies are due to the additional MHD energy recovered during the
combustion of coal that are normally lost in the conventional iron

blast furnace.

(6) Extraction of Germanium and Gallium from Coal Furnace Flue Dust

Graduate Student: M. Hassan
Gallium and Germanium, among other minerals, are found in coal
and concentrated in the flue dust upon combustion. Hydrometallurgical

recovery by leaching the flue dust to recover these materials is

J<X

uneconomical. This research program has studied the behavior of
these elements during combustion using a knudsen effusion mass
spectrometer to identify the vapor species and its characteristics.
Based on this study, an economical process using high temperature
metallurgy is being designed to recover the trace mineral content of

coal.

(7) The Chemistry and Physical Mechanics of Nuclear Wastes in Rocks

Professional Associates: T. J. Connolly
R. H. Jahuns
W. C. Luth ,
Graduate Students: C. D. Heising
i M. T. Naney
B. D. Sloane
E.

L. Von Dohlen

This study is examining the magma creation in rock systems
{(basaltic and granitic) as functions of temperature and time.

Simulated high level nuclear waste in calcined form is being used to



relate the experimental rock-waste interaction to the engineering
requirements and safety aspects of high-level radiocactive waste
disposal in these host rocks. Deep rock disposal appears to be a
viable method for the ultimate disposal of nuclear waste., The
methods of the nuclear waste re-entering the biosphere by magma
flow and by leaching of the material are being studied as well as
the behavior of typical container materials suggested'for use in

this application.

(8) Recovery of Zirconium from Zircalloy Cladding (Hulls) from

Spent Nuclear Reactor Fuel Rods and Disposal of Clinging

Nuclear Wastes

Professional Associate: N. A, D. Parlee (Co-director)

Graduate Students: G. S. Selvaduray
J. R. Wang

This study is directed towards developing a high temperature
metallurgical process for recovering and recycling the nuclear
grade zirconium used as fuel rod cladding in light water nuclear
reactors. . The current practice is to chop the fuel rods and leach
the fuel oxide in the fuel reprocessing plant and discard the zirconium .
hulls. The approach in this study is to dissolve the zirconium in a
molten solvent metal and precipitate the zirconium free of contamination
by forming the stable nitride phase. The purified ZrN can then be
separated and converted to the metal for reuse by several techniques.
Initially, this study is concerned with examination of the solution
characteristics of zirconium in selected metal solvents, and with the

nitrogen-nitride reaction kinetics and equilibria for the reaction

Zr (dissolved) + 1/2 Nz(g) = ZrN(s)

(9) Associated with Professor N. A. D. Parlee on the following:

Nitrogen Nitride Reactions in Liquid Uranium Alloys and Their , -

Applications to the Reprocessing of Nuclear Reactor Fuels
‘Graduate Student: K. W. Au

-10-



Carbothermic and Carbo-Nitrothermic Reduction of Reactive Metal

Oxides in Metal Solvents

Graduate Student: N. Bakshani

Reference Publications:

1. T. G. Schicks, R. N. Anderson and N. A. D. Parlee, "Kinetics
of Nitride-Forming Reactions in Liquid Uranium-Tin Alloys'"
Abstr. Bull. of Met., Soc. AIME, Feb. 1974 Annual Meeting,

J. High Temp. Sci. 6, 351-368 (1974).

2. A. Fuwa, R. N. Anderson, and N. A. D. Parlee, "Nitrogen-
Nitride Equilibria in Liquid Pr-Sn, Gd-Sn and U~Pr-Gd-Sn
Alloys and Their Application to the Reprocessing of Nuclear
Fuels,' Abstr. Bull. of Met. Soc. AIME, Feb. 1974 Arnual
Meeting. Accepted for pub. J. High Temp. Sci. 1975.

3. A. Fuwa, R. N. Anderson and N. A. D. Parlee, '"Nitrogen-Nitride
Equilibria in Y-Sn Alloys," J. High Temp. Sci., 6 259-266
(1974).

4, M. Rao, M, Mitchell, and R. N. Anderson, "Study of Inter-
diffusion in Electroplated Sn-Ni on Au," Solid State
Technology, Nov. 1974, '

5. R. N. Anderson, N. A. D. Parlee and A. Fuwa, "Separation of
Fission Product Metals from Spent Uranium Fuels by Nitriding,"
Abstr,. Bull., Trans. American Nuclear Soc., Winter Meeting,
Oct. 1974.

6.  R. N. Anderson, and N. A, D. Parlee, "Applications of Solution
Thermodynamics in High Temperature Metallurgical Processes,"
Abstr. Bull, of Annula A,I.Ch.E. Meeting, Dec. 1974,

7. M. Mitchell and R. N. Anderson, "Equilibrium Vapor Pressure
Study of 31283," Abstr. Bull of A.I.M.E. Annual Meeting,
Feb. 1975.

~11-



3.

ACOUSTIC WAVES AND DEVICES

B. A. Auld, Adjunct Professor, Hansen Laboratories

Graduate Students:
S. A. Farnow
J. G. Harris
Agency Support:
Navy NOOO1l4-75-C-0359

Navy N00014-75-C-0632
NSF GK 43143

Technical Objective:
To obtain an understanding of acoustic field theory and to apply

the basic principles to device development

Research Report:

(1) Acoustic Fresnel Zone Plates (S. A. Farnow and B. A. Auld)

Acoustic zone plate transducers have been constructed to focus
sound in water at frequencies near 10 MHz. Photolithographic tech=
niques were used to evaporate gold zone plates (of ten zones) as
electrodes on one face of PZT-5A discs, with the opposite face being
given a full-face electrode. TFocal plane intensity distributiéns with
half widths of 0.22 mm or 1;5 wavelengths have been achieved. An
improvement is. realized by a poling technique which alternates the
polarization of the ceraﬁic in adjacent zones. 1In this way, the zone
plate may be converted to a phase plaﬁe, resulting in,‘gmgn§~other
improvements, a L-fold increase in the intensity at the fwcus.

Acoustic imaging has been performed with these transducers in

-12-
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both transmission and reflection modes. In both cases, the object is
mechanically scanned in a water bath in the focal plane of the trans-
ducer(s). 1In the transmission system, the object is insonified from
one side with a phase plate transducer., The transmitted sound is then
detected from the other side with a second phase plate transducer. A
single phase plate transducer is used for reflection imaging, with the
system operating in a pulse-echo mode. Resolutions of 1.8 wavelengths
have been achieved,

(2) Acoustic Waveguide and Scattering Studies (J. G. Harris, J.

Souquet, A, Rgnnekleiv, H. J, Shaw and B. A. Auld)

The aims of this program are to analyze the waveguide modes in
surface acoustic wave systems, to study scattering of acoustic surface
waves by obstacles, to ar?ive at useful analytic techniques which
would be applicable to a large class of surface acoustic wave problems,
and to carry out experimental tests of the theory. For these purposes,
we have been examining variational techniques and have developed these
techniques for application to problems of the above kinds.

This work is aimed at studying certain problems involving the pro-
pagation, guiding and scattering of surface acoustic waves. Waveguides
provide high packing density for information storage and processing in
surface acoustic wave devices. Scattering from slots is useful for de-
vices in which we convert surface acoustic waves to bulk acoustic waves
and vice versa, and in dispersive surface acoustic wave delay line fil-
ters.,

We have recently carried out experimental measurements of the

scattering of surface acoustic waves into bulk acoustic waves at a

-13=



single groove, using bulk wave transducers which allow measurement of
the polar radiation pattern of the bulk waves, and also measurements
of the bulk wave scattering by periodic arrays of grooves. These
measurements have been carried out at frequencies in the 1 MHz range,
using rectangular grooves and V-grooves machined in aluminum surfaces.
We have éalculated the theoretical scattering characteristics of these
grocoves, As might be expected, thé bulk wave radiation from a groove
in an infinite array is quite different from that of a single isolated
groove, Good agreement has been obtained between the theoretical com-

putations and the measured results.

Reference Publications:

1., B. A. Auld and S. A. Farnow, "Coupling of Surface and Volume
Acoustic Waves by a Photoconductive Grating," J. Appl. Phys.

45, 4315 (1974).

2. B. A, Auld, M. E, Drake, and C, G. Roberts,' "Monolithic
Acoustic Imaging Transducer Structures with High Spatial Re-
solution," Appl. Phys. Letters 25, 478 (197L4).

3, S. A. Farnow and B. A. Auld, "Acoustic Fresnel Zone Plate
Transducers," Appl. Physics Letters 25, 681 (197h4).

4, S. A, Farnow and B. A, Auld, "An Acoustic Phase Plate Imaging
Device,'" presented at the 6th International Symposium on
Acoustical Holography and Imaging to be published in Acousti-
cal Holography, Vol. 6 (Plenum Press).

-14-



CONTINUUM THEORY OF LATTICE DEFECTS, FRACTURE, AND SURFACE WAVES IN
ANISOTROPIC MEDIA.

D. M. Barnett, Associate Professor, Materials Science & Engineering and

Applied Mechanics

Graduate Students:

S. D. Gavazza
W. H. McConnell
J. G. Slater
E. Olsen
Post-doctoral Research Associate

Dr. Y. Rajapakse

Agency Support:

NSF through CMR
NASA NGR 662

Technical Objectives:

(1) To produce new'straightforward methods for studying the

--effects of elastic anisotropy on static and dynamic fracture mechanics,

on the elastic fields of inclusions, dislocations, and point defects,
and on surface wave and other steady state wave propagation.
(2) To produce efficient computer schemes for‘generating dif-
fraction contrast patterns for defect identification.
' (3) To study applications of singular dislocation theory to the

modelling of geophysical phenomena.

1. Forces on Dislocations

Graduate Student: S. D. Gavazza
The proper definition of the self-force on a dislocation loop
tending to move arbitrarily in its plane has been achieved, thus recon-
ciling a difficulty which had lain unresolved in the literature for
more than a decade. A unified treatment of energy release rates asso-
ciated with lattice defects has been developed within the same frame-

work.
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2. Effective Elastic Moduli of Deformable Heterogeneous Solids

Graduate Student: W. H. McConnell
A rigorous analysis has been developed to show how the macro-
scopic elastic response of a heterogeneous solid (composite medium of
polycrystalline medium) may be obtained by replacing the real discon-

tinuous elastic moduli by simpler "effective elastic constants".

3. Defect Identification using Computer Simulation

Graduate Student: W. H. McConnell
A new method has been proposed for numerically integrating the
Howie-Whelan Equations to produce computed electron micrographs of dif-

fraction contrast from 2-D and 3-D lattice defects.

4, Singular Dislocation Theory Applied to Geophysical Phenomena

Faculty: D. M. Barnett, L. B. Freund (Visiting), A. Nur
An appropriate dislocation model of a vertical strike-slip i
fault has been used to predict fault friction stress in terms of mea- '
sured surface displacement data. An investigation of viscous éreep

&

beneath a crustal fault is currently in progress. >

5. Surface Waves in Piezoelectric Media

(with Professor Jens Lothe, Oslo University, Oslo, Norway)

A new method for numerically studying piezoelectric surface
waves has been developed based on prior results obtained for ordinary
Rayleigh waves in elastically anisotropic media. The method is also
being applied to Stoneley waves and Love waves in anisotropic layered

media.

‘Reference Publications:

1. D. M. Barnett and J. Lothe, Consideration of the Existence of
Surface Wave (Rayleigh Wave) Solutions in Anisotropic Elastic
Crystals, J. Phys. F: Metal Physics, 4, 671 (1974).

2. R. J. Asaro-and D. M. Barnett, On some Three-Dimensional
Dislocation Problems in Anisotropic Media, J. Phys. F: Metal
Physics, 4, L103 (1974). ' -
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10.

11.

S. D. Gavazza and D. M. Barnett, The Elastic Interaction
between a Screw Dislocation and a Spherical Inclusion, Int. J.

Eng'g. Sci., 12, 1025 (1974).

D. M. Barnett and J. Lothe, An Image Force Theorem for
Dislocation in Anisotropic Bi-Crystals, J. Phys. F: Metal
Physics, 4, 1618 (1974).

R. J. Asaro and D. M. Barnett, The Non-Uniform Transformation
Strain Problem for an Anisotropic Ellipsoidal Inclusion,
J. Mech. Phys. Solids, 23, 77 (1975).

D. M. Barnett, J. K. Lee, H. I. Aaronson, and K. C. Russell,
The Strain Energy of a Coherent Ellispoidal Precipitate,
Scripta Met., 8, 1447 (1974).

D. M. Barnett and J. Lothe, Dislocations and Line Charges in
Piezoelectric Insulators, Phys. Stat. Solidi, 67, 105 (1975).

J. Lothe, R. J. Asaro, D. M. Barnett, and J. P, Hirth, Comments
on the Indenbom-Alshits Theory for Dislocations in Anisotropic
Media, Phys. Stat. Solidi (b), 66, K79 (1974).

W. R. Delameter, G. Herrmann, and D. M. Barnett, Weakening of
an Elastic Solid by a Rectangular Array of Cracks, J. Appl.
Mechanics, 42, 1, 74 (1975).

D. M. Barnett and J. Lothe, Line Force Loadings on Anisotropic
Half-Spaces and Wedges, Physica Norvegica (in press).

D. M. Barnett and L. B. Freund, An Estimate of Strike-Slip
Fault Friction Stress and Fault Depth from Surface Displace-
ment Data, Bull. Seism. Soc. of America (in press).
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STRUCTURAL AND MECHANICAL PROPERTIES OF MATERIALS
C. R. Barrett, Associate Professor, Materials Science and Engineering

Graduate Students:

K. S. Majumder
P. P. Pizzo

Agency Support:

AFOSR 73 2434 A
NSF GH 40770
AT (04-3) 326 PA 17

Technical Objective:
To obtain an understanding of the structure-property relationships

associated with the mechanical properties of crystalline materials.

Approach:

Materials with unique microstructural parameters are being pre-
pared and.tested‘té determine the influence of structural features such
as grain size, dispersoidkdistribution, and inhomogeneous precipitate

distribution, on mechanical properties of metallic alloys.

(1) High Rate Physical Vapor Deposition Studies

Graduate Student: K. S. Majumder

A fundamental research program is underway to study the structure
and properties of dispersion hardened copper and nickel base alloys.
One unique aspect of this research program‘iS'that the preparation of
the composites is via physical vapor deposition. This technique of
preparation has several aspects which differ greatly from conventional
preparation techniques and is capable of producing composite material
with micrcsfructures ideal for high temperature creep resistance. The
systéms chosen for study include Cu-Al?_O3 and pure Ni and Ni-Cr alloys
with dispersions of A1203 and Y203.
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(2) Influence of Precipitate Free Zones on the Mechanical Behavior of
Precipitation Hardened Alloys

Graduate Student: P. P. Pizzo

A study is underway to determine the influence of precipitate
free zones on high and low temperature strength in precipitation
hardened aluminum alloys (Al-Zn-Mg). Areas of special interest include
grain boundary sliding, high temperature creep strength and fracture
initiation. Results to date suggest that the precipitate free zones
adjacent to grain boundaries do not directly effect the strength or
ductility of aluminum alloys. An indirect effect has been observed
however, in which the heat treatments used to produce precipitate free
zones of different size results in slight variations in matrix strength

with a resultant variation in observed mechanical properties.

Reference Publications:

1, R. G. Stang, W. D. Nix and C. R, Barrett, "The Influence of
Subgrain Boundaries on the Rate Controlling Creep Processes
in Fe-3% Si'", accepted for publication in Met. Trans.

2, A, E. Geckinli and C. R. Barrett, '"Superplastic Deformation
of the Pb-Sn Eutectic", accepted for publication in Met. Trans.

3. C. R. Barrett, '"Method of Employing Aluminum Anodization to
Fabricate Single and Double Layer Metallization on Integrated
Circuits", U.S. Patent Application.
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PHOTOELECTRONIC MATERIALS PHYSICS

Clayton W. Bates, Jr., Associate Professor
Materials Science and Engineering and Electrical Engineering

Professional Associates:

R. Morwood#*

C. Robbins#*

H. Greenstein - Visiting Scholar % _

W. Proctor - Visiting Scholar with Varian Associates

Graduate Students:

D. Das-Gupta

L. Galan

0. L. Hsu
A. McHale
A. M. Salau
N. H. Tsai

Agency Support:

ARPA through CMR
Army Research Office (Durham) DAHC-04~73C-0003
NASA NGR 05-020-710

Technical Objectives:

To investigate the structural, electronic and optical properties
of crysuallihe and amorphous photoelectronic materials in an effort to
understand the underlying phenomena with the aim of using these mater-—
ials in photoelectronic imaging devices such as low light level sensing
systems, photomultiplier tubes, etc. and for use in x=-ray image inten-
sification and detection applications such as diagnostic radiology.
This investigation has been expanded to include the interaction of

intense radiation fields with matter.

Approach:
Since the approach to each system investigated>will depend upon
the use that the system will be put to in a particular device or system,

each system will be apprdached differently and is described accordingly.
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Research Report:

(1) Line-width and Tuning Effects in Resonant Excitation

Professional Associate: H. Greenstein

Effects deriving from the finite spectral line width of an irra-
diation source are investigated for the resonant excitation process and
found to be of particular interest when the irradiation spectral width
is comparable with atomic (or molecular) line widths. An application
of high current interest is laser isotope separation using relatively
broad band but tunable dye lasers for selective excitation. Expres-
sions are derived in systematic fashion for the absorption coefficient
and for the yield, taking into account three independent line shapes -
the first describing the irradiation source, the other two describing
Lorentz amnii Doppler broadening of the atomic (or molecular) medium.
Saturation effects are included, but propagation effects are neglected.
It is shown that the customary distinction between homogeneous and in-
homogeneous atomic-line broadening must be modified if the irradiation
is not monochromatic., A further result of practical importance is that
there exists an optimum irradiation line width that maximizes the yield
for resonant transfer. 1In this respect, the relatively broad spectral
widths characteristic of dye lasers are to be regarded as an advanta-

geous feature, contrary to what is generally assumed.

(2) Optical Properties of CsI(Na) and Heat-Treated Pure CsI

 Graduate Students: 0. L. Hsu
A. M. Salau

This work is an extension of last year's work on absorption, exci~
tation and emission spectra of CsI(Na) and CsI. On the basis of the
similarity of luminescence properties of CsI(Na) crystals and heat-
treated crystals of pure CsI excited in the long wavelength tail of the
fundamental absorption, the effect of sodium in CsI(Na) is tentatively
expiained.. This work has been written up and accepted for publication

in Physics Letters A.
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(3) Strain-Induced Room Temperature Photoluminescence in CsI and
CsI(Na)

This work is a continuation of last year's work on the observa-

tion of luminescence from strained specimens of CsI(Na) and CsI. We
have found that producing strains by deforming the specimen (4% defor-
mation) produces luminescence at 425nm in pure Csl at room temperature
which was not present before and increases the luminescence in samples
of CsI(Na) at room temperature which does not contain the optimum
amount of sodium for maximum luminescence at 425nm. Deforming (47%)
samples of CsI(Na) with the optimum amount of sodium (6ppm) produces

no change in the emission at 425nm at room temperature. '

At present these results are not clearly understood. The 425nm
emission strongly resembles the thermoluminescence produced at low
temperatures and attributed to the migration of Vk centers followed by
the radiative recombination with electrons trapped at sodium sites.
However, it is uncertain both why the intensity of the emission at room
temperature decreases for Ng concentrations in excess of 6ppm or why
deformation (or thermal quenching) has such a pronounced effect on the
intensity unless these treatments have a dissolution effect on sodium
or other structural clusters already present in the lattice., Yet an-
other possibility is that the deformation (or thermal) treatments may
so substantially increase the mobility of the irradiation produced Vk
centers that even the trace amounts Ng present in the crystal are now
quite effective as recombination sites. A more detailed investigation
now underway.hopefully will shed some light on this matter.. These re-

sults have been accepted for publication in Solid-State Communications.

(4) Luminescence Phencomena in CsI(Na)

Graduate Student: 0. L. Hsu

Absorption, emission and excitation spectra of CsI(Na) were
measured on bulk single crystals and thin films at room and liduid
nitrogen temperatures. Excitonic absorption peaks as well as absorp~
tion in the long wavelength téil of the fundamental absorption which is

not. present in pure CsI were observed. In addition to emission at
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42503, excitonic emission at 3&003 normally found at LNT has also been
observed at RT. This room temperature UV emission is closely related
to the heat treatment process that the specimen received.

Work is presently underway to extend our measurements from above
room temperature (70°C) continuously down to liquid helium temperature.
In this manner we will be able to study the temperature dependence of
all quantities measured previously, i.e., emission, excitation and ab-
sorption, over a wide temperature range. These studies will be parti-
cularly important for revealing the character of the absorption in the
long wavelength tail of the fundamental absorption which is not present
in pure CsI. 1In addition to these measurements, polarization studies
will also be made to determine, if possible, the symmetry of the lumin-
escent centers and the association of the sodium ions with these cen-
ters. This work has been written up and submitted to the Journal of

Luminescence.

(5) Luminescence Phenomena in CsI

Graduate Student: A. Salau

The photoluminescenée of unactivated thin films and bulk single
crystals of CsI excited by UV-radiation was investigated as the temp-
erature was cycled from room temperature to liquid nitrogen temperature
(LNT) back to room temperature. In addition to the low temperature
luminescence at LNT, we observed'ultrarviqlet luminescence and both
blue and yellow luminescenée in the thin films and bulk single crystals
of CsI respectively for edge excitations (235nm) when the samples
warmed back to room temperature after they had beéﬁ cooled to LNT. We
tentatively ascribed this room temperature after cooled luminescénce
(RTAC) to electron-hole recombination at some imperfections or struc=-
‘tural lattice defects (probably of the vacancy: type) created by cooling
and irradiation with nonionizing UV radiation at LNT. This RTAC lumin-
escence is reported here for the first time. This work has also been

submitted to the Journal of Luminescence.
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(6) Two~Photon Spectroscopy in Alkali Halides

CGraduate Student: L. Galan

This work is still in a preliminary stage. The method of two-
photon spectroscopy will be used in an attempt to determine the site
symmetry of nonisomorphic impurities in alkali halides responsible for

luminescence in these materials.

(7) Devitrification Studies of High Purity Silica Fibers

Graduate Student: Anna McHale

A program of research and development which hopefully will lead
to the basic physical understanding of devitrification of high purity
silica fibers which are used in reusable surface insulation (RSI) has
been started. Our main efforts will be directed towards investigating
devitrification of these fibers as a function of temperature and time
and impurity content. The principal technique employed will be that of
x-ray diffraction, though other techniques such as ESCA (x-ray photo-
emission) and EPR (electron paramagnetic resonance) will be explored as
possible approaches for supplying complementary and additional infor-
mation to the devitrification process.

Our initial efforts employing x-ray diffraction have been most
promising. Some experiments employing ESCA have been done with some-
what ambiguous results. Work using both of these techniques will con-

tinue.

(8) New Trends in X-ray Image Intensification

We have designed and constructed an experimental 210mm input 70mm
fibre-optic output x-ray image intensifier tube for diagnostic radi-
ology. The tube has a CsI(Na) ionput scintillator and a computer de-
signed electron-optical system. From measurements of the modulation
transfer function (MTF) of this 3:1 minification tube, it is apparent
that a tube with a 17" input and a 4" (~100mm) output from which 100mm
contact prints may be made, will be superior to par screen~film com-
binations as regards infbrmation content and reduced dosage to the

patient.
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Reference Publications

ll

3.

C. W. Bates, Jr., "New Trends in X-ray Image Intensification',
Proc. of Society of Photo-Optical Instrumentation Engineers
47, 152 (1975).

C. W. Bates, Jr, and Stephen Sparks, "Modulation Transfer
Function of a 210/70mm Fibre-Optic Output X-ray Image Inten-
sifier Tube", Applied Optics Letters, July 1975,

C. W. Bates, Jr. et al, "Optical Properties of CsI(Na) and
Heat-Treated Pure CsI", (accepted for publication in Physics
Letters A).

C. W. Bates, Jr. et al, "Strain-Induced Room Temperature
Photoluminescence in CsI and CsI(Na)'", (accepted for publica-
tion in Solid-State Communications).

Olive Lee Hsu and C. W, Bates, Jr.,, '"Luminescence Phenomena
in CsI(Na)" (submitted to Journal of Luminescence).

Akinola Salau 2nd C. W. Bates, Jr., "Luminescence Phenomena
in CsI", (submitted to Journal of Luminescence).

H. Greenstein and C. W. Bates, Jr., "Linewidth and Tuning
Effects in Resonant Excitation", Jour. Opt. Soc. 65, 33 (1975).
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ELECTROMAGNETIC PROPERTIES OF SUPERCONDUCTORS

M. R. Beasley, Associate Professor, Applied Physics and Electrical
Engineering

Professional Associates:

R. A. Klemm
J. M. Rowell

Graduate Students:

D, F. Moore
J. C. White

Agency Support:

JSEP
NSF through CMR

Technical Objectives:
To extend and deepen the understanding of the electromagnetic

behavior of superconductors and superconducting structures and devices.

Approach: :

The response of superconductors to currents, electric and magnetic
fields, and clectromagnetic radiation under a wide variety of conditions
are studied and related to the basic properties, structure, material

parameters, and geometry of the superconductors.

Research Reports:

(1) Layered Superconducting Compounds

A theoretical study of the upper critical field Hc expected in

layered compounds, carried out in collaboration with A, LSther of Harvard,
has been completed. The theory was carried out using both the Josephson ‘
cohpled model of Lawrence and. Doniach, and also using microscopic BCS ‘
theory. The results predict that for sufficiently decoupled layers, as

should occur in the intercdlated compounds, HCE exhibits a dimensional
crossover as the temperature T is reduced below T, . Near T  con-

ventional anisotropic 3%-D behavior is expected but at lower temperatures,

for which the GL coherence length perpendicular to the layers gz(T)
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can become smaller than the layer separation, HCE behaves two dimen=
sionally and is determined by the properties of the individual layers.

It was found that the magnitude of the observed critical fields could be
accounted for by Pauli paramagnetic limiting in the layers but only if

the spin-orbit scattering time Tso was ~ 10-1h sec . Experiments
carried out with D, Prober at Harvard show that TaSl.6Seo‘4(collidine)1ﬁ6
has a dHcE/HT = 2ko kOe/k » larger than that of any previously measured

superconductor,

Reference Publications and Presentations:

W. E. Lawrence and S. Doniach, '"Theory of Layer Structure in Super-
conductors, " in Proc, 12th Int, Conf, on Low Temp. Phys.,
Kyoto, 1970.

R. A, Klemm, M. R, Beasley, and A, Luther, "The Upper Critical Field
of Layered Superconductors," J, Low Temp. Phys. 16, 607 (197k4).

R. A. Klemm and M, R. Beasley, '"Theory of the Upper Critical Field
in Layered Superconductors,' Phys, Rev, (in press).

D, E, Prober, M, R. Beasley, and R, E, SchWall, "Superconducting

Critical Fields of TaS_, ‘and TaS$ 6Se Organic Intercalation
Compounds, " Bull. Am, ngs. Soc. giy 3&8'%1975).

(2) High-K, High-'.[‘c Superconducting Thin Films

Oxide layer tunnel junctions have been formed on NbBSn thin films
fabricated using dual electron beam codeposition by the Geballe group.
These junctions are demonstrably superior to all known previous junctions
made on Nb_Sn . The NbBSn energy gap has been measured to be 6.5 meV
(or k.2 ch) and relatively unobscured by extraneous quasiparticle
states beneath the gap. Clear Josephson tunneling and related Fiske
steps have been observed. Tunneling characteristics obtained in a paral=-
lel applied field suggest that for these films a surface barrier to
fluxoid penetration exists for fields up to ~ 2500 O0e or ~ 0.5 Hc for
Nb5Sn . This implies fluxoids can be prevented from entering such films

for fields up to about ten times the bulk Hcl .
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Reference and Publication:

R. H. Hammond, '"Electron Beam Evaporation Synthesis of Al5 Super=-
conducting Compounds: Accomplishments and Prospects,"
IEEE Trans, Mag. MAG-11, 201 (1975).

(3) High-T Superconducting Microbridges

Long, 2 pn wide microbridges of O.lS @ thick NbBSn thin films
have been successfully fabricated using photolithography and ion beam
milling. Measurements of the electrical characteristics (i.e., I-V curves)

are underway,
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STRUCTURES OF AMORPHOUS MATERTIALS

A. TI. Bienenstock, Professor, Materials Science & Engineering and

Applied Physics

Professional Associlate:
S. C. Rowland

Graduate Students:

S. H. Hunter
S. Narasimhan*

*Received Ph.D. during report period.
Agency Support:

NSF GH40785

NSF through CMR
Technical Objectives:

To investigate the structural, thermal and crystallization
properties of amorphous solids in an effort to understand the
relationships among these, as well as the electronic and vibrational

properties.,

Approach:
The approach to each system depends on the particular system

and is described accordingly.

Research Report:
(1) Extended X-ray Absorption Fine Structure (EXAFS) Studies of

Amorphous Materials
Graduate Student: §S. H. Hunter

During the early part of this report year, the development and
testing of the experimental x-ray spectrometer facility at the
Stanford Synchrotron Radiation Project for the study of EXAFS was
completed. Attention was then turned to data acquisition and the
refinemenﬁﬂqf data acquisition techniques. EXAFS data were obtained
for crystalline and amorphous samples of Se, GeSe, As?_Se3 and
Cu-As-Se alloys.

Detailed data analysis is now underway for ASZSe3 and GeSe.
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While detailed analyses of the Cu-As-~Se glasses have not been
performed, it is interesting to note that the EXAFS spectra obtained
from glasses of the composition Cu.z(As.l’Se‘G).8 and Cu'3(As.4Se. ).7
are almost identical to those obtained from CuAsSez. This resuit lends
credence to, but does not prove, the hypothesis of Liang et al.™ that
large regions of these glasses have an atomic arrangement and
composition close to that of glassy CuAsSeZ.

At the same time, the x~ray diffraction radial distribution
functions obtained by Liang et al.,1 for the Cu-As-Se system have
been reanalyzed. It has been shown that the first neighbor peak
areas can be fit to remarkable accuracy with the simple assumption
that the average coordination number in the glass is 8-N, where N is

the average number of electrons per atom.

(2) Structure of Glassy Tl-As-Se Alqug2

Graduate Student: §S. Narasimhan

In last year's report, it was stated that extensive x-ray radial
distribution function (RDF),differential thermal analysis (DTA) and
scanning electron microscopy (SEM) studies of glassy Tl-As-Se alloys
had been performed, with particular emphasis on alloys of the form
Tlx(As'ASe.6)1_x. The SEM studies indicated that the glasses with
x=0.2 and 0.3 were phase separated, while that with x=0.05 was not.

No definitive conclusion could be reached on the sample with x=0.1.
During the present report period, detailed analyses of these
experimental results were performed.

Most important was the development of a network modifier-network
former model to deal with alloys of this form. The classical oxide
models deal with alloys of two or more stoichiometric oxides. In the
cases studied here, however, we are dealing with the alloy of a
simple metél with a stoichiometric selenide. The generalized model,
which allows for As-As bonding, yields very good agreement with
experiment for the samples with x=0.05 and x=0.10. It doés not fit,
nor is it expected to be applicable to, the samples with x=0.20 and

0.30. 1In these samples, it appears as if large portions of the samples
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have compositions and structures which are extremely close to that of
glassy TlAsSez. It is believed that the formation of these regions
accounts for the large decrease in the band gap and increase in the

conductivity with the addition of Tl to ASZSeS.

(3) Structure of Germanium Chalcogenide Glasses
Professional Associate:

S. C. Rowland
Graduate Students:

S. H. Hunter
S. Narasimhan

Radial distribution function studies of samples in the Ge-Sn-S
and Ge-Pb-S glass forming systems have been performed. It was
anticipated, in this analysis, that the Sn and Pb would substitute for
the Ge and that the difference in scattering factors between these .
elements and Ge might help us to distinguish various structural models.
Examination of the rdf's indicated that a considerable increase in
understanding of these systems could be obtained through an obtainable
increase in rdf resolution. For this reason, modifications of our
x~-ray diffraction scanning and detecting systems were undertaken so
that high statistical accuracy could be obtained at high diffraction
angles. These modifications have almost been completed and new
diffraction runs will soon be initiated.

Reference Publications and Presentations:

1. K. S. Liang and A. I. Bienenstock, "Structural Studies of
Glassy CuAsSe, and Cu--AszSe3 Alloys'", Phy. Rev. B 10
1528 (1974).

2. S. Narasimhan, "The Structure of Amorphous Alloys of Arsenic
Triselenide and Thallium'", Ph.D. Thesis, Stanford University,
1974.

3. K. S. Liang and A. Bienenstock,'Group II-A Impurities in
-Glassy ASZSeSH’J' Non-Cryst., Solids 17, 289 (1975).

4. A. Bienenstock, '"'Structural Characterization of Amorphous
Semiconductors', Proceedings of the 5th International
Conference on Amorphous and Liquid Semiconductors Garmisch-
Partenkirschen, Sept., 1973. Edited by J. Stuke and
W. Brenig (Taylor and Francis, London 1974).
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G. B. Fisher, I. Lindau, B. A. Orlowski, W. E. Spicer,
Y. Verhelle and H. E. Weaver, "X-ray and Ultraviolet
Photoemission Studies of the Electronic Structure of
the Amorphous Ge Te, System', reference 4, page 621.

G. B. Fisher, J. Tauc and Y. Verhelle, "Vibrational Modes

and Bonding in the Amorphous Ge_ Te
X
page 1259.
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9. PROPERTIES OF ADSORBENTS AND CATALYSTS
M, Boudart, Professor, Chemical Engineering and Chemistry

Professional Associates:

J.E., Benson
V.A, Shvets

Graduate Students:

B.L., Beegle R.J. Madon¥*

J. A, Dumesic . M, L, Murtiff
E.E, Gonzot D, C, Silverman
Y.L, Lam B.D, Turnhams
K.L, Lim

tReceived M, S, during report period,
*Received Ph,D, during report period,

Agency Support:

NSF GP 42186

NSF GK 17451X

NSF ENC 74-22234

ARPA through CMR , .
Exxon Research.and Engineering Company

NSF through CMR
Technical Objective:

To prepare and characterize finely divided materials and
understand their chemical surface reactivity and catalytic activity

in selected reactions.,

Approach:

Catalysts consisting of metal particles on a porous support
are prepared in such a way that the average particle size of the
metal is varied between 1 and 10 nm, The number of surface
metal atoms in each sample is titrated by a suitable selective
chemisorption technique, Then the turnover number N, i.e.,
the number of molecules of a reactant transformed per surface
metal atom per second is measured under selected conditions, As
it is well known that metal particles in the critical size range be-
tweentl and 10 nm exhibit different surface structures, i, e,, dif-
ferent proportions of surface atoms with varying coordination
numbers, an effect of particle size on N determines whether the
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reaction is structure sensitive, If no such effect is found, the
reaction is structure insensitive, In both cases, important con-
clusions can be reached about the mechanism of action of the

catalytic material,

Research Report:

In an extensive series of investigations, a series of palla-
dium and platinum catalysts on various supports and with metal
particle sizes in the range from 1l to 10 nm were prepared and
the surface metal atoms were titrated by reaction of adsorbed
oxygen with gas phase hydrogen,

Then turnover numbers for the hydrogenation of cyclohexene
in both the gas phase and in the liquid phase using different sol-
vents were measured at various concentrations or partial pres-
sures of cyclohexene and hydrogen, In all cases, the reaction was
found to be structure insensitive, This is a striking result, not
because this is the first reaction which has been found to be struc-
ture insensitive but because of the extent of the work involving 4
two metals, two supports, five solvents and both gas and liquid
phase operation,

It is concluded that, in all cases, the working catalytic sur- 2
face consists of a closely packed two-dimensional metal alkyl
compound which does not retain memory of subjacent metal struc-
tures. In fact, the working solid catalyst seems to work very
much like metal complexes do in solution, as shown for instance
_in the extensive me chanistic yet unpublished work of Professor

Halpern at the University of Chicago,

Reference Publications:

1, R,L, Burwell Jr. and M, Boudart, '"Mechanism in Hetero- - -
geneous Catalysis, ' in '"Investigation of Rates and
Me chanisms of Reactions, ' E,S, Lewis, Ed.,
Chapter 12, John Wiley and Sons, New York 1974,

2, M. Boudart, ''Surface Science and Catalysis,'' Chemtech
4, 748 (1974).
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H, Topséde, J.A, Dumesic and M, Boudart, '"Mossbauer
Spectra of Stoichiometric and Nonstoichiometric
153%2)4 Microcrystals, ' J, de Physique 35, C6-411

M, Boudart, "Chemisorption During Catalytic Reaction on
Metal Surfaces, " J, Vac, Sci, Technol, Vol, 12,
No. 1, 329 (1975).

A, Frennet,''Chemisorption and Exchange with Deuterium
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10. INTRINSIC CHEMICAL REACTIVITY

John I. Brauman, Professor, Chemistry

Graduate Students:

S. R. Aragon H. L. McPeters
0. I. Asubiojo L. P. Miller

D. R. Bauer T, J. O'Leary
C. W. Cornelius W. N. Olmstead
L. B. Ebert#* K. J. Reed

W. E. Farneth A. H., Zimmerman
R. Gooden

%
Received Ph.D. during report period.

Agency Support:
NSF GP-37044-X

Technical Objective:
To obtain an understanding and separation of intrinsic
(molecular) factors and solvation phenomena which affect chemical

reactivity.

Approach:

We study a variety of chemical reactions both ionic and
molecular, in both the gas and condensed phase. Comparison of
results allows us to understand intrinsic effects (from the gas-

phase) and intrinsic plus solvation effects (from condensed phases).

Research Report:

(1) Gas-Phase Ionic Reactions

Graduate Students: 0. I. Asubiojo
W. E. Farneth
R. Gooden
W. N. Olmstead :
K. J. Reed -

. We have continued to explore a variety of reactions, studying
"~ both equilibria and kinetics by ion cyclotron resonance spectroscopy.

We have studied proton transfer from alcohols and thiols. We have
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developed a technique for examination of neutral products in ion-
molecule reactions and used this to study the stereochemistry and
products of nucleophilic displacement reactions. We have explored
the rates of a number of displacement reactions and slow proton
transfers in an effort to determine the underlying physical
principles. Because some of these reactions are very slow, we
have had to develop new techniques for our data analysis. We have
also explored reactions involvingvdisplacement at carbonyl carbon
and demonstrated the existence of a minimum on the potential
surface - a tetrahedral intermediate.

Current work is directed modeling these slow reactions, using

RRKM and related theory.

(2) Electron Affinities, Photochemistry of Ions

Graduate Students: H. L. McPeters
K. J. Reed
R. Gooden
A. H. Zimmerman

By studying thresholds for photodetachment of electrons from
negative ions, we are able to determine electron affinities for the
corresponding neutrals. We have found thresholds for SiH3 , GeH3_,
CF3_, SiF3_, phenoxide ion, pyrrolate ion, and some alkoxide ions.
We have used these data to infer bond dissociation energies in
neutrals. A recent development involves understanding the shapes
of photodetachment cross sections as a function of energy. This
provides information about geometries and electron distribution in
ions. A theoretical calculation on isomers of NO, is consistent

with our hypothesis that a stabie peroxy isomer exists.

(3) Isotope Separation

Graduate Student: T. J. O'Leary
Work done in collaboration with Professor Schawlow (Physics).
We have been exploring a variety of methods for isotope separation

which make use of some of the unique properties of lasers.
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(4) Light Scattering

Graduate Students: S. R. Aragon
D. R. Bauer
C. W. Cornelius
L. P. Miller

Work done in collaboration with Professor Pecora. We have
studied molecular reorientation of a variety of molecules. By use
of light scattering and 13C NMR we have determined the components of
the rotational diffusion tensor for some asymmetric molecules. Our
results are consistent with a hydrodynamic model with a slip
boundry condition and are in good agreement with calculations using
this model. We have also explored motions of polystyrene and find
evidence for internal chain motions as well as overall molecular

reorientation.

(5) Graphite Intercalates
Graduate Student: L. B. Ebert

Work done in collaboration with Professor Huggins (Material
Science). We have explored the structures and chemistry of a
number of reaction products of graphite. Some are not intercalates,
although reported to be so. Other, new compounds, which are inter-
calates have been made. We have studied the intercalate of antimony
pentafluoride and found liquid-like behavior to unusually low
temperatures. We have studied carbon monofluoride and find NMR
evidence for a structure containing an infinite array of cyclohexane

boats.

Reference Publications:

1. C. A. Lieder and J. I. Brauman, "Detection of Neutral
Products in Gas-~Phase, Ion-Molecule Reactions,'" J. Amer.
Chem. Soc., 96, 4028 (1974).

2, J. I. Brauman, W. N. Olmstead, and C. A. Lieder, "Gas-
Phase Nucleophilic Displacement Reactions," J. Amer. Chem.
Soc., 96, 4030 (1974). '
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Optics Commun., 12, 223 (1974).

L. B. Ebert, R. A. Huggins, and J. I. Brauman, 'Wide Line
Nuclear Magnetic Resonance of 19F in Graphite-Antimony
Pentafluoride: Evidence for Rapid Motion of Intercalated
Species," Chem. Commun., 924 (1974).

K. J. Reed and J. I. Brauman, 'Photodetachment of Electrons
from Group IVa Binary Hydride Anions: The Electron
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61, 4830 (1974).

L. B. Ebert, J. I. Brauman, and R. A. Huggins, "Carbon
Monofluoride. Evidence for a Structure Containing an
Infinite Array of Boats," J. Amer. Chem. Soc., 96, 7841
(1974).

J. H. Richardson, L. M. Stephenson, and J. I. Brauman,
"Photodetachment of Electrons from Trifluoromethyl and
Trifluorosilyl Anions; The Electron Affinities of CFj

and SiF3," Chem. Phys. Letters, 30, 17 (1975).

J. H. Richardson, L. M. Stephenson, and J. I. Brauman,
"Photodetachment of Electrons from Phenoxide Ion,"
J. Chem. Phys., 62, 1580 (1975).
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J. H. Richardson, L. M. Stephenson, and J. I. Brauman,
"Photodetachment of Electrons from Large Molecular Systems:
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11l. CRYSTAL CHEMICAL STUDIES OF CRYSTALLINE AND AMORPHOUS SILICATES

Gordon E. Brown, Assistant Professor, Geology

Professional Associate:

P. M. Fenn, Research Associate, Geology

Graduate Students:

B. G. Aitken
B.H.W.S. de Jong
K. D. Keefer
M. P. Taylor

Agency Support:

NSF GA 41731
Stanford Research Development Fund 2 BBZ-055

Technical Objectives:
(1) to gain a fundamental understanding of the relationships be= -
tween a mineral's stability and the variables temperature and composi-
tion at the atomistic—-electronic level. (2) v obtain information
concerning the structure and properties of silicate glasses. (3) To

study the nature of mineral intergrowths.

Approach:

The crystal structures, compositional variations and electronic
energies of maturally-occurring and synthetic crystalline silicates
are beingAinvestigated by a combination of (1) single-crystal and
powder X-ray diffraction methods over a range of temperatures (24°-
1100°C); (2) X-ray emission microanalysis; (3) transmission electron
microscoby; (4) photoelectron spectroscopy; and (5) semiempirical
quantum chemical calculations on representative molecular fragments
of silicate structures. Estimates of stability differences between
various structural perturbations of silicates are obtained by semi-
empirical molecular orbital and electrostatic enérgy calculations.
Structural variations in syathettc éilicate glasses are being studied

by X-ray radial distribution analysis and photoelectron spectroscopy.
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Research Report:

(1) High-Temperature X-ray Diffraction Studies of Silicate Structures

Professional Assoé¢iate: P. M. Fenn

Graduate Students: B. G. Aitken
M. P. Taylor

Structural studies of rock-forming minerals as a function of
temperature yield important information about a number of subsolidus
features such as structural expansion, phase transformations, ex-—
solution mechanisms and kinetics, intracrystalline cation exchange,
domain structure and thermal motion of atoms. Such information is
useful to the earth scientist because of its bearing on mineral geo-
thermometry and interpretation of the thermal history of rocks. For
this work we are using high~temperature furnaces, mounted on a preces-
sion Camera and an automated 4-circle diffractometer, which are capable
of continuous operation at temperatures up to 1100°C. We have completed
a study of the structural changes in synthetic sphene (CaTiSiOS) as a
function of temperature. A nonquenchable, reversible Ezl[éz.éz[é
transition was found to occur at 220°C (5’9). The transition mechanism
was studied by crystal structure analysis at a series of temperatures
up to 750°C. The major change at the phase transition is movement of
the Ti atom from an off-centered to centered position in its octahedron.
This mechanism is very similar to that observed during the ferro-
electric to paraelectric transition in,BaTiO3. However, the antiparal-
lel dipole alignment in sphene suggests antiferroelectric behavior.

We have continued our study of a synthetic, compositionally inter-
mediate, hypersolvus alkali feldspar in which evidence for ordéring of
Na ‘and K within the alkali cavity was found(z). Transmission electron
‘microscopy failed to show evidence for phase separation. These results
suggest that the ordering is on a scale of several unit cells. The
'splitting vector between the Na and K half-atoms is approximately
parallel to the commonly observed plane of intergrowth, (501), in un-
mixed Na-K feldspars. - The proposed ordering of Na and K may therefore
mark the beginning of subsolidus uamixing. We are currently studying
.the structural expanéionkof this phase as a function of temperature up

to 1000°C. Comparison of these data with high-temperature data for the
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Na and K feldspar end-members should provide further information con-
cerning the unmixing mechanism.

We have recently initiated a high-temperature X-ray study of
natural staurolite (F32A198140230H) in which weak violations of space .
group symmetry Ccmm have been observed, resulting in monoclinic C2/m
symmetry. The possibility of a quenchable C2/m-» Ccmm transition is
being investigated. Such a transition may have bearing on sectoral-

compositional zoning in staurolites.

(2) Photoelectron Spectroscopy of Crystalline and Amorphous Silicates

Professional Associate: P. M. Fenn

We are continuing our study of electron binding energies in vari-~
ous crystalline and amorphous silicates in an attempt to detect differ-
ences in Al, Si and O coordination environments. A number of crystal-
line and amorphous silicates have been examined using both Hewlett-

(4)

Packard and Varian ESCA spectrometers. Our results to date indicate
that coordination number differences between Al in various compounds
are not detectable. We have observed shifts of up to 2 ev in the core
level binding energies of Al, Si, and O between crystals and glasses

of alkali feldspar compositions. Much smaller differences have been
observed between o-quartz and silica glass. Correlations between oxygen
coordination, electronegativities of metal cations and the Si(2S) and
"0(1S) binding energies in a number of compounds have also been observed.

(3) Semiempirical Molecular Orbital Calculations

Graduate Student: B.H.W.S. de Jong

The importance of cation-=cation repulsive forces in'determining
the minimum potential energy configuration of atoms in minerals has
been well known for some years. We have carried out a number of cal-
culations on representative molecular fragments of silicate structures,
chosen to simulate different amounts of cation-cation interactions,
employing the CNDO/2 formalism with several modifications(B). In hd
particular we have found that the ordering of electronic binding
2011, A120lO and A1209, exhibiting
corner-, ' edge and face-sharing of octahedra, respectively, is correct

energies for the charged fragments Al
only if acharged spherical potentiai about the fragment is added to
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to the calculation. Our results suggest that the stability differences
between these fragments arise in large part from the interaction of the
fragment with the surrounding structure. Calculations involving the

207, 81206, 81205, SlAlO7, SlA106, SiMg0 SiMgO,and SiMgO

are now underway.

fragments Si

9° 8 7

(4) Electrostatic and Repulsive Energies of Silicates

Professional Associate: P. M. Femn

As part of our study of the factors affecting a mineral's stabi-
lity, we have“calculatéd the electrostatic energies of a number of si-~
licates employing Bertaut's electrostatic energy summation procedure.
Nearest-neighbor repulsive forces are estimated using bulk modulus data
for simple oxides and fluorides. We have concentrated primarily on
the potential energy differences among a number of structural models
of the intermediate alkali feldspar discussed in research report (1).
Our results indicate that the alkali cavity has two distinct potential
energy minima, supporting our conclusions concerning Na-K ordering.
A calculated energy difference of 12.6 kcal/mole exists between the
structural model with the alkali atom occupying the center of its
oxygen polyhedron and that with the alkali atom slightly off-center.
The minimum energy, off-centered position corresponds to the position
determined experimentally,

(5) X-ray Radial Distribution Studies of Synthetic and Natural
Silicate Glasses.

Graduate Student: M. P. Taylor

Indirect information concerning the state of aggregation in
silicate liquids may be obtained by studies of silicate glasses of
various compositions. As part of a general, interdisciplinary study
of crystallogenics in magmatic rock-forming systems, we have begun an
investigation of structural variations in glasses from the system
NaAlSi308 (Ab)—KAlSi308(0r) - SiOZ(Q), utilizing radial distribution
techniques., = Efforts so far have been devoted to developing data
gathering and reduction procedures as well ‘as to the construction of

a Mo~wound furnace for glass synthesis. We are using a Picker Facs-I

diffractometer operated in the step=scanning mode in steps of sin20/A



for data collection on small diameter cylinders of solid glass.
Radial distribution functions are calculated using the recently deve-
loped least-squares procedure of Konnert and Karl (1973, Acta Crystal-
log. A29, 702). Experiments are now underway on synthetic glasses in
the Ab-Or-Q system.

(6) Characterization of Two-Phase Mineral Intergrowths

Graduate Student: K. D. Keefer

Because of the potential information that intergrowths contain
concerning the crystallization, subsolidus cooling history and altera-
tion of rocks, we have begun a study of several types of mineral inter-
growths including perthitic feldspars from volcanic and hypabyssal
igneous rocks and pyroxene-amphibole intergrowths from eclogites.
Perthites consist of intergrowths of Na- and K-rich feldspars on
scales ranging from subimicroscopic (cryptoperthities) to macroscopic
(macroperthites). Because the intergrown phases differ in unit cell
dimensions, they are commonly strained relative to the pure Na and K
end-member feldsparss. We.ére currently studying the relationship be~
tween two-phase interface area and degree of strain at the unit cell
level. Our primary aim is to gain an understanding of the origin of
these intergrowths.

A second area of study involves the origin of unusual intergrowths
of amphiboles and pyroxenes of possible mantle origin.

7N 57Fe MBssbauer Studies of Minerals

Graduate Student: B. M. Taylor, Geology
Consultant: Professor B. B. Triplett, Physics

57Fe MBssbauer spectroscopy has become an important method of

determining Fe2+/Fe3+ ratios and intracrystalline distributions of Fe
in silicate minerals. With the aid of Dr. B. B. Triplett, an 57Fe

MBssbauer spectrometer has been assembled. We are currently investi-
gating the site distribution of Fe and the Fe2+/Fe3+ ratios in a num-
ber of amphiboles from a skarn. One of the purposes of this study is
to search for a correlation between the ordering of Fe3+ inome of the

four octahedral sites and the deuterium content of these amphiboles.
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(8) Environmental Asbestos Study at Stanford

Undergraduate Student: David Dinter, Geology

Consultant: A. J. Sidlow, Safety and Health

Because of the potential health hazards of ingestible fibrous
minerals and ceiling “tile, we have begun a survey of campus buildings
to check for the presence of asbestos that can readily become airborne
or enter intoc water supplies. Preliminary results indicate that several

sites do show detectable asbestos in dust samples.

Reference Publications:

1. A. S. Radtke and G. E. Brown, "Frankdicksonite, BaF,, a New Mineral
from Nevada", Amer. Mineral. 59, 885 (October, 1974).

2. P. M. Fenn and G. E. Brown, '"Na-K Ordering in a Synthetic Alkali
Feldspar," Prog. Geol. Soc. Amer. Ann. Mtg. 6, 731 {November, 1974)

3. B.H.W.S. de Jong and G. E. Rrown, "On Pauling's Third Rule," E¢S,
Trans. Amer. Geophys. Union 56, 1201 (December, 1974).

4, P. M. Fenn and G. E. Brown, '"X-ray Induced Electron Emission
Spectroscopy of Crystalline and Amorphous Silicates," E¢S, Trans.
Amer. Geophys. Union 56, 1202 (December, 1974).

5. M. P. Taylor and G. E. Brown, "High Temperature Crystal Chemistry
of Sphene," E¢S, Trans. Amer. Geophys. Union, 56, 1201 (December,
1974).

6. V. Rajamani, G. E. Brown and C. T. Prewitt, "Cation Ordering in Ni-
Mg Olivine," Amer. Mineral. 60, 292 (March, 1975).
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12.

PHOTOELECTRONIC PROPERTIES OF SOLIDS

R. H., Bube, Professor, Materials Science and Engineering, and
Electrical Engineering

Professional Associates:

A. L. Fahrenbruch
E. Pietras
R. Trykozko

Graduate Students:

J. Aranovich J. W. McKenzie

F. Buch K. Mitchell

R. Champion C.-J. Park*¥
S.-H. Chiao R. T.-S. Shiah*
J. L. Crowley* H., A. Vander Plas
A. L., Lin* P. Vasudev

Y. Ma

d., E, Mahan
* Received PhD during report pe:iod.
*¥ Received Engineer's Degree during
report period,

Agency Support:

NSF Grant GI-38445X
NSF DMR72 03256 AOQl
ARO DAHCO04 73 C 0004
ARO DAHCO04 74 C 0025
NSF through CMR

Technical Objective:

To investigate the photoelectronic properties of solids, both
crystalline and non-crystalline, in order to understand the under-
lying phenomena and to improve the properties and performance of

electronically active materials and devices.

Approach:

To couple a materials synthesis program closely to a utiliza-
tion of a range of electrical conductivity, photoconductivity, lu-
minescence, Hall and photo-Hall effect, thermoelectric and photo~
thermoelectric effect, capacitance and photocapacitance, and optical

measurement techniques, in order to investigate the properties of
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imperfections and structures involved in charge transport under the
combined influence of optical excitation, thermal gradients, electrical

and magnetic fields, and as a function of material composition.

Research Report:

(1) Applied Research on II-VI Compound Materials for Heterojunction

Solar Cells

Graduate students: J. Aranovich

F. Buch
R. Champion
K. Mitchell

p—CdTe/n—CdS and p-CdTe/n—ZnCdS heterojunctions show promise
to provide cells for solar energy conversion with maximum theoretical
efficiency in the 17-23 percent range. They are representative of
several systems of II-VI heterojunctions of interest for this purpose,
including also p—ZnTe/n—CdSe, p—ZnTe/n-CdTe and p-CdTe/n—ZnSe. Cells
with the presently observeq magnitude of reverse saturation current are
capable of a maximum efficiency of 10-13 percent. Without optimization
of barameters, cells made to date show an efficiency of 3-4 percent,.
Major research efforts are directed toward the dependence of quantum
efficiency, reverse saturation current and contact resistance
(particularly to p-CdTe) on preparation variables.

Large grain size in p~CdTe films deposited by the close-spaced
vapor transport method on single crystal n-CdS was achieved by varying
the temperature-time profile of the source and substrate. With a
"cross-over" temperature~time profile, in which the temperature of the
source is raised while the temperature of the substrate is lowered,
grain sizes of 30 to 60 microns were obtained. The corresponding
lateral resistivity of the film was less by a factor of’30 than the
resistivity of a film prepared with a "normal' temperature profile in
which both source and substrate are brought to temperature simultane=-
ously.  This technique may be applicable to a variety of film deposition
processés.

The formation of reproducible, stable, low-resistance, ohmic

contacts to p~CdTe is essential for desired cell performance. . For a
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minimum loss due to contact resistance, this resistance should not ex-
ceed about 0.2 ohm cm? for a p-CdTe/n-CdS cell. It has been found
that desirable contacts can be made with Ni to 2-4 ohm-cm p-CdTe
single crystal material with a contact resistance of 0.15 ohm cm?

by an etch with K,Cr,0,:H,50,:H,0 followed by a heat treatment. Our
understanding of the process involves the formation of a thin Te layer
by the etch, followed by diffusion of this layer into thep-CdTe to
produce a p+ layer between the Ni and the bulk CdTe, thus allowing
tunneling between the Ni and the narrowed Schottky barrier to the
p+-CdTe. Excessive heating causes a solid-solid reaction and formation
of nickel tellurides, which form a non-ohmic Schottky barrier with
CdTe. Auger spectroscopy analysis of Ni contacts on etched p-CdTe
support this interpretation; an abrupt metal-semiconductor junction is
observed before heat treatment and after heat treatment at 275°C, but
there is a continuous variation of Cd and Ni across the same region
after heat treatment to 450°C,

A large increase in'the versatility of our approach to the
preparation of thin or thick film cells is provided by our acquisition
and development of a vacuum evaporator. After an initial period of
use for contact studies, the Knudsen cells of the new evaporator will
be charged with S, Cd and Te (or with CdS and CdTe), and the evapora-
tion of CdS and CdTe films will proceed.

We are also investigating ion implantation of the CdTe with P
or As to improve contacts and/or give higher film conductivity. We
have initiated an investigation of fabrication procedures for
Inzoa/SnO2 conductive transparent films to be applied to the CdS.

Heterojunctions of p-ZnTe/n—CdSe have been prepared by the
close-spaced vapor transport deposition of n-CdSe films on single
cryStal p-ZnTe. Ohmic contacts were madeiwith Au or Ni to p-ZnTe,
following the same etch and heat treiatment schedule as for p-CdTe.
Three cells have been prepared and values of quantum efficiency of
0.5 are indicated. This system is of interest because it offers the

only II-VI opportunity for making a zero lattice-mismatch junction.

~48~



(2) Photoelectronic Properties of Amorphous Chalcogenides

Graduate students: J. E. Mahan Chan Jo Park
R. T.-S. Shiah

Photoconductivity analyses have been made for the following
three categories of amorphous semiconductors: (1) V-VI materials:
As,Tey, Sb,Tez, As,Se;, As,Se,Te; (2) IV-V materials: SngsAs,s,

Ge,,Sb Ges,Sbyz; (3) IV-VI materials, Ge-Te alloys: Ge,,Te,,,

s
Ge36Teff, GeyoTego, Gey,Tegy, GegoTeso, GegyTezz. Measurements in-
clude dark conductivity vs temperatﬁre, photoconductivify vs light
intensity and temperature, thérmoelectric power vs temperature, optical
transmission, and field effect. If photoconductivity characteristics
in which the maximum photoconductivity occurs with a magnitude of a-
bout the same as the dark conductivity at that temperaturé is called
Type I, and a photoconductivity much less than the dark conductivity
usually without a maximum is called Type II, all V-VI materials show
Type I photoconductivity, all IV-V materials show Type II, and IV-VI
materials show Type I if the atomic fraction of IV is ﬂi atomic

fraction of VI, and Type II if the atomic fraction of IV is » atomic

fraction of VI.

A close examination of the numerical values of energy and kinetic
parameters for the family of V-VI materials reveals a close scaling of
energy parameters with optical absorption gap. Furthermore it is found
that for all four materials KGZ = 10%7 and NfoK”Gc =4 x 1027, where K
is the pair recombination coefficient between localized states near the
mobility edges, Gc is the density of localized states near the conduc-

tion edge, N o is the density of localized states at the eqyuilibrium

Fermi level,fand K" is the pair recombination coefficient between
localized states near the valence edge and localized states near the
equilibrium Fermi level.

The observed différences between Type I and Type II photocon-
ductivity behavior as described above can be interpreted in terms of
thevabsence of dominant pair recombination befween localized states
near the mobility edges in Type II materials, beczijse of a much smaller

density of such localized states at the minority mobility edge.
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Annealing at 100°-200°C (below the crystallization temperature)
for 10 min has negligible effect on the behavior of V-VI and IV-V
materials, but strongly affects Ge-Te alloys. Upon annealing, the
»agnitudes of the dark conductivity and photoconductivity decrease,
and the dark conductivity activation energy increases. The photocon-
ductivity behavior of Gez,Te;, changes from Type I to Type II upon
annealing. Crystallization of several V-VI and IV-VI materials
increases the dark conductivity by a factor of 107 - 10%, and the
photoconductivity by a factor of 10%® - 10 at 150°K.

Field effect measurements have been made on As,Te;, As,SeTe,,
Ge ,Te;, GeAs and GeAs,. Changes in conductance upon applicaticn of a
field voltage can be interpreted as being the result primarily of
capture of charge by localized statis or by change in the "free"
carrier density. Although we had expected the first process to be
dominant, we have been surprised to find a number of evidences rather
strongly favoring the "free" carrier interpretation of the field
effect. Over the measured range, the field effect in GeAs and GeAs,
appears to be clearly describable in terms of localized state effects
in a two-carrier conductivity situation; in As,SeTe, the effect appears
to be wholly a "free' carrier effect; and in As,Te; the effect appears
to be controlled by '"free' carriers at higher temperatures and by
localized states at lower temperatures.

As,SeTe, provides the best evidence for a 'free' carrier
interpretation. The calculated densities vary rapidly with temperature
over the entire range of temperature available for the measurement.
Further, the measured field effect plots (change in conductance vs
field voltage) do not show enough curvature in the accumulation region
fo be matched well by theoretical localized state field effect curves.

The data, however, can be matched well by a theoretical "free' carrier

fiezld effect curve with a "free" hole density of 1.2 x 1017 cm—s, an
equilibrium Fermi level kT below the middle of the gap, and an electron
to hole mobility ratio of 0.03 (at 295°K). From the measured con-
ductivity at this temperature, the majority carrier (hole) mobility is

calculated to be 10_5 cmz/V-sec.
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As,Te; shows a rapid variation with temperature of the calcula-
ted densities above O°C, but a small temperature variation below 0°c.
This observations suggests that below 0°C the field effect is controlled
by localized states at the Fermi level, and that above 0°C the field
effect is controlled by 'free'" carriers. At 0°C, where these two den-

19 - -
sities are equal, the localized state density is about 10 cm 3 eV 1

and the ''free' carrier density is about 2.4 x 1017 cm—S.

If the "free' carrier interpretation is correct, we have through
the field effect an independent method of determining this carrier
density, which should be extremely useful in interpreting other trans-

port data.

(3) Photothermoelectric Effects in Semiconductors

Graduate students: Y. Ma H. A. Vander Plas

J. McKenzie

Striking two-carrier thermoelectric power effects are found
in measurements with amorphous Gebey materials. At high temperatures
n-type conductivity in extended states is indicated, and at low
temperatures p-type conductivity in localized states. SngsAs,s is
p~type at all temperatures, but indicates extended state conductivity
at high temperatures and localized state conductivity at low tempera-
tures.

Thermoelectric power measurements on GexTel-x alloys indicate
p-type conductivity for x € 0.50, over the whole range of temperature
and with a linear thermoelectric powér vs l/T plot. For the Ge-rich
sample, x = 0,67, the thermoelectric power is negative with an activa-
tion energy of 0.09 eV in the high temperature range, but forFT<f 285°K
the thermoelectric power becomes constant, This observed transition
from positive to negative thermoelectric power with increasing Ge/Te
ratio supports the hypothesis that 2-carrier conductivity effects
dominate Ge-Te alloys.

If it is desired to harmonize the field effect "free" carrier
densities mentioned above with the densities determined from thermo-
electric power measufements on the same V-VI amorphous materials, it

is necessary to use an "effective density of states" parameter in the
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reduction of the thermoeiectric power data that is several orders of
magnitude larger than that commonly found in semiconductors. Such a
result may be consistent with a high density of states at the mobility
edge.

Considerable effort has been devoted to developing reliable
methods to prepare CdS films by the solution-spraying method, in which
a solution of CdCl, and thiourea is sprayed onto a heated substrate.

It is our purpose to determine the effects of film structure on trans-
port properties; and in turn the effects of preparation procedures on
film structure. This investigation is also of interest because the
solution-spraying method appears to be by far the most economical way to
deposit thin-film CdS for either the p-CuZS/n~CdS or p—CdTe/n-CdS thin
film solar cells. The parameters that affect the properties of the
film in preparation are the substrate temperature, the volume spray
rate, and the cooling rate of the substrate after spraying. A broad
series of thermoelectric apd photothermoelectric measurements are
planned to characterize these films electrically and photoelectronical-
ly. The solution-sprayed CdS films obtained in our work represent some
of the most conducting films prepared by this process to date. Films
deposited at 500°C have a dark electron density of 4 x 1016 cm™3
independent of T, and a dark electron mobility of 6 cmZ/V-sec at 300°K
(10 cm2/V-sec in 1ight). Solution-sprayed films of CdS with a room
temperature conductivity of 0.1 ohm—cm—1 should be possible and of
considerable interest for solar cells utilizing thin-film CdS.

An investigation of transport in sublimed films of
Ir(CO)2.93C11-07 has also been continued. Over some 30 films there
appears to be a fairly good correlation between the magnitude of the
conductivity activation energy (from 0.052 to 0.239 eV) and the
magnitude of the thermoelectric power (from 4 to 660 microV, respective-
1y). Samples with both high and low values of thermoelectric power
appear to have only a slight temperature dependence of this power.

(4) Investigation of Deep Impurity Levels in GaAs by Photocapacitance
and Related Techniques

Graduate students: S.-H. Chiao,and P. Vasudev
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The work on this project can be conveniently summarized under
four categories: (l) photocapacitance measurements on LPE GaAs
on high-resistivity GaAs substrates using Schottky barriers, and
on LPE GaAs on p+ GaAs substrates using the junction formed in this
way; (2) evaluation of the significance of the "excess capacitance,"
Co required to linearize a 1/C2 vs V plot; (3) growth of LPE GaAs
with controlled properties and good surface morphology; and (4) eval-
uation of LPE GaAs containing Cu (and eventually other) impurities.
Observed curvatures in measufed 1/C2 vs V plots can frequently
be removed or decreased by plotting instead 1/(C-Co)2 vs. V, where Co
is obtained as the intercept of a C vs an/2 plot. These linearized
nlots also show good agreement between indicated carrier densities and
values obtained independently from Van der Pauw data. It ié believed
that the ''excess capacitance' C0 may be a useful parameter in describ-
ing departures of the junction from ideal behavior. Measurements of
CO show the following: (a) Co does not depend on the electrode geometry,
(b) the value of c, is fairly constant across a given layer, (c) C,
increases with increasing carrier density (from about 7 pf at 2 x 1014
en? to 20 pf at 107° cm_3), (d) C_ decreases with increasing breakdown
voltage (from about 40 pf for VB = 4 V to about 5 pf at VB = 56 V), and
(e) Co has a frequency dependence that varies with both the reverse
bias used and with the temperature. The dependence of Co on VB is much
larger for material with a higher carrier density. It seems likely
that Co is connected with material inhomogeneity and deep level traps
at the metal-semiconductor junction or within the layer. It was also
determined that Co is larger for bulk material than for an LPE layer
with the same carrier density, and that Co increases with time after
the application of voltage in a capacitance measurement (by about
30 pf in three cells with initial C_ values of 5, 11 and 38 pf).
Schottky barrier photocapacitance measurements were made with
Au electrodes on several LPE GaAs layers. At 300°K no persistent
photocapacitance was observed, but at 90° to 100°K photocapacitance
effects were observed for intrinsic photoexcitation, and for extrinsic

photoexcitation corresponding to excitation energies of 1.07 and 0.83
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15 -3
eV. Estimates of trap density gave values of about 1.5 x 10 cm

and 1.4 x 1014 cm_3 respectively. The total average trap density

. s . . 15 -3
calculated from the intrinsic photoexcitation was 5.3 x 10 cm o,

Reference Publications:

1., E. Voronkov, A. D. Jonath, T. C. Arnoldussen and R. H. Bube,
"Extrinsic Electroabsorption of Amorphous As,SeTe,,"
J.Non~-Cryst.Solids 15, 275 (1974)

2, R. H. Bube, J. E. Mahan, R, T.-S., Shiah and H. A. Vander Plas,
"Transport and Localized Levels in Amorphous Binary Chal-
cogenides," Appl.Phys.Lett. 25, 419 (1974)

3. A. L. Fahrenbruch, V. Vasilchenko, F., Buch, K. Mitchell
and R. H. Bube, "II-VI Photovoltaic Heterojunctions for
Solar Energy Conversion,' Appl.Phys.Lett. 25, 605 (1974)

4. A. D. Jonath, E. Voronkov and R. H. Bube, "Extrinsic Elec-
tro-absorption in High~Resistivity GaAs,'" J.Appl.Phys.
46, 1754 (1975)

5, K. Mitchell, A. L. Fahrenbruch and R. H. Bube, ''Structure
and Electrical Properties of CdS and CdTe Thick Films for
Solar Cell Applications,”" J.Vac.Sci.Technol. 12, No. 4,
16 (1975)
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ATOMIC MERCURY ANTI-STOKES FREQUENCY CONVERSION

R.L. Byer, Associate Professor, Applied Physics
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Technical Objective
To design and construct apparatus in order to experimentally demonstrate

anti-Stokes frequency up-conversion in atomic mercury vapor.

Approach

A proposed frequency up~conversion in atomic mercury is based on the
electronic anti-Stokes Raman transitions from the singlet 61Pl to the
triplet 63PO,1’2 states. The operational requirements are a population
inversion in the singlet state with respect to the triplet. states and an
intense input laser radiation to generate anti-Stokes Raman scattering from

the singlet state. With an input laser wavelength of 1.06 pm, up—conversion'

to 5148 2 and h1s7 % are expected.

One method of experimental demonstration being considered involves optical

pumping with a tunable laser. A significant population in the singlet lfi state

- is to be obtalned by first exciting the ground state atoms to the 7180 state

-55-



via two-photon absorption of 3128 X output of a tunable source (e.g. second
harmonic generation with a dye laser). The 7lSO state rapidly decays to

the singlet lIi state whose radiative lifetime is effectively increased

due to radiation trapping.

The relatively long-lived lPl state leads tec the required populati~zn
inversion. A cell containing the inverted atomic mercury vapor is then
irradiated with an intense beam of 1.06 um radiation from a Nd:YAG laser in
order to generate anti-Stokes Raman séattering from the singlet state at
5148 2 and 4157 %. Because of the population inversion both 5148 X and
L157 R stimulated transitions are amplified while the input radiation is
attenuated. The amplification of the anti-Stokes Raman transition therefore

results 1n the frequency up-conversion of the input wavelength.

Reference Publications

1. R.L. Byer, "Nonlinear Optical Phenomena in Oxides and Application
to a Tunable Coherent Spectrometer", Journ. of Solid State Chemistry,
12, 156-171, (1975).

2. R.L. Byer, "Nonlinear Optical Phenomena and Materials", Annual
Review of Materials Science, vol. 4, p.1h7, (1974). ~

3. R.F. Begley, A.B. Harvey, R.L. Byer and B.S. Hudson, "A New
Spectroscopic Tool:Coherent Anti-Stokes Raman SpectroscoPy“
American Laboratory, (Nov. 197L).

4. R.F. Begley, A.B. Harvey, R.L. Byer and B.S. Hudson, "Raman
- Spectroscopy with Intense, Coherent, Anti-Stokes Beams”,
Journ. of Chem. Phys. vol. 61, No. 6, (15 sept. 1974).

R.L. Herbst, R.N. Fleming and R.L. Herbst, "A 1.4 - L pum High
Energy Angle Tuned LiNbO3 Parametric Oscillator" Appl. Phys.
Letts, vol. 25, No. 9, ~(1 November 1974).

Ul

6. R.L. Byer, R.L. Herbst, R.S, Feigelson and W.IL. Kway, "Growth
and Application of [Ol 4] LiNb03 » Optics Commun. vol. 12, No. L,
(December 1974 ).

7. M.M. Choy, S. Ciraci and R.L. Byer, "Bond Orbital Model for Second
‘Order Susceptibilities", IEEE Journ. of Quant. Elect, vol. QE-11,
No. 1. (January 1975).
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Technical Objectives:

This research has two goals--(a) to synthesize
soluble, linear conductors in order to examine the excitonic
theory for high-temperature superconductivity; and (b) to

develop new homogeneous and heterogeneous catalysts.

Approach:

We have five major research efforts: the synthesis
of linear molecular polymers with backbones comprised
entirely of metal-metal bonds, the preparation of iron(II)
porphyrin complexes which can serve as models for the
mixed-function oxygenase enzymes,  the characterization of
hybrid homogeneous-heterogeneous catalysts, the preparation
of catalytic electrodes, and the development of metallic

reagents for practical organic synthesis.

(1) The Synthesis of One-Dimensional Intermetallic

Polymers

We have been working on synthetic methodologies
directed towards the ultimate preparation of uni-
dimensional intermetallic polymers. Our interest in such
materials stems from the expectation that a coaxially
oriented solid derived from such substances might exhibit
anisotropic elect:on transport properties which would be
principally dependent upon the structure of the individual
polymer molecules. This work is being carried out as part
of a long standing collaborative effort with Professor
W. A. Little, Physics, in a program directed towards
examining the feasibility of Little's hypothetical

excitonic superconductor.
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During the past year we have developed a new reaction
which might be used to prepare a polymer having in its back-
bone the repeating unit: -Ge-Ge-S-Rh-S-. The key reaction
is the addition of germanium disulfides 2 to neutral
rhodium macrocycles 1 (eqg. 1). Work in progress is
directed towards a general synthesis of cyclic germanium
disulfides 3 (and diselenides) (eq. 2). '

R3Ge—S F2 (eg. 1)

B<
BF 5 A S
O/ 2 ? (0] 0
I ' |
7 S—N N= —N _N—
N NI
Rh\\ + R3GeSSGeR3 —_— Rp
} GeR3
ge %e | |
X-Ge=Ge=X  — = = = = — - Ge-Ge eq. 2
Ge=G —> - (eq. 2)
Me Me S-S
3

(2) Models for Mixed-Function Oxygenases

During the past year we have prepared and
characterized iron porphyrins having mercaptide anions as
axial bases, reprodueing the unusual esr and electronic
spectra characteristic for three of the four recognized
stages of cytochrome P450. These studies have clarified
the coordination sphere in this widespread and extremely
important class of hydroxyiating enzymes. Further syntheses,
full characterization of these iron porphyrins by Mossbauer,

vibrational Spectra, and X-ray diffraction are in progress.
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(3) catalysts Bound to Solid-State Supports

Work in this area continues in collaboration with

Professor Michel Boudart, Department of Chemical
Engineering. We have chemically attached a series of
transition metal complexes to the surface of spherical,
porous silica particles having very large surface areas
(350 m? g~ 1

to prepare new silated ligands for these catalytic studies.

). During the past year we have been attempting

So far this work has not come to fruition. We have turned

some attention to polymeric organic ligands.

(4) The Preparation of Catalytic Electrodes

This new project is partially derived from our
studies of oxygen binding iron porphyrins and catalysts
bound to solid-state supports. We are attempting to
prepare "face to face" binary porphyrin complexes which
should rapidly reduce molecular oxygen in the inter-
porphyrin cavity. We plan to attach members of this new
class of porphyrins to conducting surfaces affording
catalytic oxygen cathodes for ultimate use in fuel cells.
This project is part of a large joint effort involving
Boudart (Chem. Engineering), Taube (Chemistry), Anson
(Chemistry, California Institute of Technology) and
Tennent (Hercules Corp.). Our efforts in progress concern
porphyrin synthesis and electrochemical characterization of
NbSe, and Tas,. |

(5)  Iron Carbonyl Reagents for Organic Synthesis

We have continued our exploration of iron tetra-
carbonyl dianion as a reagent for organic synthesis. This
remarkable compound carries out many of the same reactions

effected by the Grignard reagent, but the iron compound
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reacts wich stereoselectivity and also tolerates a wide
range of organic functional groups. During the past year
we have nearly completed our studies of reaction
mechanisms and the unusual role of ion-pairing in these
systems. The mechanisms by which NazFez(CO)8 selectively
reduces activated olefins has been greatly clarified.
These studies have been carried out in collaboration with
Brauman (Chemistry). A review of our efforts in this field
has been accepted for publication and .several manuscripts
are in advanced stages of preparation. Our work in this
area should be completed in another year.

Publications:

1. J. P. Collman, R. R. Gagne, J. Kouba, and H. Ljusberg-
Wahren, "Reversible Oxygen Adduct Formation in Co(II)
Picket Fence Porphyrins", J. Amer. Chem. Soc., 96,
6800 (October 1974). T

2. J. P. Collman, R. R. Gagne, H. B. Gray, and J. Hare,
"A Low Temperature Infrared Study of Fe(II) Dioxygen
Complexes Derived from a Picket Fence Porphyrin",

J. Amer. Chem. Soc., 96, 6522 (October 1974).

3. J. P. Collman, T. N. Sorrell, and B. M. Hoffman,
"Models for Cytochrome P,.,", J. Amer. Chem. Soc.,
97, 913 (February 1975) :

4, J. P. Collman, R. R. Gagne, C. A. Reed, T. R. Halbert,
G. Lang, and W. T. Robinson, "Picket Fence Porphyrins--
" Synthetic Models for Oxygen Binding Hemoproteins",
J. Amer. Chem. Soc., 97, 1427 (March 1975).

5. J. P. Collman, "Disodium Tetracarbonylferrate--2a
Transition Metal Analogue of Grignard's Reagent",
Accts. Chem. Research (In Press 1975).

6. J. P. Collman and T. N. Sorrell, "A Model for the
' Carbonyl Adduct of Ferrous Cytochrome P450",
J. Amer. Chem. Soc. (In Press 1975).
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Technical Objectives A

The interaction of aqueous solutions with rocks and minerals is
being studied at temperatures from 25 to 500°C and 1 to 2000 bars by
use of gold-cell hydrothermal solution equipment. The equilibrium and
kinetic behaviour of chemical systems relevant to understanding geochemi-
cal processes is determined, Some studies of metallic sulfide equilibria

and sulfur isotopes are being done to clarify subsidiary questionms,

Research Report:
~ Phase relations in the system T12S-As9S3 from 200 to 450°C were

determined. Phases encountered, in addition to liquid, were carlinite
(T12S), lorandite (TlAsSp), orpiment (As3S3), and a previously unknown
crystalline compound, T13AsS3. The work is being written'up as part of
the MSci Thesis of J. A, Peterson., The reaction of pyrite (FeSy), pyr-
rhotite (FeS), quartz (SiO3), and gold (Au) with NaCl—HéO.solﬁﬁions was
done from 1OOO-SOO°C, 500-1500 bars, and up to 10 wt,7% NaCl, The work
was presented at an international scientific meéting and a portion has

been submitted for publication. It will serve as the experimental part

_of the PhD dissertation of J. J. Rytuba, now being finished, A major
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effort published this year was a study of the reaction of basalt with

sea water at 200°C and 500 bars, done jointly with Dr, Bischoff of the

U. S. Geological Survey, Further studies are now going on, with the
support of a grant from the National Science Foundation. The reaction
of granite with dilute aqueous solution is being done as part of the
lithium project of the U. S. G. S., which is directed by Dr, Vine. The
work is being done in liason with the Geothermal Energy project in the
Schools of Earth Science and of Engineering, Stanford. Studies of the
interaction of petroleum with water as a function of temperature and
pressure are being done in liason with Dr, Price of the U, S. G. S.,
and the interaction of hydrocarbon~containing rocks with water are
planned. The distribution of sulfur 34 between sulfate and sulfide

sulfur in aqueous solutions is being studied at 500°C and 1500 bars.

Reference Publications:

1. Rytuba, James J. and Dickson, Frank W., 1974, Reaction of
pyrite + pyrrhotite + quartz + gold with NaCl-H0 solutions, 300-500°C,
500-1500 bars, and genetic implications, 4th Symp051um, Int. Assoc, Ore
Genesis, Varna, Bulgaria (Abstract).

2., Radtke, Arthur S. And Dickson, Frank W., 1974, Controls on the
vertical position of fine-grained replacement-type gold deposits, 4th
Symposium, Int. Assoc. Ore Genesis, Varna, Bulgaria (Abstract)

3. Bischoff, J. L. and Dickson, F, W., 1974, Seawater-basalt
interaction and sea floor metal deposits, Int, Symposium Water - Rock
Interaction, Prague, Czechoslovakia (Abstract).

4, Dickson, F. W,, Radtke, A. S., Weissberg, B. G. and Heropoulis,
Chris, 1975, Solid solutions of antimony, arsenic, and gold in stibnite
(SbaS3), orpiment (As2S3), Econ. Geol., v. 70, p. 591-59%.

5. Bischoff, James L., and Dickson, Frank W., 1975, Seawater-
basalt interaction at 200°C and 500 bars Implications for origin of
sea-floor heavy metal deposits and regulation of seawater chemistry,
Ea, Plan. Sci, Let,, v. 25, p. 385-397,

6. Rytuba, J, J., 4nd Dickson, F. W., 1974, Reactlon of pyrite
+ pyrrhotite + quartz + gold with NaCl-H20, 300-500 C, 500-1500 bars,
and genetic implications, Proc, 4th Symposium Int. Assoc. Ore Genesis,
Varna, Bulgaria.
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Technical Objective:
To apply the methods of quantum field theory to understanding

cooperative phenomena in materials and at surface-to-volume interfaces.

Research Report:

(1) Theory of Photoabsorption Spectroscopy in the X-Ray Region

The basic theory set up by Ashley and Doniach has been applied in
quantitative detail by Kincaid to the simple diatomic molecule Brz. An
extensive computer calculation of electron-atom scattering from self
consistent atomic potentials has shown a very reasonable ab initio
agreement with experiment We have learned that important inelastic
effects occur, however, which cannot be predicted within the one electron
theory. This work has been published in Phys. Rev. Letters.

Work by E. Rezayi on the general theory has resulted in an equation
incorporating the phase shift for an outgoing electron leaving a core
state of a central atom with the theory of multiple scattering of the

+Xerox Research Center : '—64-
Palo Alto, California



electrons on the neighboring atoms. A group theoretical analysis of
this equation should allow the simplification of the multiple scattering
problem for simple molecules such as GeC24. Experiments by Kincaid

and Eisenberger suggest that there is some kind of "electron trapping

phenomenon," or resonant state, near threshold in a caged-in molecule

of this type.

(2) Theory of Coupled One-Dimensional Chains
Work by R. Klemm (IBM Fellow) and Hanoch Gutfreund has allowed

a calculation of the nature of the superconducting or charged density
wave instabilities in coupled one dimensional chains in which the
electrons are strongly correlated within each chain. They show that
superconductivity is possible under conditions of strong correlation
for quasi one-dimensional systems given suitable relationships between
the electron-electron coupling parameters.

Work with L. Turkevich has been focussing on a system of coupled
one-dimensional chains in which random coupling is allowed to take
place between the chains. This is done within a Ginzberg-Landau frame
work and simulates the behavior of systems such as KCP studied by

Professor Little and collaborators.

(3) Real Space Renormalization Group Theory of Two and Three-Dimensional

"Systems
The real space remormalization group approach of Nijmeier and

Van Leeuwen has been applied by D. Lublin to the two-dimensional x-y
moc 1. The results give approximate criticél indices for this system,
previously only obtainable by the series expansion methods. The work
has been published in Physical Review Letters.

Work by J. Fields and M. Vogel in the three dimensional Ising model
has been completed using a spin-one renormalization group approach. This
is the first time three dimensional Ising critical indices could be
calculated without the use of high temperature series methods. This

work has been submitted for publication.

(4) Theory of Electron Induced Desorption from Solid Surfaces

Work with D. Misemer has been started on a study of many body
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effects during an electron stimulated desorption of ions from surfaces.
It is known that the desorption rates are very sensitive to the exchange
of energy between the ion and the surface. We are studying this using

a simple collective electron gas model for solids. An experiment to

test these ideas has been suggested and is being planned in collaboration

with Ingolf Lindau.

(5) Theory of Dynamic Scaliug in Ferromagnets

An extension of renormalization group techniques to incorporate
hydrodynamic sum rules has been applied to the theory of critical
fluctuations in a ferromagnet by G. Mazenko and S. Ma.- This has
appeared in Physical Review Letters. A longer account is being

written up.

Publications

1. C. A. Ashley and S. Doniach, Physical Review Bll, 1279 (1975).

2. B. M. Kincaid, P. Eisenberger, K. O. Hodgson and S. Doniach,
Proceedings of National Academy of Sciences, (June 1975).

3. 1I. Lindau, P. Pianetta, $. Doniach and W. E Spicer, NATURE
250, 214 (1974).

4, L. Wagner, W. E. Spicer and S. Doniach, Solid State
Communications 15, 669 (1974).

5. B. A. Huberman, D. M. Lublin and S. Doniach, Solid State
Communications (July 1975).

6. B. M. Kincaid and P. Eisenberger, Phys. Rev. Letts. (June 1975).

7. G, F. Mazenko and S. Ma, Phys. Rev. Letts. (1975).

-66-



#

17.

EXPERIMENTS AT LIQUID HELIUM TEMPERATURES ON MACROSCOPIC QUANTUM EFFECTS,
MATERIAL PROPERTIES, GENERAL RELATIVITY, AND SUPERCONDUCTING ACCELERATORS

W. M. Fairbank, Professor of Physics

C. W. F. Everitt, Adjunct Professor

R. P. Giffard, Assistant Professor of Physics
H. A. Schwettman, Professor of Physics

Professional Associates:

T. Anderson
Ben Zvi

P. Boyd
Cabrera

H. Ceperley
. Elias
Kneisel

. Knight

C. Li

GO Ym O -4

P
=
|
.
o

Graduate Students:

.. P. Boughn
Cabrera*

. Claridge

. LaRue

. Lockhart

. Lyneis*

L. Marston

J. Neuhauser

J. Paik¥*

E
S
. M
M

.

mErHOGQUWw

Agency Support:

C. M. Lyneis

J. M. Madey

J. Malmivuo

M. S. McAshan
H. J. Paik

T. Smith

J. P. Turneaure
F. van Kann

'F. C. Witteborn

J. S. Philo

R. H. Roy, IIIX

S. R. Stein*

M. A. Taber

A. M, Vetter, Jr.
C. A. Waters

J. P. Wikswo, Jr.

E. G. Wilson
P. W. Worden, Jr.

*Received Ph.D. during Report Period

AFOSR F44620-73-C-0017 and AFOSR F44620-75-C-0070
AFOSR F44620-70-C-0021 and AFOSR F44620-75-C-0022

NASA NGR-05-020-019
ONR N00014-67-A-0112-0076

NSF GP 38610 and NSF MPS73-08748-A02
NSF GP 38906 and NSF MPS73-08836-A02
NSF GH 39028 and NSF DMR75-15628

NSF GP 39029 and NSF MPS73-08870-A03
NSF GI 34778 and NSF APR72-03447-A03

NSF through CMR

_67_



Technical Objective:

This research is directed toward the study of the basic problems of
physics using low temperature techniques. 1In addition to experiments
studying the special properties of superconductors and helium for their
sake, we exploit their unique properties to perform experiments in other
fields of physics such as gravitation and relativity, biophysics and
medicine, particle accelerators and the search for fractionally charged

particles.

Research Report:

(1) Positron Source

Research Physicist: J. M. Madey

A source of magnetic ground state positrons at energies below
lO_7eV is required for operation of the positron free fall experiment.
Positrons in this energy range cannot be obtained from natural B+ emitters.

The approach we have adopted is to capture a small number of rela-
tively low energy (~100 eV) positrons and to trap them within a solenoidal
magnetic field between electrostatic mirrors. Provided that the trap
proves to be stable, the positrons can readily be thermalized to energies
of the order of lO—AeV, Adiabatic expansion can be used to lower the

energy to the required 10‘7eV.

(2) Photon Counting Detector

Research Physicist: J. M. Madey

We are developing a photo-electric effect detector for use at milli-
meter wavelengths. The detector is based on excitation of the n =1
cyclotron level of magnetic ground state electrons trapped in a high Q
cavity resonant at the cyclotron frequency. Theoretical estimates of
the performance predict a noise temperature less than 1°K and quantum
efficiencies of the ordér of 10%. Such a detector would have immediate

application in millimeter wave radio astronomy.
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(3) The Anomalous Magnetic Moment of the Free Electron

Visiting Scholar: L. Knight

This expiriment is an attempt to make a direct measurement of the
magnetic moment of a free electron (g-2). This measurement, if made
accurately enough, would be a significant test of quantum electrodynamics
since g-2 can be calculated by theory as a power series in the fine
structure constant. The direct measurement is made possible by the use
of low temperatures to provide a homogeneous magnetic field and an other-

wise field-free environment for low energy electrons.

(4) TForce of Gravity on Elementary Charged Particles

Graduate Student: J. M. Lockhart
Visiting Scholar: F. C. Witteborn

Low energy electron beam techniques have been developed which permit
the measurement of the force of gravity on single electrons and positrons,
thus allowing a direct test of the gravitational equivalence of matter
and anti-matter. The electron experiment has already been performed,
yielding results which seem clear, but which also seem to indicate the
presence of an unexplained shielding effect in the metallic drift tubes
used in the experiment. Recent work has been directed toward exploring
the nature of this shielding effect and the conditions under which it
exists. There appears to be strong evidence for the presence of a large
temperature dependence in the magnitude of the shielding. Experiments
are now in progress to determine the detailed behavior of this temperature
dependence. Measurements on the positron await the completion of a source
of ultra-low energy positrons; a prototype of this source should be ready

for tests in the next few months.

(5) Free Electron Laser

Research Physicist: J. M. Madey
Research Associates: L. Elias
T. Smith

Theory indicates the possibility of amplification due to stimulated
emission of magnetic bremsstrahlung (synchroton radiation) in a spatially
periodic magnetic field. Useful gain is available from the infrared to

the vacuum ultraviolet with the capability for high peak power operation.
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Experiments are presently underway in the Hansen High Energy Lab to

verify the gain equation and to explore saturation characteristics.

(6) Magnetic Susceptibility of Biological Macromolecules

Graduate Student: J. S. Philo

We have developed a new type of magnetic susceptibility apparatus
using a superconducting magnet and a Josephson junction magnetometer. At
present we have achieved a sensitivity approaching 10_6 of the diamagnetic
susceptibility of water. This high sensitivity should allow us to measure
the small changes in molecular diamagnetism which occur during such pro-
cesses as the unwinding of DNA helices, conformation changes in proteins,
phase changes in membranes, etc. In addition to high sensitivity, the
instrument has a response time of a millisecond, which will allow us to
.study the kinetics of hemoglobin reacting with carbon monoxide and other

fast reactions in solutions.

(7) Development of a Sensitive Cryogenic Gravitational Wave Detector

Graduate Student: S. P. Boughn
Postdoctoral Fellow: H. J. Paik

We have designed and constructed a 1400 pound cryogenic gravitational
wave detector. The antenna, which is a cylindrical aluminum bar, is
covered with niobium-titanium and has been levitated on a'2 kilogauss
magnetic field. The source of this field is a set of five, single layer,
"pancake—type" coils which are strung in series and operated in a persis-
tent mode. This levitation scheme provides both uniform support for the
detector and acoustic isolation for the detecting system. To sense
vibrations in the antenna we are developing a superconducting tunable-
diaphragm transducer for the low temperature gravitational wave detector.
The transducer consists of a thin circular niobium diaphragm clamped k
around the edge. ' Two niobium-titanium pancake coils are located close
to the two surfaces of the diaphragm and a third coil coupled to a SQUID
is connected in parallel with the two pancake coils. A large dc current
is stored in the superconducting loop formed by the pancake coils. When
this transducer is attached to the end of the gravitational wave antenna

and tuned by means of the dc current to ‘the resonant frequency of the

-70-



antenna under observation, the diaphragm picks up the motion of the bar,
amplifies it by the square root of the mass ratio and converts it into
electromagnetic signals in the coils by means of inductance modulation.
The ac magnetic field generated in the third coil is detected by an ex-
tremely low noise superconducting magnetometer. When operating, this
detector will be the first instrument sensitive enough to detect predicted
gravitational radiation of known astrophysical events in our galaxy. We
expect eventually to achieve 106 improvement in energy sensitivity over

Weber's for our 3m°K gravitational wave detector.

(8) Optical Measurement of Surface Profile of Rotating Liquid Helium

Graduate Student: P. L. Marston

We are examining the surface contour of He II in a rotating "bucket"
to attempt to observe the vortex array and other superfluid effects. Co-
herent optical techniques are employed including the observation of the
diffraction pattern, phase contrast image, and Fizeau fringes for light
reflected by the fluid surface. The Fizeau interferometry technique has
been successfully used to measure the surface profiles of rotating He I
and He II. Surface depressions like those predicted for a multiply quan-~

tized superfluid vortex were observed for the first time.

(9) Superfluid Helium Flow Through an Orifice Near Critical Velocity

Graduate Student: C. A. Waters

This experiment is designed to observe the small energy and momentum
associated with the production of a single vortex ring in superfluid
helium. - To observe the momentum, a superconducting niobium cavity con-
taining a pressure detecting diaphragm in one wall has been built. The
motion of the diaphragm is detected as a change in the resonant frequency
of the cavity. Vortex rings will be reated by forcing liquid helium to

flow through an orifice above the critical velocity.
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(10) Properties of Superfluid Helium-3

Graduate Srulent: B. J. Neuhauser
Research Physicist: J. A, Lipa

The light isotope of helium, of atomic mass 3, has recently been
shown to be a superfluid below a temperature of 2.5 millikelvins. Since
the helium-3 atoms are Fermions, the understanding of the condensed state
parallels the BCS treatment of superconductivity, but significant general-
izations are required. SihCe the nuclei have a magnetic moment, the state
displays interesting magnetic properties which can be probed using NMR
techniques and SQUID magnetometry. In addition, the classical superfluid
properties manifested in helium-4 are expected. We plan to measure some
of these properties, in particular, NMR and second sound, in order to
obtain a better understanding of the new state. In order to reach the
ultra-low temperatures required,ka first class helium-3/helium-4 dilution
refrigerator is required, plus an extra stage of cooling using either
adiabatic demagnetization of a paramagnetic salt, compressional cooling
of helium-3 along its melting curve, or demagnetization of a nuclear spin

system.

(11) Experiments in Very Low Magnetic Fields

Postdoctoral Fellow: B. Cabrera

We have obtained magnetic fields smaller than 10_8 gauss in a cylin-
drical superconducting lead shield that is four inches in diameter and
thirty inches long. This magnetic field level, an order of magnitude
smaller than we had previously obtained, corresponds to at most a few
flux quanta trapped in the superconducting shield. We are using a super-
conducting double point-contact magnetometer with a resolution of 10—9
gauss to measure the very small magnetic fields. We have constructed an
apparatus to measure the magnetic flux trapped in a superconducting
cylinder 1/2 inch in diameter by 4 inches long. We have the sensitivity
to see individual flux quanta penetrating the walls of this cylinder, and

thus study the pinning of flux in superconductors. One of these shields

has been used in conjunction with a detection coil coupled to a SQUID as

‘a magnetic monopole detector. Our present sensitivity is 1/50 of a

Dirac monopole. Our data to date is consistent with zero magnetic charge.
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(12) Nuclear Polarization of He3

Graduate Student: M. A. Taber

We have used He3 optical pumping techniques to produce dilute polar-
ized He3 and He4 gas mixtures. Such mixtures have been successfully con-
densed into a low magnetic field region and the precession of the He3
magnetization has been observed in an applied transverse field of 21.0--4
gauss by use of a SQUID magnetometer. Initial magnetization has been
greater than 10"6 gauss with a signal to noise of 1000 to 1. With the
He3 concentration being approximately lO_3 this represents a polarization
of about 1%. We are presently working on experiments to measure the in-
trinsic He3 relaxation time as a function of concentration. This experi~-
ment is a continuation of effort devoted to development of a He3 nuclear

gyroscope.

(13) Magnetocardiology (Joint Project with Stanford Hospital)

Graduate Students: R. H. Roy, III
J. P, Wikswo, Jr.

We are developing two new magnetic techniques for non-invasive
clinical observation of human cardiac function. The first measures mag-
netic susceptibility changes associated with the motion of blood within
the heart. The second technique involves the use of a superconducting
gradient magnetometer to measure the magnetocardiogram, the magnetic field
generated by the electrical activity of the heart. We have built a large
magnetic shield and a computer signal-processing system. The clinical
value of the magnetic field measurements will be determined by studying

normal patients and patients with various cardiac diseases.

(14) Search for a Quark

Graduate Student: George LaRue

The purpose of this experiment is to search for fractionally charged
particles (quarks) on superconducting niobium spheres supported by a
magnetic field. The experiment measures the net electric charge on a
niobium ball of mass approximately 5 x 10“5 gm. Fractionally charged
particles, if they are contained on a niobium ball, would be observable

as a non-integral net charge on the ball. Measurements have been made

~73-



on four niobium balls with a sensitivity of approximately #0.02 e, where
e is the electron charge. Forces simulating non-integral residual charges
have been observed on these balls. The central issue in this experiment
is to determine unambiguously whether or not these forces are due to
fractional charges or are caused by spurious dipole sources. The appara-
tus has been rebuilt to increase the speed with which data can be assimi-
lated and processed and to facilitate the identification of spurious

dipole effects.

(15) Magnetic Field Penetration into Superconducting Tin Film Cylinders

Graduate Student: E. G. Wilson

A number of Sn cylinders, with wall thicknesses ranging from 5,000 A
to 10,000 A, have been prepared by vacuum deposition onto quartz substrates.
The interior penetration resulting from an axial external field is meas-
ured with a 30 MHz SQUID magnetometer as a function of temperature. (The
external field is returned to zero before each change in temperature.)
Three films have been produced which show nonlocal behavior, in that they
are better fit by the nonlocal Pippard (or BCS) theory than by the London
"local limit" theory. Other films fall into the local limit regime, due
to the shortening of the mean free path produced by the film deposition
process. The very small reversed interior magnetic field predicted by
the theory for sufficiently nonlocal films (in an approximate temperature
and film thickness regime) has not been seen. This is probably because
1) all of the films are more "local" than bulk Sn, and this reduces the
predicted reversed field size to an even smaller value; 2) pinholes,
present to some extent in all of the films, produce a spurious positive

signal.

(16) Microwave Josephson Effect Magnetometer

Graduate Student: D. E. Claridge

We have measured the 9 GHz small signal impedance of a d¢ biased
superconducting niobium point contact. The impedance of the point,
measured as a function of the dc bias current shows qualitative agreement
with the predictions of the resistively shunted junction model. The

dependence of the impedance on the microwave signal level also follows
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the theory. The system has been improved and measurements are now in
progress which should yield data suitable for quantitative comparison
with theory. We will also attempt to measure the coefficient of the
cos¢ term in the quasiparticle conductance through its influence on the

microwave impedance.

“'7) Equivalence Principle Accelerometer

Graduate Student: P. W. Worden, Jr.
Adjunct Professor: C. W. F. Everitt

The experiment is intended to test the application of cryogenic
technology to a measurement of the uniqueness of free fall, particularly
with regard to investigating the ultimate limitations to sensitivity and
a possible earth~orbiting equivalence principle experiment. A pair of
superconducting test masses of different materials are suspended in essen-
tially frictionless linear magnetic bearings. The masses are cylindrical
with dimensions optimized to minimize gravity gradient effects, and are
free to move along the cylinder axis. An electronic control mechanism
keeps each mass centered with respect to the casing by tilting the support
plane provided by the magnetic bearing. The control efforts required to
keep the masses centered are appropriately scaled and subtracted to one
part in 105, providing a signal proportional to any differential accelera-
tion which may exist. The difference signal may then be recorded and
Fourier analyzed to determine the relative amplitudes of the various fre-
quency components.

The limiting sensitivity of the experiment on earth is set by seismic
noise and the accuracy of the subtraction process. A difference of one
part in lO12 in the ratio ©f inertial to gravitational mass is estimated
to be the limit of sensitivity on earth. In low earth orbit the sensiti-
vity is limited by tidal sloshing of the liguid helium refrigerant and is

probably one part in 1017.
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(18) Relativity Gyroscope Experiment

Adjunct Professor: C. W. F. Lveritt

Research Physicists: J. T. Anderson
J. A. Lipa

Postdoctoral Fellow: B. Cabrera

Visiting Postdoctoral Fellow: ¥F. van Kann

In 1960 Professor Leonard Schiff of Stanford University suggested a
new test of general relativity based on observing the precessions of very
accurate gyroscopes in an earth-orbiting satellite. Since 1962 a group
of physicists and engineers from the Hansen Laboratories and the Depart-
ment of Aeronautics and Astronautics have been designing and developing
the experiment using cryogenic techniques. A model of the flight gyro-
scope and liquid helium dewar has now been operating at Stanford for
nearly three years. A low temperature run is in progress in Room 002 of

the Physics basement.

(19) Superconducting Meson Channel

Associate Professor: H. A. Schwettman
Research Physicist: D. P. Boyd

A superconducting pion channel has been developed and is being con-
structed. It consists of two, 10 ft. diameter torroidal superconducting
magnets, each having 60 pancake forms. Cooling is achieved by conduction
from liquid helium tubing placed on the edge of the coil forms. This
novel application of large scale superconducting technology results in
a large solid angle exceeding 1 steradian for the collection of pions.
The purpose of the magnet is to collect and deliver pions for use in

cancer therapy in a hospital facility.

(20) Time Variation of Fundamental Constants and Superconducting
Cavity Stabilized Oscillator

Research Physicist: J. P. Turneaure

The investigations involve the development of an x-band microwave
oscillator (called the superconducting cavity stabilized oscillator or
SCS0) with state of the art short term frequency stability and the appli-
cation of this oscillator in an experiment to detect possible time

variation of the fine structire constant.
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The technique being pursued is to reference a commercial Gunn-effect
oscillator (at 8.6 GHz) to a superconducting niobium cavity. Such a
cavity is an excellent frequency reference because of the very narrow
resonance line-width which can be obtained. For example, an x-band
niobium cavity can be made with a resonance 100 times narrower than the
atomic line width of the hydrogen maser. A discriminator of the inter-
mediate frequency type has been developed to detect the cavity resonance
frequency. The improvements which we have made in both the discriminator
and the servo electronics cause the cavity itself to be the dominant
source of frequency instability for the entire system.

The short term frequency fluctuations of the SCSO system have been
extensively studied by mixing the outputs of two identical systems and
performing spectrum analysis and period-time counting on the beat signal.
It has been found that the rms fractional frequency fluctuations (referred
to the operating frequency) are Gy(T) =6 x lO—16 for a 100 sec averaging
time. This is better than the nerformance of hydrogen and rubibium masers.
The frequency drift of the SCSO system has also been measured via compar-
ison with a cesium beam atomic clock for a period of about 2 weeks. The
typical drift rate was 3 x lo_la‘per day which is two decades lower than

state of the art quartz crystal oscillators.

(21) Superconducting Microwave Cavities

Professor: H. A. Schwettman
Research Physicist: J. P. Turneaure
Research Associate: C. M. Lyneis

Several important problems have been encountered in the development
of high Q, high field superconducting cavities which require a more com-—
plete understanding at a fundamental level. Investigations are in pro-
gress related to the surface resistance of superconductors, magnetic
breakdown of the superconducting state, and electron loading phenomena
in superconducting cavities. There are two questions related to the
surface resistance of superconductors which are quite important and are
currently being studied. These are the dependence of the surface resis-
tance on material parameters such as the Landau-Ginzberg parameter, K

(the ratio of the penetration depth, A, and the coherence length, &), and
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the electron mean free path, %; and the possibility that fundamental loss
mechanisms such as the generation of sound waves will set a limit on the
smallest attainable surface resistance.

The maximum rf field level that can be attained in a superconducting
cavity with high Q is often limited by a thermal-magnetic breakdown of
the superconducting state. Tor high quality superconducting cavities
such magnetic field limitations are characterized by an abrupt change in
Q (by a factor of lO2 and sometimes even 105) at a relatively well defined
rf critical magnetic field, Hzf. To make progress in investigations of
thermal-magnetic breakdown the superconducting surfaces must be better
characterized. There are available to us a number of tools and methods .
to accomplish this including an Auger spectroscope, a scanning electron
microscope, an electron microprobe, a transmission electron microscope,
and other metallurgical equipment available at the Stanford Center for
Materials Research. Also, we can utilize a number of physical measure-
ments which help to characterize the surface including the dc resistance
ratio, the normal state surface resistance, and temperature dependent
surface reactance measurements.

Electron loading phenomena impose an important limitation on the
field level that can be achieved in superconducting cavities at the fre-
quencies of interest for an accelerator. At present in TMOlO mode
cavities at 1.3 GHz one is limited to electric field levels corresponding
to an energy gradient of 2 MeV/ft by intense x-radiation that can exceed
one R/hr measured at a distance one meter from the cavity. The observed
x-radiation is thought to result from field emitted electrons, however,

a detailed understanding of the phenomenon must include not only the
field exdssion process, but also the electron dynamics in the cavity,

and the secondary electron multiplication processes which follow electron
impact with the cavity walls. Studies have shown that electron field
emission in superconducting cavities is enhanced by geometric projections
on the cavity surface and by resonant tunneling through surface states
associated with adsorbed gases. Recent experiments have shown that
electron dynamics and secondary processes can also have a profound in-
fluence on the electron loading in superconducting cavities. For geo-

metrically similar cavities resonant at different frequencies the electron
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dynamics are invariant (all trajectories, final. energies, and final phases
remain unchanged) if the electric field strength is scaled with frequency.
Measurements on TMOlO mode cavities at 1.3, 2.8 and 8.6 GHz indicate that
electron loading at lower frequencies becomes an important problem at
electric field values that are lower, strongly suggesting that the details

of electron dynamics in the cavity must be considered.
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ENERGY MIGRATION IN MOLECULAR SOLIDS: COHERENT VS. INCO-
HERENT PROPAGATION EFFECTS IN MOLECULAR SOLIDS

M. D. Fayer, Assistant Professor, Chemistry

Graduate Students:

D. E. Cooper
D. E. Dlotte
R. D. Wieting

Agency Support

NSF through CMR
ACS--Petroleum Research Fund

Technical Objective:

To obtain an understanding of the factors affecting
the migration of singlet Frenkel excitons in molecular
solids. The nature of energy transport in solids is an
area of great practical importance in addition to being one
of the fundamental problems confronting both theoretical
and experimental solid state physics. In particular, any
time the collective interactions of a solid contribute to
the propagation of a state or particle, both the ccherent
and incoherent mode of propagation must be considered in
detail. This is true of singlet Frenkel excitons in
molecular crystals which are the subject of this investiga-
tion but identical considerations also apply to conduction
electrons in metals and insulators, electrons and holes in
semiconductors, lattice or molecular vibrational energy
transfer, the propagation of angular momentum in solids as
spin waves or magnons and even in atomic diffusion, such as

in the'migratidn of 3He in solid 4He.
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At low temperatures (~4°K) where phonon-exciton inter-
actions are infrequent, wavelike propagation of coherent
wave packet states is expected to be the predominant energy
transport mechanism. The velocity of propagation and
therefore the distances over which energy can be rapidly
transported is determined by the group velocities of the
individual exciton states. Increased temperature results
in a greater number of excitons with large group velocities
able to travel long distances, but also results in increased
phonon-exciton scattering which tends to reduce the wave
packets coherence length. At high temperatures, (~300°K)
phonon-exciton scattering is expected to reduce the
coherence length to less than one lattice site. Transport
will take place by a random walk process, and therefore long
range energy migration ¢'ill be severely reduced. To date
there is only very limited indirect experimental evidence
that coherent migration occurs in triplet Frenkel excitons
and these experiments are incapable of investigating the
distances over which exciton migration occurs. Singlet
Frenkel excitons which should exhibit rapid coherent migra-
tion due to their large exciton band dispersions are of
particular interest because they will be able to transport
energy over long distances between phonon-exciton scatter-

ing events.

Approach:
The dynamics of exciton tramsport in the low tempera-
ture coherent region, the high temperature random walk

region and the intermediate region, are capable of being
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directly investigated utilizing the picosecond transient-
grating technique recently developed by A. E. Siegman. 1In
this technique, two ultra-short light pulses generated with
a mode-locked laser are propagated along different paths
and overlapped in the sample, i.e. a molecular crystal with
a singlet absorption at the laser wavelength. The inter-
ference of the two beams produces a sinusoidally spatially
varying intensity distribution in the crystal which results
in the production of singlet excitons in the regions whero
the intensity is large. A third pulse of light from the
laser (with a different wavelength) is directed into the
sample at a desired time interval after the initial excita-
tion. This probe pulse is defracted off the ''grating'
established by the first two pulses at a unique angle, and
the intensity of the defracted beam is measured. As
exciton migration proceeds, the ''valleys' between the
regions of high exciton concentration are filled in and the
amplitude of the defracted probe pulse is reduced. Since
the spatial distribution of the initial intensity is known
and the time of the probe pulse is known, the rare of
exciton migration can be directly measured. Detailed pre-
liminary computer calculations indicate that the time scale
of this technique is appropriate to the measurement.
Application of the transient grating technique to the
exciton migration problem provides a unique tool for the
study of a wide range of effects. By varying the sample
temperature, the exciton and phonon populatien distributivis
are both altered. Temperature dependent velocities, ‘
coherence lengths, and phonon-exciton scattering are there-

fore opened to direct study. In addition, by varying the
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alignment of the transient grating relative to the sample
crystolographic axes, the anisotropy in the directional
rate of energy transport may be mapped out. This is
particularly interesting in application to "one-dimensional"
solids. Further, introduction of low energy impurities
into the sample will localize the exciton on a particular
lattice site for a period of time and therefore hinder the
migration. Temperature dependent phonon interactions with
these localized states will promote an excitation back into
the exciton band where it will again be mobile. The con-
centration, temperature, and trap depth dependence of the
exciton localization are also opened for study.

In addition to the transient-grating experiments, other
techniques are being employed to investigate the individual
processes of localization of an exciton wave packet by an
impurity, promotion of a localized state to a delocalized
band state, exciton-phonon scattering, the effect of high
energy potential barriers on exciton migration and the
transfer of excitation between unlike chromophores. The
time and temperature dependence of the above processes will
be investigatéd using a combination of temperature dependent
optical spectroscopy and picosecond spectroscopy. The
picosecond work employs a tunable mode-locked flash lamp
pumped dye laser. A five picosecond pulse of visible light
is selected from the mode-locked pulse train and is doubled
into the UV. The UV pulse is then used to both excite and
probe the dynamics of the above processes. The phenomena
are investigated in the temperature range 1.5°K to 300°K

using a variable temperature liquid helium dewar system.
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Professional Associates:

. Abe

. Mutter

. Neidlinger
W. Suter

. Y. Yoon

ocmR P

Graduate Students:

W. A. Boettner
C. W. Carlson
V. W. C. Chang¥®
L. C. DeBolt

. *Received PhD during report period

Agency Support:
AFOSR 73-2441-A, -2441-B
NSF DMR-73-07655 A0l
Technical Objective:

To develop a better basis for understanding macro-

molecules and for interpreting their behavior.

Approach:

Currently, investigations are under way in the follow-
ing areas:
(1) The configurational statistics of long chain

molecules, and the interpretaticn of such properties as
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spatial dimensions, dipole moments, and optical aniso-
tropies according to rigorous principles of statistical
mechanics,

(2) Rubber elasticity, the elastic equation of state
including dependence on volume and temperature; theory and
experiments, ‘

(3) Strain-induced birefringence of cross-linked
polymer networks,

(4) Depolarized scattering by chain molecules in
relation to their structures and configurations, and

(5) Thermodynamic properties of liquid solutions
with major emphasis on solutions in which at least one

component is macromolecular.

Reference publications:

1. C. A. J. Hoeve and P. J. Flory, ''The Elastic
Properties of Elastin,' Biopolymers 13, 677-686
(1974).

2. Paul J. Flory, '"Molecular Concepts in Polymer
Science,'" (Priestley Medal Address, ACS Meeting,
Los Angeles, Ca., 1 April 1974), C&E News,
April 8, 1974, pp. 36-40.

3. P. J. Flory, "The Science of Molecules,"
(Priestley Address, Selinsgrove, Pa., 25 April
1974), C&E News, July 29, 1974, pp. 23-25.

4. S. Bluestone, J. E. Mark, and P. J. Flory,
"The Interpretation of Viscosity-Temperature
Coefficients for Polyoxyethylene Chains in a
Thermodynamically Good Solvent,' Macromolecules 7,
325-328 (1974).
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10.

11.

12.

13.

P. J. Flory, "Foundations of Rotational Isomeric
State Theory and General Methods for Generating
Configurational Averages,' Macromolecules 7,
381-392 (1974).

P. J. Flory, P. R. Sundararajan, and L. C.
DeBolt, "'Configurational Statistics of Vinyl
Polymer Chains,' J. Amer. Chem. Soc. 96,
5015-5024 (1974).

P. R. Sundararajan and P. J. Flory, ''Configura-
tional Characteristics of Poly(methyl methacry-
late),'" J. Amer. Chem. Soc. 96, 5025-5031 (1974).

P. J. Flory and D. Y. Yoon, '"Moments and Distri-
bution Functions for Polymer Chains of Finite
Length. I. Theory," J. Chem. Phys., 61,
5358-5365 (1974).

D. Y. Yoon and P. J. Flory, ''Moments and Distri-
bution Functions for Polymer Chains of Finite
Length. II. Polymethylene," J. Chem. Phys. 61,
5366-5380 (1974).

P. J. Flory, "Introductory Lecture, General Dis-
cussion No. 57 on Gels and Gelling Processes,"
Faraday Discussion, in press.

Paul J. Flory and Yoh-Ichi Tatara, ''The Elastic
Free Energy and the Elastic Equation of State;:
Elongation and Swelling of Poly(dimethylsiloxane)
Networks,'" J. Polymer Sci., Phys. Ed., in press.

Paul J. Flory, '"Theoretical Predictions on the Con-
figurations of Polymer Chains in the Amorphous
State,'" J. Macromol. Sci., Phys. Ed., in press.

Paul J. Flory Nobel Prize Paper, ''Spatial Con-
figuration of Macromolecular Chains,'" Les Prix
Nobel en 1974, Imprimerie Royale P. A. Norstedt
& Somner. ‘ :
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20.

CUMULATIVE FATIGUE DAMAGE

Henry O. Fuchs, Professor Emeritus, Mechanical Engineering

Graduate Student:

Drew V. Nelson

Agency Support:

CMR :
Association of American Railroads
Materials Engineering Department, John Deere & Co.

Technical Objective:

To develop computerized methods and general guidelines
for predicting cumulative fatigue damage due to service
loadings in mechanical components. Th=se methods are in-
tended to be more realistic and accurate than most now in
use and at the same time simple.enough for application by
industry. Shortcuts are also being sought which will re-
duce test and computing time without unduly sacrificing the
accuracy of fatigue life forecasts.

Approach:

Different methods of analysis have been applied to test
data produced by others in avcomprehensive test pfogram con-
ducted by seVeral laboratories coordinated by the Fatigue
Design and Evaluation Committee of the Society of Automotive
Eﬁginéers. | | |

Research Report:

This work is completed and is reported in the Ph.D.

dissertation and three publications listed below. It shows



that it is essential to look at fatigue failures from two
different aspects. The early stage responds to local shear
stresses and can be handled by relatively simple computa-
tions. The later stage responds to crack opening stresses
and requires more complex computations. The second stage
may be much shorter or much longer than the first, or the
crack growth may even be arreéted, depending on circum-
stances. We call the two stages initiation and propagation
of cracks.

Crack Initiation

Analysis of very compleguiéadﬂhistories by four differ-
ent methods has shown that one simple'approach gives results
which are as good as those obtained by the most elaborate
available analysis. Predictions fall within the usual scat-
ter band of test results; The simple approach is based on
load histories abbreviated to include only the top decile
of all overall load ranges (Ref. 1). The load rangés are
convérted-to nominal stress ranges.  Damage for each range
is computéa aé the inverse of life on an a-priori stress-
life curvé. Life as a function of nominal stress on the
notched member is derived from the stress—lifé curve of
smooth specimens by using the theoretical stress concentra-
tion factor at a millibn'reversals, no notch effect at 1000
reversals, and notch strengthening at very short lives as
indicated by a‘straight iine on a log log piot,through the

point at 1000 and at 1 million reversals. The notch
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strengthening at short lives is a feature which contradicts
some current theories but has long been assumed by practi-
tioners. We are at present checking the notch strengthening
in monotonic lcoading for these materials.

The Association of American Railroads is incorporating
the method developed in this project into their fatigue de~
sign specifications for freight cars.

Crack Propagation

Three methods were tried to correlate the observed
crack growth resulting from irregular load historiés with
data from constant amplitude tests.

The results are not quite as good as those for crack
initiation, but they are very promising. We plan to do
further analytic work on this problem if we can find the
necessary funding.

Reference Publications:

(1) "Shortcuts in Cumulative Damage Analysis," by
H. 0. Fuchs, D. V. Nelson, M. A. Burke, and
T. L. Toomay, SAE paper No. 730565, May 1973.

NEPOU

(2)  Predictions of Cumulative Fatigue Damage Using
Condensed Load Histories, D. V. Nelson and 1
H. O. Fuchs.

(3) Review of Fatigue Crack Growth Prediction under
Irregular Loading, D. V. Nelson. Presented to
Society for Experimental Stress Analy51s on
13 May, 1975, Chlcago.

(4) Prediction of Fatigue Crack Growth under Irregular
Loading by D. V. Nelson and H. O. Fuchs. Accepted
for presentation at American Society for Testing
and Materials Symposium on Fatigue Crack Growth
under Spectrum Loads, on 24 June 1975 in Montreal.
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21. LOW TEMPERATURE PROPERTIES OF MATERTALS
T. H. Geballe, Professor, Applied Physics anc Materials Science and
Engineering
Professional Associates:

T. W, Barbee, Jr,

R. H., Hammond
C. N, King

K. R. Pisharody
R. E. Schwall
R. B. Zubeck

Graduate Students:

S. R, Early R. H. Norton
A. B. Hallak M. C. O'Connor
J.M,E. Harper B. Robinson

R. E. Howard J. R, Salem

G. R. Ierley G. R, Stewart
T. J. Jach R. A, Thomas
D. B. Kimhi R. G. Younge
G. T. McDavid

Agency. Support:

- AFOSR 73-2435B
NSF DMRTU4=21982
NSF through CMR

Technical Objective:
To prepare new and unusual superconducting and magnetic compounds
and composite structures and to study the mechanisms and interactions

responsible for their behavior,

Approach: v
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