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Introduction

Introduction The Laboratory _'s Institutional Research and Development (IR&Dy
Program was established in 1984 to foster exploratory work to advance science
and technology. disciplinary research to develop mnovative solutions o

J. ¥, Holzrichter  problems in various scientific fields, and long-term interdisciplinary research o
support our national defense and energy missions. In FY88. the IR&D
Program was funded by a 2% assessmient on the Laboratory’s operating budget.
Our policy Is to use these funds for researching innovative ideas in LLNL's
areas of expertise and for developing new areas of expertise that wc perceive to
be in the national interest.

We support four categorics of research. The first. Exploratory Research. is
managed by Laboratory departments and divisions to promote pioneering work
in the various scientific disciplines (biomeaical and environmental sciences.
chemistry and materials science. computations, earth sciences. engineering.
nuclear chemistry. and physics). The second. Director’s Initiatives, is devoted
to a tew larger projects selected by the Laboratory Director.

The third. Individual Awards, supports promising research outside the usual
programmatic channels; funds are awarded on the basis of scientific excellence.
potential impact. and leverage for future funding. In FYBS. 151 applications
tor individual grants were submitied. and 26 were funded.

The fourth categary, University of California (UC} Institutes, arises from
the Laboratory’s role in the nation’s academic and research establishment and
our collaboration with many UC campuses and universities nationwide. The
IR&D Program has provided support to begin several joint Laboratory-
University research groups that enable bring LLNL and UC scientists together
to focus effort on important scientific problems of mutual interest.

The IR&D Program is managed for the Laboratory Director by a special
assistar.t who chairs the IR&D Review Committee. The other members of the
Review Committee are senior LLNL scientists. engineers, and managers with
areas of expertise that span the range of scientific disciplines pursued at the
Laboratory. The Individual Award proposals and projects are evaluated by the
[R&D Review Committee, a group of prominent Laboratory scientists and
engineers.

For FY88, the total IR&D budget was $18 million: $6 million for
Exploratory Researcli, $6.5 million for Director’s Initiatives, $3.2 million for
Individual Awards, and $2 million for the UC Institutes.

The technical and scientific accomplishments of each project and of each
institute funded this year are presented in this report. The projects were
selected because they are expected to advance research in important areas that
are oo basic or too time consuming to be funded by the developmental
programs or because they are somewhat risky projects that have the promise of
high payoff.

We are continually reappraising the IR&D Program. In particular. we seek
new candidates for the Director’s Initiatives. and we constantly reassess the
work in progress. Each ycar, we make adjustments 1o further the Laboratory’s
policy of using the IR&D Program to fund innovative ideas with high potential
for enhancing programmatic activities of national importance.
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Biotechnology

M. L. Mendelsohn

Biotechnolous

IR&D funds for the Biomedical and Environmental Research Program
were allocated o sivinnovative projects, three i explorutory research and
three under the Divector’s Tninatives, Hereo we sumimarize the main thrust ef
cich of these activities.

Exploratory rescarch was conducted 1o develop a plant molecutar genetics
capability at LLNL. We established a small facility for studving plamt
molccular geneties that includes rooms for plant growth. areas for plant culture.
and the beginnings of a recombinant DNA laboratory. The basic technigues tor
handling and culturing plants. for isolating DNA. and for creating genctie
variants are now operational.

We are also doing innovative work with the scanming wnneling microscope
to image biological molecules. particularly DNA. We have already obtained
dramatic. previously unattainable. high-resolution images showing the three-
dimensional atomic structure of double-stranded DNA. This new ability to
obtain atomic-fevel images of biological structures pronuses to greatly advance
the field of molecular research.

In our third exploratory research project. we are applying the technique of
post-fubeling with phosphorus-32 for the detection of DNA adducts (building
blocks of DNA that have been modified by the binding of electrophilic
chemical species). This method results in distinctive spot patterns or
fingerprints for the compounds aof interest that are of great value in studying the
genotoxicity of exotic chemicals. We are applving the post-labeling assav 10
the potent. mutagenic. heterogyclic amines found in cooked foods. such as tried
ground becf. that are typical of the Western human diet.

For the Director’s Initiatives. we are studying the biological and ecological
effects of nuclear war. Specifically. we are using experimental data and model
simulations 10 examine the combined effects of low temperature and low levels
of light, which have been projected to follow a nuclear exchange. at the plant,
community, and regional levels. For some of the plants studied. computer
simulations correctly predict the experimentally observed eftects. For others,
predictions have failed because the plants have discontinuous or switch-like
mechanisms that were not previously known. Research at the regional level of
resolution for both agricultural and natural ecosystems comprises a new field in
ecology and should yield large returns.

For our research on monoclonal antibodies. we are pursuing two
approaches to develop new immunochemical sensors for environmental
monitoring. The first makes use of the surtace acoustic (or Lamb) wave to
detect oscillatory changes in thin films secondiry to the binding of antibody
molecules; we are testing such devices that have been designed onto silicon
chips. The second approach exploits the evanescent wave 10 quantify antibody
fluorescence in the zone immediately adjacent to the surface of an optical fiber:
our goal in this project is to fabricate real-time. portable assay systems for
detecting environmental pollutants.

In our last IR&D project. we have used recombinant DNA 1echniques to
transfer the gene responsible for the first enzymatic step in the assimilation of
sulfur from one bacterium. Thiohacillus ferrooxidans. into another. Excherichia
coli. This gene has now been made to function in the new setting. and we are
developing a plasmid for gene transter back into 7. ferrooxidens. We have used
a similar technigue for the gene that converts toxic selenate into nontoxic
selenium. This gene has been transterred from Clostridivm pasteurianiom imo
E. coli and has been characterized and made 1o function in the new setting.

In FY&&. the Biomedical and Environmen al Research Program received
a total of SK10.000. $100.000 tor exploratory rescarch and $710.000 for
Dircctor’s Initiatives projects.

hn
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Plant Molecular
Genetics Capability at
LINL

Principal Investipators: Y. Y. Marchant
and J. H. Shian

Wc hav e created o small taciliay
tor studying plant molecular
geneties in the Environmental
Sciences Division. Our tacilin
inctudes rooms tor plant erowth and
laboratortes for tissue culture and
recombinunt DNA research. In initial
work. we used Arabidopsis thaliana.
a small annual weed. as a model e
orzunism. This vear. we established
busic technigues tor handling this
plant in culture and for isolating and
separating DNAL and we began work
on creating phenotvpic and genoty pie
variunts. Our fong-term objective is
to genetically engineer enhanced
tolerance to environmental stressors.
such as ozone. i economicaliy
important plants.

In general. mutunts have been
used by rescarchers as experimental
tools o probe the relation between
protein structure and function. to
determine the order of events during
differentiation and morphogenesis.
ard to define the roles of specific
proteins and protein assemblies in
the cell. In particular. mutants from
algae and higher plants have been
important in recent studies of
biochemical. biophysical. and
structural aspects of photosynthetic
phenomena. The in vive efficacy of
an appropriate mutation can be
determined by in viero assayvs of the
gene product. making possible the

Eapioratary Rescarch

We are applving recent advances in plant molecular genetics
and biotechnology to minimize the impact of energy-related
stressors on plants. One application is the development of
plants that are resistant to or tolerant of specific air pollutants.

comparison of two organisms that
ditfer by only one protemn. Once the
role ol the mutanon hus been
characterized. the properties ol a
mutant can then be reproduced
consistently.

The first step of our project
imohving AL thaliuna was 1o sereen
mutagen-exposed seed populations
and idenuly mutant individuals that
can withstand constant exposure to
high levels of ozone by some
hiochemical mechanism (such as
an increase in the relative isozyvime
propurtions of superoxide
dismutaser. We then sereened
presumptive mutants for several
generations (o ensure homozy gosity
of the mutation and thereby eliminate
spurious genetic diversity. We have
adapted o procedure for growimg
A thaliana based on standardized
technigues. and we have tested and
maditied various methods for
handling this plant as genctic
material.

We successtully transtormed
sterile plants of AL thaliuna by
Avrobacrerivm riizogenes and
obtained hairy root cultures
(Marchan, TUSK: Flores erul.. 198X
A rhizogenes s a bacterium closely
related to the causative agent of
cromn gall discase. Virulence s
conlerred by Targe plasmids. which
have been extensively mvestigated as
vectors for use in plant genetic
enemeering because of therr natarad
abihity toomsert DNA o whole

plants. Genetically transformed
hairy rosts readidy regenerate into
whole plants that transnut the DNA
to their progeny. We are attempting
1o regenerate whole plants from
transformed A thaliuna.

Finally. we solated AL thaliana
DNA according 1o published
procedures and repeated the
procedures for chariacterizing its
relatively smadl haploid genome.
which consists of approximately
7 < 1) base pairs.

References

Flores, Ho EL L1 Prekard. and M. Hoy
HTUNS L “Production of Polvacets lenes
and Thiopenes i Heterotiophie amd
Photossiithetic Root Cultures in
Asteracae.” ol Compoon the Cheminrey
and Budvorey o Natwealliy O crriny
Veendenes amd Related Compuannds
tElsev ey Publishing Co U NYY

Marchanl, Y Y CT98K L A eroba 1o em
rhizovenes-Transtormed Root Cultures tor
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Scanning Tunneling
Microscopy of

We are developing the instrumentation and methodologies
needed to apply seanning tunneling microscopy to the analvsis
of biological materials at the atomic level of resolution.

Biological Samples

Principal Investigator: R. Bathorn
Co-Investigator: W, Siekhaus

he recent deselopment of the

scanning unneling microscope
(STMand the demonstration of it~
capabilities torimaging molecular
structures with atonue resolution
provde tremendous promise tor
tuture studies i molecubar biology.
Investigators who have used this
microscope have finally succeeded
visuahsing individuat metathic atoms
and organic molecules. The process
i~ accomplished by locating the
atonmucaliy sharp tip of the STM
probe a few tenths of a nanometer
above o sample. scanning the area
contaming atoms or melecules, and
measuring the current produced as
clectrons twnnel across the gap
between the tip and the outer
clectronic surtace of a sample’s
atoms,

When we began our project. the
only biological samples that had been
examined with the STM were virus
particles and isolated. douhle-
strunded DNA. Neither study.
however. provided images even
approaching the atomic level of
resolution. The primary goal of our
study was to prepare biological
samples relevant to ongoing studies
in the Biomedical Sciences Division
and to devise methods for imaging
the atomic structure of these samples
using the STM constructed by
rescarchers in LLNL'S Chemistry and
Matenals Saience Departiment. We
abso sought o dentty und solve
spectal problems that might be
cneountered i maging samples on
conventional graphite surtaces

We prepared samples for
analy sis that varied m both si7e and

complesitvs mctudimg i smgle
stranded fragment of DNAL a folded
protamine molecule contammy S0
amino acids, high-molecular-weight
double-strunded DNAand o sperm
chromatn particle several
nucrometers long and two
micrometers wide. The bulk of our
ctfort. however. was directed toward
mmaging the atomic structure of
double-stranded DNAC We reahized
that once the capability forimaging
the nucleonde subunits of DNA was
attained. an entirely new “electronic”
approach tor sequencing DNA could
be developed. automated. and appiied
to the analvsis of very long DNA
fragments.

We used a simple approach
tor drvmg DNA on the surface of
eraphte to prepare double-stranded
DNA for scanming winnchng
nicroscopy. We have now
successtully scanned these samiples
using a tapered. atomically sharp
probe. Although we have only begun
1o leamn what tactors control optimat
~sample and up preparation. our
current meithods have produced
images of DNA at near-atomic
resolution (see Figure 1 that are the
hestin the world. In tuture eftorts.
we eapect to provide enhaneed
images at the atonue level of
resolution that can be used 1o dentiy
individual base pairs.

Figure 1. DN A image of calf thymus obtained using scanning tunneling
microscopy. This image clearly resolves the two individual phosphodiester strands
1P of DNA as well as the major ¢ A) and minor (B) grooves produeed by the helical
coiling of the two stranodds,
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Post-1.abeled DN A
Adducts

Principal fmvestivators: koW Turteitaub
and LS. Felton

ur objective is toadapt the
O phosphorous-32 0 1 post
abeling assay sothat we can resolve
DN adducts tormed through
eaposure o heteroavcho anpnes i
the dict. The term DNA adduact
reters to nucleostdes. the batkhing
Piock~ of DN A winch have been
maoditied by the bindimge ot
[DANAN
adducts can lead to mutations that are

clectrophibic chemical species

assoctated with cell death and cancer.
More xpculvi(;tll_\. weare interested

Figure 1. DNA from Salmaoenella
bacteria modified bt the [ mutagen.
This DNA was digested to nucleotides.
labeled with **P. and resolved using
four-dimensional thin-layer
chromatography. 1 nder such
conditivas. only DN A adducts remain,
The visible. overlapping spots
correspond to the adduets. The
intensity of such spots can be
yuantified and then used to study the
refations among adducts, exposure,
and discase.

Eapbhogtony Koo by

We are attempting to assess the extent of DNA damage caused
through exposure to a group of heterocyelic amines found in
cooked foods tvpical of the Western diet.

i studvime DN Gddocs al ihe
Ao mndazoazaarene VPN Loy
ot coched mcat st ens

The P post-tabeting assay tor
DN Gddocts s new techmgue thin
avplonts the abnhiy of specitic
crizvmes o drzest DNA and o
label the resultant nucleoside
monophosphates with 7 Patier
cyposure o genotosie chemicals
fGupta ef af TOR2i Labeled DN
adducts are then solated using
muludimensional thin-laver
chromatography. The end result s the
detection of specitic adducts as spois
o -y Tiim by means of
autoradio zraphy. The advantages
offered by this techmique are gh
sensitivity and the abihiy o analyze
DNA that his been exposed to non-
radroacinvely labeled and unhnown
chemicals, Such advantages mahe the
technigue especraliy asetul tor
studying the etiects of mieructions
amony Chemiealbs present i comples
civronmental nmistures on PNA and
for monitoring human exposure 1o
these mintures. Because the dict is a
compley minture. this technigue is
ideally suited 1o studying the ettects of
diet on human gencetic material and the
relationship between diet and cancer.

Ourinitial studies mvolved
comparisan of DNA adducts of the
o ALY mutagens often reterred 1o
by therr short names. MelQy and
PRIP Phoese compounds can be
solated trom dred ground beet. The
MO and PhEP DN Gdducts can be
tormed e from synthetical s
dernved azido torms of the muatagens.
Dutterent spot patterns result tor cach
compound. We have Tound foun
distinet adduct ~pots tor Neloy and

three spots tor PhIP. cach having
ditterent fingerprints or spot protiles.
Webnve also looked w DN addacts
tormed i Salmonedla xplinne o
cvposed tothe 1O mutagen oev
Freure T We tound severad distinet
adduct spots with . patiern disiingt
from the o verro-tormed azndo-
Moty and azwdo-PhIP adduct
~tandards.

We are tnvong to deternune
whether the mechanisms of DNA
modificanon i manmals. bactera.
and puritied DN are retated by
COMPATING Spol Picrns from puee.
Nedmonella bacteria and DNA
moditied vvirro. The ditterning spot
natterns may idicate difterent tpes
of eencnic damage and may help to
evplien the varyig potency of the
cn!npuund\ under m esligaton.,

Our future plans are ta compare
the results obtained i our current
studies 1o those Tor humans, with the
hope of dentitving appropriate
maodels o study the effects ot these
and other mutagens on human DN AL
In addinon. the methodology showld
be extremely usetul tor other studies
in the Laboratory s hiomedical and
environmentad research program. For
example. one arca of current
apphcation is a study of the eftects of
potutants, particuliarly polveyche
aromatic hyvdrocarbons, on fish from
San Francisco Bay.
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Fhe Chennstry and Materials Sarence Department conducts exploratony
rescarch o suppart various Laboratory programs. In FYSS. we bepan
challengimy new expernmental projects m high-temperature superconductorn
and i intertace science. together with an associated theoretical eftort. In
addition. studies in syoachrotron-related materials science and photoactivated
hydrogenation reactions were continued from FYX7,

IR&D-~supported research i superconductivity was begun in late FY'NT.
Thi~ work concentriated on the synthesis and imitial characterizanon of the
Y-Ba-Cu-0O superconducting compounds. In FYSE. the focus shifted 1o the use
of positrons 1o anvestigate electronic structure in the vicinity of locahized
positrons 10 perovshites. whose chemucal structure s simitar to that ot the new
superconductors. Our first experiments investigated positron hifetime s a
function ol temperature and the angular correlation of annthilation radiation.
Results show that changes in electron density accompany the normal-to-
superconducting transition i the high-temperature superconductors.

To improve our understanding of adhesion and bonding of materials, we
are investigating the properties of interfaces, In FY8E we imitiated a new
project to study the ditfusion of oxygen anions in the lattice and along graim
boundaries in sintered polvervstals of metal oxides. In contrast to mital
expectations. amons were found to diffuse significantly more rapidly than
cations.

A first-principles theoretical study. directly related to both superconductors
and interfacial phenomena. was initiated to desceribe the electronie structure of
svstems with reduced symmetry. such as surtaces and interfaces. This vear. we
developed a formalism that exploits the properties of systems with semi-infinite
periodicity.

In synchrotron-related science. the capabilities developed tn FYX7 for high-
resolution x-ray absorption studies (extended x-ray absorption fine structure or
EXAFS. and x-ray absorption near-edge structure or XANES) were used to
investigate superconductor properties and to probe interfaces of near-
monolaver thickness.  In another synchrotron-related project. multilayer
diflraction gratings were found to be well suited for use as high-resolution
monochromators in the expenimentally dittficult energy region of a tew hundred
to a few thousand eV (electron volts).

Also in FYRE. a proof-ol-principle experiment was conducted to
demonstrate that carbon monoxide (plus hydrogen gas) can be catalytically
converted to hydrocarbon at room temperature by photoactivation. This new
process involves the use of an aerogel doped with uranyl ion.

The Chemistry and Materials Science Department received S1.003.000 in
fR&D funds in FYRS.
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Positron Studies of
High-Temperature
Superconductors

Principal Investigators: VL) Fluss

and Y. U Jean

Co-Investigators: P.E. Turchi,

R. H. Howel. C. W, Chu.and AL L, Wachs

here is no universadly aceepted

mechanism to explain the
observation of superconducting
matertals with eritical temperatures
ereater than 30 K. the upper himit that
can be attributed to conventional
electron-phonon interaction. The
positron is particularly usetul for
probing the changes in electronic
structure that may be associated with
the superconducting mechanism.

Positrons are casily implanted
into samples by the use of
radioisotopic sources. We studied the
annthilation properties of posiirons
from a sadium-22 acetate source
sandwiched between vanous samples
of high-critical-temperature (7.
superconducting perovskite
materials. Positrons from sodium-22
are rapidly thermalized (~2 ps) in the
solid sample. where they either
propagate as delocalized particies
(analogous to electrons in their
eround state) or become trapped in
regions where there is a potential
minimum (such as oxygen vacancies
or vacancy clusters)y. Our objective
was to determine how the positron
might be sensitive to changes
accompanying the onset of
superconductivity in the perovskite
materials.

10
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We studied the temperature dependence of the positron lifetime
and the spatially averaged electron-momentum distribution in
one-, two-, and three-layered perovskite supercenductors.
These experiments revealed that, at the onset of
superconductivity, the electronic structure of each material
undergoes similar changes attributable to a common
characteristic of the superconducting mechanism in this class

of materials.

Our work consisted of two tvpes
of experments: determining the
positron lifetime. and measuring the
clectron-momentum distribution for
those electrons sampled by the
positron-clectron annihilation
process. The experiments were
carried out as a function of
temperature for three materials:

(La, Sr),CuO,. YBa,CuO.. and
T: Cd Ba.Cu, () . Thev are
representative of one-. tw o-.and
three-layer perovskite materials,
respectively. The two types of
experiment:. provided different but
complementary information.

To measure the positron lifetinie.
we used the 1.28-MeV gamma ray
from the excited state of neon-22
tthe positron-decay product of

sodium-22) to start an ultrafast clock.

which was then stopped by the
detection of the annihilation event
(the 511-keV ganima ray). To
measure the spatially averaged
momentum distribution of the
annihilating positron-electron pairs,
we used a solid-state intrinsic
germanium detector in Doppler-
broadening experiments.

In the Lifetime measurements., the

different states of the positron can be
resolved because they appear as
terms in the data. which are
represented as @ sum ol exponentials
analogous to parent-danghter deciny

schemes. In the momentum
measurements. however. ditferent
states of the positron appear as a sum
of linear terms, vielding an overall
average momentum distribution.
Figure 1 shows the temperature
vartation of the deduced positron
Bloch-state lifetime tor the three
high-T materials studied. The
lnan\ll\ of the short-lived
component from which these data are
derived was found to vary only a tew
pereent over the entire temperature
range. The positron lifetime exhibits
a strong temperature dependence for
T'<T butnotforT>T . This
temperature dependence appears o
increase systematically trom the one-
layer to the three-layer materinl.
Also noteworthy is the similarity of
the temperature dependence of the
positron lifetime to that of the
superconducting gap. The relatively
large litetime change observed for the
three-layer T1,Ca,Ba,Cu O , material
appears to indicate that there is a
significant change in the charge
distribution associated with the onset
of superconductivity. Since almost
all theories make predictions about
the nature and location of the charge
carriers tusually holes) o these
~uterials. we hope that the
wedictions of such theories will
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transiate imto specthic. testable
models recardimg corresponding
changes i the positron was clunction
iselt.

Our measurement of the efectron-
momentum distribution obtained
from Doppler-broadening
experimenis provided complementan
evidence tor the observed couphing of

tn TTaCaaBaaCuyO g a.s

the positron 1o the superconducting
phise transtormation csee Freare 2
Ihe temperature dependence ot the
clectron-momentum distribution,
meusured by peak-counting rate
parameter of the STH-ReV cammia-riy
fine (the S parameters. is almost
wentical w the (ha 510 GO, and
T1.Ca Ba Cu, O materiabs. Most

T, , Ca, Ba,Cu 0

Chomestosy e Matorvals Soion,

notable s the behas sor m the vicimin
ot/ owhere the results imdicate an
mcrease in the high-momentum
clectrons. comardent with the minal
increase i the positron titetime.
Our results support carlier
suggestions ol positron-
superconductivity mteraction
mechanism common to the
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peron shite materiabs, Conswderatien
of both the Litenme and Doppler data
suggests an anticorrekatton of
positrons with clectrons as well as o
possible comcident redistribution ot
clectronmie structure as 7 decreases
below 70 Any present or future
theory of superconductivity will
probably have to account tor these
data. and. 10 this sense. our
experiments should help to guide
the development of a theoretical
understanding of superconductivity
at high temperatures,
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Reactive-Element
Etfect Studied Using
Ion Implantation

Principal Investigator: W E King
Co-Investigator: k.S, Grabowski’

Nl Rescarch L aborgtons
Woshtenon bt

Inn implantation s an miportant
technigue tor treating mietal
surfaces subected 1o high-
Cmperature ONeliZimg Cnyvironments,
lon mpluntation of reactine
clements, such as vrum. ceriuny,
thonum. and hafmium. can give rise
o o larger reduction moovide growth
rate than that observed in materials
alloved with reactive elements.

This technigue is also deal for
investigating mechanisms that result
in the reactive-clement etect.

We have mvestigated the ettect
of reactive-clement on implantation
on high-temperature oxidation of
high-purity metal alloss that form
Cr.O)_laxers. Previous reports
suggest that such mplantation vields
three heneficial effects: stimulation
of the early formation ot o
continuous. single-phase protective
oxide laver. reduction in the growth
rate of chromia. and ¢enhanced oxide
adhesion compared o addition-free
muaterials.

We used Ruthertord
hackscattering spectroscepy. electron
microscopy. and secondary -1on mass
spectroscopy (SIMS) to investigate
the oxidation kineties and elementad
dirtributions that evolve during
onvdation of Fe-24wis Or
mplanted with sttrium on
dosesot T - 107 32 10" und
- 10 W mvestiated
microstructural and nucrochemical

rons/cm .

Chenstey and Mateoas S

We have investigated the effect of vttrium-ion implantation on
the high-temperature oxidation of Fe=24Cr using Rutherford
backscattering spectroscopy, secondary-ion mass spectroscopy,
and electron microscopy. We have applied analvtical tools

to determine the spatial distribution of yttrium, the
microstructure of the oxide. and the contribution of oxyvgen
transport to the oxidation process.

evidence of the locatnion and chenical
stute of the reactive clement hoth i
the ovade and i the metal. We then
comparaed the etiects ol on
implantation of reactive elements
with the effects of allov g wnd
studied the inpact of 1on
implantaton on the clucudation of
reactive-element mechanisms,

Three regions of a sample were
implanted with 130-Re'V vitrium 1ons
at the Naval Rescarch Laboratory.
cach with one of the three 1on
doses. Rutherford backscutiering
spectroscopy was carried out at
the tandem aceelerator facility wt
Argonne National Laborators using
L.770-NeVangly charged ‘He
1ons hetore oxidation and atter
meremental oxidation times of 5010,
and 45 min at 1000-Cin flowing
oxveen,

Our results indicate that 1on
implantation aftects oxidation
behavior in two wavs. When the
near-surface concentration of
implanted reactive element in the
alloy is below a critical level. most
of the implanted element wilf be
found near the oxide/metal intertuce
tollowing oxidation. Ahove this
critical Jevel, most of the implanied
clement witl be tound near the
onade/zas mterface. The entical
concentration is probahly related o
tormation of i second phase i the
seales which may be reated 1o
formation ol -« second phase m the

allos enher durig implantatiion or on
heating the sample tor osidanion.
The near-surtace concentrition of
mmplanted atoms s a tunction of both
on dose and ion enerey . From the
Inerature, we established the won
dose required 1o produce the cnmcal
fevel of varmum for several on-
implantation energies. This relanon
i~ plotted m Figure 1 Evaduanon
of vimum composinon profikes
caleulated tor cach of the
evperimental cases indicates that
the critical concentraiion could be a
virium concentration at the surface
ot about 1 at.% or a peak yvurium
concentration of about 6 aty.
Curves for both of these eniiena
calculated for yitrium implantation
of Fe=24CT are shown in Figare 1.
Bevond these concentrations, either
precipitation at the sarface could
hegin. or nearty 30 vold of the
intermetallic virnide could form
beneath the sarface. Formation
of these precipitates i the alloy
depends on the thermal history
ot the implanted samiples and the
opportunity for internal oxidation of
sitriunt. We propose that. tor doses
above the enitical dose. the ettect
that is observed s not the reactive-
clement eftect by ats most st
detinmtion. Atthes: hngh doses, we
belies e that second-phase tormation
in the onide s bkelss an occurence
that s not observed i abfoy systems
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Figure 1. Yttrium ion dose as a
function of implantation energy. Solid
puoints indicate that the implant was
found at the oxide/metal interface:
open points indicate the implant was
found near the oxide/gas interface.
The black curve shows the ion dose
nceded to produce a peak vitrium
concentration of 6 at. % : the colored
curve shows the dose required to
produce a surface vitrium
concentration of 1 at. %

107

-5
101—. e

107"

107" |- ® .

oL L

oo?

10—-19 {

-2 2

10 -
10°2" IR
65 70 75 80 853 90

Inverse oxidation
temperature, 107 K

- grain-boundary width), cm¥s
o0

D' (grain-boundary diffusivity

lFeo ®

Figure 2. D’d vaiues deduced from
previous experiments (black data
points) and from our work (colored
data points) plotted as a function of
inverse oxidation temperature. The
text gives a detailed discussion of this
figure.

and it s not requirred ton the
reactive-element ettedt o be
aperiatine,

To compare our resulis for onide
growth hinetics and literatare data on
the growth of Cr O, with cation and
anion diffusion measurements, we
converted the expenmmental values
of I‘r' the parabolic rate constant, to
values of 8. the product of grain
boundary diftusivity and grain
boundary width. using the procedure
described by Purk e al. (1987,
Those researchers assumed that the
contribution of anon diftusion to the
growth of Cr.O films was negligible.
In i recent study by King and Park
(1988). anton diftusivities in the
lattice and along grain boundaries
were measured on sintered
polyerystals of Cr.O, and Cr O,
doped with (.09 wt% Y O, at L100°C
and at the oxyguen partial pressure
corresponding 1o that of the Cr/Cr ),
equilibrium at that temperature.
Results demonstrated that under the
same conditions, anion diffusion is
significantly faster than cation
diffusion.

Figure 2 shows 0’8 versus
inverse temperature from the
available fiterature. including the '8
values from cauon (Purk ef ol.. 1987)
and anion (King and Park. 198%)
tracer diffusion studies. The
values for D'8 deduced from &
measurements are spread over two
orders of magnitude. All values for
D’8. except those deduced from the
current implantation experiment and
the experiments of Pivan et al.
(1980). are higher than the values
measured for cation grain boundary
transport in Cr O, and Cr.0, doped
with Y. O, at 1T00C. This indicates
that cation grain boundary diffusion
is far too slow to explain observed
oxide growth rates in unimplanted
samples. These data are consistent
with the anion grain boundary
diffusion data of King and Park
(1988). The oxidation rates of the
implanted samples in this study and

Foapdoatony Rescanoh

i that of Pivan ez af C19800 are
consistent wath rate control by caton
ditiusion.

There appears 1o be aeritical
implantation dose above which a
change in the oxadation behay jor of
the ulloy is observed  Below the
crinical dose. the implant is located
near the oxide/metal interface. in
this regime. the reactive-clement
cttect due o implantation with
energetic ons  sems 1o be similar o
cilects observed due 1o alloving with
reactive elements. However. in
allovs, the reactive element is not
found in such high concentrations in
the oxide layers texcept over vitrides)
as i implanted samples. and
implantation gives rise 1o a farger
reduction in growtn rate compared to
alloving. Ton implantation produces
a uniform distribution of reactive
element whereas alloving often
results in second-phase formation in
the base metal. Uniform distribution
of a reactive element does not appear
1o be necessary for the alloy to
exhibit the reactive-element effect.
Above the critical dose. the implant
is located near the gasfoxide
interfuce. Chromia on unimplanted
allovs grows at rates consistent with
amon grain boundary ditfusion.
Chromia on implanted alfoys grows
at rates consistent with cation grain
boundary diffusion. SIMS data
suggest that vitrium reduces the
mward transport of oxvgen through
a chromia scale. and at high enough
concentrations. it can trap a
significant portion of the inwardiy
migraling oxygen.
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New Method for
Calculating the
Electronic Structure of
Sohds

Principal Investigator: A, Gonis

he calculation of the electronie

structure of matier for the study
of matenial properties has been
developed almost exclusively on the
basis of Bloch™s theorem. which
assumes the existence of tull
transfational invariance. However,
use of this method tor materials with
broken or low symmetry te.g..
impurities. surfaces, grain
boundaries) requires cither the
imposition of approximate and ill-
defined boundary conditions on the
corresponding Schradinger equation
(supercells. slabs) or extreme
computational complexity.

We are develoing an alternative
approuch based on the concept of
semi-infinite pertodicity (Zhang and
Gonis. 1988} instead of translational
invariance. Our new method replaces
expansions in reciprocal space and
the associated integrations with a
self-consistent equation 1o determine
electronic structure. Semi-infinite
periodicity is defined as the periodic
repetition of & basic unit or set of
units along a given direction starting
at a given point. Examples of
systems with semi-infinite periodicity
include a linear. semi-intinite
periodic arrangement of atoms
{where the basic repeating unit is an
atom). or one of the two parts tormed
upon severing of a periodic material
along a cleavage plane (where the
repeating unit is cither an atomic
monolayer or a set of such laversy. A

© hemisbry oo Ve abs Saene

We are developing a computer code to determine the electronic
structure of materials with full or low symmetry (e.g., surfaces
and interfaces). This information will help us understand the
role plaved by the electronic structure in such complex
phenomena as corrosion, ductility, adhesion, and bonding.

browd range of svstems. from
periodic bulk matertals to twist-and-
tt grain boundaries. can be viewed
as having parts characterized by
semi-infinite periodicity: in fact. this
view encompisses all structures
eacept those characterized by
structural disorder ti.e.. amorphous
materials) or quasi-penodicity.

Our new approach. called real-
space. multiple scattering theory (RS-
MST) (Zhang and Gonis. 1988), 1s
buased on a reformufation of ordinary
scattering theory developed
originally by Gonis (1986}, 1t s
rigorously applicable 10 all systems
consisting of parts with semi-infinite
periodicity. including. for example.
surfaces. gramn boundaries, and pure
transfationally invariant maerials. It
is not confined to cells of spherical
symmelry but can trea® potential cells
of arbitrary shape (Gonis und Zhang.
1988). The RS-MST is
straightforward 10 program and
prescribes a well-detined process for
achieving and testing convergence.
However. it is also computationally
intensive. requiring the storage
capabilities of Cray-type
supercompulers.

This year, we developed the
comiputer code to the point that we
can reproduce. for a given potential.
the electronic structures of pure bulk
materials obtained by conventional
theories. With this code. we were

aiso able fo determine, for the first
time ever. the electronic structures of
certam surface and interface svstems,
Typical results of RS-MST
caleulations are shown in Figure 1.
The solid black curves show the
clectronic density of states (DOSy)
tor bulk elemental copper as
catculated with a commonly used
Bloch’s-theorem method (Moruzzi
er al . 1978), and the shaded regions
represent the DOSs obtained using
RS-MST (a) for bulk copper and

(hy at a (100)/(111) planar copper
interface. The RS-MST culculation
in (a) closely reproduces the
reciprocal-space calculations:
differencas are attributed to a lack of
convergence. The interfuce DOS (b
shows a nearly complete loss of
structure and has a somewhat
narrower buandwidth than the DOS
for the bulk material (a). The first
effect is due to an expected loss of
translational invariance, and the
second eftect reflects the decreased
coordination at the site at which the
DOS was calenlated.

Athough the RS-MST needs to
be improved and refined. it does
provide an answer to a long-sianding
problent in electronic-structure
calculations. namely how 1o
determine boundary conditions on a
cluster of sites to represent properly
the intinite medium sarrounding the
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i Bulk copper thi Interface

8

Electronic density of state. states/atom-eV

L S S | S A e

-8 -4 0 4 -8 -4 0 3

Energy, eV

“igure 1. Local electronic density of states (DOSs) of bulk ciemental copper
calcnlated with a commonly used Bloch’s-theorem method (solid blach curves) and
with our RS-MST method (shaded areas) tor bulk copper (al and at a (100)/(111)
planar copper interface (bh).
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cluster. Our goal for next yeuris o
entend the code 1o allow the self-
consistent determination of charges.
potentials, and total energies. We are
also working to reduce the storage
and computing times required.
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Site-Specific
Chemistry Using
Synchrotron Radiation

Principal Investigator: J. Wong

Our studies combine the use of
synchrotron radiation as a light
source and x-ruy absorption
spectroscopy s a stractural probe.
We performed a variety ol X-ray
absorption experiments on Beamline
10-2 at the Stantord Svachrotron
Radiation Laboratory soon after it
becume operational in November
1987. We will resume running
experiments at the Brookhaven
National Synchrotron Light Source
when that faciity returns to normal
operation after a phase-It
construction upgrade.

Our experiments included:
« Studies of rare-earth substitutions
in superconducting YBa Cu 0.
materials. i
« Site-selective detection using the
technique of optical extended x-ray
absorption tine structure (EXAFS).
= Intertace structure of @ monoiayer
of Hf on a multilayer structure.
» Investigations of Cr™* ions in
fluoride laser crystals.
* Measurement of the wiggler-beam
profile with a charge-coupled device
imager. Our two-dimensional
images. such as that shown in
Figure 1. are the first recorded of
any synchrotron beam.

Due 10 space constraints. we
highlight only a few of our findings.
Substitution of trivalent rare-
earth elements for Y in YBa,Cu 0.
has little effect on superconductivity:

whereas Prand Th, which have an
accessible tetravalent stute. either
lower the eritical temperature (7 ) or
destrov superconductivity, The

Ehenmistry and Viaterads Saence

We have performed x-ray absorption experiments to study the
site-specific chemistry of selected constituent elements in
optical materials, laser crystals, high-temperature
superconductors, and an ultrathin film on a multilayer
Structure.

guestion is whether tne effect is The Gd and Ho compounds were
due to valence. In an attempt to 90-K superconductors. whereas the
determine valence, we measured 1 of the Pr compounds wias ~80 K.
L-edge spectra for the following ~30 K, and nonsuperconducting for
cunumunds' =02.04and 0.6, respecuvely.,
*PrY, Bua.CuO. wherev=0.2. Our results show that in Pr

0.4, dnd 0.6. super onductors. the valence is 3+:
Gl Y, BuCuO. where v =05 however. there 1s evidence of some
and 10, ' splitting in the {inal state. In

+ HoBu,Cu O.. contrast. there is no such splitting on
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Figure 1. Surface plot of the intensity profile from Beamline 10-2 of the Stanford
Synchrotron Radiation Laboratory, operating at a wiggler field strength of 14 kG
with focusing. The image span is approximately 1 mm to either side of the
horizontaf center. This image is the first recorded of any svochrotron beam.
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the high-energy side of the white line
tor the Gd or Ho data. Both L spectru
of the Gd- und Ho-substituted
superconducting materials were
identical to well-known trivalent
model compounds ot Gd and Ho.

In an exploratory etfort. we
examined the sensitivity of EXAFS
to structures at near-monolayer
thickness. We measured the L,
spectrum of a 0.5-nm-thick Hf film
deposited on a Pt/C multilayer with a
period ot 3.17 nm. Figure 2a shows
the experimental spectrum. whizh is a
composite of eight scans of the Hf
L -edge EXAFS. These data were
taken at a grazing angle of 0.5%.

(a) Original data

I
8 - —

In{ol)

0 500 1000

(¢) Fourier transform

| |
3~ -

G (R)
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I
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0 0.5 1
A, nm

resulting in un effective HE laver
thickness of ~37 nm. Figure 2b
shows the normalized EXAFS signal.
defined as (k). Figure 2¢ shows the
Fourier transtorm ot (£ to yield a
radial structure function @(R) that
reveals a series of radial peaks at
various distances R from the central
atom. Figure 2d shows the inverse
transtorm in the region around the
central-ubsorbing Hf atom. where

1 tk) refers 1o the filtered data.

Our results indicate that the
nearest neighbors of the Hf atoms are
tow-Z species. The atomic species is
probably carbon because the Hf layer
was overcoated with 1.0 nm of

{b) Normalized signal

| i |
+6 — -
x
= 0 W
- | l 1
0.5 1 1.5
k,nm™!

td) Inverse transform
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xFlk)
Qo
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Figure 2. (a) Experimental scan of hafnium L -edge EXAFS for 0.5 nm of hafnium
on a PU/C multilayer. The energy scale is plotied with respect to the hafnium

L .-edge’s first inflection of Hf metal at 9561 eV as zero. (b) The normalized
EJX.—\FS signal. (c) Fourier transform and (d) inverse transform of the normaiized
signal in the region from 0.02 to (.24 nm abgout the central absorbing Hf atom.
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amorphous carbon to stabilize the
metal against oxidation. The position
of the radial peak at R = 0.17 nm
indicates that there is no Hi-Hf
correlation tin the pure metal. the
Hi-Hf distance is .32 nmy. Our
main conclusion is that high-guality
EXAFS spectra may be obtained at
monolayer coverages on moderately
large-area samples. The intensity
available at Beamline 10-2 allows us
10 project measurenents 1o a fraction
of a monolaver.

In the coming year. we will use
svnchrotron radiation 1o investigate
the bonding and local atomic
stricture of several advanced
materials. Our studies will include
vilence and site occupancy of
3d metal ions in high-T
superconductors. Cr¥™ and Nd*" ions
in laser crystals and glasses. sol-gel
inermediates and products. fossil
fuels and catalysts, optical detection
for valence selectivity. and excited-
state structures. We also plan to use
time-resolved x-ray diftfraction andfor
energy-dispersive EXAFS to
investigate chemical dynamics and
phase transformation on a subsecond
time scale. We will investigate solid-
state reactions at high temperature
and in sitee structures of thin films
and interfaces.
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X-Ray Thin Films

Principal Inyestigator:

Mulliluycr structures. such
retlection or antireflection
coatings. were developed more than
50 veurs ago for studying infrared.
visible. and ultraviolet light.
However. multiluyer structures of
sutficient quality for optical
applications in the x-ray. soft-x-ray,
and extreme-ultraviolet (EUV)
ranges. where wavelengths are 10 1o
10.000 times shorter. have only been
tubricated during the past decade.
Simple reflective diftraction gratings
were developed in the early 1900y
and are now a standard dispersive
element uscd in moderate- to high-
resolution optics. The in-plane scale
of diffraction gratings ranges from
300 10 5000 nm: in contrast, the in-
depth microstructural scale typical of
multilayers is from | to 40 nm. Our
challenge was to design advanced
reflective optical elements that focus.
disperse, and otherwise manipulate
short-wavelength light.

We have prepared multilayer
diffraction gratings by multisource
magnetron-sputter deposition onto
2000-nm-period laminar amplitude
grating substrates. The grating
structures were anisotropically etched
in (110) single-crystal silicon
patterned using standard
microlithography techniques.

We fabricated multilayers of
tungsten/carbon, rhodium/carbon,
molybdenum/siticon. and 304
stainless-steel/silicon, with periods of
2510 20 am. onto these diffraction-

T. W. Barbee, Jr.

Ercnpste s siod Matortals Sopon

Multilayers are man-made microstructures that are periodic in
depth and can be applied as x-ray, soft-x-ray, and extreme-
ultraviolet optics; diffraction gratings are man-made
microstructures that are periodic in plane and have been used
as optical elements for most of this century. We have combined
these two optical elements and demonstrated that their unique
properties can advance our experimental capabilities in short-

wavelength spectral regions.

grating substrates and characterized
them at the Stantord Svnchrotron
Radiation Laboratory.

Figure 1 is a schematic cross
section of a multlayer grating. The
arating consists of fla-topped bars
with width J! /2 and period d). We
deposit multilayers with a geometric
period ¢, onto these bars. Light is
incident from the left at a grazing
angle 0, called the Bragg angle, and
is diffracted in a specular manner by
the multilayer at an exit angle 6
relative to the multifayer in the zero
grating order (= ().
light diffracted by the multilayers on

Mumlayer grating

Incident

Bragg angle,

—~| ay -

Interference of

I|ght / ,i

/ Bragg angle,

cach grating bar resulls i intensity
maxima at angles mo relative to the
seroorder. where =412 3. ...

The convolution of diffractive
properties of the two periodic
structures results i a refation
between the grating-order dispersion
angles mé and the geometric
parameters of the multilayver and
grating structures. The resulting
analytical relation is

. 2md’
sin g =-———-—. (h
11118

where m is the grating order, J” is the
refraction-corrected multilayer

Figure 1. Cross
section of a

Bragg- multilu_ver
diffracted diffraction grating.
beam Flat-topped grating
bars have a width
dy/2and a
perlod dy.
Multllavers with a
geometric period d,
Gratmg are deposited onto
penod d, these bars. Light is

incident from the
left at a grazing

m = *1, %2, +3 = order of grating-dispersed Bragg light

"

angle . typically
called the Bragg

angie. Diffracted
heams are shown
on the right.

R
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period. s the Brogg onder ot the
mululayer-ditracted heheoand @
the vratiyg period.

Severul unigue characteristios ot
multdas er dittracton gratnes are
apparent from this result. First, the
dispersion angle 0 1~ constiant
because s independent of the angle
ol inaidence 8 or the wanelength of
hight that v Bragg-dittracted by the
multifayer. Second. the multifayer
srating separates Bragy orders of the
multilaver-ditfracted light because
the dispersion angle 0 ivinversels
proportiomal to . Third. because
angle © iy independent of
wavelength. the gratings are
constant-resolution dispersion
clements for a given geometry.
Fourth. the speciticity of the relations
among @. . and " shown in

Fguanion Tyesults wydesien anitet i
tor more commpliey structures
inchudimy e, blazes and vohelie
sratings. Such gratings mecting
these erteria willoin general. produce
Brage-retlected Hight that
constructively mterferes, greatiy
extending the range and use of such
opticul clements. This property
muhes possible efficient. sery-high-
resolution dispersion elements i the
soft-x-ruy and EUY ranges.

We have used amululayer
srating as the second element ina
tw o-paratlel-clement monochromator
to measure the carhon K-absorpuion
edge at 283 ¢V The mutulaver
coniained no carbon, was svnthesized
from 304 staindess steel and silicon,
and had a pertod of 5.5 nm. The
period of the grating subsrate was

S @
B 8 & 8 2
| [ | ] ]

Mass absorption coetlicient, 10°enfig

-
(=]
!

® This experiment

2. Previous data

] 300

600 900

Energy, eV

Figure 2. Mass absorption coefficient of carbon measured via a multilayver grating
(du = 2000 nm} as the second element in a two-paraliel-erystal monochromator for
energies of 95 to 1100 ¢V, The experimentally observed structure at approximately
330 eV probably signifies the presence of small microcrystaliine regions in the
carbon foil. These are the first measurements obtained with a multitayer’
multilayer grating in a simple. two-paratlel-crystal monochromator.,
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2000

cathon torf Tor our ansmission

We used o 230 nny thick

weasticinents Feure 2 show s o
measured mass absarphion cocthicient
for eneraies ol US ol oo e\
compared wiath presious data trom
the Tierature. The agreement is
g\'l\d'. however, our U periiicin
reveals structure at approvimentely
33N that s not seen i the
previous datae This structure s at the
samie energy s that observed i
erystabline eraphite and s believed

to gty the presence of small
nacrocry stathine regtons i carbon
forl. These are the firs
measurements obtamed with a
multtlay er/multilin er erating in

a simple. two-parallel-enstal
monochromator, Our data
demonsirate the unique capabilities
of such advinced opties.
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Photoactivated
Heterogeneous
Catalyvsis on Aerogels

Principal linvestigator: €A, Colmenares
Co-Tnvestigators: FoFosee, W B Fishots,

Co D Fvans, M Connor and R Gaver:

Ui cosits on Cahironiag P s

Sa Jose State Uiveraty S bose €

¢ have developed an enerey -
W clircent process tor
syithesizing C oo O hvdrecarbons,
This process uses an 510 aeroacld
doped with U O 1o cataby o the
hydrogenation of CO 1o
hydrocarbons: the enerey source tor
the reaction s simulated sunheht,
Our coul this year was e reproduce
our YN results to contirm that our
stedess s not anomafous. We also
wanted o study the ettect of the
same catabyston THE1C H and
THTC H was nuntures, o produce
SIOand Th0 gerogels doped with
ceriunt and curopium. and 1o hegin
studies o determnne the wavelength
dependence and energs -tranister
mechamsm ol reactions cataly zed
by doped aerogels.

For the catalyst. 310 acrogels
with a density of S0-100 me/en” are
produced and doped with (.45 wi'y
LO 7. These doped acrogels displin
and mamiain an intense Nluorescence,
indicating the persistence of the
urany |l ion. Spectroscopy reveals that
the uranium i the aerogel maintains
4 6+ onadation stute. confirming the
continued presesice of the urany ion.
Thus the cataly st can be used for fong
penods swithout detenoration.

To hvdrogenate CO 1o
hydrocarbons. ground and sreved
CIn0-mesho doped acroeel s placed
i o Hudized-bed quarts reactor with

An SiO aerogel doped with 045 wic of uranylion (U0 77) iy
an effective photocatalyst for synthesizing C to C —
hydrocarbons from 2H :1CO and 1H :1C H gas mixtures.
This catalyst also produces ethylene and traces of methane

froma IH :1C H gas mixture.

one ot three sas mstares 2H OO,
FHOTC H or TH1CH D The was
mintures are continuousiy arculated
while 4 OO0 W omercury wenon,
solar-simualator Lonp dlumiaies the
acreee] particles: the wmperature of
the ftudized bed reaches ~u0 O

To deternune the ettect of
temperature. we repeated this process
with hieat clone tono ighty at 10O and
200 C The vields tor hvdrogenation
of CO produced by 0.5 ¢ of catafv s
esec Table Trare virtually sdenticat
1o those obtamed i FYST. The

thermal comribution tothe product
quaniies s neghable:s i addion,
the product distnibution of the heated
reactions ditfers trom that ot the
photochenical reaction.

We also confirmed the eftect of
the urany b dopant. A photochennical
eyperiment using plan 8510 aerogel
produced predominantly ethane and
methane and an unidentified product
10 quantities about ten times lower
than tor the urany I-doped acrogel.

Lasthy. we determined the
ctfect o hight mtensity on the

Table 1. pistribution of CO hydrogenation products by weight percent (deter-

mined by gas ct.romatography).

Light

exposure,
Products 54h
Methane 6257
Ethyiene 13.41
Ethane 9.67
Propese* —
Propane 9.09
Methano! _
Isobutane 2.21
1-butene —
N-butane 2.64
N-pentane 0.42
C, bydrocarbons* —
% conversion ~0.1

*Detected but not measured quantitatively.

Heat exposure

100°C, 200°C.
21lh 24h

- - 313
48.39 22.65
Shel 3557
— 11.23
e 10.52
_ 16.90
2x {0 7w !
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photochenical reaction, U sng
urany L -doped acrogel and a 2H 100
gas nunture, we toud that an
Increase i ntensity from ot o

S40 W raised the methane vield
fivetold but only doubled the vield
of the other products.

[n other photachenical
experiments. we tsed uriny I-doped
acrogel with mintures of TH1CH,
and TH :1C H . With the first gas

M

mivure. the nunn product was
cthylene with o small wmount ot
methane. With the seeond gas
mixture. the man products were
miethane. cthane. propance. butane.
pentane. hexane. and an unidentitied
product believed to be octane. Full
quantitative results are not vet
availablel but we repeated these
cevperiments and obtained identical
qualitative results.

Atter much work. we have
developed a process to produce

I aploratary Kescarch

cernanm-nd curoprum-doped Si0)
acrogels. Our most tme consummy
problem was 1o separate the dopant
from the acrogel in the final stage of
the process. We have yet 1o test these
acrogels for catadviie activity,

A study of the energy -transier
mechanism of reactions catabyvzed by
doped aerogels was adopted as o
doctoral project by M. Conner. a
CO-IMN CNHEALOT.
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Computation

R. R. Borchers

Cannpubialion

The overall goal ot the Computation Department IR&D projects ton
FYSY was to give Laboratory scientists more effective means tor using
supercompuiers to solve their research problemis. The projects spanned the
spectrum from direct applications to bisic rescarch. Our researchers strove to
understand the nature of the caleulations that must be performed and to identify
alternate approaches to them that nught perform better on specific computer
architectures. We also addressed the wavs in which scientists interact with
computers. The design, writing, and debugging of programs is time-consuming
and takes away from i scientist’s ime to do creative research. We are seeking
wavs 1o help them create working programs faster and more reliably. in
addition, we are evaluating the difficulties of dealing with new, advanced
computer architectures. particularly paratiel machines. We are continually
working to increase the efficieney with which Laboratory computing resources
are used: we have major efforts in optimizing compilers. making libraries
efficient. and improving the design of operating svstems. An integral part of
this work 15 evaluanng the performance of various computer architectures
executing specific programs.

In the area of applications. considerable progress has been made in
developing a program to model strongly turbulent processes in plasma physics
by the methods of fluid-turbulence closure theory. The challenge here is 10
increase computational efficiency while still considering most of the important
physics in these processes.

In two other projects. we are developing knowledge-based engineering
technigues to give users a simpler and more powerful way of interacting with
computers. In one project. we have developed new schemes. or knowledge
hases. for representing information that will simplify the translation of partial
differential equations and problem specifications into programs for solving
them. The knowledge base being developed for mathematical analvsis allows
us to represent functions and operators in a deep context. not merely as the
solely syntactic objects of traditional symbolic-manipulation systems. In the
other project. we are developing the knowledge-based programming techniques
that can assume much of the operational and tuning responsibility for such
complex experimental facilities as the Laboratory’s Advanced Test Accelerator
and Experimental Test Accelerator. This project has succeeded not only with
traditional heuristic approaches that provide qualitative help but also with
approaches that base diagnosis and tuning on conclusions drawn from a
guantitative model.

Another pair of projects deals with parallel computing. We report on work
toward developing the simulation model needed to explore a wide variety of
multiprocessor architectures. Informative execution traces for hypothetical
systems are combined with studies on the current SISAL runtime system to
help us understand how parallelism works and why it sometimes fails. In the
last project. we are working to identify quantitative statistical measures of
parallel random number generators and 1o develop wavs of improving these
generators for more demanding applications. We can now recommend parailel
methods for generating up to several hundred streams of pseudorandom
numbers.

In FYRK. the Computation Depuartiment received $725.000 in IR&D tunds.

ta
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Closure Modeling of
Plasma Turbulence

Principal Investigator: AL E. Koniges
Co-Investigators: W P. Dannevik
and C. F. Leith

S trong turbulence is i leading
candidate o explain anomalous
transport and thus loss of
continement in tokamak plasmas.
Such turhulence can be described by
a coupled set of nonlinear equattions
that resemble the Navier-Stokes
cquations of thuid dynamics. Guided
by the success of closure models in
fluid problems. we have made a
perturhative approximation that
models the intluence of the nonlinear
terms on the statistical (and thus
transport-related) properties ot the
turbulent svstem. However, fluid
theones must be substantially
modified and rederived i order 1o
incorporate properties of the pluasma
equations that are not contained in
Navier-Stokes turbulence modeling.
These properties include the
oceurrence of complex field
guantities. the presence of linear
damping and driving via complex
linear terms. and the nondiagonal
coupling of two or more field
guantities in the system.

In FY8K. we concentrated on
developing ua closure theory that is
both applicable to plasma turbulence
and amenable to numerical solution.
Approximations based on the physics
of the turbulent steady state can be
usetul for simplifying the numerical
computation. In particular. through
numerical simulations, we showed
that the apphication of the fluctnation-

Faplorators Research

Turbulence closures can predict turbulent flow properties and
aid our understanding of the underlying physics. The goal of
our project is to derive and numerically implement closure
models for turbulence in tokamak plasmas.

dissipation relation is reasonable
for i damped and driven system in
steads state ¢see Figure T Our
current scheme incorporates this
approximation and in so doing
chiminates a costly mtegration
present in full direet-interaction-
approximation (DAY caleulations.
We also began to develop a
procedure based on Pade
approximates that further aceelerates
the computation.

In FYR9. we will test these
numerical schemes by applving them
(o tokamak turbulence equations that
contain driving and damping.
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Figure 1. Demonstration of the
fluctuation-dissipation relation for a
turbulent drift-wave problem. The
agreement of the two curves allows us
to replace the two-time covariance with
the response function.
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An Automatic
Programming System
for Solving Partial
Differential Equations

Principal Investigators: D Balaban,
. Garbarini. and W, Griewman®

Lawrence Berkedey aborators
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O ur coal IS to create un wutomatic
programming system that
senerates numerical diseretizution
schemes for partiad differential
equation { PDE) problems. thus
chminating the tedivm and human
crrors inherent in the mathematical
manipulations and programming
normaliy involved in creating PDE
simulations.  Initiatlv, the system will
be useful to engineers who need o
simulate well-understood physical
problems with discretization schemes
that would previousty have been oo
costly to derive. A nonlinear heat
cquation in spherical coordinates and
three space dimensions 1s one
example of such a problem.

To begin with, we want to he
able to derive numerical schemes
for parabolic equations such as the
reaction ditfusion equation with
complex chemistry. for nonlinear
wave equations such as those
describing smooth acoustic or
seismic waves. and for
clectromagnetic systems deseribed
by Maswell™s equations. Later. as
the automatic programming system
hecomes more sophisticated. it will
be usetul 1o engineers and physicists
who are developing unusual or

Eatnipntlabion

The goal of our project is to improve the productivity of
scientists and engineers who develop numerical simulations

Jor physical problems described by partial differential

equations (PDESs). This is to be done by first developing a
knowledge base for mathematical analysis and then building
an automatic programming system on that knowledge base
that will create numerical simulaiors for PDES5.

complen discretization schemes for
Jess routine problemis. such as those
detined by Euler’s equation or by
magnetohvdrodynamic equations that
may have discontinuous solutions.

There are a variety of wavs 1o
create an automatic programming
svstem for PDEs (see the box
“Automatic Programming Svstems
for PDES™ on the following page).
We have chosen the following steps
1o implement our system:

* Develop a uniform scheme for
representing continuous-physics
problems that can be implemented
N i COMPULET PrOgram.

« Develop a uniform scheme that
represents the process ol deriving
a discretization scheme from u
continuous description.

* Develop advanced symbolic-
manipulation capabilities w
implement the derivation.

We have developed a relational
madel of continuous-physics
knowledee centered on conserved
quantities and conservation laws.
[nitially, this model defined
ohservables, densities, currents. and
sourees das well as three fundamental

relations of current. density. and the
conservation law that related them

to one another and contained
information about the materials being
modeled. All of this knowledge is
represented in standard vector
caleulus form.

The discretization schemes
are derived systematically and
mechanically. Stokes theorem is
used to create discrete forms of the
conservation faws. The partiioning
of the domain on which the physical
problem is defined provides a
framework for defining a svstem
of equations from the discrete
conservation faws. The discretization
scheme is then essentially this system
of equations.

Much of the multidimensional
calculus in our automatic
programming systera is represented
functionally by the mathematical-
analvsis knowledge base currentiy
being implemented. (That s,
functions and operators are treated
much as they are in functional
analysis: there are no variables.
and expressions are represented as
compositions of functions.y This
know ledge hase is being buiit as a
[aver over the traditional sy mbolic-

(]
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manipulation svstem MAPLE. In
this way. many new and powertul
symbolic-manipulation capabilitics
are being added without recreating
existing ones.

In traditional svmbolic-
manipulation systems. some
constructs such as operators and
complicated fur-tions must be
expressed as programs in the
symbolic-manipulation language.
Changing expressions involving
these constructs then entails
restructuring programs. Our
symbolic-manipulatior: capabilities
are powerful enough to allow us
to represent these constructs as
tunctions. not programs. Thus.
we will be able to manipulate and
simplify more complex expressions
that contain them.

In FY8K. we extended our
automatic programming system by
placing it in the uniform framework
of differeniiable manifolds. We

did this for tfour reasons. First,

it provides a svstematic way 10
compute high-dimensional surface
integrals. which are the basis of our
approach to deriving discretization
schemes. Second. discretization
schemes can then be derived in

the same way for many ditferent
coordinate systems because manifold
theory allows physical systems to be
described independently of their
coordinates. Third. a wider class of
physics problems can be described.
Differential manifolds provide

the most natural setting for the
mathematical objects used to mode!
continuous physical systems. This
single formalism can describe such
diverse physical systems as
electrodynamic, reaction diffusion.
quantum mechanic. and fluid
systems. Finally. differential
manifolds allow us to deal with
coniplex domain geometries. For
example. a domain might best be

Faplonatory Research

described by a patchwork of different
coordinate systems, or it might have
a comples boundary.

A new implementation of the
mathematical-analysis knewledge
base is nearly finished. It has a
much more general and complete
theoretical foundation. which was
needed to handle the more abstract
differential geometry formalism that
we are now using. A novel scheme
bused on Currving composition
operators was completed for
manipulating higher-order functions.
This scheme 1s the basis of our
implementation and enables us to
svstematically represent and
manipulate operators (functions
of functions).

Significant progress was also
made on our relational model for
continuous physics. The question of
how a PDE corresponds to the tensor
of conserved quantities was at feast
partiatty solved for the case of

Automatic Programming Systems for PDEs

Current automatic programming systems for PDE
problems follow a variety of approaches. Some start
with a problem’s continuous description; others start
with its discrete description. Some systems work from
conservation laws; others work from the PDEs derived
from those laws. Some use symbolic manipulation to
derive all or parts of the discretization scheme; others
use artificial intelligence techniques to classify the
class of problem being solved and to fill program
templates that implement the discretization scheme.

Each approach reflects the desired properties of
the simulation that is created by the automatic
programming system. Systems that use template
filling are likely to produce a very efficient code but
one that is applicable only to narrow classes of
problems. Systems that start with discrete problem
descriptions are also likely to generate efficient codes,

but the codes are often complicated to use because the
user must deal with both the continuous problem and
its discrete approximation. Systems that deal with
PDE:s directly may have a harder time generating
conservative discretization schemes (that is, schemes
consistent with conservation laws), whereas systems
that deal with conservation laws will not handle more
abstract PDEs.

Our automatic programming system starts with
a continuous description of a problem in terms of
conservation laws and derives its discretization
schemes from this description. Consequently, our
system is relatively easy to use and is applicable to
a wide variety of problems. It always generates
conservative discretization schemes. However, these
schemes may require some work to make them
numerically efficient.
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classicad tield theory. Mathematical
muodels Tor many continuous systems
can he expressed m terms of
nnifold. its structure. and the
Hodge *-mapping. Examples
include Maxwell™ equations for
clectrody wamies. Laplace’™s equation.
and the heat and wave equations,
These models are expressed in
terms of differential torms over
manifolds that represent conservation
laws tor the system that are
independent of material properties.
The properties are expressed by
relationships between state variables
for the system and conserved currents
that appear in conservation laws. In
many cases. this relationship can be
eapressed in the metric structure
associated with the manitold's
tangent space. This relationship is
reflected in the Hodge “-mapping.
which is determined by the metric.

A large class of continuous-
physies models have the form

dE=00dF =10

These equations are equivalent to

a PDE maodel tor the system. The
metric structure determines the

PDE class telliptic. parabolic, or
hyperbolic). Table | gives the
relationship beiween the metric and
PDE class for the case where £ s the
one-form £ = Jf and J = (1. A single
covariant expression represents all
PDE classes.

The highest priority for FY&Y
will be to upgrade our current
implementation of the mathematical-
analysis knowledge base 1o the point
where it can compute general surface
integrals. To do this. we will have to
expund the knowledge base to handle
manifolds. tangent bundles. and puil

Table 1. The PDE corresponding to the covariant expression *d *df = 0 is deter-

mined by the metric structure.

Metric on the

Domain of f domain of f

Space and time Lorentz
Space and time Singular
Space only Riemannian

Equivalent PDE PDE class
af _ Af=0 Hyperbolic
ar?

i ~Af=0 Parabotic
ot

A =0 Elliptic

Computation

backs. This expansion will delay the
attomatic derivation of the firs
diseretization schemes a tew months,
Howcever. bemg able 1o do general
surface integration will mean that
high-dimensionadity discretization
schemes will be immiediately
derivable.

We hope to have the
implementation ready to derive some
schemes for simple electrodynamic
systems carly in FY8Y, Discrete
approximations for simple {luid
dynamics systems should follow
shortly. At this point. we will begin
using FIDIL (a finmite-ditference
language extension to Fortran) to
implement the automatically derived
schemes.
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An Expert System for
Tuning Accelerators

Principal Investigators: H. Brand.
D. Lager, R, Searfus, W, Maurer,
J. Hernandez, and F. Coftield

‘ N [ ¢ are applyving knowledge-
hased systems (KBS)

technigues to the problem of tuning
and controlling an induction hnear
accelerator and its beam-transport
svsteni. Our initial efforts have
focused on developing KBS
techniques for the beam-transport
svstem of the Advanced Test
Accelerator (ATA): this work

is also directly applicable to the
next-generation machine. the
Experimental Test Aceelerator
(ETA-1D. This vear. we completed
the interface with the ATA'S
diggnostic subsvstem and have nearly
completed the interface with the
control subsystem.

We are investigating both
4 heuristic and 4 model-based
approach. The heuristic approach
mimics the diagnosis and tuning done
by an expert human operator. [t can
be applied to any instrurnent for
which there 1s operational and tuning
expertise. The model-based
approach. on the other hand. operates
a numerical simulation code and
compares code-simulated results with
curren Machine performance for
diagnosis and tuning. This approach
holds much promise but is limited to
machines whose operations can be
simulated by numerical models.

To support both the heuristic and
model-based approaches. we have
developed a “smart”™ object-oriented
representation of an aceelerator and

2K
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The machines used for modern experimental research are
becoming increasingly complex, and there is a pressing need

Jor automation techniques to provide high-level control of

these machines to complement and supplement human
control. We are developing a knowledge-based expert system
to handie many of the tuning tasks and operational
responsibilities for induction linear accelerators. Use of an
expert system should greatly increase the available high-

quality beam time.

its beam-transport system and have
used this representation o model the
ATA beamline. This representation is
“smart” n that it includes procedural
knowledge via the data-driven
programming paradigm. For
example. it antomatically completes
the description of the beamline as
soon as the minimum required
information is available. It also
includes procedural knowledee that
couples the model to the diagnostic
subsystent interface so that data is
acquired as required and when
requested: a similar coupling exists
with the control subsysiem interface
so that changes to the model can be
automatically propagated 1o the
control subsystem.

The heuristic approach uses a
hierarchical scheme. dubbed MDS
for monitored decision script. to
describe the accelerator operation and
tuning procedures. Unlike carlier
seripts (e.g.. Barr and Feigenbaum.
1981} that only permit a lineur
sequence ot events. our MDSs allow
decision-based branches and loops.
They also allow conditions to be
monitored periodically (for
exeeptions or errors) during
execution of the seript. and they
include an exception/error-handling
capability to cope with exceptions
from the monitored conditions and
crrors signaled by the actions taken
tor MDSs called) Irom within the
script.

We have butlt a set of prototype
MDS~ that can tune part of the ATA
beam-transport svstem. These MDSs
use the object-onented machine
representation fo reason ibout the
beamline and to identity choices as o
which steering magnets w adjust 1o
align the beam. Actoal adjustment of
the steering magnets is done by a
Uniplex optimization algorithm that
can operate in the presence of
measurement noise. This system has
been demonstrated successfully both
on the simulator and on the ATA.

Significant work has also been
completed in support of the
numerical model-based approach.

Dr. M. Lee of the Stanford Lincar
Accelerator Center is assisting us
as a consultant. Dr. Lee and his
colleague. S. Clearwater. are pioneers
in the application of knowledge-
based systems that use beamline
simulation codes and actual beam-
trajectory data in off-line analyses.
We have also procured (and are
awuiting delivery of) a state-of-
the-urt accelerator- and beamline-
modeling code.

In the mean time. using a simple
beamline maodel. we are extending
the work of Lee and Clearwater
to twa dimensions, an action
necessitied by the solenoidal beam-
transport system used on the ETA-11
and soon to he installed on the ATA.
This wark differs from that of Lee
and Clearwater in that it uses i model
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with an absolute. mstead ot arelative.

coordinate system. An absolute-
coordinate-sy stem model produces
results directly comparable to those
generated by the beam-position
dingnostios: this should mike
analvsis much casier and lead o a
powerful system free of many of the
mistiahes that can be mtroduced when
results from a relative-coordinate-
system model are directly compared
with measured beam parameters.

We have used the simple
beamline model to find regions
within the beambine where the
modet and the beam-diagnostic
measurements agree. Figure T shows
such i region tor a simulated section
of the ATA beambine. Our next step
will be 1o use the know ledge-based
system to search tor the arcas where
regions of goad it abut to dentify
the taulty partesy in the beamiine that
account for discrepancies between
the actual beamline and the model.
In this way. we will be able 1o merge

multiple regrons of cood fit it
sigle regton covering the whole
beamime.,

Increased tunding tfrom the
Beam Rescarch Project for FYSY
will enable us 1o complete the
extension of Lee und Clearwater’s
work to two dimensions and upgrade
the systeny into an on-line, real-time
feedback svstem. Our goal 1s 1o
mathe this system capable of
designing, rumning. and analy zing
diagnostic experiments to identify
taulty beamiine components and 10
determine the tvpe of tault. This
information would then be fed back
into the numerical model so that
operation and wning ol the
aceelerator could continue in the
degraded environment. At present.
the major obstacle appears to he the
ability of the numerical maodel ta
simulate the many types of possible
faults te.p. misalignment i any
or all of six axes. field winding
shorts, ete.).

Compufation

Faentually. the heuristie and
model-based approaches will be
combmed. Fhe beuristic approach
using MDS< will exercise high-level
operational control and monitoring.
The MDS~ will prepare the
aceelerator and beamline for
VANOUS CAPEriments. Momtor is
performance. and adjust for part
fatlures when possible. The model-
bused approach will serve as the
tuning and diagnostic “imtelligence”
in the system. Faalty or misaligned
parts and diagnosties will be focated
by intelhgent use of @ numerical
madel. and tuning parameters will be
derived directly from the model atter
it has been updated 1o account tor
whatever faufts are denutied.
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Figure 1. Simulated section of the ATA beamline showing agreement between the model prediction and the measured
positions over the first seven heam-position monitors. The beam in both the x and y directions is plotted as a function of
position along the beamline (2 direction). Tall rectangles represent various heamline components: vertical lines represent
beam-puosition monitors: sguares represent the bearn-position measurements: the {near-horizantal) colored tines show the

modeled heam path.
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Architecture Studies
with SISAL

Principal lavestigators J. T. Feo

he Laboratory has an ongoing

program to design and
implement SISAL (5:reams and
lteration in a Single Assignment
Language). a high-level. applicative
language for parallel processors. As
part of this work. we must understand
how ditterent hardware components.
such as the Cray-X/MP vector
processors. affect the performance of
SISAL programs on multiprocessors.
The speed of a parallel program
depends on the multiprocessor’s
hardware comporents. the topology
of the interconnection network. and
the algorithms used to partition and
schedule an application’s concurrent
computation units onto the
processor’s resources.

We are evaluating multiprocessor
systems for a mode of parallel
processing known as dataflow
computing. Dataflow differs from
conventional parallel processing
in that synchronization and
communication between concurrent
computation units is the sole
responsibility of the runtime system.
The user does not explicitly encode
synchronization and communication
primitives in his programs: instead.

30
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We are evaluating the performance of multiprocessor
computer systems for dataflow computing by simulating the
execution of programs written in SISAL on such machines.
Our goal is to identify the architectural features that abet or
hinder the programs’ execution. An important spinoff of this
project is the development of heuristics to inap the tasks of a
parallel process onto the resources of a multiprocessor

computer system.

the compiler realizes the code’s
implicit dependencies and inserts
culls to the appropriate system
routines.

Our goal is to develop a dataflow
simulator that will take as input a
datatlow program and a description
of a multiprocessor system. Once a
program is mapped, the simulator
will logically execute the program
and output performance statistics. As
part of this work. we are developing
heuristics to partition and map
dataflow programs to the resources
of each system we consider. We are
concentrating our initial efforts on
systems for which we are developing
SISAL compilers and runtime
systems.

In FY88 we developed a profile
utility and enhanced the SISAL
debugger and interpreter (DI) to
output execution traces of interpreted
SISAL programs. The profiler
generates a parallefism profile. which
assumes an infinite number of
processors, No communication
delays, and unit instruction cost (all
instructions take one unit of time):
it observes all data and logical
dependencies. We began upgrading
the profiler to simulate execution on
a shared-memory architecture with a
finite number of processors. nonzero
communication delays. and variable
instruction costs.

We also completed an extensive
study of the current SISAL runtime
system. This work led to improving
the memory-allocation algorithm and
to rewriting certain parts of the
runtime system to alleviate
bottlenecks. It is important that we
understand the characteristics of the
current SISAL system. because we
plan to establish the correctness of
our simulator by comparing the
performance it predicts tor an
application on a particular system
with the application’s actual
execution on that system.

We have three main tasks to
complete in FY89:
= Reorganize the project’s approach.
* Develop a flexible but
comprehensive paradigm to describe
parallel architectures.

« Develop mapping heuristics for our
initial target machines.

While upgrading the profiler. we
realized that DI is an example of the
simulator we want to develop.
Presently. DI simulates the execution
of SISAL programs on a
multiprocessor system with infinite
resources and zero communication
delays: thus we need only to enhance
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D1 to simulate program exceution for
an input architecture. Although this
ts no trivial task. at least we do not
have to rewrite the support roatines
tor program execution (input/output.
memeory management. and instruction
scheduling and execution).
Moreover. DI works directly with
our datatlow graphs, known as 1F1
graphs. removing the need for
execution trace files that can he vers
large for even simple programs.

We have decided on a table
format to describe multiprocessor
compulter systems. At the very least.
the table will include the number of
processors. their type. the amount
and layout of memory. instruction
costs, network topology. and the
communication delays between
resources. We plan to consider cach
memory as a separite resource, thus
casting all memory accesses as
communication delays between a
processor element and a memory
resource. Finally. we will develop
mapping heuristics for shared-
memory multiprocessor systems with
both vector and scalar processors and
with and without cache (high-speed
local memories).
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Parallel
Pseudorandom
Number Generation

Principal Imvestigator: M. Durst

P;n’;tllcl random number
generators (PRNGsy can he
viewed as algorithmes tor generating
many mutually independent streams
of pseudorandom numbers. To
senerate such streams. one may split
the sequence of a single rundom
number generator (RNGH or use
unigue generator for eack stream.
We have completely described the
statistical behavior of PRNGs formed
by splitting the sequence from a
congruential RNG. With a variant
of the well-known spectral test. we
tested such generators in use on the
Crayv-X/MP and found their behavior
acceptable. We also caleulated
bounds on their behavior und tound
thit they will not provide thousands
of generally rehiable streams. These
theoreticul inadequacies fed us 1o
consider unique generators for cach
stream.

The most promising idea was 1o
use a different multiplier for each
stream. Using work done by
G. Fishmaun of the University of
North Carolina. we projected that
millions of individually acceptable
multipliers exi . We developed
necessary. but not sufficient.
conditions on the interrelationships
between multipliers. Combinatorial

‘o
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We developed ways to reqwahly generate up 1o several hundred
streams of pseudorandom numbers, with definitive quantitative
measures for schemes that split sequences from congruential
random number generators. We also created a battery of
empirical tests for any parallel random number generator.

analysis of these interrelationships
suggests that thousands of mutually
aceeptable streams might he tound.

We also studied wass of
constructing empiricad tests for
PRNG~. Fully general PRNGs for
as few as o dozen streams must
be aceeptabie in hundreds of
dimensions: this makes exhaustive
testing difticult. We constructed tests
1o correlate all streams at various
fags. Since these tests study pairwise
dependencies. they are necessary but
far from sufficient. We provided a
preliminary battery of tests (Durst.
19884) tor PRNGs that our
Cray-X/MP implementations pass
talthough some earlier schemes do
not). A side benetit of this work is an
improved minimal battery of tests for
standard RNGs: these tests uncovered
defects in a published RNG. We also
devised techniques tor the ud hoc
improvement of PRNGs for difticult
applications and for comparison
purposes when a PRNG is suspect
(Durst. 1988b).

Our FY#9 plans include a
definitive discrepancy caiculation
for splitting schemes for generalized
tfeedback-shift registers. whose
vastly longer period and superior
randomness make them more
attractive for computations involving
thousands of streams.  In addition. it
may be possible 1o adapt discrepancy

caleulations to the scheme involving
different multipliers for cach stream
teurrently these caleulations are oniy
avarlable us an mpractcally large
discrete summations. Further
empirical work should also be done
1o find best splits for congruentials
and 1o determine when the theoretical
fatlings of congruential splitting
schemes aciually impinge on
calculations. Finally. we intend 1o
implement a functional PRNG for
the paraliel language SISAL. which
should make parallel simulations and
Monte Carlo calculations in that
language more natural. This could
produce a test bed in SISAL for both,
which would in turn point out the
most important remaining difficulties
for PRNGs.
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Earth Sciences

I.. Schwartz

Farth sciences

The Larth Sciences Departiment uses TR&D Tunds wo munam long-range
busic research in the carth sciences. 1o promote collaboration with outstanding
scientists at other mstitutions. to develop new capabihities. and to attract new
sttt members. The Department provides support in the arcas of geachennistry.
geophysics. seismofogy. geological engineering. and hydrofogy to LENL
nrograms in Nuclear Test Containment. Treaty Veritication. Nuclear Waste
Management. and Fossil Encray.

During FYRE. we used TIR&D funds to estabiish laboratories with unigue
capabilities for the study and accurate characterization of carth materials. We
completed the mstallation of o thermal image furnace in our ervstal-growth
luboratory and successtully grew ervstals of olivine. akermanite. spinel.
mugnetite. rutile. and nickel oxide. The wvatlability of high-quality single
crvstds of olivine is especially important for studies of the electrical
conductivity. diftusion. and deformation properties of the carth’s upper mantle.
In another effort. we are developing a krge-volume. high-pressure facthity tor
which we have designed a split-cone apparatus capuable of reaching pressures
as high as 250 kbar and temperatures up to 2000°C. When completed. this
factlity will provide a capability unique in the western ULS.. extending the
experimentally accessible “depth™ o pressures believed to exist in the carth’™s
lower manile (depths greater than 600 km).

We ulso improved the computational and measurement techniques that are
required 1o develop and test models of geological processes with realistic
complexity, The fluid flow and transport modeling effort continued on a
number of refated fronts. We enhanced o hydrothermal flow code that enables
us to study partially saturated flow in a fractured rock mass subjected to an
episodic infiltration event. We are also developing codes to predict changes in
fluid composition and mineral zonation as a fluid flows through and reacts with
a porous media. In the area of aqueous geochemistry. we demonstrated the
feasibility of a new method of determining the hydrogen ion activity n high-
1onic-strength solutions. We have also developed optical chemical sensors for
an optical-fiber system to measure the properties and composition of {luids in
hot. corrosive wells.

To develop and test competing hypotheses on crust-mantle interactions, we
are combining seismological and geochemical technigues in a unigue tectonic
region of northern California. We collected a suite of crustal xenoliths and
deployed a portable broadband seismograph at the Clear Lake voleanic field.
Initial unalysis indicates that the xenoliths record two phases of thermal events.
while seismic evidence indicates that the San Andreas Fault is decoupled in this
region al mid- to lower crustal levels.

We also co-sponsored etforts in biotechnology and in modeting the
equation of state of carth materials. Together with the Energy Program. we
sponsored a study of thermophilic microorganisms in geothermad fluds that
will eventually allow us to determine which tvpes of these organisms may he
useful for the subsurface processing of mineral. organic. or geothermal wastes
at temperatures fatal o ordinary bacteria. In addition. we used @ small grant.
supplemental to our ongoing weapon-support rescarch. o improse numerical
simulations of underground nuclear explosions by incorporating @ more flesible
and accurate cquation-of-state model imto DYNA2D.

In Y89 the Earth Sciences Department received S876.000 (w hich
inctudes S102.000 for the kotechrology projecty.

-
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Single Crystal
Svnthesis in a Thermal
Image Furnace

Principal Investigators: ML S, Young,
F. I Ryerson, and AL G. Duba

he bulk of the mformation

on which we currently base our
understanding of the mechanisns
governing creep. diffusion, and
electrical conductivity has been
provided by meuasurements made on
natural single cryvstals, which include
a large number of components and
are rarely of high quality. The
thermal image furnace. purchased
with funding from the Basic Enerey
Sciences Program and delivered 1o
our crystal-growth laboratory in
October 1987, makes it possible for
us o investigate the svathesis of
many mineral phases relevant to
problems in geochemistry and
geophysics.

The thermal image turnace is
diagrammed in Figure 1. Two
halogen lamps. each placed at one
of the focal points of a gold-coated
ellipsoidal mirror. provide the heat
source ftor the thermal image furnace.
The mirror focuses radiative heat on
a small spot. thus generating the high
temperature required for melting
oxide minerals. A feed rod is made
of well-mixed. stoichiometric
amounts of chemicals that constitute
the desired composition of the
crvstal. This feed rod s compacted
under hydrostatic pressure and
sintered 50 to 100 C below the
melting point of the orystal

RE

Eapdorarony Rescarnon

Many geochemical and geophysical experiments require well-
characterized, high-quality single crystais for measuring
phemonena ranging from diffusion and electrical conductivity
to seismic attenuation and plastic deformation. Recognizing
this need, we have established a crystal-growth laboratory in
the Earth Sciences Department. In the past vear, we have
successfully used a thermal image furnace for growing
crystals of olivine, akermanite, spinel, inagnetite, rutile,

and nickel oxide.

compound. Crystal growth s
mitiated by meltung a soadl section of
the teed rod and bringing the molten
sone in contact with a seed ervstal,
Because the feed rod and the ervstal-
growing assembly are enclosed in a

quarts tube. both the ervstal-growth
atmosphere and the ovidiation state of
the growing crystal can be controlled
by regulating the tlow -through gas
supply. Single crvstals can be
obtained by caretully mamntaining

=N /Oullel of
| atmospheric gas

Eflipsoidal reflector |
Halogen lamp \ E}

Ellipsoidal refiector

Seed <&—— Ceramic
crystal . feed rod ]
L AW A My g oy
ey R 1 N e
T Quartz

tube «—

Halogen tamp

L —-tene

P

Screen

\ Entrance of
atmospheric
gas

Figure 1. Schematic diagram of a thermal image furnace with two ellipsoidal
reflectors,
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Jsbable molten zone and sfow
mov g 1hasway from the seed crystal

The thermal image turnace
offers ~everal unigue advantages
for growing high-melting-pomt.
multicomponent enstabs, Siee the
melt zone that connedts the growang
ervstal and the teed rod s held m
place by s own surtuce tenasion. the
Noat-7ane method does notneed o
crucible o hold the melt avording
the crucible conmination problems
often encountered m many melt-
srowth methods, The heanng ot
the melt through the absorpion ot
intrared radiation by the teed rod s
another advantage tor the varnous
onide sy stems of interest o carth
scientists, iy most of these onades
are clectric and magnetic imsulators,
making mducton heating or ¢lectron-
bewm heating impractical. By
proneriy selecting the hguid-zone
composition. which can be different
from the composition of the feed rod,
incongruent meling compounds can
also be grown by the float-sone
miethod.

The thermual image turnace s
ideally surted for growing olivine. a
sohd solution of tforsterite Mg 510 )
and favalite (ke 510 ), A
Understanding the electrical
conductivity . ditfusion. and
deformation propertics of olivine will
help us determine conditions in the
carth’s upper mantle. of which
olivine is the major mineralogical
constituent. Although geophysical
measurements on natural olivines are
abundant. interpretation of the results
1s often complicated by the presence
of ninor constituents such as cobalt.
munganese, and mickel. The fimisted
composiitonal ranze of avalahle
natural obivimes also constrims our
ability 1o test maodels of olivine
behavior based on their defeat
chemistry . High-quahity synthete
olivine ervstads of well-detimed
composttion and structure hold muach

pronuse tor the refinement of such
maodeds,

After il setup and
charactenzaton, we hine
successtully grown olivie envstads of
mtermediate composition. A by pical
as-erown olivme ervstal is shown in
Figure 20 The trunsparent. light-
green erystal was grown on o
forsternite seed in the [ 1OU] direction.
Two 010y facets can be seen on the
sides of the boule. Cryvstals of other
arentations can he grown by
se ecting different seed orientations,
Observation under the optical
nicroscope reveils few growth
imiperfections such as gas bubbles
and iclustons. These fahoratory -
grown ofivine erystals have a densiy
ol impertections of 1= 107 cm’ . an

order of magnitude lower than that of

nitural olivine.

This year. we have successtulls
grown spinel (MgALO 19 NiO).
rutile (TiO_:0.5% Cr,O,). and
fersterite (Mg S0 ) in the thermal
image furnace. We have also grown
the follow ing scientificalhy
stanificant ery stals:
 Magnetite (ke O 1 Rock
1 agnetists are very anterested i
mderstanding how various magnets
properties vary with temperature.
Magnetie stabihity depends artically
o detect wnd impurity etlects on the
magnehc domam structures ke O
and basomagnetic tbe T 6)
61 The magnette sinzle enstal we
Fave cromn s ivpicalle S ot

ot o~

Figure 2. Olivine
single erystal
grown on g
forsterite seed
tright). On the
average, this
erystal is 8 mm in
diameter and 50
mm in length,

dunneter and A0 mm long: the ervstald
surtace shows pronounced growth
facets.

« Nichel onide tN1O L Nickel onide
s o micliing point of 1990 C and 1y
usually ditficult to grow by the meht
method because of its high reactivity
with noble metal crucibles. We
obtained a single erystal of Ni() in
the thermal image furmace using a
growth atmosphere of oxyveen

{200 ¢m'/miny and argon

(1000 e /ming. A self-seeding
technique is used o obtain the

single ervstal by necking down a
polyerystalline seed and crowding
out the unfavorable slow-growth
orientations,

» Akermanite and genlenite.

Metlilite crystals (solid solutions of
akernyanite and gehlentie) are needed
for studies of oxvgen diffusion. Data
from such studies are required for
constraining models that attempt 1o
eaplain the correlated covariations in
the O/ O and ' O/'"0 abundances in
the anhydrous minerals tound in
high-temperature mclusions in
meteorites. We have had moderate
suceess i growang an ghemianie
crvstal. although precipitates of a
calcium-nch phase have comphicated
the process. Attempis 1o grow
vehlenie erystals are under way,
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Large-Volume, High-
Pressure Apparatus
for GGeophysical
Research

Principal Investigators: F. L Ryerson
and L. 1.. Dibiey

vperiments at moderately fugh
E pressures (up o 40 kbary have
provided an abundunce of
equihbrium and kinetic data that have
been used to define the composition.
mineralogy. and structure of the
carth’s lower crust and upper mantle.
Our concepts of magma genesis and
the evolution ol the upper mantle and
lower crust are largely constrained by
these data. Such experiments rely on

(a)

Guideblock

WC anvils and
sample assembly

Bucket

Faploraiory Rescarch

We have completed the design of a large-volume, split-cone
apparatus capable of reaching pressures as high as 250 kbar
and temperatures up to 2000-C. By increasing the upper
pressure limit of high-pressure, high-temperature experiments,
this apparatus can extend the depth to which we can model the
composition, structure, and evolution of the earth.

guenching and recovery of high-
wemperature snd pressare run
products tor subsequent analyvsis.
Oher the past two decades. a number
of mstitutions. predominantly in
Japan. have successtully inereased
the applicable pressure range.
extending the experimentally
accessible depth to pressures
appropriate to the carth’s lower
mantle (depths greater 600 k). The

(b WC anvil
%
25o0r Pressure
Preformed 3.5mm medium
gasket MaO
(pyrophyllite) (Mg0)
28y @/ = Spacer
iz a/ Jja

34 mm

Figure I. ta) Diagram of the LINL split-conc multi-anvil sliding system, showing
the guideblocks, buckets, and W anvil sample assembly : (b) schematic

illustration of the pressure assembly,

apparatus used in these experiments
are known genericalby as muli-anvil
shiding systems (MASS) which
consist ol a cuscading pressure
assembly of seef and wngsien
carbide ¢WC) anvils driven by a
large uniaxial press.

In FYR®7_we received tunding
to investigate the feasibility of
constructing a MASS that would be
compatible with an existing 1200-ton
unianial press at LENL while sull
permitting access to the press by
other apparatus. Having established
that adapting our existing equipment
wits teasible, we reccived funding o
design and fabricate the system in
FYRY.

The MASS design s based on i
sphit-cone configuration in which six
conical steel anvils or buckets are
confined in steel guidebiocks
consisting of two interference-tit
rings. This assembly torms the
first stage of the pressure svstem
(Figure Fa). The intersection of the
upper and lower buckets forms a
cubical volume containing the second
stage. known as the pressure
assembly (Figure b, consisting of
cight WC anvils with triangular
truncaiions at cach corner. When
placed together. the assembiy ol WC
anvils has an octahedral volume at its
center that aecommuodates the
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prossure medium and turnace sample
dssemblys The turnace sample
asseimbly components are typically
manufactured fron ceranne materils
that are chemically and Structurally
stable at high pressures and
tempertures. The pressure medium
and anvil dimeasions cun be tatlored
for the destred application and
workimg pressure. The truncated
corners of two ot the anvils also
provide the electmneal contacts tor the
resistance-heated furnaces, typreally
made of LaCrO . or graphite.

We completed the design and
dratung ot plans for the MASS in
December TUST0 We also visited the
fgh-pressure laboratory wt the State
University of New York (SUNY
Stony Brook to mvestigate the

matertads and destens used
Labricatmy that Turnace sample
assciblhv. A number of local
machine shops bid on the LLNL
fubrication contract. Ommnitec Corp.
was chosen to tabricate the
vuideblocks, Accurate Machine
Engineering the comcal anvils, and
Kennametal, Inc. the W anvils: the
ceramic materials required for
furnace parts were procured from

a number of Japanese ceramic
nunufacturers.

The system wild be assembled
nest vear in the £ 200-ton press. and
we will begin to experiment with
various furnace/sample assemblies
and the design of {urnace powcer-
supply and temperature-control
systems. Because the pressure
transmission in the MASS depends

Farth Sciences

o mechanical properties ol gashet
muatentals extroded dunng
compaction. the pressure scale must
he established eapimcally for cach
assembly desien. At room
temperature. this is accomplished by
calibrating the umanial press foree
against phase ransiions i vartous
metals. At higher temperatures.
hnown tor at least agreed-upon)
phase transitions i silicates can be
used. This calibration procedure is
capected to tahe at feast halt the
fiscad vear o accomplish. We will
also mahke pertodic visis (o
laboratories at SUNY-Stomy Brook
and the University of Alberta in
Edmonton. Canada. 1o become more
familicr with system operations.
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Modeling Fluid Flow
and Particle Transport
in Porous Media

Principal Investigators: 1. A. Buscheck.
R. B. Knapp, I. J. Nitau, and
A.F. B. Tompson

he Laboratory’s rescarch eftorts

in nuclear waste solation,
enhanced hydrocarbon recovery.
geothermal energy. and groundwater
contamination involve the tlow of
fTuids and gases and the transport of
reactive chemicals in a variety of
complex subsurtuce environments.
including fractured, heterogeneous
porous media. Many of the relevunt
physical processes are interdependent
and not vet adequately understood.
requiring significant advances in our
conceptual and numerical models.

We are working to identify.
modify. and develop codes capable
of predicting changes in fluid
composition and mineral zonation as
a fluid flows through and reacts with
a porous media. The reactions of

Faploratory Rescardh

We are tackling the problems involved in modeling the
hydrothermal flow and transport of reactive chemicals in
porous media. This year, we developed a theory describing
infiltration in partially saturated, fractured porous media. We
also implemented several reactive-transport codes and began
the development of a particle-based simulator for reactive-
transport problems in porous media.

interest are nreversible dissolution
and precipitation, equilibrium
precipitation. adsorption, ion and
isotope exchange. and radioactive
decay: the transport processes of
interest include advection. diffusion.
and dispersion. This year. we
modified a one-dimensional reactive-
transport code MCCTM that has
proved to be usetul for simplified
systems. We are continuing to refine
the LLNL-developed EQ6 code for
calculating water—rock interactions
and to develop a general. finite-
element flow and transport code as
well as a particle-based simulator for
modeling reactive transport in porous
media.

LLNL enhancements to the
TOUGH code (Preuss. 1985),

together with the development «f pre-
and postprocessors. facilitated several
modeling studies in FY88. including
an investigation of infiltration in
partially saturated. fractured porous
media. The system was modeled as a
semi-infinite set of parallel vertical
fractures. We found that the
movement of the infiltration front

i< governed by the interaction of
gravity-dominated tlov- in the
fractures and by capillary imbibition-
dominated flow in the matrix.

Figure | shows the liquid saturation
distribution around a 50-pm fracture
two days into the infiltration event.
We conducted a parameter sensitivity
study 1o identify fundamental
relationships among various {racture
and matrix propertics. In particular.

g o002
cE
a - 0.70
2 ¢ 0.015 0.75 -
55 0.85 0.80
5 3 0010 0.90
H = 0.95
& § 0005 - TS\
£ 1 | a 1 | 1
0 2 q 6 8

10 12 14

Vertical distance below infiltration source, m
Figure 1. Liquid saturation distribution around a 50-um fracture two days into the infiltration event. Contour values

represent liguid saturation: initial saturation was 0.65. (To distinguish the contours, the distances on the y axis are
exaggerated by a factor of 143 relative to the x axis.)

K
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we found that for nonintertering
tractures. the depth o which the
infiltrating fluid penetrates the
fracture varies as the one-half power
of time (1'7) for sufficiently large
times.

Starting with the class of
problems addressed in the modehing
study. we derived asymptotic
expansions for a runge of fracture
inclinations. fracture spacings. and
boundary conditions at the fracture
entrance. A numerical solution to the
integro-ditferential equation was also
derived for all cases. Depending
on the boundary conditions. the
movement of the infiltration front can
be shown to experience three to five
distinct flow regimes characterized
by physically interpretable time
scales.

We initiated work on several
reactive-transport codes during
FY88. We implemented the one-
dimensional code MCCTM
(Lichtner. 1985) on LLNL computers
and modified it to handle more
general reactions and to be more
computationally efficient in treating
reaction tfronts. LLNL's EQ6 code
has been extensively used in
modeling the reaction path of
spatially static water-rock
interactions. This year. we developed
a version of this code (MPEQ®6) to
simulate one-dimensional. high-
Peclet-number reactive transport in
a Lagrangian reference frame.
Modifications include the
incorporation of stationary-state
theory. Reaction fronts that develop
in natural systems move at a slow
rate relative to the transport and
reaction rates. Steady-state
concentration protiles develop
upstream from a reaction front. and

precipitation and dissolution rates
can be lincarly extrapolated for the
duration of the stationary state
(typically 107 years). Thus, we can
model these systems with i time step
of comparable magnitude. greatly
aceelerating our computations.

We are also developing a
particle-based simulator for general
problems of reactive transport in
porous media. This simulator is an
extension of an earlier particle-
tracking solute transport code used to
study the dispersion of contaminant
plumes in a spatially heterogencous
flow field. Our extended model
represents the mass of one or more
agqueous chemical contponents as a
large collection of particles. in much
the same way as is done in particle-
hased plasma-dynamics simulators
{Tompson and Dougherty. 1988:
Tompson ef al.. 1987). Particles are
moved in space cver discrete ime
increments by advective. diffusive.
and dispersive forces. Particles can
also be selectively removed or added
after each time step 1o accommodate
the loss or gain of component mass
due to chemical reactions. Particle-
based transport models can be
extremely efficient in large three-
dimensional problems. particularly

lhose involving multiple components.

Such models are well suited to
parallel computer architectures.
allowing for even further increases
in computational efficiency.

In FY89. we will continue to
develop our general. finite-element
flow and transport code. We plan

specifically to configure this code for

problems in nuclear wasle isolation
and groundwaler contamination. In
addition. we will continue our
analysis of infiltration in partially
saturated. fractured porous media by

Farth Saences

addressing more complex fracture
gcometries and boundary conditions,
We also plan to apply MPEQ®6 and
TOUGH 10 hypothetical nuclear-
waste repository environments.

We will continue our work on a
geochemical reaction moduie for the
particle-based simulator. and we will
begin o develop a specialized
reactive-transport simulator for
fractured porous media.
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Measuring pH in
Concentrated
Electrolytes

Principal Imvestigators: K. G, Knauss,
J. Bennett. T, J. Wolers. . Harrar. and
K. J. Jackson

No method currently exists for
directly measuring pH in brines.
Although pH niay be estimated
indirectly by titration. direct
measurement using National Bureau
of Standards (NBS) conventional or
modified procedures is hindered by
both theoretical and experimental
limitations. It established. a method
for direct measurement would henetit
energy programs. programs in
nuclear waste isolation. and programs
in chemistry and materials science
that investigate the corrosion of
materials in brines.

Our objective was to evaluate a
proposed operational definition of
measured pH based on high-ionic-
strength standards. We used two pH

Faploratory Research

We have demonstrated the feasibility of a new in-situ method
Sfor determining the hydrogen ion activity in high-ionic-
strength solutions. The results suggest that our proposed
operational definition of the measured pH based on high-
ionic-strength standard solutions may be applicable in a
manner roughly analogous to the IUPAC’s recommended
definition of pH in dilute solufions.

scales: the NBS scale, intended for
dilute solutions. and a so-called
“rational” scale. which assumes that
the hydrogen activity coefficient is |
and which is more suitable for work
in concentrated solutions. We
measured the potential difference at
25°C between an H* ion-specitic
electrade (ISE) and both a C1 ISE
and a Br ISE in a series of agueous
solutions designed to investigate:

« Nernstian behavior (using Nernst's
Law for calculating potential) over a
wide runge of ionic strength,

= Potential glass electrode/cation
interference from Na™ and K-,

= Response to H* at both low (pH 2)
and high (pH 12) rational pH.

« Interchangeability of the HCI and

Table 1. caiculated composition of standard solutions.

Molal
Electrolyte concentration
NaC 0.01-4.0
KCI 0.01-3.0
KBr 0.01-3.0
NaCl 0.01-4.0
KCi 0.01-3.0
KBr 0.01-2.0
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Adjusted by
pH calculation to fix pH
2 HCI
2 HCI
2 HClI
12 NaOH
12 KOH
12 KOH

HBr couples as a basis for the
proposed method.

We used the Pitzer’s equations
option in the EQ3NR geochencal
modeling code (Wolery. 1983) to
calculate the composition of 84
standurd solutions used in six series
of experiments. Table 1 identities the
compositional range and pH spanned
by the calculated standard solutions.

In addition to measuring the
potential between the HCl and HBr
couples. we measured the NBS pH in
all solutions. Our results demonstrate
that our proposed 1SE method. which
is free of liquid-junction problems.
works very well. whereas the
conventional NBS method fails in
all cases above ionic strength of
approximately (1.7. The response
of the ISE couples is essentially
Nemstian in all cases. and the
goodness of {itis 0.999 or better.
The electrode couples respond
linearly to H* at both high and low
pH activity over an extreme range in
stoichiometric ionic strength.
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In-Situ Downhole
Measurements

Principal Investigators: 8. M. Angel.
H. M. Buettner. and P. W. Kasameyver

he inability to sample or

measure the chemical
composition of brines in hot wells
Hreits our understanding of in-situ
conditions in the carth’s crust. Qur
objective is to develop optical-tiber
systems that can expand this
capability to temperatures and depths
where in-sitne sampling methods
usually fanl. In this project. we have
identitied a number of approaches
that use solid-ceramic-matrix and
thin-film-matrix materials to produce
candidate optical-fiber sensors that
will survive in hot. deep wells.

Optrodes are optical transducers
placed at the distal end of optical
fibers. They produce a signal.
usually fluorescence. in response
to the parameter being measured.
Optrodes have already proven
useful at LLNL for remote in-situ
monitoring of a varicty of chemical
species and of pH in groundwater.

In previous years, we developed a
temperature optrode based on a
rare-earth-doped. porous ceramic
material. This optrode has been
successfully tested in a geothermal
steam well to a depth of about 150 m
(Angel. 1987: Angel ¢t «l.. 1989).
The results obtained during these
tests indicated thut wells up to | km
deep can be logged in real time using
this device.

We were previously unsuccesstul
in developing a pH sensor using
porous ceramic materials. However.
this vear we have successtully

Farth Sciences

To uizderstand the in-situ conditions in the earth’s crust, we
must be able to determine the properties of fluids from deep
boreholes without changing their chemical state. We are
developing candidate optical chemical sensors (optrodes) for
an optical-fiber system to measure fluid properties and
composition in hot, corrosive wells.

demonstrated several candidate pH
and Eh optrode materials based on an
inert polvimer clectrolyte (Nafion).
Although the polymer is stable only
to about 250°C. it immobilizes many
pH- and Eh-sensitive tluorescent and
highly colored dopants. The pH
optrode demonstrates a reversible
response over a4 pH range of 1.5 10 10
and has been shown to be stable up to
180°C. Measurements can be made
either by absorption or fluorescence.
We checked the pH responses
of the doped polymer films by
immersing the films in a variety
of buffered solutions for at least
15 minutes and then measuring the
absorption spectra. We determined
stability by heating the films in
180°C water for 24 hours. The

Alkaline
conditions
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Figure 1. Fluorescence response of a
Nafion-based. high-temperature pH
optrode in air and under alkaline
conditions (exposed to NH,OH vapor).

tluorescence response was meisured
at room temperature using a short
optical fiber. Figure 1 shows the
fluorescence intensity of a Nafion-
based pH optrode upon exposure to
NH,OH vapor compared to the
tfluorescence response in air. These
pH optrodes are also sensitive 1o Eh
changes in solution. A number of
stable dopants show reversible Eh
response in the Nafion tilms at
positive potentials.

Before this measurement
approach-can be applied in the field.
specific optrode designs must be
carefully calibrated in a number of
solutions to determine whether they
are sensitive to more than one
property. In addition. our proposed
cable termination and protection
methods must be tested with a
prototype measurement system that
can be taken to the field. The system
will also have to be operated in wells
where adverse conditions exist 1o
demonstrate that optical-fiber
systems can indeed provide useful
fnr-sity measurements at depth.

References

Angel. §. M. (1987). “Development of
Fiher-Optics Sensors for Temperature
Measurement and Chemical Analysis in
Geothermal Wells.” Tramsactions,
Geothermal Rexowrces Council 110155,

Angel. §. ML DGl Garvis, S0 KL Sharma, and
AL Sehi (1989 “Tield Apphications of
Fiber-Optic Sensors: 1. Temperature
Mueastrements ina Geothermal Well.”™”
Appl. Spectione 43 Gin pressa.

41



Farth Sciences

FYSS- ST 000

Seismological and
(Geochemical Studies
in Northern California

Principal Investigators: G. Zandt and
W. E. Glassley

he relative motions of three

tectonic plates at the Mendocino
Triple Junction in northern California
(at the juncture of the San Andreas
Fault, the Mendocino Fracture Zone,
and the Gorda Subduction Zone; see
Figure 1) have created an unusual
zone of interaction between the crust
and upper mantle. As i geometric
consequence of the relative plate
motions in this region. the California
coastal area southeast of the Triple
Junction is progressively exposed
to hot. upwelling mantle. This
upwelling. together with its
interaction with the overlying
continental crust. is ultimately
responsible for several Coast Range
volcanic fields. for the Plio-
Pleistocene uplift of the Coast Range.
and for ongoing seismicity. crustal
deformation, and the evolution of

Faploratory Research

We are combining geochemical and seismological methods to
study a unique tectonic regime in northern California where
crust and upper mantle interactions are currently generating
an active volcanic field with an associated geothermal area.
Knowledge about the way heat, fluids, and magma are
transported through the continental crust has important
implications for both basic and applied science.

ore bodies and geothermal fields in
coastal northern California.

We are using seismological and
geochemical techniques in this
unique tectonic setting to develop
and test competing hypotheses on
crust-mantle interactions and crustal
accretion. We have completed
reconnaissance field work at the
Clear Lake voicanic field, where we
collected a suite of crustal xenoliths
and deployed a portable broadband
seismograph. Field evidence
indicates that the xenoliths are from
different eruptive phases. implying
that different segments of the crust
were sampled. The xenoliths appear
to form two distinctive suiles. one
from a lower crustal suite of gneisses
and schists and one from a more
mafic suite that may be related 1o
earlier phases of magmatic

Gorda
Subduction
Gorda Plate . zt.,"e,\~L Oregon
Cal
Pacific * 72 Gorda Plate { litornia
Plate i ~Wendocino]
l T Triple 2
7/ >
(1]
l.l A Mendocino <
. ’ Fracture
y 4 g fi Zone American
} ! ~~North San
I American
/ ‘ Plate Andreas

Fault

Figure 1. Tectonic plate interactions near Mendocino Triple Junction in northern
California. Thin arrows indicate relative plate motions: thick arrows indicate

upwelling of “warm™ mantle.
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intrusions.  Preliminary results from
several gneissic xenoliths indicate
that these rocks experienced a
complex recrystallization history

that is related. at least in part. to
decompression. By reaction textures,
we recorded recrystallization events
in the samples at 18-35 km (lower
crust) and at 12-15 km (mid-crustal
depths).

To reconstruct the geometry and
evolution of the San Andreas Fault
zone (Furlong er ul.. 1988). we
mapped crustal and upper mantle
heterogeneity by combining
teleseismic imaging techniques with
thermal-mechanical modeling
studies. The results indicate that the
surface trace of the fault is oftset
from a deeper plate boundary parallel
10 the surface trace but approximately
50 km to the northeast. The deeper
boundary appears to form the
southwestern boundary of a zone of
“warm’ mantle and to control the
location of young volcanism at Clear
Lake. Teleseismic carthquakes
recorded at our broadband station at
Clear Lake have anomalously large
amplitudes on the horizontal
components, simifar to teleseisms
recorded in Long Valley Caldera.
supporting the idea that the observed
complexity may be due to magmatic
structures associated with the Clear
Lake magma chamber.

Reference

Furlong. K. PoW DL Hugo, and Gl Zandt
CTURKY Geometrys and Evolution of the
San Andreas Fault Zone in Northern
Calitorma" 0 Geophys Res 9400m press).
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Incorporating
Equation-of-State
Models in DYNA2D

Principal Iov estigator: L.\, Glenn

alid equations of state (EOSs)

for rocks of arbitrary
consistencey are required for
numerical simulations of
underground nuclear explosions.
Last vear. we incorporated an EOS
model into the DYNAZD code that
has greater tlexibility and accuracy
than the Butkovich rock gas moded
used in the TENSOR code (which
assumes that all rocks are
combinations exclusively of siheate.
carbanate. water. and airy. The
Butkovich pressure-density gas tables
that are generated are also very
sparse. so that large and potentially
inaccurate interpolations and
extrapolations are required 1o
obtain pressure and energy data.
Furthermore. the absence of energy
considerations in the Butkovich gas
tables is thermodynamically
inconsistent.

The DYNA2D model has no
restriclions on rock composition.
however, and it yields a pressure-
density-energy table that is
thermodynamically consistent and
dense enough to allow reliable
interpolations. In developing an
EOS table for an arbitrary rock
composition. we first generate
pressure and energy isotherms using
the HQEOS code. These isotherms
are then combined o obtain a
pressure-densitv-energy table. the
required form of the EOS for
DYNA2D. No more thun twao days
are usualhy required for this process,

We also improved the TENSOR
mixture model within DYNA2D.
Historically. the TENSOR code
addressed the vaporization of

Farth Sciences

We improved our capability to numerically simulate
underground nuclear explosions by incorporating a more
[flexible and accurate equation-of-state (EOS) model into the
DYNA2D code. These improved simulations are essential for
ensuring complete containment of underground nuclear tests.

nonporous rocks by mixing the
Hugoniot with reiease adiabat tables
(which spanned only the gas states of
the materialy and used the ratio of
peak pressure to vaporization
pressure as a parameter to interpolate
lincarly between the Hugoniot and
the gas phase. In our adaplation of
the TENSOR model. we replaced the
release adiabats with the HQEOS
tables.,

The effect of mixing the
Hugoniot with the HQEOS has been
evaluated. Figure 1 shows SiO,
VAPOTIZAlion response as pressure-
time histories and energy-density
paths. using HQEOS tables alone and
using the Hugoniot mixed with the
HQEOS tables. Eich plot shows
1wo identical pressurization-release
curves, indicating that mixing the

Hugoniot with the HQEOS tables
does not alter the $10 ) vaporization
response obtained by using the
HQLEOS tables afone. With a three-
phase EOS now quickly available for
rocks of arbitrany composition. it is
no longer necessary 1o mix the
Hugoniot with a gas table in
simulating the vaporization of
NONPOrous rocks. as wis previously
done in TENSOR. The same level of
accuracy is provided in fess computer
tme.

Reference

Atitas A Voand DAL Yousg c1USSy
Comparison of Two Rock N aporization
Maodels in DYNA2D. Lawrence Livermore
National Laboratory. Preprim UCRIL-
Y97 142 presented at N lear Faplosves
Cade Developers Conterence, Boulder, CO.
October =14
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E. A. Lafranchi

FEaploratory Research

An important mission of the Engineering Department is to identify and
develop the emerging technologies that will be needed to meet the future
requirements of LLNL programs. Results of the research projects funded by
the IR&D Program in FY88 will find immediate application in the Laboratory’s
weapons. laser. beam research. and precision engineering programs. In
addition, since principal investigators often collaborate with scientists at
universities. industrial technology centers. and other laboratories, these IR&D
projects markedly increase and enhance the spectrum of engincering resources
available to LLNL.

The engineering projects funded in FY 88 address the need to understand
the behavior of materials. In one project. we investigated the breakdown of
surfaces subjected to electric and electromagnetic fields and sought to
understand the basic physical properties of materials that make them
susceptible to surface breakdown. In FY&E. we began the development of an
experimentally validated model of such surfaces with the study of solid-plasma
transitions and bounded plasmas. Our goal is to develop a validated
calculational model that can be used to predict surface behavior under large
transient fields. This understanding, coupled with a validated model. will have
a significant effect on all pulsed-power and high-power-microwave research.

In another project, we studied the ductile grinding of brittle materials.
concentrating on the material removal process. The goal of this research is to
be able to tabricate components with high precision and excellent surface finish
but without subsurface defects. This project requires the integration of theory
and experiment as we work to develop a numerical model of the material
properties that are dependent on chemical composition and material
temperature. This model will help us to understand the transition between
ductile and brittle grinding of a material. We have tested the hypothesis that
ductile grinding can occur in the region between the yield and fracture
envelopes of the material in question. So far. we have only collected
preliminary data. and further analysis is required. Once we are satisfied with
the validity of our theory. we will need to develop a grinding capability to
determine if our theory can be achieved experimentally. Success in this project
will have a major impact on the Laboratory’s weapons and laser research
programs.

The Engineering Department received $498.000 in IR&D tunds in FY88.



Explocators Rescarch

FYSN STS000m

Surface Breakdown
Induced by Large
Transient Fields

Principal Investigators: R, Ziolkowshi,
S.Rav, AL Friedman, and E. Morse®

Uaversity of Calitorn, Berkeley

Pul\cd»p\\\\cr and high-power
microw ave sources are used in
several important Laboraton
programs. and a number of new
microwave. laser. accelerator. and
simulator concepts are being
investigated. A severe obstacle 1o
realizing the tull potential of these
concepts is the problem of
breakdown of the component
surfaces. The available informaton
on the behavior of surfaces under
large transient clectric. magnetic.
and/or clectromagnetic fields is
empirically based and only minimally
understond. and existing models of
surtace breakdown are crude and
buased on gross dynamical eftect.
A thorough investigation of ficld
emission and vacuum breakdown and
dielectric/insulator hreakdown would
greatly increase the availiable
database. Several Laboratory and
national programs have a need. both
current and long-term. for the
information that would be gained.
The goal of this project is 1o
investigate, both theoretically
{through analysis and computations)
and experimentally. the breakdown ol
surfaces induced by large transient
electrical. magnetic. and/or
electromagnetic tields. The end
product of this work will be
numerical model of surfice
breahdown with predictive
capabihities and the experimentad
data 1o confirm it.

Faciecrne

We are developing experimentally validated, realistic models of
the behavior of surfaces when they are subjected to large
transient clectric, magnetic, or electromagnetic fields. These
moaodels are needed because breakdown under such fields is one
of the main limiters of pulsed-power and high-power

microwave systems.

In FYSS we studied solud-
plasmu phase fransitions and bounded
plismas using several approachies.
These included non-1TE thonlocal
thermodynamice equilibriumy. NLGO)
(nonlinear geometrical opticesy, and
advanced PHC (particle-in-celh
calculations. as well as bounded
plasma modeling and multiscale
methods. Our objective wis to extend
current methods and models o more
realistic systems than has previousiy
heen possible.

Progress was made in severad

arcus. We implemented avariation of

the Hunter-Kelfer NLGO approach
tHunter and Kelier. TUR3) 1o describe
the interaction of intense microwave
ficlds with nonlinear media. We also
constructed a model of the response
ol a compact toroidal plasma to an
intense microwave pulse. The
plasma model has a quadratic
nonlinearity that is characteristic of
many other bounded plasma systems.
Combining this model with the
NLGO approach. we have begun to
study the heating of compact toroidal
plasmas (Morse and Ziolkow ki,
[OXN).

Albso for bounded plasmis. we
developed a new imphait method for
analyzing systems with boundaries
(Parker er wl . 1987y A simple
particle injection/absorption model
wis included that is consistent with

the ipheit particke advanee. An
imphicit muluscale nethod was also
descloped that wlows e steps of
difterent sizes to be used in difterent
parts of the plasma thriedman o ol
TUSTa, TONT7h. TUSK). This method
mahes the caleulation considerably
more efficient. Quiescent portions of
the plasma can be treated with a
coarser time reselution and wrbulent
portions with a finer resolution.
allowing computational effort 1o he
spent only where 1t is needed. Work
is under way 1o merge the bounded
implicit and muhtiscale imphen
methods.

Progress is also being made
in the development of multiscale
methods that vary the spatial grid as
well as the time step size. Although
we have demonstrated the potential
cltectiveness of the muluscale
implicit PIC method. we have also
wdentified o number of difticulties
with the original algorithm. In
particular, the particke mover has a
number of unexpected sensitivities:
we are actively characterizing these
in order to alleviate or chiminate
them.

In FYRY. we will closely
couple our theoretical work with
experimental etforts. Specitically.
we will focus on the breakdown of
diclectric surfaces mduced by large
transient voltages and nucrowave
fichds. with characteristic trequencies



Engincering

ranging from quasi-static o and verified aginst experiment
microwave. Anadviical and tFigure L New madeling taals
numerical techmques similar to those will be developed 1o compliment
needed for this work have ali_auy and guide the experimental
been deyeloped for gascous media measurements, and experiments
06—
—— Experi.nent
—— Calculation
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Figure 1. Breakdown of air (300 Torr) in a rectangular waveguide (3.34 x4 x 7.1
cm) induced by a high-power microwave pulse (75 MW, 15 ns, 2.85 GGHz). The
results generated by a self-consistent, two-dimensional model based on Maxwell’s
equations and a fluid model of the resulting electron plasma agree very well with
the experiinental results. Similar modeling techniques and codes will be used in
next year’s studies of the initiation and evolution of breakdown on surfaces.
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will he destgned 1o provide the
reguisite inpats tsach as rate
cactticients) 10 test the models under
development. As our madeling
capability develops. we will move
o progressively more complex
enviropments within the basic
configurations. This combined
theoretical and experimental program
will aflow a systematic evaluation of
the factors that lead o surface
breakdown.
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Ductile Grinding of

Brittle Materials

Principal Investigator: K. L. Blaedel
Co-Investigators: P Danvis and J. Franse®
“Philips Rescarch Laboratones, Bmdhoven,

I'he Netherfands

Our ohjectives are to understand
theorctically the grinding of
brittle materials and to develop u
arinding process that removes brittie
material in a ductile fashion. In
pursuit of these goals, we must
acquire the capability 10 perform
ductile grinding tor modestly sized
glass and ceramic workpieees, Our
efforts in FY®K have focused on
developing u mechanical model for
the transition trom brittle to ductile
material removal in precision
grinding und on devising the
machinery and technigues 1o grind
brittle materials.

Previous successtul attempts o
grind various brittle materials in a
ductile manner. both at low and high
grinding speeds. indicate that
mechanical properties of the material.
rather than chemical or thermal
effects. predominantly determine the
transition between ductile and brittle
material removal. Thus. to improve
our precision-grinding capabilities.
we must develop 4 mechanical model
(in which mechanical properties may
be temperature- or chemistry-
dependent) for the transition from
brittle to ductile behavior. Most
needed is a criterion 1o distinguish
the stress states in the material that
result in ductile behuvior from those
that result in crack initiation (brittle
behavior).

By reviewing the deformation
and fracture patterns in glass under
sharp and blunt indenters. we were

I nvinecring

We are investigating grinding as a material removal
process so that we will be able to cost-effectively fabricate
workpieces made from brittle materials. Our effort involves
both numerical simulation of the process and grinding
experiments as we attempt to determine whether material
removal occurs by crack propagation into the material or

by plastic flow of the material.

able 1o develop such a eriterion
(Franse and Bluedel, 1988). Sharp
indenters cause significant plastic
deformation. whereas blunt indenters
cause mostly elastic deformation up
1o the point where crack initiation
begins. Our criterion incorporates a
region in stress space within which
no plastic deformation occurs and
outside of which plastic fTow takes
place: the von Mises criterion
(Dicter. 1986) was chosen as an
appropriate condition for plastic How
in normal glass materials. Qur
criterion also includes a region within
which cracking occurs and outside of
which cracks initinte and propagate,
Figure | diagrams the vield and

O33

fracture regions in principal stress
space. We hy pothesize that ductile
material removal can oceur between
the umbrella-shaped tracture
boundary and the cylindrical vield
boundairy.

We tested this hypothesis using
analytical elastic solutions for the
stress distribution under various
indenters. both blunt and sharp. and
found that our criterion correctly
predicts the trends observed in
indentation tests. The next step
will be to perform finite-element-
maodeling stress analyses for
particular indenters and 10
corrohorate experimentally the
criterion for a specific set of brittle

Figure 1. The
three-dimensional
fracture and the
vield criteria in
principal stress
space.

Line of
hydrostatic
stress

i — - Oy

Yield boundary

Fracture boundary
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For precision grindimg. s
miperative that the oty erinding
whee! be as pertectly balanced as
pussible. The rradimonal method of
baluncing grinding wheels uses
aceelerometers o sense acceleration
ot the stator and thereby determine
the magnitude and lacation ot the
imbalunce: tis method s satable o
the stator 1~ somew bat compliant)y
mounted on the machine. However.
new precision-gondmg machines
are much more ngid and thus the
aceeleranion of the sttor is much less
detectable. Theretore. mstead of
aceelerometers, we use displacement
transducers located m the gap
between the wir-beanng spmdle rotor
and the stater cthe most comphant

t

MR N [ Aoy s g,

te g .
:n . Ter iy i
LR ' - '
;

. \ . el
AL awt iy ‘MN Foants b "o " '

Wy

Wil agpniait

Ik the precision eondine
prachime s stocturuad fope We
anract the imbalance torce lrom

e displacement meiasurements o
balance our eromding wheels more
perltecty and thereby achieye o more
citorm depth of cut.

e product of our grindimg
Aort s lfustrated i Frgure 30 This
saese ol phosphate glass was ground
on - conputer-controlied machine
Fere at LEINLLD Tehas aovery smooth
surtace of 2.5 nim s as neasured by
WYKO profilometer ewath a 20+
obectives and T3 i rmes as
mcasured by Taby step profilometer
owith a 2.5 umi-radius stvlusy. The
surtace fiashe however, s not the
OSE mportant measure of surtace

meiphe, useel 1 o

Figure 3. This S-cm-diam phosphate-glass component was fabricated using our
new ductile-grinding technigues. Its has a vers smooth surface, measuring
hetween 2.5 and 7.5 nm rms. depending on “he ty pe of profilometer used.

I nuineering

quathity We must also consader the
extent of damage below the surface
Deternuning how damage occurs
beneath the surtace ot o precision-
around workpiece s atopic of our
FY SO IR&D proposal. In particular.
nestyear. we will
= Conunue to retme the machinen
and techniques requared o ennd
brittle matenals m o ducnle tashion.
with further emphasis on preparing
the diamond abrasive e dressimg
the erinding wheels.
« Evaluite the surtaces ground by the
machinery and use the wechmiques
developed above to assess damage
benecath the surtace resulung trom the
arinding process.
» Vahidate the matenial tatlure
criterion developed in FYSN through
indentation tests.
+ Extend the modeling trom two to
three dimensions, progressing from
simulating the indentation of a static
diamond grit into the surtace of a
workpiece to modehing a diamond
erit sliding across the workpiece
surtace. The addition of shiding will
give us a more realistic modet of the
actual process of grninding.
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Membership in the
NCSU Precision
Engineering Center

Principal Investigators: L F. Stowers and
F.ROMeChore

eh-tech ology products have

been vne of the mainstay s of the
L.S. bafance ot wade. but bately there
has been a drop m demand tor these
voods as aresult of competition trom
other countries. To reverse this
slump. Amernican companes nmust
concentrate on deselopimg new
products. boosting productivity . and
IMProy ing manuiacturing pracesses.

The Laboratory 1s addressing this

need wath its Precision Engineering
Program. To augment our efforts, we
have hecome members of the NCSL
Precision Engineening Center. o
multidisciplinury rescarch and
graduate program established to
provide the new technologies needed
by America’s high-technology
mstituttons. As members. we have
access o and dse of the results of
their research projects, many ol
which parallel our precision
engineering efforts at LLNL. In
FY RS, the Precimion Engineering
Center supported [ major projects
tdetails are contained in the Center's
1988 annual reporty:
¢ Diamond turning of amorphous
polvmers. The cutting characteristics
ot palycarbonate. Plexiglas. and
polystyrene are being mvestigated.
The surface cutting speed greatly
influences the temperatare at the
cutting tool tip and. correspondingiy.
the deformation of the polvimer.
» Ductife-regime turmmg ot sthicon
and germanium. A critical chip
thickness has been identitied for the
machimmg ot stheon and germaniun.

Faploratory Research

As members of the Precision Engineering Center at North
Carolina State University (NCSU, Raleigh), we have access to
the results of their iresearch projects, many of which are
similar or related 1o Laboratory efforts in precision

engineering.

Cutting i~ ductle tot britle it the
chap tickness s mamtaned below
this critical thickness.

» Residual stress i machined
surbaces. A micro-Raman
spectrometric technique has been
developed o measure directly the
restdual stress resulting irom cutting.

» Modeling the metal cutting process.

A tracture-mechanics model s being
imncorporated into a cight-node.
isoparametric. singularity clement 1o
permit simulation of the singularity
at the up of a cutting tool during
modeling of the metal cutting
PI'UL'L‘\\,

e Dynamics of single-point diamond
cutting. The cutting tool forces
associated with diamond turning

are being meusured to aid in the
development of a numerical modeld
for the servo control svstem of
diamond-turning machines.

« Machining of asvmmetric optical
surfaces. A high-speed servo
controller is being developed for a
arinding machine that will be used
to fubricate asymmetricatly shaped
optical surtaces. The controller uses
CUPACTIANCE Bauges 10 sense culler
position and piczoelectric eryvstals to
accurately change the position of the
vutter refative 1o the sample being
machined.

 Gienerte controller for diamond-
lurming machimes. A generie
machine-tool controlier is bemg
destgned and built to control a Rank
Pncumo divmond-turnimg machine.

recenthy acquired by the Precivion
Engineering Center.

» Multiprocessor system tor high-
speed control. A real-time.,
multiprocessor, machine-tool
controller has been designed and is
nearing completion. This controller
uses several TI-TMS 320025
processors to control multiple ases
of a machine tool at high speed.

* Focused-ton-beam micromachining.
An ultrahigh-vacuum subsystem for g
focused-1on-beam micromachining
svstem is under construction.

« Elastic enuission machiing. Work
is continuing on a rotary polishing
technology. tirst developed in Japan.
that offers great promise for
polishing arbitrary contours with
nanomeler aecuriaey.

* Design of a scanning tunnching
microscope. A scanning unneling
microscope (STM) with a large.

4 d-pm scanning range has been
designed and constructed. The STM
i~ coupled to a nicrocomputer-based
duta-acquisition sy stem for image
processing of the data.
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Nuclear Chemistry

. \. Leich

Nuclear Chemistry

The primary massion of the Nuclear Chemisies Division i~ 1o provide
diagnosie mtormation on the pertormance ot nucledar explosive deviees
through the use of radiochemical and isotopic rechniques. We combine
chemical and phy sical disciplines, including imorganic and phy sical chemistry.
eeochemistry. radiochemisiry. and nuclear physies. with such technologies as
rudiation detection. isotope mass spectrometry . and data anabysis. The resulting
expertise is applicd to meet the needs of Laboratory programs. notably Nuclear
Teste Nuclear Waste Management. Treaty Veritication. Safeguards Technology.
Environmental Protection. and Luaser Isotope Separation. As new programs
develop. we respond by developing new applications of nuclear science and
technology.

Through IR&D-sponsored tundamental rescarch in nuclear science and
related disciplines. we build the scientific and technical leadership needed o
contribute most effectively 1o Laboratory programs. With the IR&D <upport
received i FYSS we completed three projects and began the experimiental-
measurements stage in twao athers that will continue mto FY'SY,

One of the completed projects was a three-part exploration of new
technigues for measuring isotope ratios. One part involved the development of
general Isotope-ratio measurement capabilities by inductively coupled plasma
mass spectrometrs (ICP-MS: this imvestigation is nearly complete. and further
developments tor specific applications witl be supported by Laboratory
programs. We also completed the development of techmiques for in sine oaygen
isotopie analyses by secondary 1on mass spectrometry (SIMS). In the
accelerator mass spectrometry {tAMS) part of this project. we used the
accelerator at the University of Rochester to develop and test procedures for
making AMS measurements of “Cland =L These experiments have helped o
spirk widespread interest in AMS at the Laboratory and have contributed to the
establishment of a new Center for Accelerator Mass Spectrometry at LENL.

Our [R&D-sponsored cosmochemistry research was also concluded in
FY®s. We completed our determination of the ™ Re half-life. Our studies of
titanum isotopic anomalies in meteorites have led to some interesting
conclusions and specutations about chemical and physical processes in the
carly solar system.

In the ultrasensitive laser spectroscopy project. we completed a two-year
evaluation of photothermal spectroscopy technigues for measuring actinide
solution speciation. We achicved comparable sensitivities at the
submicromolar level for three ditferent photothermal techniques. The
techniyue for a given application may theretfore be chosen on the basis of fess
critical technical criteria.

Also this year, we completed the assembly of @ major experiment to
measure the mass of the electron antineutrino. This experiment uses a gascous
atomic tritium source to eliminate all known systematic problems associated
with the solid-state interactions of the tritium beta-decay process. In FYRY. we
will fimsh testing and calibrating the high-resolution magnetic spectrometer
and will begin measuring tritivm.

During FY XK, we also completed the instrumentation for a study of the
thermodynamic properties of the actinide elements. We developed and tested
a phvtogcoustic spectrometer for submicromolar detection of the various
oxidation states of uranium. neptunium. platonium. and amencium. We also
constructed a variable-temperature calorimeter tor measaring actinide
complesation enthalpies. Thermody namic investigations using these
capabilities will begin nest year.

In FYXX. the Nuclear Chemistry Division recenved $750.000 i IR&D
funds.
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New Techniques
for Measuring
Isotopic Ratios

Principal Investigators: G PO Russ, 1L
and R. (. Finkel

Co-Investigators: D, L. Phinney. k. D.
Mokeegan, J. ML Bazan, and VE W, Caffee

he objectives of this project were

to explore wans toncrease the
sensitivity of ICP-MS for bath
multiclement and isotopic anabysis,
10 develop ton source and detection
svstems for AMS using LLNLS
tandem Van de Graaft aceelerator,
and to develop SIMS methods for
MICASUTINEG OXYECH Is0lOpe rilios in
solids.

As u result of changes made o
the instrument. our ICP-MS is now
roughty ten times more sensitive than
standlard commiercial wstruments.
For many elements in solution. the
limit of detection is now in the range
ol one part per trithon (ppiry. Using
P 1o 10 mi of solution, we can now
determine the coneentritions ol two-
thirds of the elements in the periodic
table if they are present in
concentrations of 1 ppm to | ppir.
The enhanced sensitivity of our
instrument also reduces the amount
of sample required for analysis. For
example, we are now using [CP-MS
1o measure the isolopic composition
of uranium in environmental
monitoring samples as small as 4 ng.
This task was formerly done by
thermal ionization mass spectrometry
(TIMS). Although TIMS still has

Eaploratory Rescarch

By the end of this year, we will have demonstrated the isotopic
analysis capabilities of two new techniques for high-sensitivity
measurements of isotopic ratios in very small samples:
inductively coupled plasma mass spectrometry (ICP-MS),

and secondary ion mass spectrometry (SIMS). Design

and construction of a third technique, accelerator mass
spctrometry (AMS), is continuing.

better sensitivity than 1ICP-MS for
this purticular element. ICP-MS
analysis is much faster and reguires
substantially Jess sample preparation,
We are exploring new sample inlet
systems that will allow us to mahe
iIsotopic analyses on a variety of
clements using less than | ng of
sumple.

Unul this year. our SIMS
instrument could not be tuned
accurately and reproducibly enough
at the high-mauss-resolving power
required tor isotopic analysis of trice
clements. With a specially designed.
dual-microchannel plate now in
operation. the detector gain on the
SIMS instrument has been increased
by a factor of 1000, We have
completed preparations for oxyuen
isotope measurements with SIMS at
natural levels of "0 (0.04%) and O
{0.25). These preparations included
improving the tuning in the primary
column for the cesium-sputtering
source, writing extensive data
acquisition and reduction software,
and collecting, curating. and
preparing sumples of oxygen isotope
standards,

We huve designed the data
collection instrumentation for
LENL 'S AMS und have begun
construction of the multiplate gas-
tonization detector that we will use
lor tsotope detection. We plan to test

the detector and gas control system
by the end of 198K, In the interim,
we have continued 1o use the AMS at
the University of Rochester, New
York. for pilot studies in two arcas:
= We have extended our previous
work on L in groundwater from the
Nevada Test Site 1o include *CL
which we have now measured in
samples tuken near the sites of the
Cambric and Cheshire events.
= We have begun analyzing *Clin
samples of building materials from
Hiroshima to determine the neutron
dose associated with the Hiroshima
atomic bomb. The major uncertainty
in the dosimetry for Hiroshima and
Nagasaki survivors is the neutron
dose. Therelore, we plan to use *Cl
that was produced by neutron
activation in building materials to
redetermine the neutron doses at
Hiroshima and Nagasaki. Because of
the low concentrations present. AMS
is the only suitable detection
technique for determining this
isotope. We have measured “Clin
one rouf tile from Hiroshima and we
will extend this work to a suite of
samples collected in Hiroshima and
Nagasahi,

No IR&D funding is requested
for FYRY, Further development of
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the ICP-MS and SIMS 1echnigues
for specific applications will be
supported by Luboratory programs.
Continued development of AMS
technigues is planned as a new
Director’s Imtiative. with specific
aspects also included inanew
Nuclear Chemistry proposal.
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Cosmochemistry
Research

Principal Investigators: S, Niemeyer and
M. Lindner

Co-Investigators: ). V. Bazan, ). A. Leich.
and G. P. Russ 11

he goal of this project has been

to use measured variations in
isotopic abundances to advance our
understanding of early solar system
and geochemical processes. The
" Re-"""Os parent-duughter pair
provides a radiometric clock that
records the time scale of galactic
nucleosynthesis prior to isolation of
our solur system and promises 1o
provide a valuable dating scheme tor
the formation of metallic and sulfide
phases in solar system bodies.
Isowopic anomalies in meteorites
vield clues to stellar nucleosynthetic
processes and provide a meuans of
tracing the early history of the solar
system. Titanium isotopic anomalies
in meteorites have proven to be
especially important for constraining
models of the evolution of the dust in
the early solar nebula.

This year. we completed isotopic
analyses of osmium samples isolated
from five independent rhenium
sources. The osmium samples had
been chemically isolated from each
of the rhenium sources in
approximately six-month intervals
over i period of four years.
Measurement of the growth rate of
Os relative 1o osmium isotope
spikes led to direct measurement of
the half-life in cach of the five

Faploratory Reseitreh

We completed our determination of the half-life of ' Re by
measuring the growth rate of '*’Os in five rhenium sources
over a period of four years. Studies of titanium isotopic
anomalies in meteorites have also been completed, with the
emphasis this year on interpreting isotopic data in terms of
models of early solar system processes.

sources. The 42-billion-year half-life
was determuned with a precision of
3% (93% contidence level)
(Lindner. 198%).

We also completed our studies
of titanium isotopes. We have
published two papers that. together.
represent the final and complete
reporl on our investigations of
titanium isotopes in the carbonaceous
chondrites. a primitive class of

meteorite. The first paper (Niemeyer.

1988a) reports our results on titanium
isotopic anomalies in chondrules (a
type of inclusion in stony
meteoriles): the second paper
(Niemeyer. 1988b) deals with the
distribution of titanium isotopic
anomalies in carbonaceous
chondrites. The highlights of this
work inciude:

« A clear demonstration that the fine-
grained matrix in these primative
meteorites also carries small excesses
of *'Ti,

« The development of a model in
which matrix and chondrule
precursor assemblages are closely
related to one another. vhereus the
genesis of refractory-rich inclusions
involves additional processing in
which the *'Ti-rich carrier is enriched
relative 1o normal titanium,

= A suggestion that FUN inclusions
{where many clements are
isotopically anontalous) represent
“snapshots™ of a partial melting
episode.

» The recognition of an s-process
(slow-neutron-capture ) component in
titanium 1n the mineral hibonite.

References

Niemeyer, S, (1988a). “Titanium Isotopic
Anomalies in Chondrules from
Carbonaceous Chondrites.” Geocliin.
Cosmochim. Acta 32, 309,

Niemever. S, (1988b) Isoropic Diversiny iu
Nebular Dusi: The Distribution of Ti
Isotopic Anomalies in Carbonaceous
Chondrires. Lawrence Livermore National
Laboratory. Preprint UCRL-98639: 10 be
published in Geochim. Cosmaochim. Acra.

Lindner. M.. D. A Leich. G. P Russ. 1. M.
Bazan. and R.J. Borg (1988). Direct
Determination of the Half-Life of ' Re.
Lawrence Livermore National Laboratory.
Preprint UCRL-995334: submitted 10
Geochim. Cosmochim. Acta.



Exploratory Research

FYSS- S41.000

Ultrasensitive Laser
Spectroscopy

Principal Investigator: R. J. Silva
Co-lnvestigator: R. E. Russo

We have investigated three
ultrasensitive photothermal
laser spectroscopy techniques—PAS.
PDS. and TLS—for identifying and
quantifving submicromolar
concentrations of actinide species in
agueous solutions. For cach system
(Figure 1), an excitation laser is used
to induce optical absorption by the
solution species: the resulting
nonradiative relaxation processes
induce a pressure pulse and thermal
gradients in the solution. In PAS, the
amplitude of the pressure pulse.
measured with piezoelectric sensors.
is directly proportional to the
absorption coefficient. For PDS and
TLS. a helium-neon laser probes the
induced retractive index gradients.
For PDS. the deflection of the prabe
beam is measured: for TLS. the
defocusing of the probe beam is
measured.

This year. we developed a
differential PDS system with a single
position sensor (Spear ef al.. 1988).
This system demonstrated enhanced
sensitivity over the original PDS
system assembled last year. Using
agueous solutions of Nd*. which are
good stand-ins for the trivalent
actinides. we estimated a detection
limit (signal/noise = 3) of
1.4 x 107" M from Beer's Law plots.

We also developed a TLS system
and tested its sensitivity with
solutions of Nd**. Preliminary
results showed that we can easily
detect a concentration of 1 x 10 * M.
but the spectrum is strongly
influenced by the beam of the
excitation laser itself (in TLS. the

Nuclear Chemistry

We have developed and tested ultrasensitive photothermal
deflection spectroscopy (PDS) and thermal lensing
spectroscopy (TLS) for use in measuring optical absorption
spectra in aqueous rare-earth and actinide solutions.

excitation and probe beams are
colinear). A narrow bandpass filter is
used to block the excitation laser and
1o transmit the probe beam 1o the

ta) PAS

Sample
cell

Excitation
laser

Piezoelectric crystal Signal

tb) PDL

Signal

Sample

cell Position

Excitation sensor
laser
Probe I2ser
te) TLS
Mirror Sample
cell Signal
Excitation I Focus
laser sensor
Iaser

Transmission filter -‘

Figure 1. Experimental setups for (a)
photoacoustic spectroscopy (PAS), (h)
photothermal deflection spectroscopy
(PDS), and (¢) thermal lensing
spectroscopy (TLS) PDS and TLS
exhibit nearly the same sensitivity,
which is about five times higher than
that of gur PAS system

detecter. However. a small amount
of excitation beam leaks through the
filter and reaches the detector. and
this small background distorts the
Nd** spectra at low solution
concentrations. The preliminary TLS
data sugges! a sensitivity equivalent
to that of PDS.

Both PDS and TLS are about
five times more sensitive than PAS.
However. PDS und TLS require
precise alignment of the excitation
and probe beams and thus are more
difficult to set up and operate. In
addition. for best results. PDS and
LTS require a tightly focused
excitation beam. Because of this
tight focus, beam intensities of

>().75 ml/pulse cause ablation of the
sample cell’s windows. A more
diffuse beam can be used for PAS.
and intensities of 3 m}/pulse have
been used in our PAS measurements.

In practice. the three systems
exhibit about the same detection
limits—that is, about 1 x 10"
absorbance unit for signal/noise = 3.
PAS is easier to set up and operate
but requires sample volumes of 1 ml
or greater. PDS and TLS can operate
with much smaller sumple volumes it
necessary (c.g.. 0.1 ml or perhaps
less). Thus. PAS appears to be the
method of choice unless only very
small sample volumes are available.
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Measuring the Beta-
Decay End Point of
Atomic Tritium

Principal Investigators: W, Stoffl.
1). Decman, and ). Engelage

T he mass of the neutrino 15 an
important parameler in many
arcas of physies. For example.
mass ol even a few clectron volts
would have a profound effect on
cosmology because of the vasl
number of neutrinos in the universe:
the discovery of suci: i mass would
support modern theesses of particle
physics and set valtaes ior some of
the paramelers.

The mass of the electron
antineutrino, in theory. can be
determined by careful measurement
of the beta decay of tritium. A
nonzero neutrino mass alters the
shape of the electron spectrum near
the end-point energy of the beta-
decay process. Rescarchers in
Mascow (Boris er al.. 1985) reported
the results of such a tritium beta-
decay measurement and claimed
evidence for an electron antineutrino
mass between 18 and 45 ¢V, The
range comes from uncertaintics in the
final-state distribution of their source
material. In contrast, groups in
Switzerlard (Frischi er ul.. 1986) and
Tokyo (Kawukamt er «/.. 1987) found
no evidence for a neutrino mass with
upper limits of 18 and 27 ¢V,
respectively. These experiments used
sources with the trittum embedded in
a solid. a technique that introduces
numerous systematic errors.

Our experiment has heen
designed to chiminate these
systematic errors. Electrons from
tritium atoms that decay in our

56
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We plan to determine the electron antineutrino mass with a
precision of a few electron volts by measuring the shape of the
tritium beta-decay spectrum near the end point. Our
measurements will be sensitive to an electron antineutrino
mass greater than 5 eV. We have completed the assembly of
the gaseous atomic tritium source and the high-resolution
magnetic spectrometer, and we have begun to test the

experimental system.

CIVEECNIC, gascous. atomic tritium
source are guided into a large.,
toroidal. maenetic-field spectrometer
by a system of five solenoidal
superconducting magnets. Only
electrons emitted from the gascous
atomic tritium will successtully
pass through the high-resolution
spectroneter and be detected.

During FYRE. we completed the
hardware for our experiment. This
was often a very complicated
undertaking because most of the
components involved some
combination of high-vacuum
surfaces. nonmagnetic materials.
parts operating at cryogenic
temperatures, and high voltage.

We completed the gas-handling
system that introduces tritium into
the gaseous tritium source and
assembled the source. Figure |
shows the flow of tritium and beta-
decay electrons through the source
assembly. Although not shown in
this simplified diagram. the source
tube is encased in o liquid-nitrogen-
cooled radiation shield. which is
further enclosed in a larger tube that
i~ hept at high vacuum by its own
pumping svsteny. This multitube
source assembly is positioned inside
the bore of five superconducting
magnets. Also not shown is the
section of the source tube that is lined
with charcoal that can be cooled to
cryogenic temperatures. The
absorption of tritium onto the cold
charcoal turther imhibits tritivm gy
[rom entering our spectrometer G k.

We run the source assembily.
mcluding s support table. at S kV:
theretore all the power for the source
cquipment must be obtained through
isolation transformers. We use
optical-fiber lines for computer
control of the source parameters.

The source was tested at a 30-kV
potential and found to be stable.

The magnetic spectrometer
(Figure 2y is housed in a large
(30.000 1) vacuum tank fabricated
from nonmagnetic stainless steel.
Using two turbopumps and two
cryopumps, we achieved a vacuum
of fess than 3 x 10 ¥ Torr.

The spectrometer focuses the
clectrons onto a eyvlindrical silicon
detector that is segmented into 106
independent ring elements. Each
clement has its own amplifier system.
Because the silicon detector has good
eneray resolution, we can distinguish
between good events and background
from radioactive decays and
secondary cosmic-ray interactions.
To avoid thermal stress, the
spectrometer will be operated at a
constant lield and current setting. We
will obtain the energy spectrum of
the electrons emitted in the source by
applyving a variable clectric potential
that accelerates the electrons to the
energy that corresponds to the
spectrometer’s field setting.

We produce the toroidal magnetic
ficld in the spectrometer with o 72-
loop system that has a total resistance
ot about 0.5 € and involves more
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than 700 connections. This low
resistance is necessary because cach
loop must carry 30 A, The outer
portions of these loops are 0.5-1n.-
ciam aluminum rods: tor the inner
part, we use L-in.-wide. 0.0535-in.-
thick copper bands. We incorporated
wavs Lo ensure that the copper bands
inside the loops are straight: this is
crucial w the resolution of the
spectrometet because the electrons
pass close to these bands as they are
focused. To make them struight, we
stretehed each 12-11 band section 1.5
in. with 3000 1b of force. The bands
are held straight in the spectrometer
by stainless-steel springs. each of
which applies a 60-1b force.

Among our concerns were
compensating for the earth’s
magnetic field. minimizing the eftfect
of the electric field produced by the
conductors. ensuring a stable
temperature. and determining the
spectrometer’s resolution function.
The magnetic spectrometer cannot
focus the electrons properly unless
we cancel the earth’s magnetic field.
To reduce the tield to less than 5 mG.
we surrounded the tank with a shield
consisting of 30 coils containing
approximately 20.000 ft of wire
and energized with 17 computer-
controlled power supplies.

We also considered the problem
of the electric field produced by the
conductors. Because the voltage is
dropping along the current path of the
spectrometer. this electric field varies
with position. To minimize the
deflection of the electrons by these
electric fields. we strung shield wires
at ground potential .25 in. on either
side of the inner conductors,
Similarly. we positioned a grounded
wire mesh between the outer
conductors and the electron paths.

We took several measures that
should help keep the temperature of

Nuclear Chenistres
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Figure 1. Cross-sectional view of the gaseous tritium source assembly. Tritium
flows out of the liquid-nitrogen-cooled cleanup trap ta) and is made atomic in the
radiofrequency dissociator (b). The source gas circulates through a 16.4-ft-long,
1.25-in.-diameter aluminum source tube until being pumped out by
turbomolecular pumps. four at each point (¢). These pumps decrease the tritium
gas pressure from about 10~ Torr at the center of the source tube to 10~ Torr at
its two ends. Tritium gas can be added to the system from a gas bottle (d). The
source tube is kept at cryvogenic temperatures as low as 10 K by having it in
contact with the cold heads of a closed-loop refrigeration unit (e). Electrons from
beta decay in the source tube are guided to the spectrometer by the magnetic field
of the superconducting magnets (shaded areas). A potential of 5 kV across the
acceleration gaps (f) *tags™ the electrons from the source with this extra energy for
a total of about 23 keV; electrons from tritium that has leaked into the tank have
no more than 18.6 keV. The tritium exhausted from the turbopumps is sent back
through the trap (a) and reinjected into the source tube.

Figure 2. The
26-ft-long toroidal-
field electron
speetrometer that
will be used to
measure the
tritium beta-decay
spectrum near the
end point. The
large rings that
support the 72
current loups are
6.5 ft in diameter.
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the spectrometer stable to better than
1=C:

» We monitor the temperature of the
conductors and the space frame using
lemperature-sensitive integriated
cireuits.

* We chemically blackened the
conductors so that they can better
radiate away the 1.2 kW of heat
generated by the current they carry.
» We installed copper lines for
cooling water on the space frume o
stabilize the temperature inside the
vacuum vessel.

We also built in several
computer-controlled diagnostic and
correction elements that help us
achieve the necessary energy
resolution. For example. 128
electrostatic deflector plates allow
us to tune the spectrometer in 16
differcnt sections. We can isolate the
effects of each set of deflector plates
by positioning a movable cup over
the detector. The cup contains a slit
that allows only a narrow range of
electron trajectories to impinge on
the detector. Similarly. a movable
sht installed at the first focus of the
spectrometer allows us to study the
resolution of the spectrometer as a
function of the trajectories accepted
from the source. Because the
stepping motors for both the detector
diagnostic cup and the movable slit
are computer-controlled. we cun do a
very thorough optimization.

An important apsect of our
measurement is knowledge of the
system’s resolution function. The
finite resolution of the spectrometer.
as well as any energy loss in the

‘L
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source. will smear the shape of the
beta-decuy spectrum. Therefore. the
resolution function must be unfolded
from the duta in order to extract the
value of the neutrino mass, We will
measure our resolution function by
using the isomeric decay of the
17.8-keV conversion electron line of
“Kr. This isomer. which has a half-
life (., of 1.8 hours. s produced by
the decay of *'Rb (7, | = 86 days).
Because the isomer is a gas. it
mimics exactly the behavior of the
tritium in our source. and it gives us a
monochromatic line that enables us
to measure and tune the resolution
of our system. In addition, we

can measure the **Kr line with
admixtures of hydrogen, deuterium.
Or tritium gas al various pressures
(the nominal operating pressure is
about 10 * Torr in the source tube)
to measure the energy loss in the
source gas.

To ensure that this complicated
set of hardware is operating correctly.
we developed o sophisticated.
computerized. data acquisition and
contro} system for our experiment.
The svstem uses a dedicated
VAX 11/750 computer and a
commercially available branch driver
to interface the computer to several
computer-automated measurement
and control (CAMAC) crates. To
monitor and regulate more than 500
parameters. we developed software
that can communicate with a wide
range of devices. including digital
voltmeters. output registers. valves.
pumps. temperaturce Sensors,
magnetometers, stepping motors, and
high-voltage power supplies. This
system has been most useful during

Exploratory Research

the developmental phase of the
spectrometer: we expect to use it
extensively to optimize the resolution
of the spectrometer and to monitor
the stability of the system in the final
cxperiments.

In carly FYRY. we will continue
1o test and optimize the electron
spectrometer by using an electron
gun positioned at the entrance of the
tank. Later. we will test the entire
svstem using MKr in the gascous
source. After these tests are
complete, we will begin our first
tritium measurements.

So far, we have found nothing
that could keep our experiment from
rcaching the goal of being sensitive
to @ neutrino muss of S eV.
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Measuring the
Thermodynamic
Properties of Actinide
Elements

Principal Investigators: P. A, Baisden
and R. ). Siha

Co-Investigators: P, M. Grant, R. AL
Torres, and C. E. A, Palmer

N ew technologies and
instrumentation are essential o
the development and application of
improved methods for chemically
isolating actinides trom nuclear waste
or nuclear test debris, for detecting
and characterizing actinides at trace
levels in the environment. and for
predicting their chemical behavior in
natural svstems. We are investigating
the chemical properties of actinide
species in aqueous solutions hy
measuring their free energies of
formation and their reaction
enthalpies and entropies as a function
of temperature. ionic strength. and
oxidution/reduction conditions in
solution. This information can be
used to understand and predict the
chemical behavior of these elements
under a variety of conditions.

Most available thermodynamic
data on actinides come from
measurements made at or near room
temperature. To obtain data for
predicting the effect of temperature
on actinide behavior. we are
preparing to measure reaction
enthalpies und entropies as a
function of temperature. For these
measurements. we have designed and
constructed a variable-temperature
titration calorimeter (Figure 1), This
new calorimeter 15 similar to our

Nicheat C hemnstn

We have developed two instruments for measuring the
thermodynamic properties of actinide elements in aqueous
solution: a variable-temperature calorimeter for gathering
data at temperatures up to 125 °C, and a laser-based
photoacoustic spectrometer for investigating solution species at
submicromolar concentrations.

pch_,_lﬂ_u_]

Interface box
— ——— Precision
Peltier Surrtmg Callllbrauon power
control motor eater supply
control control
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Microprocessor—controlled
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Figure 1. The variable-temperature calorimeter and associated equipment. The
svstem is controlled by an IBM PC., which gives us an on-line graphics display of

the experiment in process.
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high-sensitivity 25 C calenmeter
{Baisden ¢t al.. T987), except that a
microprocessor-controlled convection
oven rather than a water bath is used
to maintain the working-point
temperature of the vessel. Also.

1o prevent sample loss due to
eviporation that accompanies
working with aqueous solutiois

at high temperature, we have
incorporated the capability of
pressurizing the calorimeter’s
reaction vessel. This instrument s
being tested and calibrated. and we
expect to begin measurements in the
next few months.

Since millimolar concentrations
of the actinides are needed to provide
measurable temperature changes
upon reaction with most complexing
agents (AT > 100 p=C per
incremental addition of complexing
agent). our initial studies will focus
on the solution thermodynamics of
reactions with uranium and thorium.

We are also interested in
obtaining information about the
behavior of actinides in near-neutral
solutions. such as in natural water
systems. However. under these
conditions. hvdrolvsis severely limits
the solubility of these elements and

thus concentrations in the
submicromolar range are typical.
Since this concentration regime is
inaccessible by conventional optical
methods. we have developed a laser-
based photoacoustic spectrometer
(PAS) svstem. This gives us a
sensitive means of measuring free
energies of formation and thus of
determining the speciation of
aqueous actinide complexes at
ultralow concentrations.

Initial testing of our laser-based
PAS has been completed. A data-
ACqUISILION Program running on an
IBM PC steps the monochrometer
through the desired wavelength range
and collects the raw data by linearly

averaging a predetermined number of

analog-to-digital conversions per

laser pulse for the required number of

laser pulses per wavelength. With
this program. we can acquire data
simultancously from the sample and
from a reterence cell and photodiode.
The photodiode signal is used to
correct the absorption spectra for the
pulse-to-pulse variations in the
intensity of the laser beam.

We tound that precise
repositioning of the cell between
measurements is crucial for

Table 1. sensitivity limits for the detection of actinide jons by PAS,

Excitation
Ion wavelength, nm
Am** 503
Pu* 600
Put+ 470
Pu0, 568
PuQ > 830
Np* 723
NpO,* 980
NpO,> 1223
U+ 520
uo,> 415

a0

Molar
absorptivity, 1/mol cm Sensitivity, ppb

380 3
38 30
55 20
19 60
550 2
127 9
395 3
45 30
58 20

8 150
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minimizing the errors in replicate
sampling and in the off-line
background subtraction of the
sample’s reference spectra.
Therefore. we developed a cell holder
in which we have rigidly bonded the
quariz cuvelte, the quartz coupling
rod. and the piezoelectric transducer.
The holder can be casily removed
from the spectrometer. refilled. and
then accurately replaced.

Using our new cell holder, we are
determining the sensitivity of the
system and the operating parameters
of the laser tor the detection of
submicromolar quantities of U,
Np***_ Pu* ¥, and Am™.
Photoucoustic spectra of Am**, Pu™.
Nd*. and Pr*" have been obtained as
i tunction of concentration in the
micromolar range. and absorbances
were found to be linear with
concentration. A practical minimum
absorbance limit (signal/noise = 10)
of 5 x 1(y* absorbance units was
determined: this value i< about 1000
times lower than what can be
achieved with conventional
transmission spectrometers. Using
this lower limit, we estimated the
concentration sensitivities for the
other actinide ions from their known
molar absorptivities (see Table 1).

To obtain information about the
speciation of aqueous actinide
complexes from their photoacoustic
spectra. we are developing analysis
codes for extracting the free energies
of formation for multiple species
from the absorption spectra and from
the known analytical concentrations
of the actinide ions and the
complexing agents.
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Physics

The Physics Department’s IR&D work emphasizes mnovative research that
could have a signilicant impact on LLNL's energy and defense programs. We
also support disciplinary efforts that either provide substantial new long-term
capabilities or have the potential 1o produce major scientitic results.

Our projects reflect three methods for seeding new programs: (1) the
creation and development of new capabilities. (2) the exploitation of
technological advances lor application to other fields. and (3) a critical
cvaluation of the implications of mujor discoveries in the general physics
community. Much of our work is interdisciplinary and multidepartmental in
character. Our FY8Y projects included collaborations with magnetic fusion.
carth sciences. lasers, nuclear chemistry, and biomedical sciences. and next
year's new proposals also include participation by chemistry and materials
science and engineering.

Nearly half of our projects reached their final stage under FY88 IR&D
sponsorship. Our multivear etfort to develop a comprehensive magnetic-fusion
modeling code was limited by changes in the direction of the research program.
but the BASIS code system we developed is finding significant applications in
many other Laboratory computer projects. The experiment aimed at producing
insulator-to-metal transitions in a diamond anvil cell set a new record with the
2-Mbar transitions observed in xenon, the highest pressure attained in noble
guses. Fabrication of our new two-stage. light-gas gun is complete. and it is
nearly operational. The high-pressure cell designed for benchmark
measurements of the muon-catalysis fusion rate is nearly ready for use in
accelerator experiments in Switzerland. The quark search project should soon
vield the world’s best upper limit on the number of frec quarks in ordinary
matter. Our accelerator mass spectrometry work identified such an
extraordinary array of possible applications in archeology. biomedical and
environmental science. and applied physics that it has expanded 1o a separately
funded program.

Among our continuing research efforts is support of design studies of a
laboratory x-ray laser. During the past year. we made significant progress on
lasing at shorter wavelengths. and it was also shown that holography
experiments are best carried out just short of the “water window.™ A cryogenic
source that is the crucial element in our neutrino mass experiment is nearly
complete. and we expect to be taking data in the coming year. Our gamma-ray
laser work identified a number of nuclear shape isomars that are potential
candidates for laser storage states. We have also made significant advances in
understanding the mechanisms that could trigger the lasing action.

Our program to explere the physics of materials with short-pulse. high-
intensity lasers saw both theoretical and experimental successes. In particular.
we carried out a sequence of detailed multiphoton ionization measurements on
xenon and modeled the results very accurately. The short-pulse experiments
successfully demonstrated the technique of creating warm plasma under
essentially hydrostatic conditions for material properties measurements.

Finally. our global-scale climate modeling efforts continue to provide
important scientific developments. A highlight this year was the initial
coupling of oceanic circulation models to the atmospheric circulation codes.

The Physics Department received $2.010.000 in [R&D funds in FY8S.
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Magnetic Fusion
Modeling

Principal Investigator: A. Friedman

his project was a joint etfort

of the Physics Department and
the Magnetic Fusion Energy (MFE)
Program to develop a comprehensive
numerical modehng capability tor
near-term tokamak experiments and
advanced reactor-scale svstems. Our
intent is 1o build on past eftorts. both
at LLNL and elsewhere. These
include BASIS. an advanced general-
purpose. code-development system
and scientific computing
environment. and MERTH. a tandem-
mirror simulation code built by us
using the BASIS system and
incorporating physics relevant to the
tokamak configuration. as well as a
wide variety of computer codes
developed elsewhere.

Qur initial work was aimed at
understanding the current state of
the art in tokamak modeling. We
acquired the tokumak transport code
ONETWO. developed at General
Atomics in San Diego. This code has
been used extensively to model the
DII-D tokamak and its predecessors
al General Atomics. It can be used in
either a predictive (simulation) mode
or an interpretive (analysis) mode. in
which transport properties are
inferred from experimental data.

If a tokamak machine is 10
sustain a stable equilibrium. a large
plasma current must flow around the
torus. In present-day machines. this
current (and most of the plasma
heating) is provided by induction
drive: the plasma acts as the
secondary of a transformer. The

Eaploratorny Rescarch

We have investigated the computational modeling needs of the
Laboratory's Magnetic Fusion Energy tokamak research
program, examined computer codes used by other laboratories,
and adapted crifical codes to our needs.

process is inherently pulsed. a magor
limitation as the primary current
cannot be ramped up indefinitely.
Any steady-state 1ohamak reactor
thus will require alternative heating
and current-drive mechanisms: a
major thrust of our rescarch program
is o apply intense microwave
radiation to these ends.

LLNL rescarchers visited the
Kurchatov Institute in the Soviet
Union. where the T-10 tokamak
employs intense clectron-cyclotron
heating (ECH). We have run the
ONETWO code using data acquired
during this visit. To match the
experimental observations, we had to
improve the transport models in the
code. We then used the enhanced
ONETWOQ model to predict the range
of behavior of the Laboratory’s
forthcoming Microwave Tokamuk
Experiment. In this experiment. we
will use a modified version of the
Laboratory’s free-electron laser to
provide pulsed ECH power for
heating and current-drive
experiments.

In designing and analvzing
tokamaks with a noncircular cross
section. we must understand the
plasma shape that arises from a given
combination of external-coil currents
and plasma parameters. To this end.
we are using the magnetohydro-
dynamic equilibrium codes GAEQ
and EFIT from General Atomics and
the NEQ code from the Oak Ridge
National Laboratory. We have
constructed cquilibria for LLNL's
conceptual reactor designs TIBER-II

and FTER: these have been used for
stability and ray -trucing studies here
and at the Princeton Plasma Phyvsics
Lubuoratory.

We have learned to use the
Princeton TSC code. a time-
dependent magnetoby dradynamic
progrum that embaodies a wide variety
ol tokamak physics. The code
madels an entire tohamak discharge
on a resistive time scale. We have
cmiployed it to determine a ramp-up
sequence for external coil currents in
an ITER swart-up scenario. When the
processes fOVErming transport are
hetter understood. the TSC code
will provide a strong simulation
framework.

The involvement of the Physics
Department in this project has ended:
ongoing etforts by MFE Program
personnel are building on what has
been accomplished during the IR&D
phase of the project.
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Insulator-to-Metal
Transition in Xenon

Principal Investigators: VL Ross,
R. Reichlin, v, k. MeMahan, and
N Martin

C alculanions of clectron band
structure indicate that m sohid
venon the band gap between the
empty 3d-like conduction band and
the tull 3p-Tike valence bund s
decreasing with inereasing density
and that a transition to the metalhc
stute would occur when these hands
cross at sufticiendy high pressure.
predicted to be in the runge of 130 o
2000 GPa. Structural studies of xenon
using v-ray techmques have shown
that xenon freezes ina tace-centered
cubic tfees structure. Recently,
Jepheoat ¢r wl. (1987) reported phise
transitions in xenon at 14 GPa from
fee o an intermediate. close-pached
phase and at 75 GPa to « hexagonal
close-packed thep) structure that
remained stable 10 137 GPa.

In our study. xenon samples were
loaded in the diamond anvil cell
condensing gas on the tip of the
diamond anvils and remotely closing
the cell to trap the liquid (observed
visuallv) in the sample chamber.
Once a sample was sealed in a cell.
it was warmed 1o room temperature.
Absorption and reflection spectra
were measured at Livermore. and
energyv-dispersive x-rav ditfraction
technigues were used to collect \-ray
data at the Cornell High Energy
Svachrotron Source (CHESS
Ditfraction data were used to obtain
the Tattice constant of xenon (o
172 GiPa: pressures were deternined
from the equation of state of the
rhenium gasket.

Opticul absorption
measurements. made at pressures up

Phyvses

The equation of state and optical absorption of condensed
xenon have been measured in a diamond anvil cell up to
172 GPa. At 150 GPa, we observed sudden changes in the
absorption spectra of xenon that we attribute to the onset
of metallization. Xenon is the first inert gas solid to be

metallized.

1o P72 6P beure bio show o
mmportant features. Firstsabose

IS0 GPa.a significant marease in
aborption takes place at the Towest
photon cnergies studied (1.3 ¢V
Second. near 130 GPaL anew
pressure-insensitive absorption peak
appears at 2.0 ¢V oand increases 1in
prominence With INCredsing pressure.
Although the structure remains hep.
the sudden appearance of this peak
OVET & NATOW Pressure range
suguests the onset of a transttion
whose origin wus mystifving until
we caleulated the electron band
structure.

2.0

-t
o
l

0.5 Hisg
156

{151

Absorbance

1 2 3
Energy, eV
Figure 1. Absorbance of solid venon
plotted against energy at indicated
pressures (arrows, in GPa), Note the
increased absorption above 150 GPa at
lower photon energies and the new,
pressure-insensitise absorption peak
around 130 GPa at 2.0e\.

In hep. unbike tee, senon the op
ot the Spvalence band i~ spht into
o subbands, separated by about
2 eV Weidentity the absorption
peah with this 2-¢V sphinng.
Metallization oceurs via the indirect
vap when the bottom of the
conduction hand moves below the
Fernu surtace. This drops the Fermi
level below the top of the valence
hund. providing empty states in the
valence band that we believe are
responsible for the 2-e¢V absorption
peak. We made band structure
calculations at several densities o
verify the pressure independence of
this trunsition. An inspection of the
hund structure fails to show any other
transition that can lead to a relatively
pressure-insensitive 2-¢V absorption
and can also account for the abrupt
appearance of this feature.

The metallic character of the
state is further supported by infrared
reflectivity mcasurements we
collected at the venon-diamond
interface at 160 GPa. Thus the 2-¢V
optical transition provides o umgue
signature for the insulator-to-metal
transition i hep venon,
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Advanced High- We are developing an advanced two-stage light-gas gun
VEIOCity Two-Stage Jacility to increase the number of high-pressure shock-wave
Light-Gas Gun experiments and to achieve higher launch velocities, shock
pressures, and shock temperatures in those experiments.
Principal Investigator: W. 1. Nellis  The older two-stage gun will be modified to increase its
launch velocity, thereby producing higher shock pressures
and shock temperatures.

he two-stage light-gas gun Our Tuture plans are to move the velocity version of the onginal gun.

(Figure 1) s used 10 study the new one-third-scale gun o a room Funding for this work will he
properties of materials at high shock adjacent o the tull-scale gun and 1o provided by Weapons Supporting
pressures and temperatures. o procure hardware tor the high- Research in FY XY,

dev clop shock diagnostics for use

at the Nevada Test Site. and 1o
svathesize new materials. The wide
variety of applications (or the gun has @ /Breech Pump tube Projectile Barrel

created a high demand for gun time
by various Laboratory researchers 7
and UC collaborators. To meet this p——
demand. we needed a second two- » ’ Hydrogen gas
stage gun. To minimize equipment
and operating costs. we designed a
eun one-third the size of the original
one. which is 19 m long. Because of
advances in diagnostic resolution,
many of the experiments performed b
with the original gun cun also be
performed with the smaller one.
Higher projectile velocities are
also needed to achieve higher
pressures and temperatures ol
relevance to Laboratory programs
and to induce interesting physics
phenomena. Computer calcututions

Rupture valve closed Target
Hot gases

_—__——_\._
B o ® el

Rupture valve open

have shown that the way 1o achieve Figure 1. Diagram of the two-stage light-gas gun. (a) The hot burning gases from
higher velocities is to use the original gunpowder in the breech drive a heavy piston that compresses hydrogen gas in the
full-scale two-stage sun with a pump tube. The high-pressure hydrogen gas breaks open the rupture valve and
smaller-diameter ]iuﬁler projectile. a accglerflles the projectile down the barrel. (b) Al the end of the barrei. the
shorter launch luhct and a reduced projectile has reached its highest veloeity and impacts the target.

gas joading.
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Muon-Catalyzed
Fusion

Principal Investigators: B. 1. Alder
and W. Durham

1 has been known for 30 vears
I that a negative muon (4 ) will
induce a spontancous fusion reaction
in a cold troom-temperature)
molecule of deuterium-tritium (DT)
according to the reaction:

PTu - a+n+u +17.6MeV .

In this reaction. the muon acts as
an agent that brings the deuterium
and tritium nuclei close enough
together so that fusion occurs by
quantum-mechanical tunneling. In
principle. such a reaction could be
used for large-scale production of
usable energy. However. early
erroneous calculations of muon
capture cross sections discouraged
further research. When. more than a
decade ago. Soviet scientists found
the mechanism that produces a larger
cross section. interest revived in this
alternative fusion technology.

Our muon-catalysis research has
been directed at determining how
many fusion reactions could he

Physics

Our work on muon-catalvzed fusion has focused on the design
and assembly of a high-pressure cell in which to carry out key
experiments at a Swiss accelerator. Our cell has successfully
reached the maximum temperature and pressure required and
is being tested for hydrogen permeability and the number of
times it can be recycled. After safety tests, it will be shipped to
Switzerland. Theoretical understanding of the stripping
processes, which could lead to a scheme for enhanced

catalysis, is progressing well.

cataly zed by a single muon.
Speciticallv. we are preparing an
experiment in the high-pressure.
high-temperature range where
(controversial) extrapolation suggests
a high fusion rate. We are also
exploring theoretically the muon
stripping rate to see whether there are
ways o enhance the predicted
catalysis efficiency. (The muon
stripping rate is the probability of a
muon captured by an aipha particle
being freed 1o catalvze more tusion
reactions. which in turn means
lowering the crucial sticking
parameter.)

Both our experimental and our
theoretical programs have made good
progress and will conclude by the
end of FY89. The experimental
apparatus has held pressure at
200 MPu and temperature at 2000 K.
and is now in the final assembly
stage (Figure ). We have
incorporated the pressure-producing
part of the apparatus (a simple liquid-
to-gas expansion device) and all
electronic diagnostic controls. The
chiet remaining issues are how many

times the pressure and temperature
conditions can be recyeled and the
permeability of the metal container to
hydrogen. We are still experimenting
with the vessel liners and their
surrounding ceramic (currently TZM)
1o find the best materials for them.
We are testing ceramics from 1wo
commercial sources and vessel liners
made of thenium and a tungsten-
rhenium allev. We are
atso exploring the possibility of
fabricating such a container on site.
We are currently in the final
stages of testing the experimental
apparatus. Using an inert gas. we
have reached maximum design
temperature and pressure.
Preliminary indications from
hvdrogen testing show encouragingly
fow levels of hydrogen permeation
throughout the finer. The tests with
hydrogen should be completed in
FY®Y. The apparatus will be shipped
to Switzerland after the safety test
has heen satisfactorily completed in
the presence of both Los Alamos and
Swiss evperts.
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Figure 1. Schematic cross section of the experimental apparatus. The target cell,
containing about 2 em® of DT gas at high pressure and temperature, sits within an
inner containment vessel. The ervogenic pump that injects the DT gas into the
target cell sits in another vessel. A beam of negative muons (17) enters from the
outside. causing DT fusion in the target cell.
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Our theoretical calcufanons
ol muon stepping ey aluale part of the
siripping process. We are in the
process of checking out the computer
program for caleulating the
remaining part. When completed in
a4 few months, these caleulations
should predict the net stripping we
can expect in the experiments. We
wiltl conclude our theoretical effort
with calculutions of the Stnk minng
factor. the Auger decay rates. the
nuclear fusion rates for excited states.
and a multiphoton process that could
lead to enhanced Tusion in excited
stites (owing to considerably less
sticking ),
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Quark Search

Principal Investigator: C. Headricks

Ithough quarks are believed o

be the elementary constituents
of hadronic matter (protons and
neutrons). a tree. stable quark has vet
10 be detected. Experimental efforts
to detect such a particle depend on
the fractional electric charge that
theory says it should carry: £1/3 or
12/3 the charge on a single electron.
A fragment of matter that contains a
single free quark thus should have a
net charge equal to some whole
number of electron charges plus a
tractional charge contributed by the
quark. Clearly. the experimental
measurement of such tractional
charges would be of fundamental
importance to our understanding of
the structure of matter.

The goal of our project is 10
search for free, long-lived quarks.
We have designed and constructed
an experiment that can measure the
charge on small quantities of matter
to an accuracy of about 5% of the
charge on an electron. Our
experimental approach provides a
material throughput many orders of
magnitude higher than that of
competing schemes and can test a
wide variety of materials. Particles
tor droplets) of the material to be
studied are generated and passed
through an electric-tield deflection

Phivais

During the past vear, we significantly improved nearly

every major feature of our experimental system: the drop
generator, the rotating-disk chopper system, the data-
acquisition system, the pressure controis on the gas system,
and the overall electronic timing of the system. With this
qualitatively improved experiment, we can now obtain an
upper limit on the number of free quarks per gram in diffusion

pump oil.

svatem. The resulting panticle
triajectories depend on the ratio of
cach particle’s net charge to its mass,
the intensity of the electric tield. and
the time a particle spends in the ficld.
The deflecting field is produced by
creating an electric potential between
two vertical. carefully aligned.
parallel plates. Since the particles
are generated with a uniform mass
and velocity. the trajectory of an
individual particle between the plates
then depends only on its net electric
charge.

During the past year. we
completed the assembly of a new.,
very stable droplet generator
(Figure 1) and a rotating-disk
chopper system. and mounted them
atop our 5-m drop tower. The droplet
generator. operated with a 10-pm-
diameter orifice. has produced
droplets of diffusion pump oil
continuously for more than 48 hours
without any apparent change in their
characteristics or direction of travel.
The rotating-disk chopper removes
the required number of droplets from
a stream of 25-um-diameter drops.

Drops are generated sequentially.,
about three drop diameters apart.
from a cyvlindrical liquid jet at a high
rate (up to 100,000 drops per
second). To avoid interiactions
between the drops via induced dipole
fields. the drops must be separated by

about 60 drop diameters. This s
accomplished by removing 19 out of
every 20 drops in the stream using
the chopper (a rotating slotted disk):
the rotor frequency is synchronized
with the drop-generation frequency.
This attenuated stream of droplets is
then passed through the electric-field
deflection system where each
particle’s trajectory 1s observed and
its net electric charge is determined.

After bench-testing the chopper.
we mounted it on the drop tower and
tested it again for proper operation.
As in the bench test. drops generated
at rates up to 100,000 per second
were directed to the appropriate spot
on the rotating disk. The chopper
successfully removed 19 of every 20
drops. allowing the 20th drop to
continue undeviated along its
trajectory. producing an attenuated
stream of 5000 drops per second.
The drop stream and individual drops
were observed optically above the
chopper disk. and the attenuated
stream and individual drops were
observed below the chopper disk.
Drop streams, both chopped and
unchopped. have been observed at
the bottom of the tower during the
alignment process.

We have also implemented a
much-improved data-acquisition
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Figurce 1. The 5-m
drop tower used
in our yuark
detection
experiments.
Small particles tor
droplets) falling
between the
charged plates are
deflected by an
amount that
depends on their
net electric charge.
Sensilive detectors
and a data-analy sis
system can
determine the
charge on a
particle to within
3% of the charge
on an electron,
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system. Itconsists of o moving heht
source with a beuer-tocused CRT
(cathode-ray -tube) spot that has a
shorter decay time (now about 16 ns)
than the carlier one. o better
photomultiplier tube. and vastly
improved computer hardware,
sottware, data storage. and output
systems. The data-acquisition system
and the improved photomultiplier are
currently being tested together on the
drop tower.

In addition. we have improved
the regulation of the gas system used
1o pressurize the droplet liquid to
provide control of the pressure to
about one part per million at a
pressure of a few pounds per square
inch to more than 200 psi (1.4 MPa).
This ensures that the initial vertical
velocity will be virtually constant
from drop to drop.

The function generators used 1o
drive the drop generator. the strobes.
the chopper motor. and the CRT
sweep are all locked 10 a stable
osciltator that has both a long- and a
short-time frequency stability of
about one part in 10'". This is an
improvement over previous systems
of about five orders of magnitude.

With all these improvements and
changes. accomplished during the
past year, we now have an
operational experiment. Next year.
we plan 1o do our first quark search
on drops of diffusion pump oil and to
publish the results. Simultaneously.
we will develop a proposal for
outside funding to produce and
sample a variety of difterent
candidate quark materials.
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Biomedical and
Environmental
Applications of
Accelerator Mass
Spectrometry
Principal Investigators: J. Davis
and L. Proetor

Co-lnvestigators: C. Poppe. B. Gledhill.
and E. Nelson*

*Simon Fraser University. Vancouser, British

Columbsa, Canadir.

Accelerulor mass spectrometry
(AMS) was developed to
improve the sensitivity for counting
small quantities of long-lived
isotopes (e.g.. ""Be. "*C. *Cl).
primarily for archeological and
geoscience applications. We are
investigating new uses of the
ultrasensitive AMS technique in
biomedical and environmental
research and in other energy-refated
Laboratory programs. Many of the
isotopes for which AMS has been
developed are also commonly used as
tags in biomedical and environmental
research. In addition to the search for
new scientific applications. we are
pursuing the technological advances
necessary to increase greatly the
throughput of AMS measurements,
thus making the economics of the
technique more attractive.

With the IR&D support available
in FY88. we have accomplished the
following:

» Convened at LLNL two workshops
that have identitied more than 20
experiments with potential for either
dramatic scientific results or major
chnical importance. Most important

Physics

We are extending the use of accelerator mass spectrometry
(AMS) to new areas in biomedical and environmental
research. The gain of six to nine orders of sensitivity that AMS
offers for detecting isotopic tags will make possible great
reductions in dose in present clinical and research procedures
and will allow the development of new ones.

New applications for other Laboratory programs have been
identified as well.

among these are adduct tagging
experiments using "*C and body
calcium investigations using both
*'Ca and **Ca (the lauer to be done
with staff from UC San Francisco).

= Participated in a workshop with
coluborators at Simon Fraser
University that set the design for the
ion sources and accelerators required
tor the next generation of AMS

Figure 1. Beamline and magnet of the UC-LLNL accelerator mass spectrometer:
the accelerator vessel is at the upper left.

{0
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factlities. As a result of this meeting.
we acquired a tandem accelerator 1o
donate 1o a tuture dedicated AMS
facility.

= Completed the initial beam-
calibration runs of the UC-LLNL
AMS in the Luboratory s new tundem
acceelerator luboratory (Figure 1),

* Supported the fabrication and
programming of the electronics tor
the mitial detector svstem on the
UC-LLNL spectrometer. This
svstem will be used for the initial
measurements with light isotopes.

» Supported the construction of
cquipment for preparing graphite

70

samples by the Environmental
Sciences Division.

In FY8Y. we will bring the
spectrometer into routine operation
for light 1sotopes (Le.. atomic mass
< 4. perform the experiments that
use *C as a tag. and develop a
detector system to make

measurements with calcium isotopes.

The beam diagnostics and computer
systems required for automated
operation of the tandem accelerator
will be developed and tested. New
applications of AMS in ucquiring
field data tor climatology rescarch
will be assessed. Finally, we will
explore the possibility of developing
an AMS diagnostic tor laser-driven
inertial-confinement fusion
experiments.

Eyplarutory Research
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Laboratony . e Focrey and Technolog
Revien. Lawrence Livenmore National
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Laboratory X-Ray
Lasers

Principal Investigators: M. . Rosen
Co-Investigators: M. 8. Maxon,
D. C. Eder. and R. A. London

he Laboratory produced the first

successtul demonstration of
lasing at x-ray wavelengths in FY'84
using the Novette laser. Since that
time. our work has focused on
understanding the data to improve
new designs for more coherent lasing
at shorter wavelengths. with a view
toward biological applications. Our
specific FY88 goauls were to
understand the previous nickel-like
x-ray laser (XRL) results and the
100-ps recombination XRL results. to
design neodymium-like schemes. and
1o assess photopumped schemes.

In FY'87. we designed targets that
achieved gain at 7 and 5 nm with
nickel-like L/—dp systems. Two
major mysteries—our failure to
achieve predicted J = 2 gain (in
europium and ytterbium) and the low
J =0 gain observed (in ytterbium)—
have been largely solved this year.
Analysis of a density profile from
KMS Fusion. Inc. (Ann Arbor. MI)
led us to change our hydrodynamics
model to produce cooler. denser foils.
The ensuing kinetics do a tar better
job now of explaining the large
nickel-like database. This will enable
us to design the tungsten experiment
(4.3 nm) with more confidence. We
are also serving as an international

Plhissics

We are providing the theoretical leadership for a joint effort to
develop the physics and technology of laboratory x-ray lasers,
with special emphasis on biological applications. This work is
sponsored by the Physics Department and involves Lasers,
Defense Systems, Biomedical Sciences, and Electronics
Engineering. Analysis of experimental results continues in
preparation for attempts at lasing in the 4.5-nm regime needed

to image biological structures.

clearing house for the analvsis of
nickel-like data from lasers and
tokamaks.

In collaboration with the
Massachusetts Institute of
Technology and Lockheed
Corporation. we have designed
neodymium-like (5/=5d} schemes
that may be suited to short-
wavelength. table-top lasers (6.5 nm
with uranium): alternatively. with a
large laser system. these neodymium-
like schemes may serve as a test bed
for saturation and laser-architecture
studies.

We are preparing for hydrogen-
like aluminum (3.9-nm)
recombination experiments in the
spring of 198Y. when a required
20-ps oscillator comes on line on the
Nova laser. We have been analyzing
100-ps data on aluminum from Nova
and from the laser at Limeil. France.
and on {luorine and magnesium from
experiments conducted in the U.K.
and Japan. Although some of the
data agree with predictions. some
do not: we are collaborating with
madelers in the UK. to study the
problems. The situation is similar
with regard to lithium-like schemes.
In addition. since the Nova laser has
more energy at 1.06 pm. we have
designed a hvdrogen-like aluminum
scheme driven by hot electrons at that
wavelength.

Our planning and design of a
neon-like series at Limeil has vielded
a rich harvest of optimization and
Z-scaling data (Figure 1). We have
begun to assess (in collaboration with
J. Nilsen) the possibilities of
enhancing gain with photopumped
systems. particularly
photoresonances that can enhance
neon-like or nickel-like gain. We
have also done hydrodynamic
modeling of a hot-electron-boosted
neon-like silver experiment carried
out by a joint team from the Naval
Research Laboratory and the
University of Rochester Laboratory
for Laser Energetics.

In FY 89, we will seek to
understand the physics behind our
new ad lioc cooler hydrodynamics
model for the nickel-like scheme.
More data on density from KMS and
on density and temperature from the
National Research Center. Ottawa.
will be available soon. Refined
designs for tungsten will be carried
out. as well as special pulse-shaped
designs that enhance gain and shorten
the XRL pulse.

In the recombination schemes.
we hope to resolve some of the
100-ps discrepancies. cither with
diflerent hydrodynamics models or
with better atomic data files from the
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Laboratory '~ Tugh-temperature
physies diviston. We have ust
received usetul 20-ps tnon-XR1)
aluminum data from the UK. und
from Australia that will be compared
to our modeling results: we exvpect to
receive more 20-ps dati fronn KNS
and the Nuclear Regulatory
Commission (NRC.

When the Limerd neon-like data
are digitized. they will be anady zed.
as will NRCO data on temperature and
density. More photon-driven
sehemes will be assessed. particularty
inner-shell phototonizers. This
approach can provide flevibility in
drivers (for example. use ot a
compact torusy and will also mvolve
us in the growing worldwide efforts
in ultrashort pulses. Together with a
consultant. we will address issues of

coherence und possible explananons
ol weaker-than-expected fasmyg Irom
the 3p=-2v./ = 0- 1 line in neon-fike
selentum based on the idea that
superfluorescence reduces the upper-
fevel population betore amplified
spontancous enission has a chanee
o oceur.
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Figure 1. Example 1
of Z-scaling and
optimization data
obtained at Limeil.
France. The plots
show how the

7. = 16.41-nm line
intensity of a
strontium target
{an element not
previously studied
at LLLNL) varies
with target length
for two incident
irradiances. The
gain coefficient x is
derived.
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Neutrino Mass
Experiment Using a
Frozen Tritium Source

Principal Investizgators: O, Fackler
and M. Mugse

finding hat the electron

A neutring has o finite mass
would have <ignificant corsequences
tor both clementary -particle physics
and astrophysics. Since the neutrino
is one of the elementany building
blocks of all matter. its properties and
the torces that govern ity interactions
are of great interest. Furthermore,
SiNce MOFe neutrinos were created in
the Big Bung than any other
elementany particle. even aven
smal! neutrine mass—on the order of
a tew clectron volts —w ould be
sutficient evennr to halt the
expuansion of the universe. The
physical imporance of the neutring
mass 1s evidenced by the fact that
mor~ than a dozen groups throughout
the world are anlempting o measure
.

Our goal is 1o determine the mass
of the electron neutrino 10 within a
few electron volis. Our experimental
approach is to measure the shape of
the beta-decay spectrum of tritium
near the maximum beta energyv. The
measured energy distribution is
sensitive to the mass of the neutrino
that accompanies beta decay. The
use of a frozen, pure tritium source,
a feature unigue to our experiment.
allows caleulation of molecular final-
state and ~solid-state effects 1o an

Plivet ~

We are attempting to determine the mass of the electron
neutrino with a precision of a few electron volts by measuring
the tritium beta-decay energy spectrum near the maximum
beta energy. Unique features of our experiment are an
extremely high-resolution electrostatic spectrometer and a

frozen tritium source. Last year, we demonstrated successful

operation of the snectrometer. This vear's work focused on
designing and fabricating the cryogenic tritium source and on

upgrading the specirometer.

accuracy of better than 0.5 eV A
pure source also permits very high
data rates. These features, together
with the high resolution of our
spectrometer. should enable us to
determine the neutrino mass to
within a few electron volts. the best
accuracy currently obtainable.

Progress this vear has centered
on completing the cryogenic source
and on improving the spectrometer.
In addition. we have worked on a
new low-noise detector system
and on a new data-logging and
acquisition svstem. Spectrometer
upgrades to ready it for the source
are also being completed.

The ultrahigh-vacuum,
cryogenic. high-voltage. and
mechanical tolerance requirements
associated with freezing tritium und
installing the source in the apparatus
posed difficult engineering
challenges. To meet these. we:

« Developed a source substrate with
a smoothness of better than 1 nm.

* Designed a liquid helium
teedthrough that is nonmagnetic and
clectrically insulating.

* Designed tow-gas-feakage and
thermal seals between the 2-K source
substrite and the tritium deposition
chamber.

* Developed a speciatly shaped
tritium deposition chamber to obtain
atritium source of uniform thickness.

The partially assembled source is
shown in Figure la. The 2-m-long
source arm enters the tritium
deposition chamber’s heat shicld
the left. The shorter arm at the right
holds the deposition chamber. which
mates with the source during tritium
deposition. After tritium is frozen on
the substr: 2. the source is passed
through a vacuum valve into the
spectrometer vacuum vessel.

Figure Ibhis aclower view of the
source entering the heat shield: the
extremely smooth source substrate is
clearly visible. Development and
assembly of the source and
component testing are hoth nearing
completion.

We have developed a new
detector that counts low -encrgy
electrons. Its important feature i~
that 1t discriminates against most
backgrounds. Final background
rates wili he less than one count per
20 seconds. with the possibility of
achieving one count per M0 seconds.
This low background rate will
provide a statistical sensitivity o
newrino mass of better than 4 ¢\
We expect the detector o be
completed shortdy after source
installation.

W hasve also nearly completed
development or a new data-
acquisition system to replace the
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Figure 1. G
Source assembly
during
construction. The
2-m-long source
arm is shown
enteriny the
deposit on
chamber’s three-
armed heat shield
tright). The
shorter arm. at
right. contains the
tritium deposition
chamber itself,
which mates with
the source during
tritium deposition.
th) Closer view of
the source
entering the heat
shield.
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agmg equpiment used i prior data
taking. The new system will be
substanttatly faster. more reliable.
and more tlexible.

Our experimental apparatus has
heen improved and upgraded
severil wavs o accommuodate the
cryogenic source and o correct
background problems tound i carlier
data. Modified components include
the spectrometer. the collimator. and
the retiector. The spectrometer has
been modificd 1o imcrease ts
aceeptance ad resolution. The
collimator his been adjusted 10
produce an experimental resolution
of 3¢V We hine designed a new
retiector with higher acceptance that
climinates backgrounds discovered
n the carly phase of this work.

Our spectrometer, which
contains a number of significant
improvements. Vil soon be mated
with the newly fabnicated. crvogenic
tritium source. All work this vear has
proceeded successtully on a schedule
that will permit us to conduct
experiments with trozen tritium in
FY89. This should make us the first
group amonyg the competing Russian.
Japanese. German. Swiss. and 1S,
eroups able o detect neutnno masses
of less than 15 ¢V, We plan to probe
for masses downto 5 ¢V in FY9(0.
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Nuclear Shape
Isomers as Candidates
for a Gamma-Ray
Laser

Principal Investigator: V. Weiss

he overall goal of this project is
10 explore the possibility of
making a gamma-ray laser based on
nuclear storage states. Last year. we
identified shape isomers as the most
promising nuclei. This vear. our
main objective was to complete static
Hartree-Fock calculations of osmium
and mercury nuclei to delineate those
species with secondary minima in
their potential energy surfaces and to
identify those most likely to yield
experimentally verifiable shape
isoniers. A second aim was to begin
work on incorporating nuclear
dynamics into these static
calculations. A third goal was
to complete our semiclassical
calculations of laser-induced nuclear
transitions and to begin to look for
quantum-mechanical corrections.
Toward our main objective, we
have completed three-dimensional
potential-energy maps for 12 even-
numbered osmium isotopes with the
Skyrme III nuclear potential and for
16 mercury isotopes with both the
Skyrme III and the more modemn
SKM* potential (Weiss, 1988). From
these we have selected mercury-194
(Figure 1) as the most accessible for
experimental verification. and several
experiments are being designed.
Toward the second goal. we have
begun configuration-mixing nuclear
Hartree-Fock calculations that will

Physics

We have used the most modern techniques of nuclear theory to
predict a new class of nuclear isomers efficacious for the
design of a gamma-ray laser. We have identified several
species for experimental verification. Advances in many-body
theory, in progress, will refine these predictions by adding
nicclear dynamics and will permit calculation of branching

ratios and lifetimes.

provide dynamic corrections to our
static results. The algebra has been
completed. and computer codes are
heing tested.

Toward the third goal. we have
formulated a solvable quantum-
mechanical model that yields an
analytic solution to the Schridinger
equation for an atomic electron in an
intense laser field. We have derived

expressions for the nuclear transition
rates from coupling to the atomic
clectron. Numerical evaluation of the
analytic formulas is in progress for
comparison with our semiclassical
calculation (Berger. 1987) of the
nuclear transition rate and inversion
density.

For future work, our primary
objective is to test and implement the
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Figure 1. Excitation energy (dark gray) and well depth (light gray) predicted for
shape isomers in mercury isotopes. Mercury-194 provides the best ratio of
excitation energy to well depth and has neighboring stable nuclei that can also be

used as targets.
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configuration-mixmg nuclear
Hartree-Focek theory. to apph it to
dynamic corrections 10 our static
predictions. and 1o extract litetimes
and branching ratios. We hope also
to be able to test the physics on
actinide nuclei for which fissioning
shape isomers have been measured.
On the basis of these results, we imay

look into other regions of the periodic

tuble for nucler that may have more
inleresting properties as laser storage
states. In addition. we will fimish and
evaluate our solvable model of laser-
atomic electron-nucleus interaction

76

and will compare 1t with our
semiclassical caleulation.

A spin-oft of this work that is far
less demanding technically is the
possibility of generating multi-keV
per atom explosives by triggering an
isomer o decay. It will do so by
emitting a cascade of gamma rays.
and. if the ground state is stable.
there will be no radioactivity.
Speculations along these lines using
the far-less-cfficient spin isomers
have been reported in Soviet journals
(Arutvunyam, 1987: Avramenko.
1986). We will carry out some
preliminary estimates along these
lines in the coming year.

I apioratory Kesearch
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The Femtosecond
Laser Project

Principal Investigators: N, Landen.
R. M. More, D. G. Stearns,
and E. M. Campbeil

D uring the past vear, we
completed the construction of a

short-pulse laser that produces pulses
with a 0.33-ps pulse width and
exhibits excellent energy
reproducibility. We characterized the
laser output using pinhole-focus,
autocorrelation. and spectral-analysis
techniques. and verified that a
transform-limited pulse is indeed
produced (Figure 1). When focused
to a several-times diffraction limited
spot. this laser will be capable of
producing intensities in excess of
10" W/em®.

We also investigated the
interaction of a high-intensity,
picosecond laser probe beam with a
preformed plasma. The plasma is
produced first by focusing a pump
picosecond laser beam onto a solid,
planar target of gold, silicon, or
carbon. X-ray yield is produced by a
second probe beam. We monitored
x-ray yield as a function of the
intensity, polarization, and angle of
incidence of the probe beam and of
the relative time delay between pump
and probe beams.

The measured x-ray yields,
plotted as a function of beam
polarization and angle of incidence,
are churacteristically produced by a

Phivsios

The very short pulse of a subpicosecond laser allows us to heat
solid targets to plasma temperatures (1-50 ¢V) before
hydrodynamic expansion occurs, producing a thin layer

of targel material at solid-state density and plasma
temperature. Studies of matter under these unique conditions
will help resolve fundamental questions about atomic
processes, previously inaccessible to direct experiment, that
occur at high densities in stellar interiors, laser fusion targets,
and nuclear weapon experiments.

combination of inverse
bremisstrahlung and resonunce
absorption processes. Figure 2 shows
resonance absorption for a gold target

with a pulse delay time of 10 ps and
a laser wavelength of 583 nm: a
theoretical fit to these data yields a
critical density scalelength of 75 nm.

Figure 1. Autocorrelation curve of an amplified 583-nm laser beam showing a
400-fs (full width at half maximum) pulse.
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Resonance absorption, nm
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Figure 2. Measured resonance absorption vs angle of incidence of the laser probe
beam. We used a gold target, a Jaser wavelength of 583 nm, a pump beam
intensity of 10'* W/cm?, a probe beam intensity of 10" W/cm®, and a 10-ps delay
between pulses. The solid curve is a fit to theory that assumes a linear density
gradient, yvielding a critical density scalelength of 75 £ 10 nm.
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By measurmyg scalelengths tor
varous time delay sowe infer plasma
hlow-off velocities on a preosecond
time scale. The shortest scalelength
measured to date s 20 nm and
represents an improvement in spatial
resolution of whmost two orders of
magnitude over more conyentional
interferometric technigques.

Our theoretical work centered
on interpretation of” aluminum
reflectivity data taken by our
collaborators at A T.&T. Bell
Laboratories. These experiments
show a minimum retlectivity of 35%
(p-polarization). which closely
mirrors the theoretical minimum
clectrical conductivity oceurring at
target temperatures of 10-20 ¢V.

Next year, we plan 10 refine the
two-pulse experiments to provide a
direct measure of the target’s surface
expansion velocity for various
materials in the preheat temperature
range (1-50 eV). We will also
consider a second method of
measuring expansion velocity based
on Doppler shifl of the incident laser
radiation: measurements by this
method have been performed a1 Bell
Luaboratories. and we will analyze
those data. In addition, we will make
a number ol improvements to the
SPRINT computer code used Lo
calculate short-pulse laser-target
interaction. In particular. we will
extend the code to treat interband
transitions in more complicated
metallic targel materials and to allow
for a limited degree of hydrodynamic
expansion during the laser pulse.
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Multiphoton
Interaction of Intense
Lasers with Atoms

Prineipal Investigators: \. Szoke.

JoNCBardsles. N Landen, and M. 1) Perry

ntense faser fields (107 1

107 W/eme distort the electronic
structure of atoms and tonize them
when clectrons absorb many photons.
The objective of our experimentad
and theoretical rescarch is to
demonstrate clearly the role of
intermediate excited states in
multiphoton 1onization. We used our
time-dependent Hartree-Fock. split-
operator. and quantum-detect codes
1o simulate data from experiments
performed at LLNL. Bell
Laboratories (Murray Hill. NJ). and
Saclay (France). This work has
dispelled much but not all of the
controversy regarding the ionization
process and the associated production
of high-order harmonics. Figure 1
shows that our model calculations
are in very good agreement with
experimental results. Our work. both
- experimental and theoretical. has
been extensively published.

We plan a second year of
experiments. designed primarily
to explore the effects of electron
correlation. An improved electron
spectrometer will be built to enable
us to take full advantage of the
current lasers and to ensure a
continued flow of new data while
more powerful lasers are being
designed and constructed.

In our theoretical efforts for next
year. we will continue to perform
calculations on muitiphoton
ionization and harmonic generation
to complement current experiments.

Phyvas

Our laser facility, designed to carry out a variety of physics
experiments, is now in full operation. We are investigating the
process of multiphoton ionization and the properties of
materials in the warm (few-electron-volt) solid-density phase.
We are also assessing the physical phenomena that may be
accessible with future, more powerful lasers.

Woe wallapply the insights gained this
yedr to computer simulations of the
mierachion of very intense lasers
CLOP 1o 107 Wem s with dense

cases and solids: tis will help us o

identity future applications of short-

pulse. high-miensity Lasers. Initially,
we will concentrate on analyzing
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Figure 1. Predicted (x) and measured (0) harmonic intensities demonstrate
intermediate states in xenon gas excited by 1.06-um laser light. The numbers
above the lines identify the harmonies of the laser frequency. Computer results
are scaled to agree with the measured seventh harmonic intensity.
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lser-mduced Bission and paar
production: then we will shift our
emphasis to charactenizmg the
production ot cold strongly 1omezed
plasmas switable tor recombimation
extreme-ubtrun tolet lasers. This
latter study widl be pertormed
conjunction with an analysis of
simitlar electron-heam-pumped lasers
inttiated at the request of the TUSS
Jason Study Group.
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Modeling Trace Gases
and Atmospheric
Chemistry

Principal fnvestigators: ). Wucebhies,
L Pennercand M Mact richen

Dmm; FYNN we continued
developmenc ot anew two-
dimensional (zonally averageds
chenueal-radiatiy e-transport madel
of the globad troposphere and
stratosphere. This model s now
operational and s bemng used
study the potential ampact ot
chlorofluorocarbon- and other trace
gases on chemistry and climate.
There 1 4 pressing need for such
research. NASA Is even now
sponsoring several conceptual
designs tor high-flying. hypersonic
transport aircratl. although studies
done in the 1970s, betore
sophisticated maodels were available.
found a high sensitivity of
stratospheric ozone (O ) 1o mirogen
oxide (NOQ ) emissions from possible
future fleets of high-flving wreraft.
Comprehensive studies of trace-
gas effects will require turther
development of our madel. We must
include additional {eedback of
atmospheric chemical and radiative
processes with advective and eddy
transport processes. and eventually
climatic feedback processes and
interactions with the occans and the
biosphere. To make the model more
representative. we must find ways to
treat the effects of wave interactions
on eddy transport and to handle
chemistry -wave interactions. We
also need to make the model more
efficient computationally 1o permit

PPhyvsies

Our atimospheric models have plaved key roles in national and
international analyses of the possible effects of trace gases on
atmospheric ozone. We are now extending them to address the
impact of trace gases on climate and on global atmospheric
chemustry in the troposphere and stratosphere.

areater resolution and longer
~tnulations. Inaddition, we plan

to desclop a specid version of thes
wo-dimensional model for detailed
studies ot global tropospheric
chemistry: we will investigate the
possibility of coupling this madel
with a two-dimensional ocean model
for studies of air-sea chemical
INteractions.

We are also working 1o deselop
a global, three-dimensional
tropospheric transport.
transtformation. and deposition model
for investigating subcontinental.
hemispherice, and global-scale
perturbations of the reactive
chemistry of the troposphere. Such
a model 1s needed to study the
international impacts of various
cnergy policies and complicated
climate-chemistry interactions.
Within the past year. several attempts
to simulate the tropospheric
distribution of several long-lived
species (whose chemistry can
essentially be ignored) have been
published. both by our group and
by others.

We are developing a tropospheric
reactive-chemistry model. using the
Lagrangian approach embodied in
our GRANTOUR maodel. that should
accurately portray the gradients and
spatial heterogenceity present in the
tropospheric distributions of reactive
species whose sources are primarily
continental. With this model. we
will initially treat species that react

primarily wath the hvdrosy O
radical: NO L CH L COLand
nonmethane hvdrocarbons CONAHCS ).
The straighttorward chemistiry of
these species will Glow us 1o study
their eyveles as we develop and refine
the model. The neat step will be to
parameterize O, production and loss
for the concentration of these species.
The concentration of OH will also
become a parametenized funcuon

of the concentrations of the other
species. During FYXY. we expect 1o
complete our studies of the NO_and
CH, cycles. Studies of CO uand
NMHCs. as well as the development
ol a parameterized chemistry model
for O, and OH will be carried out in
FY90.
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FYSS  suaimn

Global-Scale
Climate-Chemistry
Modeling

Principal lnvestigators: U, Coves,
D). Wauebbles. J. Penner.
and M. MacCracken

O ver the past several years,
interest has increased in the
potential global-scale effects of
human activities. Emissions of
carbon dioxide. methane. nitrous
oxide. carbon monoxide. reactive
hvdrocarbons. and other species pose
the potential for significant chemical
and climatic change. In addition.
potential effects ot global-scale
nuclear war include significant
chemical and climatic interactions
among atmosphere. ocean. and land
domains. Only models. carefully
tested against observations. can
address these issues.

Recent evidence of global
climatic warming due to industrial
activities (the greenhouse effect) has
stimulated attempts al realistic ocean-
atmosphere modeling. Accordingly.
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To meet DOE programmatic requirements for addressing
potential global-scale environmental perturbations arising
Jrom energy and national-security activities, we are developing
three-dimensional interactive models of the climate and
chemistry of the coupled atmosphere-ocean-land surface
system in both prognostic (predictive) and diagnostic modes.
The models will eventually cover scales from regional to global
and domains from the deep ocean to the stratosphere. As
interim steps toward this five-year objective, we are developing,
testing, and applying a suite of models incorporating various
dimensions, domains, and physical-chemical processes.

last vear we focused our global
climate modeling (GCM) efforts on
assessing the effects of oceanic heat
transport on present-day climate and
on simulating possibie climatic
changes. Results from the first of
these efforts support our hypothesis
that changes in oceanic heat transport
can be counteracted by compensating
changes in atmospheric heat transpont
(Covey. 1988). In the second ettort,
we examined the sensitivity of
climate to changes i ocean surface
temperiture and atmospheric
aerosols. We postulated massive
dust loading following impact of an
asteroid or comet with the earth a
the time of the Cretaceous-Tertiary
boundary and at other times in the
distant past. Surface temperature
reductions resulting from blockage
of sunlight by dust resemble but are
more severe than. "nuclear winter”
(Figure 1).

We plan to extend our
atmospheric GCM studies 10 model
versions that include the cvele of the
seasons and more realistic treatment
of turbulence and surface processes.
We also propose 1o test an
intermediate-stage atmosphere-ocean
model in which the atmosphere is
represenied by our GCM but the
ocean is represented by a simple
model of the upper mixed layer only.
The foregoing steps. in addition to
being necessary preconditions for
developing a complete coupled
ocean-atmospiere model. will
continue to produce uscful results
concerning ¢l mate processes and
sensitivity,
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Figure 1. Isotherms show temperature response {in kelvins) of our global climate model to stratospheric
dust aerosols generated by hypothetical impact with earth of a large asteroid or comet at the end of the
Cretaceous era, about 70 million vears ago. Extensive terrestrial and marine extinctions at that time
included the disappearance of the dinosaurs. The amount of dust assumed saturates absorption of both
visible and infrared radiation; virtually all sunlight is absorbed at the top of the model’s atmosphere.
and the dust acts as a blackbody in the infrared. Surface temperature reductions are gualitatively
similar to, but more extreme than. those obtained in “nuclear winter™ simulations: the global average of
land surface temperature drops by about 15 K between Day 0, in mid-July (a), and Days 10-20 (b,
nearly reaching the freezing point. Cooling is concentrated in the eastern (downwind) portions of the
large Eurasian continent, however, with temperatures generally above freezing (>270 K elsewhere.
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Director’s Initiatives

The Director’s nitiatives are a select group of larger prajects chosen by
the LLNL Director for their technical merit and their potential 1o develop into
large. independent. multivear programs. Proposals are submitted by the
appropriate Associate Director, whe agrees to fiekd a team ol expert scientists
and engineers and to manage the project. The proposals are carefully
reviewed by the IR&D Review Committee and by invited specialists from
inside and outside LLNL. Their recommendations are submitted 1o the
Director for his approval. A typical Director’s Initiative is funded for no more
than three years at $0.5 to $1.5 million per year. Each project is reviewed by
the IR&D Review Committee at least twice a year. In FY88. 14 Director’s
Initiatives were supported. for a total of $6.5 million.

The Director’s Initiatives for biotechnology addressed three topics with
broad impact: the ecological effects of low temperature and low light that are
projected to Toflow nuclear war, the apphication of monoclonal antibodies as
immunochemical sensors Tor monitoring environmental pollutants, and the use
of recombinant DNA techniques to address environmental. energy production.
and resource recovery issues. IR&D funds are also being used to track the
national energy supply and demand: this helps us anticipate {uture energy
trends and adjust Laboratory research elforts agmrdmgly

Beuam research scientists ar€ develaping rétuivistic klystrons as a power
source for h%’; lemﬂet&l‘atera Such Klystrons could be used for large.
linear electron=posttron (,O"ldeia‘ compygt actelerators, and free-electron laser
sources. Two relauvn:Lﬁ: rehs Imveﬂ)ecn built and tested so far.

Laboratory expemsﬁ Taders is b!!'ll%ﬂ exiended in three Initiatives. In
the first. new processes are being developed tfor growing the large. optically
homogeneous crystals required for high-power lasers. Problems in optical
homogeneity plague existing crystal-growth methods. and new process
development is crucial 1o the future of solid-state lasers. The removal of
wasle heat is a serious problem in diode-array lasers: a second project is
adapting silicon microchannel coolers. originally invented for wafer-scale
integrated circuits. to cool laser diode arrays. In the third project. researchers
are developing the technology to create three-dimensional. high-resolution
x-ray holograms of biological structures in vitro. a long- sought goal of both
x-ray-laser and biological research. The IR&D also sponsors a project 1o
develop nonstandard high-resolution imaging techniques o overcome the
atmospheric distortions that currently limit ground-based observations of
objects in space.

One of the Laboratory’s long-standing missions is the development
of low-cost fusion energy. The goal of the Compuct Torus project is to
demonstrate the proof of principle of accelerating and fecusing plasma rings
magnetically confined by the fields of a compact torus. 1If successful. this
work will provide the basis for an accelerator that could serve as an efficient.
low-cost. inertial fusion driver. as a fast-opening switch. as an injector for
magnetic fusion machines. and as an x-ray generator for simulating nuclear
weapon effects.

Finally. the Directur’s Initiatives are supporting two projects to develop
the tools and techniques needed 1o design. manufacture. and test the complex
digital processors of the 1990s and the 21st century. These will be very highly
integrated, with electronic assemblies containing millions of components on
a single 10- to 15-cm-diameter silicon wafer. The goal of one project is to
develop the computer-aided design tools for optimizing the layout of these
complex circuits; the goal of the other is to devise the new fabrication
techniques that will be needed.
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FYSN N22T0on

Biological and
Ecological Effects of
Nuclear War

Principal Inmvestigators: ). R. Kercher and
L.. R. Anspaugh

ur goal is to determine the

biological and ecological effects
that would be caused by a period of
reduced light and temperature that
has been projected to follow a
nuclear exchange. We first convened
a workshop to develop an agenda for
such research (Kercher and Mooney.
1985). The workshop recommended
an approach that distinguished
between agricultural systems and
natural, unmanaged ecosystems. It
also recommended research at the

POTATO modei

Experimental resuits

Percent change in tuber yield

| I

0 2 4 6
Weeks of exposure to aitered climate

Figure I. Comparison of calculations
on tuber yield from the POTATO
model versus experimental data on
potatoes from the University of
Wisconsin Biotron. The large
disagreement at extended exposures to
altered climate conditions is due to the
inability of the POTATO model to
simulate the mortality of tops of potato
plants observed during recovery from
altered climate.

B8
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We are developing our capability to assess the effects of climate
change caused by nuclear war on both agricultural and
nati.ral ecosystems. We found that in two of the three tested
crops, existing crop models do not predict the results of
experimental treatments of lowered light and temperature.

In addition, our regional model of forest recovery indicates
that reforestation of dominant species occurs in a regular
pattern, whereas reforestation of subordinate species is

irregular and stochastic.

organism, cemmunity, and regional
levels of resolution for both
agricultural and natural ecosystems.
The report {rom the workshop
stressed that the physiological
responses of interest would arise
from a climate regim : outside our
current research experience, and new
phenomena might well be observed.

We are implementing these
recommendations by carrying out
two types of studies. The first
includes coordinated experimental
and modeling studies on individual
crops 1o provide the capability for an
agricultural assessment. The second
includes modeling studies on natural
systems at the regional scale to assess
the recovery potential of unmanaged
systems. We identified integrated
modeling and experimental studies
at the plant level as necessary
precursors for crop assessments
(Detling ¢r al., 1988). We studied the
three crops—whealt. potatoes. and
soybeans—that rank first. third. and
eighth. respectively. in global
production. In natural systems. we
are continuing our modeling of forest
recovery at the regional scale. The
unique computational capabilities at
LLNL lend themselves to rescarch in
this area: regional studies constitute a
new field in ecology. and exploratory
work should yield large returns.

In FY88. we compared the
output of existing models for wheat.

potatoes. and soybeans 1o the
experimental response to reduced
light and temperature obtained in
prior years (Cowles e¢r al.. 1988).
As described below. we found that
existing models for wheat and
potatoes do not exhibit the
phenomena actually observed in
experiments. In soybeans. on the
other hand. an existing model does
yield an adequate description of
experimental responses (Kercher
et al.. 1988a).

In research funded by LLNL
and conducted at the University of
Wisconsin Biotron (Rose ¢r al.. 1986
and 1987), potatoes. wheat, and
loblolly pine were exposed to a
99% light reduction and a 15°C
temperature reduction for 1. 2, 4, and
6 weeks (soybeans were exposed for
I and 2 weeks ouly). Potato yield
was reduced by 42, 89. 99, and 99%
for the 1-, 2-. 4-, and 6-week
treatments, respectively. No potato
plant tops survived the 4- and 6-week
treatments, and most plant tops tor
the 2-week treatment died as well. In
contrast. the POTATO model of Ng
and Loomis (1984) predicts yield
reductions of only 10, 23, 48, and
72% . respectively. In this model.
reduced vields result from reduced
top growth during the treatment
period and natural leat senescence
resulting in reduced levels of net
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production recovery lor tuber growth.
Figure | compares the POTATO
model for tuber vield with the
Wisconsin data. The madel did aot
predict the plant-top mortaliy
observed in experiments.

In wacat. Rose ef al. (1986
found tha vield was reduced over the
same four treatment periods by 0. 71,
86. and 81% . whereas the CERES
wheat model (Otter and Ritchie.
1985). predicted a vield change
of +24, +3. -26. and —38%.
respectively. Although a dramatic
decrease in tiller and spike
production oceurred between the
1- and 2-week experimental
treatments. the model predicted no
such reduction. The yield loss
computed for long treatments can be
attributed to reduced top growih and
natural senescence in the model
simulations.

Experimental vield reductions for
soybeans were not significant for the
I- and 2-week tremiments (Rose o7
al.. 1986). The SOYGRO model
(Jones er al.. 1987) predicted a yield
reduction of + and 8% . respectively:
the GLYCIM maodel (Acock er al..
1983) predicted no yield change for
both treatments. Rose ef al. (1987)
have suggested that compensatory
growth occurs in pine and soybeans
after the treatment period. but no
such growii occurs in wheat and
potatoes.

The conditions we have studied
lie outside the range of experimental
experience on which most crop
models are based. We conclude that
existing models do not simulate the
phenomena that occur in wheat and
potatoes under such unusual
conditions.

W+ have continued to develop
our regional-scale model of forest
recovery. VISTA (Kercher ¢r ul..
1988b). which i1s constructed as a
grid of community models spread
over a landscape. At cach grid
square. the community model SILVA

stmulates tree gromth and succession
of speaies i that grid square. Fire
and sceds can spread tron one grid
square to another. During FYSE we
completed modifications 1o VISTA 1o
allow empirical functions of seed
spread. and we mstalied seed spread
functions extracted from the
ceological literature. We also
performed prelininary tests of model
performance and examined the
reforestation response of a mixed-
conifer forest 10 i massive
disturbance. Qur simulations
indicate that reforestation is regular
and deterministic for the dominant
species and irregular and stochastic
for subordinate species.,

Figure 2 shows a simulation of
reforestation from seeds of a mixed-
conifer forest deposited in one corner
of a 200- by 200-m arca. Figure 2a
shows the ponderosa pine basal area
50 years after seed deposition, just
before maturation and seed
production. The term “basal area”™
refers to the total cross-sectional area
of a species in the stand: the basal
area in the figure is in square meters
per hectare. Figure 2b shows the
basal area 100 years after seed
deposition from mature trees. A
monotonic decrease in seed dispersal
from the source results in larger
values of basal area neur the source.
At 200 years, available seed no
longer limits basal area growth.
Other species of the mixed-coniler
type persisted near the original comner
but were not as successful as pine in
dispersing throughout the area.

We plan to study the biological
assumptions embedded in the
crop models that produce the
discrepancies between predictions
and observation. We will examine
the possible modifications of the
maodels” treatments of aging. wilting.
and phenology (timing of life stages)
that might improve predictions for
conditions of reduced light and
temperature. We also plan o

Phrector's tuitives

continue developmg and esting the
spatial forest community model. We
expect o improve the submodel
concerning water relations for
mereised accuracy for Califoriia
topology. to mclude other Califorma
coniters. and to mahke comparisons of
muodel results to selected data from
California forests.

(a) 50 years

{b) 100 years

Basal area

VY

Figure 2. Simulation of reforestation
at three times following a massive
disturbance. (a) Basal area of
ponderosa pine 30 years after
deposition of a miv of seeds of the
mixed-conifer forest type in one corner
of a 200- by 200-mile area. The nnset
of maturity occurred approximately 46
to 48 years after seed deposition.

(b) Basal area of ponderosa pine

100 vears after deposition. (c) Basal
area of ponderosa pine 200 vears after
deposition.
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FYSS s/ otint
Monoclonal Antibody
Research and
Instrumentation

Principal Investigator: M. Vanderlaan

O ur long-range goal 18 10
fubricate real-time. portable
assay systems for detecting
environmental pollutants. In pust
vears. we have developed a set of
maonoclonal antibodies to dioxin and
various pesticides. Methods have
also heen refined for extracting these
pollutants from foed. soil. and

Antibody

[\

Dirvator ~ Tintiatayes

We are building two biosensors that combine the specificity
of antigen-antibody reactions with microelectronic sensors
using our antibodies to dioxin and pesticides. One sensor
is based on changing the vibrational frequency of a
piezoelectric silicone membrane; the other is based on

an optical-fiber fluorescence detector.

chemical wastes. We have shown
that tmmunochemical methods

are comparable insensitivity to
technmigues of conventional analy tical
chemistry for environmental
monitoring while oftering
considerably Taster sample analyses.
This vear. we have been integrating
our antibodies imo two new sensing

Antigen

—

Silicon

0.7-u m-thick
zinc oxide

Aluminum oscillating

\

\ 2-um-thick
silicon nitride

Aluminum
antennas

amplifier circuit

Figure 1. Surface-acoustic-wave immunosensor. A silicon wafer is coated with a
taver of silicon nitride and a piczoelectric layer of zinc oxide. Next, a well anout

I mm wide is chemically etched in the silicon. leaving a thin membrane. After an
aluminum oscillating amplifier cireuit is printed on the bottom of the membrane. a
wave launched from one antenna is received by the other. When antibods and free
antigen are added to the well, the amount of antibods bound to the membrane
causes a shift in frequencs to the acoustic wave. We can enhance antibody
detection by increasing antibody mass through conjugation to colloidal gold.

devices. The devices ditter from
comentional antigen-untibody
immunochemical assays in that thes
provide an clectronie output, are
suitable for microfabncation, and
can potentially offer on-line
immunochemical detection.

In collaboration with the Sensor
and Actuator Center at UC Berheley.
we have designed and fabricated
surface-ascoustic-win e
IMMUONCNSOrS. ACOUSHT Wat s
propagate in piczoelectric ervstals
and are influenced by changes in the
crvstal surtace. The detector shown
in Figure | consists of a stlicon water
coated on one side with silicon
nitride and with 2inc onde a
prezoclectric matersly. The siheon s
clched away completels. feaving a
rectangular weldl about 1 em- in area.
where the immunochemical reaction
oceurs. The remammg membrane ol
silicon nitnide and zie ovide i~
induced 1o oscithite by launching
wave from one interdigitated
alumimum transducer. The wave
propagites across the nrembran : and
v detected wath the second anienna.
Because the winelength of the
oscillation s longer than the
thichness o the membrane. wane
propagation i~ miuenced by Lactors
o both surtaces of the membrane
Wath this device, we can measure
it o wave frequency as smiabl as
one part per ndhion The long
wavelength also mmmizes loss ot

cnerey anta the hgud n the well


file:///fter

Director's nitiatives

We hanve pow tabricated
several sensors that show exguisiie

~ensitiv iy o changes mtemperature,

pressure. Tud densiy, 1lod
viscosityand sartace loading. The
wells on these waters can be coated
wath antigen. and the antibody
solution can be conjugated o
collonda! coldl The mass ot eold
binding to the surtace of the sensor
should prodoce o readily detectable

tar High antibedy concentration

~httm the Dambwave Trequency
and thus enhance antibody detection,
W are developmg another sensor
usmy opticial-fiber probes previousds
developed an LENLD Our goal here
has been 1o fabricate immunoscnsors
that can be plugged o avaduble
optical hardware tor measurements
of environmiental pollution. In this
work. antigen s coated on an opticat
tiber. and the biding of fluoroseein-

thy Low antibady concentration

0.10 |

0.c8

0.06

0.04

0.02

Relative fluorescence signal

0.25

0
0.50 1] 0.004 0.008

0.04

0.03

0.02

0.01

Fluorescent antibody concentration. mg'mi

Figurce 2. Fluorescence signals recorded by our aptical-tiber probe. Fibers

were coated with albumin-phenoxs benzoic acid and incubated with the PY-1
monaclonal antibody. This antibody recognizes beth phenovy benzoic acid and
permethrin. a widely used insecticide. The PY-1 antibody was conjugated to
Muorescein to provide a fluorescence tag for detection. a1 Fluorescence saturates
in antibody solutions >0.1 mg ml. Equilibrium fluorescence was reached 1 min
after placing the fiber in solution. th) At low concentrations of antibody.
Muorescence is proportional to antibody concentration.

Tnstiturionad Rescardh and Developient

corqueated antibodies 1 measured
ustng the evanescent wane.

Freare 2 shows the equilibrium
Huorescence miensity observed when
anfigen-coited fibers are meubated in
solutions of various concentrations of
Huorescem-conpugated antibodies.
Figure 2a shows how tluorescence
mtensity saturites inanbibody
solutions greater than O F mg/ml,
reflecting o suturation ot available
bindig sites on the fiber, Frgure 2b
~how s that an fow concentrations of
antibody 0.0 me‘mb thuorescence
mensiy s proportionad to antihody
concentration. These relative vaiues
ot cquilibrium {luorescence miensin
are reached within 1O nin of reaction
e, inaddinon to studies on the
cquihibrium fluorescence imtensity,
opticat-fiber immunoassay s can be
used 1o mdependentiy measure the
on and off rates for annigen-antibody
binding.
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Microbial Genetic

Dircctor's Tnitiatives

We are continuing to develop tecinologies for the genetic

Engineering engineering of bacterial species with metal-detoxification and
Biot echnologv resource-recovery properties. Qur effort is focused on two

Principal Investigator: F. Garcia
Co-Investigator: L J Fry

U siny the techmygue of
recombimant DNAL we plan
to enhance bioconyersions carned
vutl by microorgianisms as viable
alternatiy es for the reclamation of
resources and the detosification of
energy -related wastes. Some of the
possibihities tor this brotechnologs
include the recovery ol strategie
metads trom 11y ash. the remov il

of pyrtie sultur trom coal, and the
remenab of tonae selenate trom wiste
water.

Most conventional chemieal or
phy sical techmigues tor removing
wiaste products and for recovering
metals invelve technologies that are

microorganisms: Thiobacillus ferrooxidans will be used as a
biological agent for removing pyritic sulfur from high-sulfur
coal and for recovering valuable metals from fly ash, and
Clostridium pasteurianum will be used in a bioreductive
process that may be useful in the detoxification of oxvanions

from agricultural and mining drainage waters. We have also

started a collaborative project to study the properties and
potential applications of newly discovered, extremely
thermophilic bacteria found in geothermal fluids.

energy -intensive. detrimental to

the envirenment. and expensine.
Alicrobial activities that can be
substituted tor the more comventional
technigues have distinet advantages
i that they are simple.
covironmentally safe. and
nexpensive. Although naturai
activities carmied out by
microorganisms often coincide with
those avtivinies that are desirabie

m tertas of hiotechnotomical
apphications, the reactions tmivolved
are. tor the most part, ~ow, low
vield. and tmuted by tactors not well
understood. To address some ot
these shortcomings, we are

developing genctic engineering
techniques 1o be used 0 wo soitable
bactertal species. Development of
these technigue - ~houtd alfow for the
clucidanion and manipulation of
pathway s in the bacteria of interest
thae are crucial o metal
detonitication and recovery.

We have made imponani
advances this year m developing
senenic lechneques for studving
Thiohacilluy terroovidany and
Clontreduen pasiciertanin. two
hactertal species that exhibit umigue
reductive and onadative properties,
respectively. towards metals. In the
arca of metal reducnon, we hine

Table 1. Removal of selenate ions from setution by genetically engineered E. coli.

Original E. coli with pSelr2 E. coli with pUCI8 E. coli with pSelr3
concentration, Concentration,* Percent Concentration,* Percent Concentration,* Percent
ppm ppm removal ppm removal ppm removal
0 - - 0 - [}] -
25 15.3 kU 181 27 8.3 27
50 o 3R 413 i M2 Kl
100 60y 19 k0.0 20 920 R

“Data are expressed as parts per million (ppm) selenate remamning i solution after incubating samples with 2 fined number of cells tor
24 hours at 30°C. Limits of detection Tor the assay are | ppm: limits of precision are £0.5 ppm.
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loned Tor the tiest e aeene
chicodimz an ezt adiinvaly
imvolved i the reducnon ot the o
ovvamon selenate 1o the nontosiy
clement selemum. The cene
responsible for the reductine step has
heen thoroughiy characternzed and

reducinge sefenates the abdiy to
mitaccHular v redoce the e
compound  We pertormed
proefumary chenical analy sis ol
samples treated winh the cencticaliy
cngineered Foocodn strm o determine
the amounts of selenate rencuming i

shown to conter an Fcdiernc g ol solutton atter imcubating the celis Lor

celts ieels normally imcapabie ot 24 hours Lable T shows the pereent

Tet Kpn! (0/15)

pJRD184 plasmid .

.

Pvuil (1.75)

Origin

(11.2) Kpn1

(10.5) EcoR1

Bgill (5.8)
{8.72) Pst1

-

g
"= pTF4 plasmid

Figure L Thivhacillus ferroaxidans—Ischerichia coli hwbrid plasmid. This hybrid
plasmid was constructed by ligating DNA segments from an E. coli plasmid
(pJRDIS4 and a newly discovered plasmid from 7. ferrooxidans (p TF4. Plasmid
PIRDIEL contributes genetie information that allows replicition of this hybrid
plasmid in £. coli cells and genes for ampicillin and tetracyeline resistance asefui
for selection and maintenance of the plasmid. Plasmid pTF4 contributes
appropriate genetic information for replication and maintenasice of the hybrid
plasmid when resident in Thiobacillus host cells. The term kb refers to the size of

the plasmid in Kilobases or 1000 bases tsuch hases are the building blocks of DN A,

Numbers in parentheses are the distance in bases from an arbitrars heginning to a
given puint in the plasmid. Designations such as Kpnl and Pyull refer to sites in
the plasmid at which specific DN A-cutting enzyvmes can act. The origin of
repiication is the part of the plismid involved in making new copies at the time

of cell division.  Fhe total size of this hsbrid plasmid is 15 kb,

Pt DR e e g

'

rermonal of selenaie by b d Celts
v the plasond pSele 2 cbhe
term plasid ™ reters ooan
autonomaousiy rephicahing. Gicaba
DN A tolecude that can be ased o
move cenes o and out of bacterie
the e “pSelr” arses trom the
selenade reducing properties ot fis
plasnudoy The cells carrvimg pSelbe?
rethon cd segmifcantly Lircer amounts
ol sefenate ormally present in the:
sofution than controd celis ceclls
continine the parent clomnye
vedctor phesnud pl s without o
Clontndim gene mserty or than cetls
wath the plasimd pSetr> v winch
part of the Sele gene has heen
deletedy W aapedt than
remtroduction of multpic copres
of thes selenate-reducimg (Seln
sene will maprove the abihiy ot
C pastenrianion: cells o reduce
selenate. We are currenthy
developmg the methodology for
remtroducing this gene mio
C o pantcui ianun

The usetud properies ot
I rervocsvdans the recoverny and
exvplomation of nuneral ore and waste
detositicaton depend on the
orgamsm’~ ability o oxdize terrous
ions and/or sultur compounds. wath
the production ot sultunc acid trom
ihe fatter. To beter understand
the overadl scheme i the sultu
metiboiism ot this hactenum. we
have sobited the gene encoding the
NTP sultuny Lase enzymie, winch s
the tirst enzyvine i the sultwe
assumilistony pathway - Studies of the
cnzvmatie actniy obtuned mn cells
carrving the doned gene showed that
attachive product s obtamed and that
the cene appears te be under athvpe
ot recutation distnct troni that ot the
I ool host

W have adsensolated o new

phastind tromea L osorn ey sthan
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U sing ths plasnuds we have recenth
coistracted a hyvbid senctic vecton
that possesses all the tunctions
requtred tor s appropriaie
expressionan [operracadans isee
Frgure Do We plan o test this vedtor
tor s abiliny 1o remtroduce eenes
back mto I rerroocdan

A~ dredt result ot our rescarch
under this program. we hasve
established o tour-person
collaboration with rescarchers in
the Labormony s Earth Saiences
Department to study nncroorganismes
vy under extreme wemperatures
and prossares. We have analy 2ed
veothermal thnds trom three wells
i Nevada and Calitormia tor the
presence of viabice nucroorganisms,
Bacteria with morphologies that
are charactensiic of extreme
thermophiles theat foversy hane
been observed repeatedly by phase-
contrast microscopy an cach ot the
water sanples obtained thus tar. Our
prehimumnany studies mdicated tha
some of the organisis could grow
the Faboratory ai temperatures as high
as 105 0 We hune recently cultured
it large numbers one cliass ot
organism that grows at 100 0 We
hin ¢ abtained tor the tirst e
scanniny clectron nucrographs of one
of the new thermophibic bactera osee
Figure 2. Exentually we hope 1o
identify thermojhilic bactena trom
which we can develop
biotechnologies for use in subsurface
processing of nouneral. orgamic. and
geothermal wastes. Novell heat-
resistant biocatalyvsts and
biopolyvmers obtaned from such
bactena would provule tor umigue
enzy matic reachons at high
temperatures and the production of
unparalicled biodeeradable. heat
resistant phastios

Neatvear we will attemipt to
Gapitalize on sonme ol our reeent
tindines m the arca of bacterial
reduction. Fhe avadabiliny ot 1he
selenate -reduding vencisy will
cnable us to select em il’(‘lllll('l\lil“}
oceurring bactena from selenum-
contanunated waters or sorbs. Sach

hacternia Possess \L'|C||Rl‘k"|'t‘l'll(lllf_'

tar Visible-light micragraph

Figure 2. ta) Visible:light micrograph
(35000 of a recently isolated
thermaphilic bacterium. The cell is
approximately 3 uym in length. with an
enlarged structure at one of its ends.
th) Electron micrograph of the same
bacterium as that shown in (a). The
magnification is 2940x, We obtained
this organism by culturing fluid
samples from the Steamboat Hill
Geothermad plant near Reno. Sevada.
The incubation temperature was

1K) €.

Phreaton '~ Tt os

Aty and are cven nore ethicient
than the presently avaalable
fthoratory strans. Construction

ol genctic vectors capable of
mtroducing new genctic inateril into
Totervoenadans and C.pastewrianum
will he o hugh priosty. We will use
the recenthy discovered plasmidies)
trom 1. terroovidans coupled to
appropriate antibiotic and metal-
resistant genes tor the construction of
vectors capable of rephaiting and
transferning genes intoand out of this
st For O pasteartanim . we will
develop a sinnlar shuttle vector by
adapting a plasnid from a relaed
buacterium.

In the arca of DNA uptahe and
transfer. we will continue our work
an protoplast genceration and
regencration estabhished for
C. pasteuriamnt. We will use
the newly developed method ol
clectroporation. which makes use of
an clectric Bield 1o effect DNA uptake
by hacterial celis.

References
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Methane-Conversion
Enzyvmes

Principal Investigators: R, T, Taslor and
MW Droege

Co-Investigators: S, S, Park and

M. L. Carman

I t1s well known that certain
microorganisms can etticiently
and selectively utihize methane gas
1CH 1 as the sole source of carbon tor
cnergy and cellular growth. The first
reaction m this metabolic pathway s
the comversion of methane ©
methanol. catalyzed by the methane
IMONOON ECTUNC CNZATNCS!

CH,+ 0.+ NADH + H-
SN LCHOH + HO + NAD .
A thorough understanding of this
biocatalviic svstem may lead to the
development of a process that uses
stabilized protein components tor the
conversion of methane to methanol
and perhaps even to the design of
new lower-temperature. non-
enzymatic chemical catalysts that
minue the enzymatic action that
oceurs i the inisal bioconversion
of methane.

Y6

Institutional Rescarch and Developiment

We are attempting to develop technologies that convert
methane to a useful liquid fuel by duplicating the
characteristics of the reaction catalyzed by methane
monooxygenases, naturally occurring bacterial enzymes
that transform methane into methanol.

Our research is being conducted
i three stages: (1 growing seledt
organisms that contain methane
monoo renase. (2 isolating and
puritving the active enzyme protein.
and 3 adenufving the active
catahyvtie site and cluaidating the
mechanism of the enzymatic
reaction, In FYRS, we concentrated
our etforts on the first phase—

studying the growth ot the organisms.

We are studving two types of
bacteria. Methvlohacrerinm
organophilum (CRL-26) and
Methvlosinus tricosporinm (OB-3by.
We cultured these organisms in
sterile nutrient media using methane
gas as the substrate. We transterred
the growing organisms to agar
nutrient culture plates and stored
them under methane gas, allowing
the growth of individual bacterial
colonies. Individual colonies were
then cultured and plated 1o produce
single-clone subcultures of the

hacteria. These subceultures have
been frozen and will serve as seed
cultures for future experiments.

Preliminary kinetic studies are
under way 1o determine the growth
curves of these two organisms
order 1o maximize hacterial growth
rates in the presence of methane and
o maximize intracellular enzvme
production. In FYR9, we will
continue o examine the intluence
of cell-culture parameters on the
intracetlular levels and stabihity of the
methane monooxygenase enzyvme.
This work will lead directly to large-
scale production of the bacteria
(using a fermentation reactor) and
subsequently 1o isolation of the
enzyme protem from broken cell
extracts for nonagueous-solvent
catalytic studies and for experiments
directed at describing the properties
of the metal-binding active site
within the biocatatvst.
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FYss Nl onn

Culturing
Thermophilic
Microorganisms from
Geothermal Fluids

Principal Inyestigators: . Tung, F. Garcia,
and 1. 1. Sweeney

n FYN7. we used diredt
I MICTOsCopic examination and
scanning electron microscopy to
analy 7¢ samples ot geothermal
flunds tor the presence ot vable
microorganisims. A number of
interesting cell morphologies were
identified that are consistent with
the charactenstics of extreme
thermophiles., the bacteria that
thrive in conditions of extreme
heat and pressure.

This yvear, with tunding from
both the Energy Program and Earth
Sciences. we have investigated
several technigues for determining
the optimal media and conditions for
culturing the thermophilic bacteria

(K 1]
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Strains of extreme thermophilic bacteria have been identified
in and isolated from geothermal fluids taken from several
locations in western Nevada. We are attempting 1o develop the
techniques and apparatus needed to culture these bacteria in

the laboratory.

from our samples. Success m
charactenzimg the phyvsiotogy and
metaboho activies of these bactenia
would open un possibilities tor
identity g and developimg strauns ot
thermophiles that can be used tor
cnhancing ol recovers {or -
processing ol mineral. organic, or
seothermal wastes at temperatures
atal 1o ordinary bacteria, and for
oiher hiotechnological apphications
that exploit the thermat stabifities of
the protein catalvsts (enzymes)
present in these bacteria. It is likels
that this work can also improve

our understanding of how
microorganisms mad contribute to
underground metal corrosion and the

(L]

subsurtace seacyching of metals.

Cntcad to this imvestigation as
the abiiity 1o obtuin the obsernved
arganisms i pure torm. To this end.
we have designed spectalized sohd
media and e e recently soliated
pure cultures of three types of
thermophihe bacteri tahen trom
simples obtained from a discharge
pond at a geothermal food-processing
plant in Nevada, The temperature of
the uid in the pond 15 93 °C. All
three tsofates are gram-negative
tpossessing a characteristic type of
cell wally, rod-shaped bactenia. and
all three are facultative anacrobes
tcapable of growing in the presence
or ahsenee of oxygen). However,

Figure 1. Phase-contrast micrographs (2500>) showing the morphologies of the three isolated thermophiles: (a) filamentous
rads that can form chains up to 20 pm long, tb) short rods occurring in pairs. and (¢) rods that have specialized endospore

structures,

Y7
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they ditter o cach other i
ol photesy Hactetia from one ot
the stnams are S St fone and
usually vocur sighv although they
tend o torm chams up o 20 g fong
ikreure Lavas the colture srows okd.
Bacterns trom the sevond stram hane
deneth ot T2 i and asually occur
m opaars thvzure tha Fhese two
VoS o ordanisnis can grow al
wemperatures up to St Co The thard
1o ot hacteria s cindospores,
helongmy to the croup of organisms
wapable of tormung specialized heat
Aand desiccation-resistant structures:
they are 35 i Honye and do not
torm channs or paers tgure o

W hav e alse been able o obram
A nvpe of bactersa that can grow
To0 Can hguid medium. This od
has o senatransparent sheath that
surrounds the cell. We are currenthy
attempting to turther characterize this
REHUTING D

Ox

Mo havecoenthy mmied siow iy
cullures e an appatadus desiened
DS Clark of UE Berkeley This
apparatus allow s cultures 1w erom
al prossures up o SO0 pag and
temperidures above fot O
stndlating the subsurfuce conditions
ab which the thermophudes may be
expected o enast We are now
warking to optumyze growth medig
and enviromiental conditions m
order o achieve farge cultures ot the
hacterne. Woe wine also I’L'L‘Clll'_\
obtimed anavacrobic chamber tion
proper handhe and culturing ot
stict anacrobes iwdnch grow only
the absence o inveen) o be taken
tromi a new set of ceothermal
samples. We il ase this chamber in
conmunciion with a pressure vessel we
have begun 1o bund an LN based
on Clark’'s design that will enabie us
o grow cultures anacrobically o
temperatures above 100 C and
pressures above 3K pae n
preparation for the chenncal and

Lorstotationad Bescaroboand b bt

phystodomical characterzaton of
thermapindes trom the new samiples.
wo huve strted o collaboraton with
W hie of the Insutue tor Apphied
Microbrology at the Eniversany ot
Tennessee. Wemtend to use his
techmgue of couphimg an altranncro
mwiethod ot Bipad anaby sis tooa mass
speetrometer tor studvimg the
presence of ethes o ester hinhs i the
tutty acrds of the cells With thas
hind ot anadv s we can el whether
the bactera are Vchieha 1eria, the
croup toowhich most extienie
thermophiles hejong

In the tuture, we expedt o
undertiahe turther phy siolosical
charactenization and w learmn more
abhout winch metibohic activities ot
thenmophihe nucroorganesans might
he usetul tor otechnology .
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U.S. Energy Supply
and Demand

Principal lnvestigator: 1. Boig

O ur analyvsis ot energy demard m
the U5 revealed that energy
use mcreased by 30 1URT Energy
flow dhiagrams bhe Figure D mdicate
several areas of concern.

Energy use for transponation
incrcased tor the Gth consecutine
vear. despite improved aserage
nukcage ot the automotn e leet.
MMost of the petroleum consumied s
used 10 the transportation sector.
which s highly dependent on
imported oil. Domestic crude oil
production declimed in 1987 while
otl imports increased again an 1987
the value un 1982 dollarsy of gros,
imports of crude o1l and petroleum

Brivecton s bratiaris o

We have analvzed the U.S. energy situation for 1987 as part of
our mission to identifv critical research needs. Improving the
efficiency of processes that convert fossil fuels to useful energy
poses important technical challenges, especially to the

transportation industry.

products comprised 14 of total ULS.

imports of durable and nondurable
gaods in both TYUS6 andg TURT,
fncreasing the etficiency of this
sector or decreasing use through
conseny ation. or both. would reduce
our dependence on ol imports.
Flectncal sales rose by 334,
cyeerding the projections ot almost
all torecasters. Asaresult ot the
rapid growth of the electrical energy
sector, increasing amounts of the
nation’s Large coal resources are
being used to generate clectrical
energy. This promises to exacerbate
the environmental problenis
assocrated with the use of coal.

Net geathermal and other 0.04 Distributed 9.2
Net hydroelectric 0.9
Netimports _/ — ity [

04 electricity

generation
243

Non-utitity generition of power.
some of which is sold o the atilities
by cogenerators. contributed about
44 of the whole. The amount of
clectnicity generated by independent
power producers s incompletely
assossed however, sinee somie or
all ot the power s used by the selt-
senerators themsehves and s not
reported. Regulatory changes
under discussion. anticipated
regional shortages of electricity, and
the nability of many utilities to
tinance large base-load plants
promise to encourage the growth of
non-utifity power generation in the
net decade.

Figure I. Energy
flow diagram
showing a net
primary resource
consumption in

M (tdustrial

15.1

the US. in 1987 of
76 quads {1 quad
equals 10" Bru.

Feiected
energy
398

1V}
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Relativistic Klystron
Research for
High-Gradient
Accelerators

Principal Investigators: S.S. Yo and
G\ Wedtenskow

“Reporting on ot rescarch by Lasrence
Livermore Nationai Laboratary . Stantord
Lincar Accelerator Center, and Lawrency

Berheley Laboriorn

L arge linear electron-positron
colliders. compact accelerators,
and free-clectron Laser sources
require a new generation of high-
gradient accelerators. For example.
conceptual designs of hinear electron
colliders tor research at the trontier
of particle physics call for center-of-
mass energies of 1 to 2 TeV and
luminosities of 1077 10 107 em =~ &
Aceelerating gradients of

150 200 MV/m are desired 1o
mimimize accelerator length, and
frequencies of 11-17 GHz are desired
to keep peak-power requirements and
beam loading reasonably small. The
peak power necessary to drive
truveling-wave structure in this
frequency range with the desired
gradient is ~1 GW/m. with a pulse
length of 50-100 ns.

Pulsed electron beams of such
high peak power can be obtained
using the technotogies of magnetic
pulse compression and induction
acceleration (Reginato and Birx.
1988). Beam pulses of 1-kA current
and 50-100-ns duration are routinely
accelerated to several MeV at LLNL.
These beams contain several
gigawalls of peak power.

The tirst demonstration of
radiofrequency (rf) power extraction
from such a beam vielded more than

1(0)

institutional Research and Development

We are developing relativistic klystrons as a power source for
high-gradient accelerator applications that include large linear
electron-positron colliders, compact accelerators, and free-
electron laser sources. Our near-term goal is a high-power
(500-MW), short-wavelength (2.6-cm) relativistic klystron.

We have attained 200 MW peak power at 11.4 GHZ from a
relativistic klystron and 140-MV/m longitudinal gradient in

a short, 11.4-GHz accelerator section.

P GW at 35 GHz, using a free
clectron Luser tOrzechowskt er af.,
TORS, AL M. Sesslerand 508, Yu,
following a suggestion by W K. H.
Panotsky, proposed a more direct
method to extract energy by
bunching a relativistic beam and
passing it thiough extraction cavities.
Sessler and Yu suggested thatf
only pan of the beam encrgy were
eatracted. the beant could be
reaccelerated and energy again
extracted. The concept of repeated
reaceeleration and extraction was
called a = lativistic Klystron two-
beam accelerator™ (Sessfer and Yu,
YUR75. Relativistic kivstrons can be
imagined that span the range from
a 1-GW device powering | m of
accelerator., to a 10-GW device
powering 10 m. to a two-beam device
extending several kKilometers.
These ideas led to collaboration
between the Stantord Linear
Accelerator Center. Lawrence
Berkeley Laboratory, and LLNL 10
study how to combine the Klystron
concept with induction aceelerator
and magnetic pulse-compression
technology (Allen er al.. 1988). The
first experiments have been done at
the Acceelerator Research Center
CARCY at LENLL using as a gun tor
injector) an induction aceelerator
designed to produce 1-hA currents

with 1.2-McV Kinetic energy for up
10 75 ns. Three Kivstrons have been
tested with this injector:

« SL3. a multicavity Klvstron with
a conventional gun. designed 1o
operate al 8.6 GHz.

* SHARK. a subharmonic-drive
refativistic Klvstron with refatively
low gain.

= SL4. a high-gain relativistic
klvstron designed for a high-power
pulsed beamn.

Below. we summarize the design
of these klystrons, our FYXR
experiments with them. and our
tuture plans.

Kivstron Scaling. In a Klvstron,
the beam 1s velocity modulated by an
i drive cavity and allowed to drift
until velocity modulation bunches the
beam. The bunched beam is then
passed through another cavity that
may be used to extract rt power. In
practice. such a two-cavity klysiron
has low gain: most Klvstrons have
several intermediate “idler” cavities,
The first cavity bunches the beam.
The bunched beam drives the second
cavity to an rf voltage an order of
magnitude greater than the first.
which in tum bunches the beam more
strongly. This process continues until
the final idler cavity of the klystron’s
lincar-gaun regron.
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Bunching i~ determmed primanly
by the voltage onthe tinal idier
cavity. Afler this cavity. the bunches
are allowed o dntt unul the of
current is at a maximum. At this
point. the beam is passed through two
more cas ties: w highly detuned
penultimate cavity that sweeps still-
unbunched electrons into the bunch.
and an output cavity that extracts
energy by decelerating the beam.
The output cavity could be replaced
by i series of cavities or by
trav chng-wav e structure.

An important parameter in
kivstron scaling s the beam plasma
wavelength, Velocity modulation
bunches i de beam. However. space-
charge repulsion imodified by the
drift ube) causes the beam to
debunch. In the hinear region. this
process produces osciltations. The
distances between cavities in a
klvstron are chosen to be
approximately ane-quarter of a
plasma wavelength for optimal
bunching. For a tong relativistic
beam of current / and radius ¢ in a
narrow tube of radius A, the plasma
wavelength on axis i

S 1ThA By
P " I 1+2 Inthf)

where B =1/c and y= 1/(1 - B)-.
Increasing the beam energy
ameliorates longitudinal space-charge
effects but increases the bunching
distance. Increasing the frequency
reduces the bunching distance.

Our choice of a 2.6-cm rf
wavelength makes possible a
multicavity klystron that can
efficiently bunch a 1-MV. 1-kA beum
and extract power from it in a total
distance of 1 m. For more energetic
beams. bending magnets can be used
to create difterences in path engths

for particles of different energres.
Fhis permints bunchimg ot such beams
cven though their veloctty s nearly
independent ot energy.

Another important parameter in
Klvstron scaling is the magnetice field
necessary to focus the beam. For a
space-charge-dominated beam of
uniform cross sectici, the solenoid

Dhircctor < fortiatines

ficld B necessary 1o confine the beam
current £ o radius o s

va('l j ]
I = —_
ca A By
B 3 AKG e
- u
Center electrode

‘ Anode l Solenoids
Cathode
|~ 22m =
(b)
Gain ~200 MW
Drive cavity cavities f
Penultimate

2S5 5 i_T

9.2 mm

[ im

Figure 1.
experiment.

Schematie of (a) the SNOWTRON injector and (b) the SL4 klyvstron

by
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I the retativistic Ky strons
discussed here. both yand Fare
greater than in cony entional
Kyvatrons. At shorter wavelengths,
higher magnetic fields are needed 1o
focus the beam since the radius ef the
drift tube scales with wavelength. An
estimate of the required field must
include the etfects of beam bunching.
The peak current in the bunched
beam tvpically is about four times the
initial de current. Thus the magnetic
field required is tvpically twice that
caleutated for focusing a de beam.

FYSY Experiments. Most of our
experimental studies were performed
using the SNOWTRON injector wt
the ARC factlity. SNOWTRON ixa
linear indaction injector composed of
ten 150-kV induction cells driven by
pulsed magnetics (Reginato and Birx.
1988). For klystron experiments. a
triode-electrode configuration was

used with a cathode of 12.5-¢m
diameter and 35-cm spherical radius.
The inner diameter ot the anode dnift
tube was 8.8 ¢, The cathode was
placed 35 em from the downstream
end of the injector (see Figure 1),
Accelerating voltages up to 1.2 MV,
beant currents up to 1.4 KA. and
pulse widths up to 75 ns have been
obtained. The greatest stress on the
injector is 200 kV/em on the cathode
shroud at peak voltage. The DPC
computer code. which was used to
design SNOWTRON. predicts peak
currents of 2.3 KA at 1.2 MV (Bovd.
19871, However, the operating
pressure of the injector led to cathode
contamination. which preciuded
uniform space-charge-limited
emission.

The distance from cathode to
klvstron was 4 m for the SL3 test and
1.6 m for the SHARK and SL4 tests.

Table 1. Parameters of relativistic klystrons tested.

Output frequency, GHz
Drive frequency, GHz
Qutput power, MW
Peak (maximum)
Wide pulse (maximum)
Design gain, dB
‘Efficiency, %
Design
Operation (maximum)
Beam voltage, kV
Design
Operation
Beam current, A
Design
Operation (maximum)
Number of cavities
Total length, cm
Drift tube diameter, mm
Beam-off loaded @
Inpui cavit
Idler cavities
Penultimate cavity
Output cavity
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SL3 "w.ARK SL4
8.57 1.4 114
8.57 57 11.4
75 82 200
75 47 68
54 20 65
60 20 40
55 25 50
330 1200 1200
1000 1200 1000
300 1000 1000
350 750 750
3 2 6

31 25 98

i1 19-6.2 14-9.2
250 725 280
4000 — 120
4000 — 3800
4 40 20
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Just dow nstreant from dic wjector is
a 30-cm taper. where the beam pipe
narrows from an 8.8- 10 4 1.9-cm
diameter. The pipe narrows further to
9.2 mm in the SHAKK and SL4
Klvstrons (see Figure 1), Nine
2.5-KG solenoid coils powered by
five separate power supplies focus
the beam between the cathode and
the klystron. Three independently
controlled. 5-kG solenoids tocus the
beam in the refativistic klystron.
Four sets of dipole magnets for
horizontal and vertical steering

are used to correct for beamline
misalignments. Additional klystron
parameters arce histed in Table 1.

Beam transport calculations
made with the ST code have been
used to estimate the required
strengths of the focusing fields for
100% current transmission through
the klystron (Boyd. 1987). The
result of one such caleulation is
shown in Figure 2.

SL3 is a conventional high-gain
klystron designed 10 operate at
8.6 GHz with a conventional gun or
injector. With this gun replaced by
an induction accelerator. it served as
an expedient first demonstration of a
relativistic klystron. It was driven by
a F-kW_ X-band. traveling-wave tube
(TWT) amplifier.

SHARK is a two-cavity.
subharmonic-drive relativistic
klystron. The input cavity is driven
by a 5-MW_5.7-GHz rf klystron that
modulates the beam velocity. After
drifiing. the beam current has large
Fourier components at 5.7, 11.4. and
17.2 GHz. Resonant cavities tuned to
the higher hurmonics can be used to
extract power and measure
breakdown fields at the higher
trequencies. The 11.4-GHz output
cavity is positioned after a 25-cm
drift pipe tor optimal bunching at that
harmonic. With only two high-Q
resonant structures in this Klvstron.
problems with beam breakup
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instabilities are minmmized.
However, the gain of a two-ainan
tube is low. Theretore. to achieve
a beam-to-rt power conversion
comparable to that in multcavin
tubes. a convenuonal klystron is used
todrive SHARK. The rf ficlds in
the input and output cavities are
comparable tor 2 MW of drive and
S0 MW of output because ot the
different Os.

SHARK was designed as atest
bed tor cavity designs. It atlows
us to study a wide runge of beam
parameters and minimizes ditficuliies
with beam propagation. The drift
pipe and output cavity are casy 1o
replace. making it possible to use
SHARK to study different output
cavines at several frequencies.

SLH is a six-cavity relativistic
klystron that operates at 11.4 GHz
and was designed specifically for the
50-ns. pulsed SNOWTRON beam.
Theretore. unlike most klystrons. it
was designed without an integral gun
assembly. To make the rf filling time
of the SL4 cavities much shorter than
the 530-ns beam pulses. three of the
gain cavities are coupled by irises
and waveguides to absorptive
ceramic wedges. This results in
loaded Qs of 120 and filling times
of 2 10 3 ns for these cavities.

To reduce the difficulty of
maintaining a well-focused electron
beam over a 1-m drift length. we
tapered the SL4 drift wbe. Its 14-mm
diameter in the first four cavities
tapers to 9.2 mm just upstream of the
penultimate cavity. Tapering permits
the use of solenoid magnets with
axial fields of 2.7 kG for most of the
klystron’s length. A 5-kG solenoid
surrounds the penultimate and output
cavities.

The design gain (65 dB) and
efficiency (40%) for SL4 were
obtained with the MASK computer
code (Eppley. 1988). MASK
simuluations optimize the SL4 design

parameters and predicted the
cthicieney and gan at several
different beam currents and voltages.
Some smmulation resulis are shown
Figure 3. The saturation dive
power is approxinutely 200 W
which is supplied by a 1-kWO X-band
TWT ampliticr.

Because ot the high peak electric
ficlds in the SEA penultimate and
output cavities. good vacuun is
NeCessary o prevent cavity
breahdown. A 300-titer/s ervopump
cevacuates the kivstron collector
section. and tw o 8-liter/s vacuum
ion pumps evacuate the output
waveguide. In this configuration.
waveguide and collector pressures
can be maintained at 10°* Torr.

To complement the SL4
experiment. a 26-cm-long. 11.4-GH/
aceelerator structure operating in the
2r/3 raveling-wave mode was built.
This constant-impedance structure
consists of 30 cells and has r/Q =
14.2 kW/m. The attenuation
parameter is 0.136 Np. The group
velocity is 0.03 1e. giving a filling
time of 28.4 ns. The iris diameter
wits chosen ta be 7.5 mm.
Parameters were calculated by the
SUPERFISH code and confirmed by
cold-test measurements. Coupler
dimensions were approxinuled by
extrapolation {rom S-band data and
finalized by cold test. The accelerator
was fabricated from machined “cups™
that were stacked and brazed. A
special tool permits each cavity to be
tuned up or down in frequency to
obtain the correct phase advance
per cell.

Experimental Results. Our
design goul of 100% heam
transmission through the Klystrons
has not been achieved
experimentaliy. even after focusing
adjustments were made. The
maximum current transported
through SHARK 15 7530 AL only 653
of the current entering the Kysiron.
L p to 80% transmission has heen

Dhirecton ~ latiatines

achieved at 400 N0 Transmission
achieved through SE4 cwhich « tour
nmes longer than SHARK s 3537,
al SUO A and 63 at SO0 AL
Transmission s mdependent ot o
drive tor SHARK. For SL4. a shight
decrease mtransmission was noted at
high rt output levels. cThere was no
downstream current monttor i the
SL3 tests: ransmission through S1.3
wis not measured. )

The SL3 test was designed o
demanstrate of the etfects of putting
a comventional klvstron tube estripped
of 1its gun ina high-power pulsed
beam. No unusual or unexpected
phenomena were observed. No
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Figure 2. Beam size calculated
through SHARK.
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Figure 3. MASK simulations of S1.4
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cvidence of multipactorn, 1
breakdown, parasitic oscrllations, or
other instabilities was absenved. The
ri-pulse nisetmies were S to 10 ns
These pulses reproduced the shape of
the beam current pulses guite well,
Peakh power of 75 MW was attained
with an SOO-RV. ~230-A beam.
Output powner agreed well wath the
predictions of the MASK simulation
code.

Peak output poswer ot 2000 MW i
114 GHZz was attained wath the S14
Klvstron using a Y30-RV420-A
beam. SL4 has not vet operated at Hs
HO00-A design current. However.,
agreement i~ exeellent between
autput power measured at lower
currents and MASK predictions
{Figure 3) for operation ai these
currents.  The 200-MW peak power
delivered by SL4 1o the 11.4-GHy
accelerator corresponds 1o a
loagitudinal acceleraung gradient of
140 MV/m. Earlv indications are
that there is appreciable dark current
in the accelerator when the
accelerating gradient exceeds
90 MV/m.

In our tests of both SHARK and
SL4. we observed that as the beam
current through the klvstron is
increased up to a certain level
(~250 A). the output-power pulses
remain relatively tlat. However.
when the beam current is increased
bevond this level, the trailing edges
ot the output-power pulses diminish
in amplitude. while the leading edges
continue to grow. This behavior in
SHARK tests is illustrated in
Figure 4.

Qur ability o abtan {lat output-
power pulses s affected by beam
current, ri-dnve level. and tocusing
nuagnetic-ticld strength. The
pl".lL‘llL“.ll importance of these
observations s that even though
200 MW of 1t power was produced
with SE4 the mavmum, reasonably
fhat rt pulse achiesed was only
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Frgure 3

Swrdeaind Beeh peak

Ihis pulse shonemns
phL‘l\\‘lHL‘”\‘H [ANN Y RISV Hll;‘ﬁdl!:l;’”l
to mathimg it lugh-power rt pulses
It 1~ ot due te beans braahup because
the transmitted Jdo beam current pulse
does not shorten woth the ot pubse
Tw o possable evplanations are
anomadous beam foadimy and
transicent ¢redts

M obide the beaim v onn seoonidars
clectrons produced by vravs are
crtted tromn the high cieaine tiekd
When the

cavity tiekd s fon these secondanies

reions around the cavin

oscilbate o trgectorieos lose e the
vanity wabls soath ne et enerey
absorpiion At hicher tield eradients,
these electrons have longer path
lengths, Above a enncal hield vatue
(=200 MV -mo therr path lengths are
long enough tor the secondaries o hit
the opposite nose cone and deposit
thewr hinetie energy v the walis,
which constitutes o foading
phenomenon. The ~ccondan
eicctrons i this anomalous beam
loading max be caused by vrans
from the beam. Hencee. they um on
and otf with the beame Prelimiman
calculations indicate that the vrans
produced are consistent with the
secondary -electron currents reguired
o account tor the addiional loading
{3-10 A

We recently mstalled @ new drmve
cavity for SHARK with an ron ning
that shunts the magnene field trom
the drive cavity, creating o magnetic
hole near the cavainy s center. This
experimentally increased the onset
of the pulse-~hortening phenomenon
10 aboy ¢ operating conditions
However. the shape of the magnetic
ficld mcreased the radial thutter ot 1he
beam atter the cavity Cavities that
operate with fower clectne hodd
leveds have been bubt and are ready
tor esting

e adeiient o anorabons hean
coandintransioni Voo ts dae e
dortnial resisbve foadine and reaciing
Jotung ot cavities by g hash powa
pudsed beanrmay mtluence the shape
of the output-poswer puises e
pubse shapes we hane cadoalated ook
strih s stlar toosome ot the
pulses we have vhsernved They mas
be descrtbed gualitativ ey as having o
transient precursor toltowed byt
pubse FPhe precursar s due pricaly
1 the transient detaming that results
tron redc iy e bean foadimye andm
~omie cases. iy be ot much Lareer
amphitude than ihie raling at part o
the pulse Hizh-power thar wop
pulses have emeread m oo
cdculations with aodrving: tregquenc s
hands wdith narrower than and <shitred
upsard trom the handwadth ot the
farge precursor However, we have
not yvet obsenved these rectangular
puises trom SEL4atany trequency.
presumabliy because of anomalous
beam loading

Onther expenmmiental problemes
cncountered were breshdownsan the
SHARK and mulupactoring in the

SE S put ot Whon e

shalbo Ut STHEVRK G operated
bt e teveds as bioh as 2NN
wthioal arcine s iosing
proviessed. the aromy threshodd
sradualy decreased o about TAW
Vomg s cvidenced by the inpa
ety s reflection coetticicnt
~addenty umpinz o umty and
~tanvang there untd the end ot the
drve pulse A threshold. the ares
were sttnated appatenthy at random
tnes dunme the pulse \tdrnve
fevels well above threshold, the aros
occurred on eveny pulse and ~tanad
W could
tarse the thieshobd trom 1o abowt
NN byt processing

IS 20 ppsoswath the beam ottt The
Cav iy wis processed i this way tor
I 2 hours. Howevero when the

carby i the drnve pulse

repetition riate was reduced o pps
and the beam was tumed on
tnadequate radation shiclding
hmtted the repetimion rate o b pps
with the beam ono, the threshold
quickhy decreased agam to about
AW and fimited the miavamum
output power that could be obrmed.

ta thy
g > . - - - E
= 9
i3] > o .
E o
o} =1 - . . .
n -
20 ns div

Po. = 68 MW Pouy = 202 MW

Epy =930kV Ey, =930kV

I =300A . =420A

B 14 kG B 1.4 kG

! =1134GHz t =1145GHz

Figure 50 Peah poser in SEA tests: tan low iwider and the high inacrew s pulses.
Pulse shortening at high peak power is the mast serious problesm encountered in

our relativistic khystron experiments.
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The retlecnion cocthicient o the
ST+ put cas s s toction ol
At e peaer cvenoachen the bean s
ot AU dnn e devels o 0N e
cotiiorent socotstant and cgual b
that measured dunme cold testing,
Vhove a 0W drve it drops rather
abraptly Sice the cavity s heavaly
cverceupled S sndins waee
vatio s this dons o cocthicient meadis
that somcthims s absorbine power
troni the cavaiy o The threshold to
the onset s sensitin e o the solenond
Bouchd
mnltipacton

Wotee s s evidence ot
Severtheless, stable
cutpal pewer was achieved

At present. SE4
and the fush-crnadient aoccleraton

Foorie Ploos

sectmone are expermmental and tests wie
contimung. To turther undertand
transicnt clfects. we wall continue o
maasure put-cavity beam joading
and detming on SEA0 Sindar studies
will be mimated on the heh-tickd
SHARK mput cavity when ibs
ramnstalled. We hope o study
varrelations between imput-cavin
heam toading and output pulse
shapes as tunctions of beamn energy.
current. and tocusimg on both S|4
and SHARK. Studies of fngh-
aradient accslerator breakdown a
high hiequenaes and measarement
of acceleranng eradwents alsoare
anticipated.

To reduce anomalous beam
loading in SHARK. we plan 1o
applhy techniques that have reduced
multipactorning m other il systems,
These mclude collimating the beam
aperture upstream of the ks stron, rf
condittiomng at higher repetinion rates
with better shielding. and stoiung the
noses of the drive cavity 1o reduce
sevondany -electron enission

HEN

Soveral meditications ot
cuttent SEEARK catput cav e g
planed st nwal berephaced
by the SEA penutimmate and ouput
canities whinch were \f\‘\l;llt'\f das
medubar section The addition ot
penultimate cavity 1o SHARK should
tmpros e bunchime and increase
output power. Second. o ching
woave output structure that has heen
tabricated will alse be used to rephace
the SHARK output cavity New
output cavities at the 37 and
7 GHYz hirmonmicos may be buh and
tested.

W are also buddding coversion o
SEA that s better \'I;lglh\\ud 1o tocate
the cavity i which the onset ot the
pulse-shortenmy problem occurs. In
the new SES sctup. the electnie fields
i all of the gaun cavities will he
monttored.

We waoukd Tike to operate the
relativstic K siron at beam energies
higher than what i possible using
veloaity modulation (23 MoV,

A chopper scheme tor current
modulation at these higher energies
has been worked out and s bemg
prepared tor testing. The schemwe
uses atrunsverse deflector cavity o
sweep the beam past o colhmator,
Atter the collimator. the chopped
hean s then passed through several
transter cavibies. With a 3-MeV,
F-RA beam. we should be able o
produce near § GW of rf power al
1.4 GHz. To reduce the deflection
system’s sensitivity to efectron-heam
entry angle. energy . and enmittance.
the system is fully confined within an
avtal magnene field with o guarter-
betatron-waveleneth resonance
between the deove cavety and the
cothmuator The system has a high

cnergy aeeeptance and cood phase
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stabidity swath enly omedest
sunttanee srowth

ovad i understandime wivat 1~
OUCUTTITE T OHT CAPCTITICTE S W
have been deselopimg several time-
dependent Khvaaron codes. A one-
dunenstonal parnicle code was
developed carly mour relativisnie
hivstron program and has been used
o determine proper distances
between cavitics. A two-dunensional
boeam dyvnamies code s now under
wav, Work ona K stron-canon
clectromagnenes code that includes
higher-order modes and deviations
trom ovesymmetry s also under way,
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Advanced
Technologies for
Growing Large
Optical Crystals

Principal nestigators: 1o F. Cooper and

1. L \thertan

¢are deselopimg new
W technotosies tor growng
ophcal ervstads i the torm ot large
~absto s 200 cm Y wath the save.
shape. and opucal homogeneis
required tor high-power lusers.
Currently. the tinorable properties of
known iaser materials cannot be tully
exploited because of imutations in
scale-up and optical homogeney
cncountered with existing oy stal-
grownth technologies.

We are attacking this problem on
several fronts. We have designed and
hav e had butlt a clussical Bridgman
furnace tor growing slab-shaped
crvstals. We are growmg
neodyvmium-doped virium-
aluminum-garnet 5N YAGHY e stals
in a gradient-freeze furnace that s
similar cnough to the new furnace o
alfow us 1o address erystal-growth
problems common to both turnaces.
We are also improving the analytical
technigues used to address critical
diagnostic. control. chemistry. and
materials issues and to develop better
thermal diagnosties and more stable
furmace-heating units. We expect that
we will be able subsequently to apply
the equipment and techniques
developed in this project to other
important laser crystals, such as
gadotimum-scandum-aluminum-
garmnet (GSAG) and hithiam-calcium:
alunimum-fluonde (L1ICAL,.

New Furnace Developmen
Avertiwcal Brdgman turnace has
been designed and buillt 1o our
speaitications by Crastalon, Lid.
England: 1t will be dehvered o
LENL i January 1989 This fummace

fheees g - bt gt o

We are developing a maodified Bridgman process for growing
large, optically homogeneous crystals for high-power laser
applications. 1o test this crystal growth process, we have
developed a new, inductively heated furnace and have modeled
the temperature distribution within it. We have grown Nd:YAG
crystals in an existing furnace of a related design 1o resolve
critical diagnostic, control, and materials issues.

wilb enable us o grow large. slab-
~haped crvstals of ngh opucal
quahinn. Wath st we walb test
advanced turmace-control programs,
dutterent heanng configuranions. and
new turnace and crvstal-growth
diagnasties,

In the classicad Bndgman
crstal-gron th process, an ampoule
containing a pohvenstalline feed
material cwith the aser-actine
dopant and a seed eryvstal s owered
through a two-zone furnace o
progressively medt the feed material
and grow the crystal (see Figure Tay
The top sone s held at o temperature
above the melting point of the
material. and the bottom zone s held
at a lower iemperature. Anansulated
adiabatic™ zone between these two
actively heated regions serves 1o
Natten the melt/erystal intertace. The
temperature gradient at the interface
is determined by the temperature
difference between the upper “hot™
sone and the lower “cold™ zone.

In classical Bridgman growth
of many materials. the Laser-active
dopant in the melt builds up at the
melt/erystal iterface because it s
selectively rejected by the growing
cnvstal. Iis concentration mereases
monotomically along the fength ot the
crystab, and this mhomogenernty van
degrade kaser pertormance. One
o our primary motivahons for
developing a moditicd Bnidgman
Process s fo arow enystids wath an
vty level or homogencous dopant
concentration.

in our modiicd Bndemuan
process. o thurd therniad region s

added o the turnace. above the hot
sone. which s colder than the
melting pomnt ot the enstal vsee
Freure Thio This topmaost zone serves
as a preheater and permitts the size ot
the muddie hot zone 1o be reduced.
This relatively smadl hot zone
produces ondy a smadl region of meht
in the ampoude: above the melt zone
i~ the polyersstalhine feed slab and
below 1t s the newly grown ey sial
Viewed from the ampoule’s frame of
reference. this small melt zone moses
from one end to the other: we call
this vartation of classical Bridgman
crastil growth the “moving melt
rone” IMMZ) process. A steady
state s reached inthe MMYZ process
m which the rate at which manenal i
added to the medt at the upper
mierface equals the rate s which it
s “trozen” mto the newly grown
crvstal at the lower interface. Laser-
active dopants in the polyven stalline
feed will theretore be uniformly
distributed avially. In addition. the
small melt volume stabifizes flnd
flow, thereby producing a crystal
with a high degree of optical
homogenerty.

A process related to clissical
Bridgman crystal growth s called
snxdient freesze thigure 1o A
temperature gradient s established i
the turnace using tapered radiation
shields. and the Tocation o the melt
crastal mtertace s determimed by the
position of the meltimg pomt i the
turnace  In the gradient treese
process. the ampoude and s contents
die stationary i the furtiace: steady

|0
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teduction of peswer to the tumace
catses the melt crvsta et tacy
toomove upwand Thus oo the
perspeatine of the groewang onstal,
the gradient freeze process s
wdentical o the classaical Brdgman
The mam himntation ol

the gradient trecze provess s the
ditticulty of mamting the thermal
aradient required tor growth over the

Process,

tull length of the ampoole. Tmportant
results obtained inory stal growih
cypermments i oour gradient freesc
turiee we desertbed bater i this
arhicle.

The Crvstdon turmace s shown
schematicathy in Frgure 20 frwall be
delnvered as g two-zone clinsicl
Bridgman turnace. and we wilb use it
as such 1o grow farge ors st skabs o
et advanced contiol programs.,
fumace configurations, and
dragnostics prior 1o addinon of the
third thermal zone. The Crvstaloy
furnace core consists of two stacks ot
graphite oy hinders (susceptors that
are inductively heaied by two 19-KW,
25-kH/ power supphies to provide a
core temperature of 21000 C with
exeeptional power stabthiny 10,0340,
1 The graphite oy hinders are called

(a) Classical Bridgman

Temperature +

—_— i
Hot zone
Melt
" Adiabatic zone
Crystal F
Cold zone

Melting point

stscoptons becanse they coaple awith
the ciectromagnetic hichd produced
byothe 2enetator codls Al
rectangula stot accommodates
the rectangt L ampoude. which s
supported on governead shatt that can
he moved momcrements ot 00125 .
I'he core s surrounded by tibrous
craphiie msedation to retard heat Toss
The temperature of the tarnace
must be extremely stable 1o grow
an opucally homogencous crvstil
RBotore we could \|\L‘L‘l|} the I'L'quII'L'd
temperature stabibity tor the
Crystaloy fumnace. we tirst had 1o
learls understand the relanon
between temperature luctuations
i the melt zone duning crystal
arowth and local stress-induced
biretringence (a kes mdicator of the
degree of optical homogenceiis y i the
resulting ervstal. Abrupt changes i
temiperature at the meli/eny stal
interfwe dunng gromth wall alter the
rate of icorporiation of dopant mto
the crystal structure. causing the
expanston or contraction of adgacent
lavers and thus introducing shear
stresses i the cnvstal. Since these
lavers contam varying concentrations
ot the dopant (e.g.. neody nuum. they

{b) Modified Bridgman

Temperature +

Preheat zone

Melt | Hot zone

N FAdiabaﬁe zone

Caold zone

Melting point

Postitabinin s Baso o0 0 vt Bl o ot

heretore has e v retnacbinge
andeves and dectees of stress e ed
hirctnimeenee o an otherwise
winanaal nudenals Cnstals Ztoan
under such condiions wall continn
striations. ~senous pptical detects tha
are vesithic under polaized iz

We derved an cquation that
relates stress hirctnmgence to
Huctuwations i dopant concentrations
tCooper, TSR contirmmy the
resahis o Havahawa of af (TURS )
hused on photoelkasie and clastic
strinn theors. U sing theoretical and
cpirical tharmodynanne data, we
eatended the model o account tor the
dependence of dopant concentration
on temperature during oy stal growth,
When we evaluated this relation for
NEYAGL we found that a low
absolute birefringence of 3 nm/em
demanded a growth-temperature
stabidity band o 0.1 € a1 the growth
temperature of 1950 € (Cooper.
TUKK).

We maodeled the mduction
heaning and heat transfer of the
Crystalow fumace through the
graphite imsulation and susceptor
stack to determune the stabiling of
the power supply needed 1o restrict

(c) Gradient freeze
Temperature
————
End of growth
_> - _
Tapered
radiation
Meit
Crystal

3

Metting point

Figure 1. In the classical Bridgman process cai an ampoute containing the polyerystalline feed slab owith laser-active dopant)
and a seed crystal is lowered through a two-zone furnace: an upper hot zone is separated “rom a lower cold zone by an
adiabatic region that flattens the melt erystal interface. In our madification of the classica Bridgman process thi, a preheat
one is added above the hot zone: this allows a redudtion in the size of the melt zone and th ¢ yvolome of melt. producing
conditions in which optically homaogencous crystats can be grown. The gradient freeze configuration (e is closely refated to
the classical Bridgman process (from the growing crystal’s point of view i the ampouie is stationary within the furnace and as
power is progressivels reduced to the furnace. the erystal grows as the melt erystal interface moves upward.
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Foraiitanteniad Kovoar ol et beor o

ampenle tomperature Chanses e
b th o C onante e W
Tound that femperaline T tuatioss o
The stscepion suthace w et alleniialod
smuttledy i about 1< by the
thermal mass o Hhe susoephot
Theretore o provede the regured
0 C ampoude remperature ~tabibiy,
penner Thactuations st be e e
b 2os perneds s hich o turn reguines
a peonver stabiiny or 00 Arherton,
Tassy Fhe poncer stabilins ot the
Crvstadon turnace has been measured
o Vh\- [EXRRE

Crvadiont boco o Tociniagn
Concurrent woath the development o
the Cryvstaboy turmace. s conducted
crvstab groneth experiments at EENI
o resistinveds heated turmace
adapted tor gronth by the eradient
freesze techmique. Gradient trees:
gromth of Nd:YAG provides
inv aluable mtormation tor the

Thermocouple weil

Graphite feit insulation

Insulated
growth zone ’—————‘—[

Induction coil /

R TR A A R R

“‘ PRI R RN .o et
CHEgae s st s o e b

Toaluto s bl crac e cotibaitie

Stoes et ad sh et abiors ot

densiinand anaiozous protiles o
fompernature g Cheneal acbivets
Pho cradiont trecs e exvpeniments e
cnahling o~ tocdesclop and tesi
advanced thermad diagneste s
resolve nnderiais issones concerme
the cronwth and Chenmcal stabiby ot
Y NG e b cracibles s and develop
A oSt Conipuics conbiod procrames
Pt use et MIAEZ fmae e 1O oope
cn U TUINS

b cradwent trecse turnace.
specndy desiened shueldime ta
series of concentric metal tor tibess
surtounds the ampoule and inposes
avertical thermad gradient ot about
HOC7em A power s reduced o the
turnace. orstad growth foltow s the

Stack of graphite disks

Tie rod

Graphite disk

Figure 2. The Crystalon Furnace consists of two stacks of graphite divhs
tsusceptors) that inductively couple to the magnetic ficld of two independent!s

controlied generatar coils, surrounded by fibrous graphite insulation. The two
stacks of disks are separated by insulation to flatten the melt ervstal interface. A
rectangular ampoule is stowls lowered through the axial slot in the graphite disks
fo grow the crystal.

cid s apeand s tsplacement
Srh s et sl bt e
b

Chn Cranhiend Tree/ze Tatthaee 1
Controfted by g Hewtent Packard
ONTo oo omipute: We developed
avonttod proveam that provedes tor
cascaded poweremperature control
sz teedback stenals trom power
and remperature diagnostics waithm
the tmace @ bhe primarpal
diaonostios tor measurme ad
montorng wimperature n the
turmae e and o the mefeonystal
intettace e bty desonhed i
Lable Br The procranm uses
femperatare -dependent PHDY
cocthicients to controd fimace
temperature 1o I Conera
femperature range of 200 o 2200 O
Power levels, temperatures, and
water and gas low rates are recorded
to pernnt guanttatnee posterowth
dnalysis,

Vel the Suseepior
Temperatire Divivibaron Prior 1o
and concurrent wath the development
ot the Crystaloy turnace. we apphied
the induchon-heatimg moded
developed by Grresho and Derby
TUNT Y o determine the power
depostiion profile i the new tronace.,
Wesolhved the tme-harpses.cversion
of Mavwell's equations wathim the
turnace chamber usmy o siusodal
current source term in the cotls
that surround the susceptor and
insulation. This vields coupled
clhiptic equations that are solved tor
comples turnace geometries with
FIDAP. o finne-clement Tud
Jdyimic code tEneleman, TUR2) 010
obtn the power deposition profile.
This profile i~ then used as the source
terne i the three dimensional heaw
conduction cquation o obtan the
resalting wemperature protife

\Woath these cadcabimons 1 Atherton
and Martin, FOSS: Atherton o af
TUSS L we verthied the tundamiental
induction heating approach 1o
stowng slab shaped cevsals hetore
Crastatoy bevan ther work W glso

10
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usad these calvulations o \lll\l_\

the cttedts of chanees m suseeplos
ceontetny and dennired two desien
hangees that sigmibicantdy amprose
the furmace temperature profile. One
change was 1o extend the susceptor
outside the adiabatie zone 1o thien
the medtorystad imtertace. Phe other
was Toouse an annular conductor
within the susceptor o provide an
aztmuthialiy untorm heat source.

I vahidate these maodel
predictions. we constructed w halr-
seabe mductin ey heated turmace
here ar EENLL Inothis tarnace. the
susceptor and sisalation are the same
Jdrameter but ondy halt as Tong as in
the Crvstalon turnace. The suseeptor
i~ heated by acsimgle J0-RW 25Ky
gunieraior, dentical 1o those
developed for the Crystadov turnace
but with refused power-stability
requirements. The minal results
trom tests in this furnace support our
madel caleulations. and further tests
are under way.

Vaterials Stidies. We are
developmg the new furnace and
el crowth process using
N2 YAG because 1t possesses
growth probiems 1y pical of those
cncountered with many other
Laser matenials. During process
development. it s enitically important
to distinguish process-induced

detects trom detects mherent to the
el or crrors i ts preparabion.
A~ noted aboves the eradient treese
method and our modibred Briidgman
provess of ervstal growth share
severad very important features te.y..
crucible-contained growth, verncal
stratitication of melt density. and
amdogous profiles of temperature
and chemical activity ) that attect the
inclusions, striations, and dopant
density of the resulting ervstal. We
examined Nd:YAG ervstals grown
via gradient freeze o learn how hest
to controd their growth and produce
opticatly homogencous erystals,

A few, rare inclusions of ALO.
and Y Al O, . resulting from CITors
in the composition of the starting
nutterials, were identified by
scinning electron microscopy and
microprobe analvsis. More common
inclusions of metallic tungsten
(~1 pm diameter. ~4 particles/mm- in
cross section) were found in Nd: YAG
grown in lidded but unseajed
tungsten crucibles. These particles
cvidently result from the dissociative
evaporation of alumina trom the melt
(ALO - ALO + O ) followed by
the reduction of dissolved tungsten
ovides by the ALO. Noinclusions
were found with Nd: YAG sumples
grown in seiled molvbhdenum
crucibles (procured from researchers

[ AN AR R NI PP I S 1Y sodopane

in the Peopie’s Republic of Chinan.
Thus. caretul choice of crucible
matertal and/or strict retardation
of evaporation should chiminate
inclusions.

We also examined the
occurrence of striations in Nd: YAG.
As discussed above, striations are
periodic vanations ol optical
properties (such as birefringence or
absorptivity) along the direction of
crvstal growth. In Nd: YAG. periodic
stress-induced birelringence reflects
local changes in the neodymium
concentration of the cryvstal. and
the concentration of neodymium
absorbed iy a strong function of
growth temperature. We constructed
a circularly polarized fight
polarimeter to measure the layered
strain fields in sumples of Nd: YAG.
Initial results show fluctuations in
biretringence of about 20-30 nm/
cm. which is in good agreement with
our model predictions for the
measured temperature bandwidth of
~17C in our unmuffled furnace. In
the Cryvstalox furnace. the use of
high-thermal-mass matenials tor
furnace internal components 1ogether
with the improved power stability
will provide the required 0.1°C
temperature stability and thus limit
birefringence to the target level of
3 nm/fem.

Table 1. Diagnostic techniques used to measure temperature distributions and fluctuations in crystal-growth furnaces operating

above 2000°C.

Diagnostic Precision Resolution Accuracy Description

Optical-fiber 01.2°C 10°*°C — Fast-response pyrometric technigue: can detect very small fluctuations

thermometry (OFT) (10 °C a1 1000°C). particularly useful for distinguishing between
hydrodynamic instabilities in the melt and changes in (umace power.

W/W-0.26 Re ¢ 0.1°C 10°C Used to measure fumace temperature distribution: also being used to

thermocouples guide development of furnace hardware to provide high thermal
gradients ¢ 10--20°C) reguired for crystal growth.

Rhadium - — C Provides a physical reference point ¢ 1966 £ 3°C) that can be localized

melting pnint

1o

within the furmnace for in sitee sensor calibration.


http://si.il

Institutional Research and Development

In addition. we measured the
distribution of the ncodyvmium
dopant in the YAG crystal using
x-ray fluorescence and absorption
spectroscopy. We found a nearly
uniform axial (vertical) distribution
of neodymium. despite the low
segregation coefticient of
neodyvmium in YAG. These results
are contrary 1o the predictions of two
transport models, one assuming a
well-mixed fluid and the other
assuming a stagnant tluid (see
Figure 3) and may have important
implications for our moditied
Bridgman process. When we
examined the radial distribution of
dopant in YAG. we found that it was
essentially unitorm except for a very
high concentration of neodymium
(roughly 30x enhancement) in a
50-pm-thick layer adjacent to the
crucible wall. where the interface
between crystal and melt curves
sharply downwards to form a crevice.
Such a crevice is predicted from heat-
transfer analyses. given the differing
thermal conductivities of melt.
crystal. and metal. but we had not
anticipated such a large concentration
of neodymium at the wall. We

—
o

conclude that the axial uniformity of
dopant concentriation results from a
balance of the rate of rejection of
neodymium trom the growing
interface. the flow of neodymium-
rich melt into the crevice. and its
spontaneous precipitation in the
crevice. This effect has not been
reported for growth of large cylinders
of Nd:YAG by gradient freeze: the
smaller surface-to-volume ratio for
these larger crystals would reduce the
impact of the relatively small layer of
neodymium-enhanced polycerystal at
the edge of the crystal on the overall
cryvstal mass balance. However. in
the growth of crystal slabs by the
Bridgman process. the surface-to-
volume ratio is similar to our small-
scale cylindrical experiments in
gradient freeze. Thus. we expect to
see a similar behavior for the growth
of Nd:YAG in the Crystalox furnace:
it this is indeed the case. we may be
able to produce axially homogeneous
Nd:YAG without adding the third
thermal zone to form a MMZ
furnace.

Future Plany. In FY89. we will
concentrate on growing slabs of

Nd:YAG in the Crystalox furnace in

3 T | —1.5
5 ' |
: ZE i‘id’% New crystal »! g
‘g 1.0 |2 ee I I og-
o ﬂﬁf . ] —10 £
z | Stagnant fluid 2
- =3
S | Measured model 5
E l dopant distribution | 2
= | €
i 0.5 | [ — 0.5 §
°
2 | a
§_ | \ Well-mixed
g | fluid model i
0 L 1 l 0
1} 10 20 40 50 60

Distance from base of crucible, mm

Figure 3. Axial distribution of neodymium in a YAG crystal grown in a gradient

freeze furnace. The dopant distribution measured in this crystal was found to be

nearly uniform. contrary to predictions by mass-transport models based on the

limiting cases of well-mixed and stagnant fluids. This uniform composition

- evidently results from a combination of balanced rejection of neodymium from the

- axial interface and enhanced precipitation at the crucible v all. This discovery
may provide a way to achieve uniform doping levels in slab-shaped crystals using

the classical Bridgman process.

Director's Initiatizes

both the classical and the moditied
Bridgman configuration. We will
also refine our models of temperature
distribution and stability to fully
understand their effects on crystal
growth and on dopant distribution.
We will continue to develop
appropriate crucible materials and
furnace controls and diagnostics. and
we will explore the extension of the
technology thus developed to other
materials.

References

Atherton., LY (1IRR). Analvsix of
Temperarure Fluctuations in a Graphiie
Susceptor. Lawrence Livermore National
Laboratory. Technical Memorandum LRD-
KX-025 (February 23).

Atherton, L. .. and R, W. Martin ( 1YS8),
Muaodeling Induction Hearing and 3-D Heat
Transter Jor Growth of Rectungulur
Crystals Using FIDAP. Lawrence
Livermore National Laboratory. Preprint
UCRL-99629.

Atherton, L. Y., R.W. Martin. D. H. Roberts.
and ). F. Cooper (1988). Induction Heating
Jor Bridgman Crysial Growtlhi: Model
Predictions and Experimental Results.
Lawrence Livermore National Laboratory.
Preprint UCRL-98K75.

Cooper. J. F. (1988). The Dependence of
Stress Birefringence on Temperature
Fluctuations at the Crystal Melt Interfuce,
Lawrence Livermore National Laboratory.,
Technical Memorandum OMG-88-19
(Apnil 5\

Cooper. ). F.. H. Lugg. M. Shinn. D. Roberts.
and L. J. Atherton (1988). Growth of
Yrrriwm Aluminion Garner by Gradient
Freeze Technigue. Lawrence Livermore
National Laboralory. Preprint UCRL-
98877.

Engleman, M. S. (1982). "FIDAP—A Fluid
Dynamics Analvsis Package.” Adv. Eng.
Software 4, 163,

Gresho. P. M. and J. ). Derby (1987).
Sodution of the Time-Harnwonic Semi-
Muvwell Equations for lnduction Heating
Uning FIDAP, Lawrence Livermore
Nattonal Laborators. Preprint UCRL-
97322,

Havakawa, H.. M. Umino, H. Mori and
Y. Fuji (198S5), “Observation of Striations
in NAYAG with Circularly Polarized
Light" dapanese I Appl. Plivs. 2480
1.-614.

111


file:///-ray

Director's Intuitives

SOl

Fyss

Diode Array
Development

Principal Investigaior: R. W. Solarz
Co-lnvestizgators: D. C. Mundinger. R, J.
Beach. W. F. Krupke, ana W._ ]. Benett

Fnr high-as crage-power
semiconductor lasers. waste heat
removal is the primary limiting
fuctor. This in turn affects both laser
lifetime and laser system cost.
Lifetime and efficiency decrease
rapidly as the operating temperature
rises above H0-30°C. and the cost
per watt of average power scales
inversely with the device duty factor.
The heat-sink technology currently
used 1o package diode arrays
typically allows a device duty factor
of only 19 or less. severely limiting
the use of these arrays in many
potentia: applications.

Our objective is to adapt silicon
microchannel coolers (Mundinger ¢r
al.. 1988) 10 cool laser diode arrays.
with the primary emphasis on
developing incoherent pump sources
for solid-state lasers. Microchannel
coolers were originallyv invented for
cooling wafer-scale integrated
cireuits and have proven to be very
effective at removing large amounts
of waste heat with only a small
temperature rise. Using
microchannel coolers for laser diode
arrays should easily give a factor-of-
ten improvement in average power
over present diode packages and even
larger improvements in lifetime. The
packages. once developed. should
allow pulsed and continuous-wave
(cw) pumping of high-average-power
solid-state lasers and will find ready
application wherever low-cost. high-
pulse-repetition lasers are required.

Our activities have been both
analvtical and experimental. We

Tostitutional Kescaroh e Do bognm ot

We are adapting the technology of silicon microchannel
coolers to that of high-power semiconductor laser arrays.
When integrated, these two technologies will make it possible
Jor semiconductor lasers 1o operate at average powers in
excess of | kW/cm® for very long lifetimes.

hav e developed a moded than
describes the heat flow between the
active region of the semiconductor
Taser and the coolunt, and have
projected the performance for a range
ot cooler architectures and channet
dimensions. We developed bonding
procedures for achieving reliable.
low-thermal resistivity bonds. We
also developed a simple and reliable
coolant manifold that provides high
flow rates with a minimum of pump
power. In addition, we fabricated and
tested several integrated assemblies
that demonstrate the essential
tfeatures of this cooling approach
using a one-dimensional diode array.
The measured performance of these
assemblies is in good agreement with
our projections.

Figure | shows the design for i
compact. high-power array ot diode
bars alternating with heat-conducting
fins to form a two-dimensional stack
trackh-and stack-architecturey. This
design uses the readily avalabie.
high-power. edge-emitting diode bars
to achieve peah power densities of
Kilowatts per square centimeter. It
also uses commercially available
synthetic type-2u diamonds as chip
carriers. These carriers have high
thermal conductivity and thus reduce
the thermal impedance between the
lasing junction and the surface of the
silicon microchannel plate to a value
that 1s small compared to the overall
thermal impedance of the diode
package. This rack-and-stack
approach could readily be realized

Laser emission
Diamond
bar /
Laser ‘
bar g
A A
i U
350
3 5 AV
| | | | P AR |1 ] | um
' ﬂ 7 Water
—| |--— — - flow
100 um 300 um v o
Silicon microchannel piate

Figure 1. Design of a compact. high-average-power, laser-diode avray. In this
rack-and-stack architecture. diode bars alternate with heat-conducting fins to

form a two-dimensional stack.
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for near-term appheations i the
longern werme sumlar tesuldts could adso
be realized usiy amonohithic o
surtace-cnntiing architecture i
juncuon-down contigurations.

The low thermal impedance ot
these nucrochanne! structures i~
achieved mwo wans First. the
coolant boundary laver i kept as thin
as possibie while sull mantmnmimg o
sutficient tlow rate o avord coolant
heating. Second. material with high
thermal conductivity s used to
maximize the effective area ot the
coolant boundary faver. The flow
through the channels i~ lanunar,
which gnves better cooling
pertormance tor reasonable pump
power than turbulent flow. Figure 2
is & photograph of the microchannel
structure.

Figure 3 shows the fabricated
assembly. consisung of a sthicon heut
exchanger. a diamond-chip carrier. a
copper #n-side contact. and a 3-mm-
thick laser diode bar. For this test.
the microchannels were “sawn™ in
the silicon using a diamond wafer
saw. After the channels were cut.
the silicon wafer was attached 1o a
borosilicate glass back-plate
manifold by anodic bonding. The
glass was etched with grooves o
provide for water inlet and outlet in
the microchannels. This composite
wafer was then cut into tour
individual coolers. each with «n area
of 4 cm®. Two electrically separate
contact pads were created on the
upper surface of the cooler by
depositing a 5-mm layer of nickel.
Silicon with high electrical resistivity
(>30 W/cm) was used to ensure good
electrical isolation between the two
pads. The 3-mm-thick diode bar was
a gain-guided device with 190-mm-
wide emitting facets located on
150-mm centers. Tyvpical optical
output for these devices is 5 W oper
3-mm bar or 250 mW per fucert at
three to four times the threshold
current. Threshold current was

nopicaliy T30 N per strpe oo
hannets and the slope cthicienas
Was O T,

Figure 4 plots the temperature
response ot one hieat sik dhode bar
assembly as o tunction o thermal
power under ow operation. This
measurement was made with a
“3-mm-diam chromel-alumel
thermocouple mounted onan s
stage with 10-mm resolution.
Temperature was measured on the
diamond chrp near the ennting end
of the diode wimay. By sweepimg the
thermocouple junction across this
surface. we deternmned tha the
dinae bar assembly was untform in
lemperature o within our measuring
aceuraey of =1 C.

From these data. with a heat-
source footprint of (LOOY ¢cm-,
we infer a thermal resistivity of
0.04 C/cm~/W between the diode-
diamond bar interface and the
flowing coolant. For comparison,
detailed caleulations based on
the formalism presented by
Tuckerman ( 1984) predict a value of
(.09°C/cm*/W for a close-packed.
two-dimensional array. In our single-

Figure 2. Typical silicon microchannel
structure.

Ereecton ~ bnidialive s

bar package. the sthoon expeneneed
sote thermal spreadimg. which
increased the ettective size of the
heat-source tootprint at the coolant
boundury Laver The degree of
cypected spreading is consistent with
the measured thermal resistancee of
0.04 Cleme /W,

Recently. we tabricated diode
packages with 3-mm-duam apertures
that can operate at igher average
power. Under ow operation they
achicyed an optical power of 1 W,
and under quast-cw aperation they
reached i peak power of 4 W, We
have also developed a silicon-ctched
mantfold system than will allow us to
achieve very short channel lengths
{~500 mmy. ensuring low thermal
reststivity and very uniform cooling,
These devices were recently
measured 10 have a thermal
resistivity of 0.013°Clem™/W.

+ Diamond
Negative 500 fin
electrode um /
lat——300 pm

\—4

Silican microchannel plate

End view

Figure 3. Diagram of the integrated
laser-diode/mierochannel ecooler
assembly used to demonstrate heat-
sink performance.
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Figure 4. Temperature rise versus
thermal power for one heat-sink diode-
bar assembly (like the diagram in
Figure 310 This assembly was
determined to be uniform in
temperature to within =1 C (the
aecuracy limit of our measurements).
For this assembly. we inferred a
thermal resistivity ol 0.04 C/em*/W,

114

During FYSY we exvpect to
be able o demonstrie vers high
thermo-optical performance with
dramond bar/microchanne! cooler
packages that deliver more than
15-20 W ew ) per centimeter of
aperture. and with two-dimensional
packages that generate more than
100 W/eme (ow) of uptical power.
We will continue our evaluation of
silicon-on-silicon bonding methods.
and we will investigate sarious
micro-optics fabrication concepts
for etticient!y transporting radiation
from two-dimensional diode array s
to sohd-state Taser amiplifiers.

st tional Rescarch and Povelopiment
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Development ot
N-Ray Liser

Holography
Principal Investigators: 1. Trebes and
1). Pinkel

Co-tmvestigators: 1. Brase. G. Clark,
1. Gray, R, London, 1). MVatthews,

D. Peters, M. Rosen,

P Van Arsdall, and T. Yorkey

' he development of v-ray lasers
tor mgh-resolution holographic
imaging of bological structures has
long been a goul of faser rescarchers
worldwide. Although v-ray laser
holography hus been demonsirated
(Trebes er al.. 1987). fundamental
questions remain about ils
practicality and its ultimate
limitations. We have been
investigating these issues both
experimentally and theoreticaliy.
Specifically. we are attempting to
determine:
* The optimal x-ray wavelength.
exposure. and exposure duration
tor coherent imaging.
= The ultimate three-dimensional
spatial resolution.
= The effect of the target object’s
complexity on resolution.
= The effect of x-ray absorption by
the object (and resultuant damage) on
resolution.

We have developed a simple
model for x-ray scattering for
biological materials in water based
on Rayleigh-Gans scattering (London
erual.. 1989). With this model. we
have determined the optimal
wavelength for maximum scattering
and minimum absorption. It appears
that an x-ray faser with a wavelength
of 4.5 nm. a coherent output energy

High-brightness x-ray lasers offer the possibility of creating
three-dimensional, high-resolution, x-ray holographic images
of biological microstructures in vitro. This new imaging
technology will be a major advance over current imaging
capabilities, with the potential to provide structural
information about cellilar components that cannot bhe
obtained by any other method. We are developing this imaging
technology and are assessing its ultimate limits and utility.

of 530 1. and a pulse duration of obtun three-dimensional information
S0 ps should be sufficient for from holograms. including teatures
holographic imaging of biological of the interior of comples objects.
materials with a 30-nm spatial Clusters of transparent plastic
resolution. spheres miake ~uitiable test objects tor
We have also been investigating preliminary swudies ¢see Figures 1-3);
the fundamental capabilities of x-ray their size can be scaled so that the
holography using scaled visible-light ratio of the sphere diameter to the
analog experiments (Peters er uf.. optical wavelength is the same as that
198%). Familiar holography deals for the desired x-ray resolution to the
with the three-dimensional x-ray wavelength. The true three-
representation of the (1wo- dimensional configuration is obtained
dimensional) exterior surface ot an by standard optical-microscopic
object. Using an optical holography sectioning. The holograms are
system. we can test our ability to reconstructed using numerical codes.

Figure 1. Photograph of two clusters of plastic spheres illuminated with laser
light. The lens is placed so that a plane through the clusters is in focus. Spheres
aboye and below the plane cause blurring. Some interference rings due to the
coherence of the illumination light are visible.
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These codes also allow simulation
and evaluation of avancty of
holography geometries. and wall he
used nest vear im our eflons to design
x-ray proot-of-principle holography
experiments for laboratory v-ray
lasers produced with the Nova laser.
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Figure 3. Digital reconstruction of the hologram shown in Figure 2. The depth of
the plane of the reconstruction has been chosen to give the best correspondence to
the image in Figure 1. Most of the features of the direct image are visible. The
remaining interference rings are due primarily to the presence of the virtual image
in the reconstruction. Improved reconstruction techniques and alternative
holography geometries are being explored.
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High-Resolution
Imaging

Principal Investigators: L L Davis,
N. AL Massie, and J. P Fiteh

he angular resolution ot ohjects

in space for ground-based
telescopes using conventional
imaging techniques is imited by
the distortions of the atmosphere.
This etfect is caused by the same
phenomena that cause stars o
twinkle and is the result of minute
temperature tluctuations in the
atmosphere. As a consequence. even
the 5-m telescope at Mount Palomar
in southern California has an
effective resolving power of a 10-cm
telescope. despite its enormous light-
collecting capability.

Obtaining diftraction-limited
images would be of great value in
terms of nattonal security and for the
discipline of astronomy. The Soviet
Union. for example. launches over
100 satellites per vear and is alleged
to have the capability of launching
four antisatellite weapons in i single
day. Forty percent of the more than
7000 objects in orbit belong 1o the
Soviet Union. The Soviets have
clearly demonstrated their launch
capacity and national resolve to
provide for a tremendous presence
in space. The mandate of national
security requires that the U.S.
determine the precise nature of that
presence. Our project seeks to
provide a low-cost technology for
ground-based identification and
assessment of objects in space.

Prrcetor < Lt os

We are pursuing advances in nonstandard imaging techniques

Sfor ground-based telescopes that will lead to angular

resolutions limited solely by a telescope’s diameter. We have
completed important experimental demonstrations this year
and have generated concepts for economical telescopes with
effective apertures of 20 to 100 m.

Substantial scientific benetits
will arise from diftraction-hmited
imaging as well, For eaample. at
telescope diameters of about [0 m.
tfeatures on the surfaces of supergiant
stars can be resolved: at 100 m,
active galactic nuclet can be resolved.
Contributions of high-resolution
imaging 1o date include measurement
of the separations of double stars,
determination of the diameter of
supernova 1987A in the Large
Magellanic cloud. and resolution
of the controversy concerning the
existence of superluminous stars.
Properly designed large arrays could
resolve planets around local stars.

Our technical approach. called
speckle interterometry. is derived
from a family of so-called
“nonstandard™ imaging techniques
and is the optical analog of successtul
techniques used by radio
astronomers. Astronomers have
pioneered such techniques in imaging
simple celestial objects. albeit with
extremely long integration periods.
The technological advances we seek
would generate high-resolution
images of the more complex satellites
from data obtained during short
observation periods. Furthermore.
given the desire for 10-cm resolution.
telescopes with effective apertures
greater than 100 m will eventually be
required. As a result. cost reduction
becomes a major objective. Our

near-term ohjectives are 1o provide a
hundredtold increase in resolution
together witl o tentold reduction in
cosl.

We faced three separate but
related technical problems, cach of
which is discussed in more detanl
below:
= Signal-to-noise enhancement.
 Signal processing: thai is.
unscrambling the signal of interest.
» Large-effective-aperture. low-cost
telescope design,

Our initial analvsis of the first
problem revealed that the signal-to-
noise ratio would be substantially
improved i we made our
observations at the red end of the
spectrum. This realization led us to
consider using a charge-coupled
device (CCDy imaging sensor. This
concept is contrary to the prevailing
wisdom. which asserts that imaging
should be performed in the
midvisible range with photon-
counting sensors, primarily because
the use of CCD sensors necessitates
overcoming additive noise. We felt
that to gain acceptance of CCD
sensors and to validate imaging
of complex. aint objects. an
experimental validation would be
beneficial. However, observing an
actual satellite would be expensive,
and detectors for optimal

b7
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obsernvations do notsetenst Thus,
as atk ceononuical and ads anagcons
alternative, we desizned an
caperient w o witch unagimg could
be achiey ed through substantial
turbulenice along o horizontal path
The level and nature of the
turbulence moour expermment was
~tnular o that experienced by an
observer fookmg upward. In addition
we conld perform parametric studies.
varving the brighiness: wavelength.
and other tactors,

To understand the probicm posed
by ~ignad processing in the spechle-
IMaging provess. consider
observanion by o targe telescope of 4
poti souree. such Random
distornons of the atmosphere. when

s sl

averaged over seconds, create o
cureular blur of Tight at the tocal
pluane. A perfect telescope of
diameter 1 imaging an object
through a vacuum would produce a
spol of angular width A/D. whereas
looking through the atmosphere
produces a spot ot ancular width of
Ajr,.where 7 is the coherence fength
of the distortion. 1y preally 10 .cm. By
using a narrow band filter 1o increase
the coherence length of light. and by
taking short exposures to freese the
distortons. we {ind that the image 1~
actuatly compuosed of a random array
of tiny spots. called speckles. of
size A/D. Information up to the
diftraction limit of a telescope is
present even though it is scrambied.
The 1ssue then becomes one of how
to unscramble that information.
Unscrambling the information to
obtain the image is the signal-
processing challenge.

The problem of recovering a
diffruction-limited image from a
sequence of speckle mmages is usualiy
treated as the separate estimation of
the magnitude and phase of the

spatidl treguency components of the
miages Magnminwde estmanon s the
SAC s power specirad estnatien
Sucht estimabons e .uuuuph\hul
by collectung i set of speckie mmages
from the object ot miterest and
second set of speckle dinages tromi
pomt star, An estimate of the power
spectrum for cach set of dati s
calvalated by averagimg the power
spectrum from cach frame. The
estinute for the pomt-~tar Jdata
represents the tele Wope- J“"“\PerL
systeme I the power spectrum
estimiate trom the object speckie
seguencee s divided by the power
spectrum estimate from the pomt
star, the effects of the telescope-
atmosphere system are corrected
out to the diffraction imit of the
tewscope, resulting in an estimate ol
the object™s power spectrum. This
technigue tfor estimating the power
spectrum (or Fourier magnitude) of
an object from two sets of speckle
images is called Labeyrie’s
technigue. Except tor certain special
cases, however, an image cannot be
obtained without knowledge of the
Fourier phase.

Twao technigues for recovering
the Fourier phase of the object from
speckle measurements have been
umplemened. One wechnigue. known
as Feinup's spectral iteration, uses
the magnitude estimate from the
Labeyvrie algorithm 1ogether with
tfinute support and positivity
constraints of the spatial-domain
object image to cslimulc the phusc.
This technique is computationally
slow, stagnates, and can lCdd 10
artifacts in the image. The second
technigue. known as bispectral
estimation. is similar 1o the power
spectral estimation of Labevrie’s
algortthm. but does not reguire a
reference point star for phase

ostination \p estimate of the
ohject’s bispedtrum thounier
raii~faiin of the obiect s inpic
cortelations is obtaed by ascragmy
the bispectra ot cach speckle trame,
The Founer phase estimate i~ then
abtined by an approprote
integranon of phases i the bspectral
estiimaie. This estomate. together
with the Labeyne esxtimate, produces
a reconstructed mage,

To evalaate the hasic nagmy
processes and the potential use of
COD detectors, we des L'|U[k'£|
capubihities tor both numenical and
experimenial simulation. Our
computer-based atmospheric
simubitor iathew s input objects 1o be
propagated through an soplanatic
atmosphere with arbitrars r The
ubjects are received by a telescope
with a pupil function defined as the
superposition of several circular
apertures with different sizes and
arbitrary obscurations. The simulator
also includes noise sourees resulting
from Poisson photon siatistics and
nonideal photon detection. With
respect o our “terrestrial”
experiment. we obtained several
gigabyites of datain FYRS. We used
a 0.5-m tefescope to image small
targets over a distance of 1.2 km.
Because we control the target size.
shape. and brightness, we can
demonstrate imaging over a wide
range of conditions.

Figure | shows images of o
satellite target obtained from data
taken during our ¢expenment. This
test image has a farge dvnamic range
and contains a full range of feature
sizes extending to outside of the
dittraction linit of our telescope.
This set ol data is representative off
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the pertonanee o aniioipaly ot
doorthimes apphied Toomasing o
SHCHTHE Qb tance ol about [0V Rk
v en though the reconstructien
represents o sianitioant enhaneenient
compuared o swhat can be seen i o
sitgde frame. we bebieve that tutare
IRPIOVEments mosignal processing
witl prosde inages of even creaict
tidetiny.

Our voal m wenus of reselunon
for an uubial sy~tem woudd be o
resolve 10 omat a range ot 1000 k.
This goal nuphies a telescope with
an eftective aperture ot 12 me o
achiove such an aperture. we will use
multiple tefescopes arranged in
nonredundant patiern wath outputs

Lt .\J at G SCiison,

as \hu\\ nn h\'ur The speckle-
INULINE Provess qulllrL\ that paths
be matched only 10 within the
coherence length of fitiered Light. not
to a fracton of a4 wavelength. as i
comentional imagmyg. Thus, the
requirement for path-fength matching
s nearly one hundred tmes fower.
With this concept in mind. we van
now contemplate the design problems
tor Large. low-cost telescopes.

Constder that the Keck telescope.
which v now under construction. 1~
planned te cost STOU nuthion and o
have a single. contiguous, segmented
aperture of 10 m. Telescope cost
classically scules as the diameter
cubed. Thus. u H)-m-diameter
system should cost S1.5 bithion,
Obviously. we must seck concepts
tor radical cost reduction.

Our ranonaic for achieving farge
effective apertures at fow costis
biased on several important concepts.
First, the use of an array of telescopes
specitically designed tor speckle
imaging provides for substannal vos

L) Single exbosugre

thy Diffrastion lmited

Figure 1. Experimental results from the terrestrial experiment. This experiment
was conducted with a (.5-m tefescope, a wavelength of 0.7 mm, an optical
bandwidth of 40 nm. an image exposure time of 3 ms, and a 3-cn|-diumclcr
satellite target (film transparency) at a range of about 1.2 km,
representative of imaging a satellite at 1000 km; 2000 speckle images were
collected with Dir, = 17. ta) Single. short-exposure speckle image: () numerical
calculation of the expected diftraction-limited image (no atmosphere. theoretical
best casel: (¢) reconstructed image using bispectral estimation: and (d)
reconstructed image after constraint (support and positisity ) impogition on the

hispectral estimate using 3000 iterations of the Feinup algorithm,

(AR
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reduction  Seoond trore oreview

ol desigi and cost reports tor Large
lL“L‘\(UPL'\, W l'L'\.U:_'IH/L'\l that the
dome, sites and avid engineenay
reprosent d major fruction o ultunaie
cost. As aresult we elected to
construct a telescope that would noy
require i classicat dome but would be
destgned o operite i the wind. Our
telescope would huve aninespensine.
inilatable cover durmg the davome
and tor protection durig inclement

weather Thodl o studies revealed

tat the hreh-altitude sites Classicaly

wsed by astronomers contribute
substantiadhy tocost Such sites are

unnecessary tor our teiescope: that s,

we need not rse above atmosphieric
water vapor for [0-gm astronomy,
Indeed. we hincadentitied G saite
alonyg the northern Cadifornia coast
that has superb “seeing ™ (large 1
valuest and that mvolves low coat
terms of construction. Fourth. the

t 1 o e oot

thickness ot o telescope s
contiolcd Boats 7 raio tmes e
drameter of the smalber lL'lz‘\U\pL‘\
Asaresubt our telescope array s
almost two-dmensional, This design
feads to tremendous savings n the
mechanmical structure and readily
admits o resonanees sutficiently
high tor protected operation without
i dome.

The telescope mount currentiy
iy ored by astronomers is known s

Array detector \
Light from X
distant object ; — .
>
g ™ Image plane
g,‘% Beam diameter=12m
—=Tracking flat S
—= - 1l 1, ——Narrowband
filver
o
Z N D \"\)
Tracker/compactor  Dynamic L
module delay-line Central imaging
module facility

Figure 2. Opticai lavout of the high-resolution-imaging telescope. Qutputs are coherently combined in this array.
Requirements for path-length control are nominally 100 times lower for a speckle interferometry telescope compared to those

requirements for conventional imaging.

(3]
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the azimuth altitude mount - This
HIOURE consisis of e tolatiny
turntahle resting on the sround tor
the aznmuth motion, with two posts
mounted it the periphery ot the
turmntable. Bearnngs for the alutude
motion are at the top ot the posts.
The telescope i~ supported hetween
these structures. Such aomount i~
quite furge: the unsupported span s at
least the

dhameter 1) of the telescope.
When objects pass directly overhead
in this design. they cannot be tracked
due 1o the requrement for mfinie
acceleration in the azimuth axis, and
such a tlure represents a major
draw hack tor satellie tracking.

In our concept. on the other hand
the telescope s centrally supported
on a balt or gimbal. and the longest
unsupported span 1~ /2. Because
the lowest structural resonance scales
as the cube of the unsupported
length. the resonance is clght times
higher. leading to greater freedom to
operate tn the wind. The mount i~
free 1o rotate in both angular
directions, allowing tor alt-ult
tracking control. and cables are used
as foree actuators. Figure 3 shows a

20-m. i 2-aperture embodiment of our

design. In addition. we have alse
destgned i [0-m version of the
telescope. This size would perhaps
represent an optimal compromise
between utility and risk and is hikely
to become the demonstration system.

During FY89. we will continue
to assess system performance. We
plan extensive use of the numerical
stmulator and will conduct additional
terrestrial experiments. We will also
construct a detailed design of the
10-m svstem. with the objective of
ascertaining a cost estimate aceurate
to within 207 .

e Plan view

iby Elevation view

{

Figure 30 g Plan view, thy elevation
view_ and oy photosraph of & maode! of
the high-resolution-imaging telescope.
Our unigque design uses a mounting on
i centrally located bafl. A 12-element.
nonredundant array is shown with
F.5-m telescopes for a total effective
aperture of 26 m.
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Fyss

Compact lorus
\ceelerator

Principal Investizgators: W Hartman
and 1. H. Hammer

‘ he obpective of the Compact
Torus Aceelerator project talso

known as RACE) i~ to acecelerate.

compress, and focus plasma rings

Vacuum vessel
Accelerator outer electrode

Accelerator center electrode

Gun outer electrode
Puise-gas valves (8) ¢ )

Outer solenoid

inner
solenoid

To
accelerator
capacitor
bank

To gun
capacitor
bank

To solenoid
‘ capacitor
bank

bostriisnneal Rescaroband Dhoveinpinent

The Compact Torus Accelerator project reached a major
milestone this year. Ring-trajectory determinations from
magnetic field measurements, accelerator inductance, and
code calculations using the measured ring mass are in good
agreement and strongly support the predicted acceleration
process. QQualitative agreement was also obtained between the
ring’s measured and predicted internal structure and between
ring-focusing experiments and predicted magnetic field
increases and ring reflection in the cone. In addition, we have
shown that a compact torus accelerator could be an efficient
soft-x-ray generator for simulating nuclear weapon effects.

contined by compact-torus magnetic
fickds. In 1987, we successtully
aceelerated plasma rings in straight
coaxial electrodes to 20 kJ Kinetic

energy with a trajectory -inferred
mass of 20 pg (Hartman and
Hammer. 1987). The measurements
of ring acceleration made then,
although incomplete. supported the
predicted acceleration process based
on magnetohydromagnetic (MHD)
theory and simulations of a constant-
mass ring. Measurements of the ring
trajectory with probes. measured
accelerator inductance. and
culculations of ring trajectory using
the RAC ring acceleration code could
be brought into agreement by fitting
the inferred ring mass.

In 1988. we improved our
plasma-density diagnostics to
measure total ring mass and the ring’s
internal density distribution, We
improved the sensitivity of our HeNe
interferometer to ~10 * fringes and
deployed a CO, interferometer to
allow us to measure the ring’s line-
averaged clectron density. Additional
monochrometer measurements of
visible radiation at the breach of the
accelerator enabled us to determine
that. under the conditions presented

Focusing
cone

Compact-torus
plasma ring

Gun center electrode

Figure 1. A compact torus undergoing acceleration by the B field in the middle
of our RACEFE apparatus. The initial magnetic field of the gun is established by
discharging the solenoid capacitor bank through solenoids located outside the
gun’s outer electrode and inside its inner electrode. Eight magnetically driven gas
valves admit roughly 1 atm cm® of gas. The gun's capacitor bank feeds the gun
through a low-inductance array of coaxial cables and collector plates. Discharge
currents Uy pically have a 2-us risetime and a S80-k A peak current.

Bl

here. the aceelerated ring was
composed of nearly all hvdrogen ions
(0. C* < severad pereent). Thus the
ring mass could be estimated tfrom
the line-averaged electron density.
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U ~ing this estimated ming mass,
rajocton calcutations with RAC
are i cood aercement wath
measurements. more completely
confirming the predicted acecieration
process cHammer ¢r al.. 198N

We nitated ring-focusing
experimients i FYSS using a 4-m
straight coavial electrode and 2- nd
3.8-mi-long cone electrodes. These
esis. in progress, hase shown the
expected basie ring-reflection
trajectory i a cone and threetold
compression i radius and magnetic
field. A major improvement of the
HAM tao-dimensional MHD code
was completed. HAM now uses
nonrectanguiar mesih. which affows
calculations of ring motion i concal
electrode regions. Preliminary
results with this code show ring
focusing as expected. Simulation of
actual RACE-dimension rings. where
L L =04 18 In progress.

nng' T yong

We also studied the use ot a
compact torus accelerator to generate
mitense bursts of soft x ravs for
simulating nuclear weapon effects.
LASNEX calculations have been
applied to the shock hearing and
radiation of a focused. accelerated
plasmu ring. and numerical
acceleration calculations have been
used to evaluate the scaling of
accelerators up to a 100-MJ
simulator. Such a simulator appears
uniquely able to simulate nuclear
weapon effects on whole warheads
or satellite systems.

The discussion below
summarizes our FY88 work. Asa
context for this work, Figure | shows
schematically a compact-torus
plasma ring being accelerated in
our RACE experiment.

Magnetic field measurements
made with probes arranged axially
at the outer accelerator electrode
confirm that the ring structure 15
preserved during acceleration. As
shown in Figure 2. the ring evolves

trom . beli-shaped aaal distiibutinen
whien the acceleration fichd s weak
o= T heno o one i which the
gradients at the back ot the ring are
steepened by the B acceleration
force 12 = 2064 cm Eddy -current
vartations near the probes are not
corrected tor and lead 1o the
vartahions in signal height.

Three mdependent
determinations of ring (rajecton are
consistent with our madels. Freure 3
compares the ring rajecton
measured by magnetic probes
with the current sheath posinion
determined trom the aceelerator
inductance and with a sero-
dimensional RAC caleulanon for g
ring mass of ¥ gg. determined trom
the HeNe interterometer. The

2.0

-0.1

Axial magnetic field at the outer electrode, kG

1.9
z =101 cm
0.1 | L
19

I ‘
10 12 14 16 18 20
Time, us

-0.32

Figure 2. Time sequence of the axial
magnetic field of an accelerated
compact-torus plasma ring. The field
is measured by magnetic probes
located on the outer electrode and
arraved along z,

[RITI tor

agreement of these tgecton
detemmimations conbirmes o
predicted acceleration process

We have obtanied more
mtormation on the witernal strusture
o the accelerated ring and tind 1t o
be i quatiative agreement with
MHD calculanions using the HAM
cade. Figure 4a plots the measured
anial field along wath the acecleranng
B, ficldar - = 124 em. The B, tictd
distribution show s that the
aceelerator current flows o the back
of the ring. indicating that the ring
torms i high-conductivity moving
short. The steepening ot the
gradients at the hack of the ring and
the ring’s shorting are in qualitative
agreement with MHD predictiions
of the accelerated ring's structure
tadjusted B, curve)r. The HAM
culvulations have somoew hit
different initial conditions than
the experiment.

Figure 4h shows the line-
averaged clectron density 71oand the
B field at the outer electrode 2 =
124 cmi. For this case. the electron
density remained below detectabiling
for 40 ts atter the ring’s passage.
indicating very little plasma (i <
S = 10 em ) following the ring
or evolved by electrode interactions
with the ring or accelerated fieid.
The magnitudes of B B and n_
predicted by the HAM code in
Figure 4 are adjusted in overall
magmitude and scale length

The data in Figure 4b are also
in qualitative agreement with MHD
calculations. Two features of this
agreement. consistent with a varving
aceeleration tield. are the tendeney of
B atthe outer wall to trt i and for
the n profile to also be shaped by
aceeleration, The trailing B results
from an axial shitt of the aing’s back
flun surtaces i response o the rudial
vartation of the aceelerating 8 ficld
(B« VR The shapmg o oo shown
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Figure A,
Comparison of
measured and
calculated ring,
trajectories. The
circles indicate
peak ring fields
measured by
prohes at the outer
clectrade. and the
hars indicate half-
amplitude points.
The aceelerating
current sheath
closely coincides
with the ring B .

Figiire 4, (@i Axial
magnetic and
accelerating B
fields measured at
the outer electrode
tz=124cm). The
adjusted
calculation was
made with the
HAM two-
dimensional MIHD
code. (hy Axiat
magnetic field at
the outer electrode
and line-averaged
electron density
measured at
=124 cm. The
adjusted B, and
density curves
were also
calculated with
HAM.

124

Distance, cm

Magnetic field (B), kG

- @ - FWHM ring position from
400 magnetic probes
| —— Current sheath position
320 trom accelerator current
and voltage i
240 —
—— RAC code result for
8- g ring mass
160 [~ #anng
80— —
0 .
10 12 14 16
Time. us
{ut
16
Axial magnetic tield
121 K
Azimuthal magnetic field.
08 |—
Adjusted B,,
04
=
[13)]
1.6
Adjusted B, .
Line-averaged
1.2~ electron density ._
08 —
Adjusted
fine-averaged
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0
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most clearly mthe code caleulations,
results from the accelerated plasima
tending 1o slump™ o the rear of

the ring. The degree of sfumping
depends on plasma temperature.
which can differ significantly
between experiment and simulation.
The latter 1s shown tor qualitative
COMPLIFisen,

We also conducted preliminary
studies of ring focusing with 2- and
3. 73-m-long cones wtached 1o the
4-m ~traight aceeleration section in
RACE. Diagnosties for these studies
were limited to magnetie field probes
arraved along the cone’™s outer
clectrode.

Figure 5 shows probe locations
and the B ficld measured along the
2-m cone lor i ring whose axial
peih-field point penetrates 1o about
- =486 ¢cm and whose head end
reaches to about 308 cm. The peak
field for this case ncreased by a
factor of 2.6, and the radius
compression reached 2,350 No
clear retlection oceurs.

On some shots. the ring clearty
reflects from the cone (s expected
from simple dynamics) and stops at
the cone’s entrance. where it decavs
aver 100-200 ps. Figure 6 shows the
trajectory of a ning that retlects from
the 2-m cone at a radius compression
ratio of 1.6, For this shot. the ring
profile remained identifiably constant
so that the ring length (FWHAD
could be estimated along the
trajectory. As can be seen. this length
decreases as the retlection poiat is
approached.

Analvtic estimates and two-
dimensional MHD calculations show
that if the nng s adiabatically
focused and 3 remains fow, then
BB =Candl, JL. =C
[B, and B are the iminal and final
tocused) anial magnetic tields £,
and L. are the nitial and final ring
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lengths. and € s the radial
compression ratio. | Dutat for these
w0 ratios versus C tor both the 2-
and 3.75-m cones have been obtiined
tor a limited numiteer of shots in
which the ring is clearly self-simular
during focusing. We find that tor
both cones. L /L =" while

B /B = (. clearly deviating from
adiabatic MHD compression. The
source of this discrepancy is not vet
known. However. we note that
deviations trom predicted tocusing
might be expected i this expenment
for several reasons: L /L =03
o 0.5 1 not small. leading 1o
nonadiabaticity: the 1on gyro radius s
comparable to the ring stze: and uny
loss of ring mass or farge slumping
during tocusing can push the ring
bevond current-driven streaming
instabilities. introducing large
anomitlous resistivity and rapid ring-
tield decay. These eftects should

be reduced (adiabaticity should
increase) when. in FYRY.
precompression cone is added at the
beginning of the accelerator. and the
gun/accelerator bank energies are
mcreased.

The axissmmetric HAM code
was extensively revised i FYSN to
allow generalized gquadrilateral
zoning in a4 mixed Eulerian-
Lagrangian mesh. The code’s
previous version was extremely
useful for analyzing the operation of
the magnetized coaxial gun and the
subsequent formation of the compact-
torus plasma rings. HAM
calculations included the seif-
consistent establishment of the
poloeidal field structure by solenoidal
field coils, gas low from the pulse-
gas valves into the interelectrode

region. discharge ot the gun bank.
reconnection of the poloidal field
around the gun-produced plasma
to form isolated plasma rings. and
acceleration of the rings by the
discharge of a second capacitor bank.
The code’s upgrade was
motivated by the need for generalized

Director's Initisitiyes

soning to simulate the effects of
arbitrary electrode shapes and
boundary conditions. We are now
using the new code to analy ze the
compression ol aceelerated plasma
rings in converging conical
electrodes. These simulations will
enhance our physical understanding

Br kG

Z =340cm 3% cm

446 cm

486 cm 509 cm 574cm

Figure 5. Measured B_ field at the outer electrode for an accelerated ring entering
the 2-m focusing cone.” The ring stagnates at about 486 cm, where the B_field has
increased by a factor of about 2.6 and the ring radius has decreased by a factor of
2.35. Probe locations (black squares) are shown at the bottom.
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Figure 6.
Trajectory of an
accelerated ring
{based on
measured B _
field) that reflects
in the 2-m cone
at a radius
compression
ratio of 1.6. Ring
length (L )
decreases as the
reflection point is
approached.

Figure 7.
Calculated
radiation spectra
for rings
accelerated over a
range of energies
from 260 k)
(RACE) to 100 M.
The efficiency

of acceleration

Lv'ki lut'v/l'_yluulk is 0_'5'
and the ion species
and ring mass are
chosen to optimize
the radiation
output. With a
100-M.J accelerator
bank, 22 M is
radiated.
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of ring behavior for various cone
geometries, inital yvelocities at the
cone entrance. and internal ring
structures,

During FYS8E. we also evaluated
the compact-torus accelerator as a
sof-x-ray generator for simulating
nuclear weapon effects. The hisic
process is to aceelerate and focus a
high-atomic-number 1on ring plasma.
which then impacts a solid surface,
arresting the ring’s kinetic energy and
shock-heating the ions. It the
focused plasma density is high
enough, during the shock time (7 =
I McV). the ions will coltisionally
heat the clectrons. The hot electrons
strip the 1ons to high-charge states.
which then efficiently radiate K- and
L-shell excitation line spectra. along
with plasma bremsstrahiung
radiation. At focused ring speeds of
0.5-2 > 10 em/s, typical of those
already achieved in RACE. the
Kinctic energy is in gigajoules per
gram. Thus the electrons may be
heated to ~10 keV to radiate 10-30%
of the ring’s Kinetic energy with a
spectrum that peaks at 3-10 keV. To
produce enough total radiated energy
for testing whole weapon systems.
we investigated scaling compact
torus aceelerators up to 100 MJ.

Figure 7 summarizes LASNEX
calculations of the radiation produced
by compact torus accelerators with
accelerator bank encrgies from
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260 k) (RACE 10 TOU N For the
100N acceelerator. the otal radiated
energy 18 22 MEand the typical pubse
width i~ 100 20 ns. Achieving the
calculated radiation output shown in
Figure 7 for RACE with argon-ion
rings will place the experiment at the
state-ot-the-art level tor soft-x-ray
SENCTAlOrS.

We used RAC to examine the

scaling of compact torus aceelerators,

RAC calcutates ring trajectory n
straight and comeal coanial
electrodes and includes electrode
heating by radiation and eddy -current
dissipation. 1t also cateulates ring
decay and plasma properties from
radiation, ohmic heating.
compression. and other energy flows,
Figure ¥ shows schematically the
scate of accelerators from RACE
{260 kJy 10 100 MI. In cach case. the
expected limits on aceeleration and
ring decay hive not been exceeded.
We assume a precompression phase
that couples the aceelerator more
efficiently to the low -voltage
capacitor bunks und also shortens

the overall acceleration length.
Precompression increuses the peak
field in the straight acceleration
region: for the 10- and T00-MJ cases
shown. this ficld reached 300 KG.

Director's Initiatises

Figure 8. Scaling

- 20m

of compact torus
7‘ aceelerators from
260 KJ (RACE)
to 100 MJ as
soft-y-ray

[ 15m. »| generators. All
: - accelerators are
* assumed to use 2
. precompression
phase.

Eem——
fe—

1
e———
260

|¢————9m——>'7
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Cost as well as scalability i1s an
important consideration for very-
high-energy accelerators. We have
designed and estimated the cost of
the aceelerators” capacitor banks (the
primary electrical cost) using otf-the-
shelt capacitors. Since the discharge
time is long (10 ps) and capacitor
voltage iy low (<500 KV, energy
storage is refatively inexpensive and
cconones of scale are signiticant.
A 100-MIJ, 500-kV accelerator bank
would cost about $35 milhon. or
S0.35/].
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FYSN ST 000000

Computer-Aided
Design Tools for Very-
Large-Scale
Integration

Principal Investigator: W, S, Scott

D uring FY8X. we extended our
previous work in developing
tools 1o aid in the physical design
(layout) of water-scale systems.

In addition to completing the
semiautomated hint router, we
developed and demonstrated a

fully automated router capable of
exploiting two. three. or more wiring
layers. each with its own electrical
and physical characteristics, such as
are available in hybrid wafer-scale
and semicustom gate-array laser
pantography processes. We also
developed the key elements of a
higher-level logical design tool for
digital systems resynthesis—the
automatic conversion of existing
designs to such new implementation
technologies as mapping a discrete
board-level TTL (transistor-transistor
logic) design into a hybrid wafer-
scale semicustom CMOS
(complementary metal-oxide
semiconductor) version.

Design and Fabrication of
Custom Integrated Circuits.
Increasingly. builders of high-
performance electronic systems
are discovering the advantages of
designing their own integrated circuit
(IC) chips to implement these
systems. Several methodologies
have been developed for designing
IC chips. ranging from semicustom
approaches. in which the designer
builds the chip from a collection of

124
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The primary goal of the very-large-scale integration (VLSI)
computer-aided design (CAD) portion of the Laboratory’s
efforts in supercomputer research and dzvelopment is to create
a vertically integrated CAD toolset to facilitate the design,
manufacture, and testing of high-performance digital systems.
We have placed particular emphasis on exploiting the
manufacturing techniques developed by LLNL'’s laser
pantography project, techniques that allow rapid fabrication

of wafer-scale digital systems.

predesigned components. to fully
custom approaches, in which the
entire 1C is designed from scratch.
Three semicustom approaches—gate
array. standard cell. and macrocell—
and the fully custom approach are
described more thoroughly in the box
on page |29,

Recent technological advances.
such as those provided by laser
pantography (McWilliams and
Tuckerman. 1983). have enabled
collections of individual ICs to be
assembled into waler-scale systems.
As a result, much higher packing
densities are attainable than with the
conventional approach of placing
each chip in its own plastic or
ceramic package and using a printed-
circuit board to interconnect them.
Wafer-scale systems created by laser
pantography have much in common
with standard-cell or macrocell styles
used to create individual ICs, but
they use ICs interconnected on a
silicon wafer substrate instead of
fixed transistor patterns on an
individual chip.

Semiautomared Hint Router.

In high-performance. custom IC
designs, it is often necessary to route
a few key signals along carefully
chosen paths prior to the automatic
routing of less performance-critical
wires. To aid in this task. we have
developed the hint router. an
interactive maze router. as part of the

Magic 1C layout svstem (Arnold and
Scott. 1988). The hint router is a
flexible tool intended for use
whenever tight or unusual constraints
do not permit fully automatic routing. -
It has already been used in the layout
of an 80.000-transistor CMOS chip
(the “smart substrate” that was
developed by our group and reported
last year) as well as for routing the
control signals of a 100.000-
transistor. high-performance CMOS
tloating-point chip being developed
by the UC Berkeley SPUR project.
Several new ideas for maze
routing have heen developed in the
hint router. Hint layers permit the
user 1o map out the general path of
a route and pull the route in desired
directions. while leaving details. such
as obeying the layout width and
spacing rules. to the router. Several
additional routing heuristics were
refined last year. Their use both
improves the quality of routes in
heavily congested designs and
reduces the time it takes to complete
those routes. The gross structure of
the layout is now preprocessed to
facilitate accurate cost-to-completion
estimates during routing and hence
to allow eftective pruning of
misdirected partial routes. A
windowed search strategy slowly
shifts the focus of the router from the
start point 1oward the goal, permitting
consideration of alternatives at all
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stages of routing without the penalty
of exhaustive wexponentialy blowup
in highly congested regions. Finally,
the general maze-routing algorithm
has been extended o allow an
arbitrury number of source and
destination points. etfectively
allowing 1t to be used automatically
10 complete partially wired signal
networks.

Multiluver Rowrer. We have
also implemented a fully automatic.
gridless and channelless multilaver
router as pant of the Magic system.
This router addresses several new
routing problems arising from some
of the expanded capabilitics of laser
pantography processes. particularly
those of wafer-scaie complexities
(wiring feature sizes of a few
micrometers but total problem sizes
of 10 cm) and muluple. electrically
different routing layers (four or more
on a single silicon printed-circuit
board).

This router incorporates three
key ideas. FirsL. it represent nets as
rectilinear Steiner trees with tloating
segments. Segments of these Steiner
trees correspond to wire segments of
a net. and the relationship among
segments defines the topology of the
net. A floating segment is bound 1o
a routing layer but not to a specific

Directon ~ Buliatives

Semicustom and Fully Custom Design Methodologies

Four common design methodologies constitute the range of
choices for VLSI. Gate arrays (a) consist of rows of identical cells of
transistors. The designer specifies which of a collection of standard
metal interconnect patterns is to be placed atop each cell (thereby
defining a given logicai function) and how the terminals on each cell are
to be connected. Gate arrays are the least expensive to fabricate since
the underlying array of transistor cells can be mass-produced
independently of the metal interconnect that is added later.

Standard-cell designs (b) also make use of standard logical
functions, but they are not implemented atop an underlying array of
identical transistor cells. Instead, the placement of cells within
predefined rows or columns is under the control of the designer.
Because the underlying transistor pattern can vary from cell to cell,
standard-cell chips cannot be built atop prefabricated transistor arrays
and are therefore more costly than gate arrays.

Designs using macrocells (c) offer still more flexibility than
standard-cell designs. Macrocells are parameterizable, rectilinear
blocks that are customized from a library of templates; they are
connected either by abutment or by automatic routing.

In fully custom designs (d), there are no restrictions on the
components; the designer is free to create new circuits and to lay them
out in the best possible way. As a result, it is possible to achieve greater
density with a fully custom design than with any of the other design
styles.

(a) Gate array (b) Standard cell

(x1,) ,y1)

(x4,y2) ,¥2)

Figure 1. A rectilinear Steiner tree
defining the course route of a three-
terminal net. Shaded areas delineate
ranges of floating segments.

|
[ ]
[
| |
[ 1]
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HEEHINER

(c) Macrocell (d) Fully custom
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location within thut routing laver: it
may floar withim o range of valves,
as shown m Figure Lo As routing
progresses. loating segments are
bound to fixed focations. By
preserving the floating segment
representation throughout the routing
process. it s easy to allow nets w be
partially ripped up. enabling the
router to explore aiternate routes (1o
“change its mind ™) without incurring
the end-game penalty of exponential
ruatime ty pieal of traditional rip-up-
and-retry routers.

Second. a routing scheduler
applies a set of routing strategies to a
queue of partiadly routed nets: cach
strategy attempts to further the
routing of a net. Simple strategies
are applied first. followed by more
complex strategies to resolve more
difficult problems. The orchestration
of strategies is controlled by a finite-
state machine. analogous to the
controlling “expert”™ in the Weaver
svstem. for example (Joobbani.
1986). but without the excessive
runtime overhead typical of such
general-purpose expert systems.
Routing strategies are typically
simple. They involve generating
course routes. laving wires in routing
regions. maze-routing through
congested arcas. and ripping up
obstructing segments.

Third. a comer-stitched database
{Ousterhout. 1984) represents
obstacles and wiring as the routing
progresses. Comner-stitching is a
technigue for representing two-
dimensional objects. It provides
a representation for such spatial
relationships as adjacency that resufts
in fast. efficient algorithms for
searching for. creating. and deleting
objects. By using corner-stitching.
the router can both work with wires
of varving widths and avoid
preexisting wiring.

Our approach avoids several
of the linitations characteristic of
conventional routing methods:
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« The rowter works on one net Gis
opposed to a channels ot a ume. but
1t does not need to Tully route a net
betore it advances 1o other nets. At
any given time. i net may be partially
routed or partially ripped up. The
router thus has the flexibility to
change its mind about the routing
ot u net as the routing problern s
tleshed out.

» Because new course routes can
be generated dy namically 1o avoid
congested areis. generating course
routes Is i routing strategy. not a
distinet routing phuse.

« Connections may be made
anywhere in i routing region. not
only at its periphery. making it
possible to route dense sca-of-gates
or sca-of-transistors designs as well
as more conventional, channelized
standard-cell or gate-array designs.

We have successfully routed
several large wafer-scale designs in
times comparable to those required
tor single-chip designs—roughly
30 minutes of Sun-3 CPU time
(Lunow. 1988.)

Digirtal Systems Resyntliesis.
The rapid prototyping and wafer-
scale integration capabilities offered
by laser pantography technology
make it very attractive to have a tool
to automatically convert existing
designs into a form that can exploit
that technology. The digital systems
resynthesis effort aims to produce a
conversion tool that will take (for
example) an existing discrete-TTL
design and reimplement 1t as (for
example) semicustom CMOS circuits
interconnected by a silicon printed-
circuit board.

It is essential that we evaluate the
tools we develop with realistic test
cases. For this purpose. we have
chosen a circuit design tor a memory
and input/output controlier done as
part of the Advanced Processor
Project (APP). Because it consists
ol machine-readable schematies for
both a discrete-TTL breadboard
version and a pair of hand-designed

Institutional Research and Desclopment

CMOS gate arass for a high-densiny
version, this circust provides us with
both o starting point and a hand-
generaded end point for comparison.

During the past year, we have
written i number of portions of the
resvithesis system. The basic design
for the digital systems resvithesis
tool. called SECTAR (Sclf-
Correcting Timing and Resvnothesis).
1s complete. This svstem is based
on networh moditication 1o ensure
conformance to clectrical design
constraints (ming. power. fanout.
cle.). SECTAR i made up of an
incremental timing analyzer. a
network extract-and-replace
algorithm. and a simulated annealing
optimizer that uses several network-
maodification technigues 1o transform
a network inte one that meets its
functional crieria. SECTAR is
designed to inform the engineer of
trouble spots in cases where the ool
could not conform to specified
constraints.

Input to SECTAR 1s currently
in a simple design-specification
language. and the input interface has
been designed 10 easily accommodate
the «ntegration of other design-
specification languages (EDIF.
VHDL). EDIF 2.0.0 is scheduled
to be used because of industry’s
commitment to making it available
for electrical design information
transfer between tool sets. Valid
Logic Systems will have an EDIF
2.0.0 reader and writer available late
in 1988, which vill allow SECTAR
to operate on the APP test case.

We have also implemented the
SECTAR database. which is tailored
for quick traversal by the uming-
analysis algorithm and for casy
extraction and replacement of
subnetworks. We have developed
the following network transformation
wlgorithms for use in SECTAR. as
iHustrated in Figure 2:
= Primitive function substitution (a).
Simple replacement of input
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components vy those i the targel
technology that best suit the needs
ot the cireint. This transtformation
automanically chooses, for example.
whether to use high-power (and
theretore high-speed) gates in
Appropriate siualions.,

« Macrotunction substitution thy.
Graph-matching techniques map a
subnetvwork nto a tasget-technology -
specitic component. These
components are usually technology -
specitic, cost-eftective combinations
of gates.

* Logic negation (¢). A subnetwork
is negated 1o tike advantage of an
available complementary output of
the driving subnetwork.,

* Logic duplication (dy. A
subnetwork in the design is
duplicated to improve the timing in
an area by lowering the etfective
foading tfanout) of a node in the
network.

« Signal reordering (). The logic
in a combinational subnetwork is
reordered so that late-occurring
signals are evaluated last, thus cutting
down on the switching noise of the
network.

* Logic minimization (). A
combinational subnetwork is
minimized in order (o realize the
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logie tunction m a nunimal nuimber
ol voles,

Forre Work, Tools henetit from
use. dnd CAD ools are no exception.
The semiautomated hint router has
already be :n distributed as part of the
Magic [C Layout system to i number
of sites. where it has been used in the
design of tully custorn 1Cs. Bt will be
part of a wide distribution of the
Magic system that is currently
scheduled for the spring of 198y,

Although the mululaver router
has shown its usefulness i routing
avariely of Circuils, more expericice
i~ needed inits operation and
performance betore 1t will be ready
for widespread distribution. In the
coming vear. we hope Lo use it on
severial semicustom and wafer-scale
designs that span a range of
tubrication technologies. New
sea-of-gates und sea-of-transistors
semicustom arrays also appear very
well suited to our new router. and we
hope to demonstrate its usefulness to
these sorts of designs as well.

Work on SECTAR is sull in
progress. Next vear. we expect to
bring up a first version of the
complete system and apply 1t to
retargeting the breadboard version of
the APP circuit into a CMOS gate
array. After this retargeting, it will

Lnstitutional Research and Doevelopment

he possible 1o compare the resalis
obtmed by SECTAR with those ot
the manual retargeting that has just
been completed. The experiencee
wained from this real-world circuit
should provide us with an exeellent
measure of the effectiveness off
SECTAR as an automatic conversion
and optimization tool.

References

Arnold. MU HGand WS Scon e 1OSN L TAn
Tnteractive Maze Router wath Hint<" 1o
23 Deseen Natoonation Cong B
Associanon for Computing Machineny .
Priscataway . N3 672 676

Joobbam. ROc19S64 A Aragecral Intellicenc e
\ppreac et VESERating iKluwer,
Norwell MAw

Funow. ROECGTOSS L A Channelless.
Multilazer Rowter.” Proc 23th Design
Awtomnanion Conf OEEE, Assocation for
Computing Machiners . Piscataway . N,
667671,

MeWitliams, B Mo and DL BL Tuchermian
CTURS ) " Water-Scale Integration”™ and
“Laser Pamtography . Energs and
Lechuology Review ., Lawrence Livermore
Natvonal Laboratorsy . Report UCRIL-32000-
SS-F20 pages 1 200

Ousterhout. J. K. (19845 “Comer Stitchung:
A Data Structuning Techmgue tor VIS
Lasout Tools " HEE rans Computer-
Arded Devign, CAD-3 ¢ 1y


http://lll~-lllulhill.il
file:///riijh

Ensttutonagl Rescarch and Tresclaprine

FYSN Ny

Fabricating Adyanced
Bipolar Transistors
Using Two New
Technologies

Principal Investigators: B, VL MeWilliams
and k. H. Weiner

Co-Investigators: PG, Carey®

and T. W Sigmon™

SStanierd Umiversity, Stanford, €N

he tabricatuon of laghly

integrated circuits s currently
hampered by the tormation of
ultrashaftow (<1O0-nm1 impurity -
doped regions and by the electrical
isolation of individual transistors. To
reach the next step in the design and
manufacture of integrated circuits —
ultralarge-scale integration (ULSTH
and gigascale integratnion (GS$. with
millions to billions of trunsistors per
chip. respectively —ae need a
tabrication sequence that is as simple.
precise. and defect-tree us possible.

As integration levels increase. the
conventional doping and isolation
technigues of ion implantation and
trench tsolation become too
complicated. and vields are markedly
reduced. We are attempting to solve
these doping and 1solation problems
by incorporating two new
techniques—gas immersion laser
doping (GILD} and silicon-on-
insulator (SO epitaxial laver
grow th—into the standard integrated-
circuit tabrication process. These
two technigues should enable us o
simphify shallow junction formation
and transistor tolation. therebs
reducing the cost and complesany ot
tabricating bighly mtegrated arcuns
and exvpediting the introduction of
ceonomical ULSHand GST chipsanto
the marketplace.

Pheovioa < bimtigt -

We are developing a fabrication process for robust, high-
performance, bipolar transistors that incorporates the
technologies of gas immersion laser doping and silicon-on-
insulator epitaxial laver growth. The use of these two new
technologies will increase the switching speed and radiation
hardness of the transistors without reducing their

manufacturability or vield.

The GILD process will make
possible significant improvements in
trunsistor performance. GILD can be
used to fom: junctions of very precise
depth (210 nmy. allowing the active
base width of the device 1o be
reduced from the 100 10130 nm
possible with crrrent processes o
<30 nm. with no loss in vield and
simpler processing. Since transistor
switching speed is proportional to the
square of the base width. the smuailer
base widths produced by GILD muke
possible tour- 1o ninetold increases in
speed. In addition. by using GILD
piace of 1on implantation. more
fuv orable impurity profiles are
achieved. Standard Gaussian
impurity profiles are replaced by
box-fike. abrupt junctions similar to
those obtained with molecular-beam
epitaxy. The abrupt junction reduces
base punch-through eftects in the
devices and lowers base resistance.
which leads 1o improved device
performance.

The ase of SO echnology will
produce transistors with performance
and radiation immunity much
tmproved over that of today s tastest
transistors. These highly optinnzed
transistors twath cutoft trequencey
fo2 20 Gz are approaching the
o pertormance passible with
current fubrication technigues on w
senuconducting silicon substrate

The SOL process. however, replaces
the senuconducting substrate with
an electrically insulating substrate.
thereby climinating parasitic
capacitanee from the collector ol the
bipolar transistor to the substrate.
Since this parasitic capacitance
represents one-guarter 1o one-third of
the total capacitance of the device.
use of the SOI substrate will
substantially increase transistor
performance. In addition. the
insulating substrate is much more
immune to jonizing radiation. which
CUn CAUse CITors In circuit operation.
Thus. by replacing silicon with an
SOI substraie. both the transitor’s
performance and its radiation
immunity will be increased.

Our overall project goals are 1o
thi develop GILD as an insertable
process for current and future
integrated-cireuit fabrication
processes. (2 develop an SOI
technology suitable for fabncating
high-pertormance. bipolar transistors,
and (3 design and implement o
tabrication process for robust.
radidtion-ummune bipolar transistors
tor the custom antegrated aireunts
required at LLNLL

W are alsoamvestgating the use
of GILD to simphty and improve the
fabrication and performance of the
thin-tihm transestors CFFES used

LORY
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entensivehy i at panel display s,

In addition, GH D Shoudd otter
supertor methiod o dope the souree,
dram and zate regions of metal-onde
seimconductor tNOS) devices, so we
are working toincorporate GILD o
the tabrication process for MOS
transistors: this s a ot ettort
amony LENLL Stanford Universiy.
and the Sennconductor Research
Corporation (SRC Rescarch
Triangle. NC.

In the GILD process, a pubsed.
uitraviolet (3ON-nm) excimer faser 1s
uscd tomielt the surface of the silicon
substrate. Doping oceurs when
imipurity atoms in the gas phase
pyrolize on the heated surtace and
diftuse into the molten silicon. The
maolten laver regrows epitaxially.
creating electrically activated.
damage-free doped lavers, Since
diffusion occurs in the liquid phase.
junction depth is limited by the
penetration of the melt front into the

silicon. By controlling the number of

pulses and the laser energy. one can
produce ultrashallow and very abrupt
impurity profiles. In additon. since
melt depth is a function of laser
energy and the impurity profiles

are abrupt. junction depths can be
placed veny accurately 1£10 nn1y.
Furthermore. because the doping
provess oceurs in nanosecond time
scales and the dopant is electrically
active. high-temperature annealing
is not required. This eliminates
diffusion in the solid state.
Conseguently. placement of the
emitter does not atfect the base
depth. With GILD tunlike diftusion
pracesses). the relative junction
depths may be varied independently.
and hase widths as niarrow as 30 nm
or less become possible. Process
reproducibihity s ensured by an array

al s dragnosiies mcorporated
withm the fuser dopie cquipment.
Mashing s achieved with
comeentional lithography s thin
aluminum or oade film s apphied o
reflect the lser energy where doping
i~ not desired. This combination of
predictabitity . reproducibiliny. and
compatibihits with current fabrication
processes mahes GILD an deal
method for fornimg the active base
and entter regions i bipolar
trinsistors.

During FY8N. we concentrated
on the fabrication of bipolar and
MOS transistors using the GILD
process. Significant progress wis
made toward the orginal goals.
along with promising results in new.
potentially high-leverage areas of
auvanced bipolar transistor
fabrication. Notably this year. we
precisely characterized the GILD
process. made significant
improvements in the GILD
apparatus. and constructed a
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Class TO0 ultraclean arca tor GHLD
processing. We suceesstulhy
fabricated sery -low -leakage.
uhtrashallow p*/iand 17 /p junctions
using GILD and hipolar transistors
using GILD and the simpler
technmigue of ion implantation with
faser redistribution (HLD1 We also
fabricated high-guality sihicon and
Ge 510 epitaxial favers using GILD
as well as submicron n-channel
metal-oxide semiconductor INMOS)
and p-channel metat-onide
semiconductor (PMOS) transistors
using GILD to form the source/drain
regions. Below, we discuss the
progress made i the fabrication of
bipolar and MOS transistors and in
epitaxial faver growth.

Bipolar Trunsisior Fabricarion.
The results achieved in fubricating
hipolar transistors during this first
vedr are verv encouraging, We
fubricated bipolar transistors using
both the GILD process and the
simpler but very powerful IILD

(hy After laser melting
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Figure 1. {ILD ion-implantation profile before (a) and after th) laser melting and
ion redistribution. The base width is <70 nm. The " As and ''B profiles were
determined using secondary -ion mass spectroscopy with oxygen bombardment:
the 'p profile was determined by spreading resistance profilometry.
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techogue. HLD allows the
immeduate fabrication of narrow -hase
transistors usiing established high-
performance bipolar processes. HILD
combines the exceptional junction
depth control of GILD with the

accurate dose control ot on

ta) Current vs voltage
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unplantation. Transistors wath base
widths of 70 nm and mavimum
forward current gains of 100 have
been tubricated using LD, Figure 1
shows the results of the laser metting
and ion redistribution, and Figure 2
shows the electrical characteristies
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Figure 2. Electrical characteristics of an IILD transistor with a 100-nm base
width. (a) current I vs voltage V. and (b) current gain f vs collector current 1.

(a) Source/drain current vs vollage
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Figure 3. Electrical characteristics of typical PMOS transistors fabricated using
GILD. (a) Source/drain current I vs source/drain voltage V. W asa function of

gate/source voltage V

voltage V., vs gate length L.

1) :
s 0T a GILD e'M()S transistor. (h) Comparison of threshold
for a PMOS transistor fabricated using GILD and

II
one using ion implantation: 'the GILD device exhibits 2 maximum threshold shift

of 2 mV.
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tor an HED transistor wah o 100-nm
buse width. Although problemis with
hase-ion-dose control have himited
GILD transistors 1o maximum current
gains of 5, recent eftorts to control
the hase-ion dose have been
suceesstul and we expect soon o

be able to produce GILD bipolar
transistors with improved forward
current behavior,

CMOS Fubricarion. GILD has
been incorporated into the fabrication
process for a complementary metal-
oxide semiconductor (CMOS)
device. Working at the LLNL GILD
tucility. T. W. Sigmon and P. G.
Carey of Stanford University.
under an SRC contract. produced
submicron-size NMOS and PMOS
transistors with excellent current/
voltage characteristics. Figure 3a
plots source/drain current vs source/
drain voltage as a function of gate
voltage for a typical PMOS transistor.
Figure 3b compares plots of
threshold voltage vs gate length for
an ion-implanted transistor. used as
a control device, and for a GILD
transistor. Unlike the ion-implanted
transistor. the GILD device shows no
threshold shift even at submicron
gate lengths. These results indicate
that GILD is indeed a superior
method tor tabricating the
ultrashallow impurity regions
required in submicron-size
transistors.

Epitaxial Laver Growth. High-
performance bipolar transistors of
the future are predicted to operate
at switching speeds gregter than
100 GHz. These devices will
undoubtedly incorporate epitaxial
layers for emitter and buse structures.
However. current methods off
epitaxial tayer growth do not allow
the labrication of high-quality layers
while maintaining the case of the
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planar sthicon process. Without this
capability . processing i~ severely
hampered by the need for mesa
isolation and other ow -density.

low -vield processes tor electrically
isolating the transistors. We have
developed a GILD-hased process tor
tubricating device-quality epitaxial
favers on patterned substrates. This
twosstep process i olves, finst
depositing an amorphous sificon or
vermanium film and. then. using a
laser to melt through the fitm w the
stlicon substrate. The substrate acts
as a seed envatal from which the
molten amorphous layer regrows as
a single ervstal. Figure 4 s o high-
resolution transmission clectron
micrograph of the silicon/Ge Si,
intertuce. The intertace exhibits no
detects. indicating the high quality
of the epitaxial Taver. We have
successtully grown very thin (24-nm;

Ge St epitavaal avers: thas type of
laver i~ ideal for use in the base
revion of heterojunction bipolar
trunsistors. Silicon Luvers for use
as enmitters in hoth homo- and
heterojunction devices have abso
been fabricated.

In FYR9. we will increase the
pace of our work o adapt the GILD
and SO wechnologies i the
fubrication process lor bipolar
transistors. We plan 1o develop
GILD equipment suitable for the
fubrication of ULST circuits. We
will also work 1o incorporate a high-
performance GILD process on an
S0I substrate. The performance
level tor the bipolar transistors
fabricated with these new techniques
is turgeted for a cut-oft frequency f|
2 15 GHz. GILD and SOI processes
will ilso be incorporated into various
MOS 1echnologies. In particular, we

Figure 4. High-
resolution. cross-
sectional.
transmission
electron
micrograph of
the Si/(ieu xSiu.x:
interface. Note
that the interface
(dashed line) is
perfectly
crystalline,
exhibiting no
dislocations or
point defects.

Institutional Rescarch and Development

will desien and adapt SOI/MOS
technology for the tabrication of
MOS transistors in active-matris
lquid-crystal displays. In additon.
we plan to explore the use of the
GILD process to improve TFT
fabrication by lowering the maximum
process temperatures and by
increasing the amount of dopant that
is electrically active in the source/
drain region. Lastly, we will
investigate the advantages ot SOI and
GILD for fubricating image sensors;
by simplifying their fabrication
process. we should be able to
increase the performance and yield
of these detectors.
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Individoal \wards

The IR&D Individual Awards provide a means by which novel ideas can
be given seed funding outside of the usual programmatic channels via grants
awurded to individual LENL investigitors. The IR&D Research Committee
focuses on highly leveraged projects that offer good potential of developing
into self-sustaining programs. The coneept of seed funding is extremely
important in the committee’s considerations of projects that will explore
promising new directions for science and technology in arcas relevant to the
Laboratory’s mission. The selection criteria for the FY 88 proposals (consistent
with Department ol Energy guidelines) were:

« Scientific or technical quality.
« Impact on the Laboratory or the general scientitic community.
= Leverage for future funding.

The FY88 Research Commitiee consisted of 19 members appointed by and
reporting to the Director: the members represent the wide spectrum of scientific
disciplines pursued at the Laboratory. After all written proposals were
submitted. two committee members interviewed cach prisicipal investigator and
then reported back to the tull committee. The commuittee ranked each proposal
in order of overall scientific excellence and pertinence to the Laboratory s
scientific mission. Propasuls were then funded in decreasing order of runking
until the available funds were exhausted. The descriptions below highlight o
few representative proposals that were chosen for funding.

One project proposed the design. fubrication. and testing of micropole
undulators to be used as insertion devices in synchrotron storage rings. The
Lorentz force exerted by the periodic magnetic field inside the undulator causes
the electrons to describe periodic oscillations as they are forced to undulate in
microscopically prepared. spatially varying magnetic fields. As a result, the
electrons accelerate over small distances (100 to 1000 um) and produce very-
high-energy. extremely monochromatic electromagnetic radiation.

In the biomedical and environmental sciences. researchers proposed to
perform accelerator-mass-spectrometry measurements of carbon isotope ratios
("*C:"*C:"C) in bottom-feeding marine microorganisms. Once the technique is
pertected. they plan 1o study the basic food web to determine how petrolcum
und gas carbon are utilized by organisms in and around naturai petroleum seeps
on the ocean tloor.

Researchers in engineering proposed to develop the modeling and
technology necessary to design and analyze very smali (micrometer-size)
vacuum tubes. These devices would be fubricated on a small silicon wafer
using semiconductor technology but would be tolerant of high temperatures.
radiation. and high-voltage electrical transients.

Another project would determine the technical feasibility of using a
cyclotron autoresonance maser (CARM) with an induction linear accelerator.
The CARM is based on Doppler-shifted cyclotron resonance in a strong axial
field guide. rather than on a wiggler. and gives much higher frequencies than
the free-electron laser (in the range of (1.5 to 5 McV). This allows the
possibility of more compact. lower power modules for generating millimeter-
wavelength radiation,

Several projects develuped computer codes to model diverse physical
processes. One project proposed to compile a theoretical understanding of
high-temperature superconductors by applying methods and codes originally
developed to study solid-state laser materials. The calculations would use the
ah initio molecular orbital cluster method for clusters of several hundred ions
and would be correlated with experimentally observed changes in critical
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temperature with oay gen vacancies and with high-pressure. diamond-anvil cell
measuivments being conducted at LLNL.

Another project proposed to build a prototype system for the simultancous
observation of up to 100 objects in an astronomical telescope. This automated
system would use optical-fiber sensors. precisely positioned at the desired
location on the telescope’™s focal plane: the light collected would be sent along
the optical fibers 10 a spectrograph for analvsis.

An all-time high of 151 proposals were submitted this year. requesting
$19.8 million in funding. which included 2203 hours of time on the
Laboratory’s supercomputers. For FY88. 26 Individual Awards were granted.
tor a total of $3.353 million. with $112.000 for capital equipment.
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FYNN SN om0

Nuclear Magnetic
Resonance Analysis
and Molecular
Modeling of
Protamine

Principal Investigator: R. L. Balhorn
Co-Investigators: R. Ward and N, Max

rotamine 1y a small DNA-

binding protein that packages
DNA inside the nucleus of
mammalian sperm. As each
spermatid in the mammalian testis
differentiates into a mature sperm.
approximately 10" protamine
molecules are synthesized and
deposited into its DNA. replacing the
majority of existing chromosomal
proteins. Although the molecular
structure of the resulting DNA-
protamine complex is not yet known.
the positively charged center of the
protamine molecule is thought 10
bind in the minor groove of one turn
of DNA (10 base pairs). completely
neutralizing its negatively charged
phosphodiester backbone (Balhorn.
1984). Soon after binding. both ends
of the protamine molecule fold
~ inward and form crosslinks that
. interlock each protamine to its
" neighbor around the DNA helix.
This charge neutralization and the
subsequent formation of crosslinks
between adjacent. folded protamines
result in the inactivation of the
sperm’s genes and the packing of
its DNA in a maximally condensed
state.

The purpose of our investigation
is to mode! DNA-protamine and
protamine-protamine interactions and

Individual vwards

We are using nuclear magnetic resonance spectroscopy and
innovative techniques in high-resolution computer graphics to
study the structure of protamine. By identifving the normal
DNA-protamine and interprotamine interactions present in
Jertile sperm, we will eventually be able to identify molecular
defects responsible for certain types of human infertility.

the packaging of DNA in mammalian
sperm. Our work combines the
expertise in molecular graphics that
hus been developed in the LLNL
Computation Department. the
nuclear magnetic resonance (NMR)
capabilities now available in the
Chemistry and Materials Science
Department. and knowledge ot
the molecular structure of sperm
chromatin gained in the Biomedical
Sciences Division.

The four goals of our project
are lo:
» Model the binding of protamine
to DNA and the folding of terminal
peptides using a computer system
developed at UC San Francisco.
* Refine our modeling of the DNA
binding and folding interactions hy
using NMR.
* Produce a multistrand graphics
model of the interactions of DNA and
protamine in sperm chromatin. (This
type of model can be used 1o assess
existing experimental evidence and
to facilitate the design of future
experiments.)
* Explore the feasibility of using
an energy-minimization software
program to adjust certain molecular
interactions (such as the binding of
the polyarginine segment 10 DNA
and protein folding).

We have completed the initial
steps required to meet the gouls

involving molecular modeling. In
particular. we have constructed
graphically a small segment of the
protamine molecule that binds to
DNA. This segment. referred to as
an anchoring unit, contains four
arginine residues (see Figure ).

We interactively manipulated the
anchoring unit by computer. using an
Evans and Sutherland Picture System
and the UC San Francisco modeling
program. MIDAS (Ferrin ¢1 al..
1988). until the terminal amide
groups were moved within 0.2 nm
of the phosphates on five base pairs
of DNA. Alternating arginines zig-
cagged across the minor groove of
DNA. crosslinking the
phosphodiester strands. We
determined the free energy of this
structure. and we adjusted the
conformation of the polyarginine
molecule to yield a minimum free-
energy value using the UC San
Francisco program. BORN. run on
a Cray computer. We then used the
resulting minimized conformation
as an initial step in a molecular-
dynamics simulation with the UC
San Francisco program. NEWTON.

During both the minimization
step and the molecular-dynamics
simulation. DNA was held rigidly in
the B form. and only the protein was
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allowed to move. At every other e
step i our simulation, we used the
coordinates to produce a computer-
animated film of the dynamices that
were tahing place. For this purpose.
we developed a new shadow-casting
program based on the Laboratory 's
ATOMLLL rendering program for
molecular models. By using only
small segment of the DNA-protanine
binding site. we were able to ensure
that cich step in the modeling and

(a)

compuiing process worked correctls
hefore we attempted to construct the
entire DNA-protamine comple.
With respect 1o our work
mvolving NMR spectroscopy. we
isolated and purified protamine lrom
bull sperm. madified the cyvsteines
using methyl iodide. and then
obtained proton NMR spectra for
both the modified and unmodified
proteins. In addition. we obtained
spectra for cach of the component

(b)

Tostitutonad Rescavch and Development

amino acids. Four of the s
synthetic peptides that correspond 1o
specitic fragments of the protamine
molecule were also syathesized and
purified. We have begun to assign
the protons in pretamine by
comparing NMR spectra of
individual amine acids with those of
synthetic protamine fragments. Once
all protons are assigned. we will then
conduct computer analyses to
wlentify coupled (neighboring)

Figure 1. Computer-generated model of the interaction between a DNA-protamine binding unit {arg ) and a segment of DNA,
(a) The arg-arg-arg-arg peptide (top) and the DNA segment (bottom) shown as separate inolecules. (b) Front view of the minor
groove of DNA filled with the arg peptide after rotating 90° to the right the DNA-peptide complex shown in (a).

142


http://1ih1mh1ii.iI

Institutional Research and Deselopment

protons in the same anino acid and
interacting protons in different amino
acids. We have prepured folded
forms of the protamine molecule
in vitro and are now separating and
purifying these forms for subsequent
NMR analysis. We have also
prepared a covalently crosslinked
protamine dimer in its two forms
and are purifying them for analysis.
During FY&9. we will
concentrale on completing the
identification of all unfolded
protamine protons and on analyzing
the spectra of naturally folded forms
of protamine and folded synthetic
peptides. By exploiting the nuclear
Overhauser effect (which permits
the identification and localization of
protons in amino acids that are well
separated in the peptide chain. but

within 0.4 nm of one another in the
folded molecule) and by modifving
specific cysteines with radioactive
(**C) reagents. we should be able
to map the location of umino acid
residues within the amino- and
carboxy-terminal folded domains.
We will use two approaches to
locate the region of the protamine
molecule that binds to DNA. The
first approach involves constructing
a synthetic DNA-protamine complex
and monitoring the immobilization of
specific amino acids after the protein
binds to DNA. This approach
requires the preparation of a soluble
form of the DNA-protamine complex
in a suitable solvent because the
complex is insoluble in water. If a
sufficiently soluble complex cannot
be prepared, our second approach
will be to attempt to obtain solid-

Individual Awards

state NMR spectra. Should both
approaches fail to provide
information on the location of the
DNA-binding region. then we will
use methyl glyoxal to chemically
modify arginine residues of
protamine not bound 10 DNA in
intact sperm. The location of
unbound arginines can then be
determined by combining NMR
spectroscopy and protein-sequencing
technigues.
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FYSN  SToo oo

Application of
Accelerator Mass
Spectrometry to
Marine Ecology

Principal Investigator: R, B, Spies
Co-Investigator: J. Bauer

Wc are measuring the natural
abundance of carbon-14
("*C) in small samples of seawaiter.
sediments, and marine organisms 1o
clucidate aspects of the occanic
carbon cycle. One reason that *C is
a useful tracer in the ocean derives
trom the tact that the carbon turnover
time in oceans (5001000 vears)
represents a significant fraction of the
HC half-lite (3730 years). Surface
waters, where carbon is incorporated
into the food web. are more nearly in
equilibrium with the atmospheric
source. New organic matter is, in
eeneral. significantly enriched in C
relative to deep-water organic matter.
In addition. along the west coast of
the U.S.. persistent northwesterly
winds in the spring and summer
result in upwelling of deep. nutrient-
rich. but '*C-depleted. water
{Robinson, 1981).

Conventional measurements
of the abundance of '*C by decay
counting require several liters of
seawater for the determination of
inorganic carbon and 1 g of organic
matter for organic carbon. Samples
of marginal size often must be
counted for several days to obtain
an accurate determination. Thus,
conventional technigues have limited
the usefulness of using "*C as a tracer.
The separation and direct counting of
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We are applying accelerator mass spectrometry to basic
problems in marine science. Our ability to measure
carbon-14 in microgram-size samples of carbon promises to
advance our understanding of carbon cycling in the oceans.

cirbon isotopes by aceelerator mass
spectrometrs (AMS). on the other
hand. ailow us 1o use sample sizes as
small as 20 to 30 gg and counting
times of less than | hour. Early this
vear. we made the first measurements
of "*C content of dissolved inorganic
carbon in sediment porewaters
(samples obtained from the pores
in sediment) using samples of 1 to
5 ml. the smallest seawater samples
successfully analyzed for "*C 1o date.
Although "C enters ocean
surface waters mainly as CO.. a key
10 better understanding of the oceunic
carbon cycle is the cycling times of
various forms of organic carbon.
Recent evidence suggests that
dissolved organic carbon in the ocean
is relatively old (with a mean age of
about 6000 years in the central North
Pacific Ocean) and that a large
{raction of such carbon appears to be
only slowly decomposed by microbes
(Williams and Druffei. 1987). Itis
clear that the cycling time of various
classes of compounds comprising
dissolved organic carbon needs to be
investigated; because of the sample
sizes that are practical to collect. such
measurements can only be done with
AMS. Our plan was to scparate from
seawater some specific classes of
such compounds and then to measure
the "C content.

We first used AMS to answer
fongstanding questions about fossil
ciurbon cyveling i the sediments of a
shallow-water petroleum seep. In
particular. we wished to know
whether the higher population
densities of some organisms in the
sediments of the seep were due to the
use of fossil carbon by the food web.
Our previous investigations had
strongly suggested this possibility.

A dilution of modern carbon by fossil
cuarbon in organisms from

the sediments of the seep would
constitute nearly irrefutable evidence
of fossil carbon use.

Figure | shows the results of our
radiocarbon analyses of total organic
carbon in sediments. of dissolved
inorganic carbon in porewater. of
meiofauna (animals passing through
a sieve with (.5-mm openings). and
of macrofauna (animals retained on a
sieve with (.5-mm openings). We
obtained all samples from sediments
of the Isla Vista petroleum seep
located oft the coast in the Santa
Barbara Channel. The *C content of
dissolved inorganic carbon in
porewater shows a clear gradient due
to the influence of fossil carbon.
Station A, with the greatest active
seepage. also has porewater with the
greatest depletion of modern carbon.
Station B has less seepage and more
modern carbon. Station C has
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essentially no seepage and the most
modern carbon. The depth profiles in
ciach case are related to the influence
of microbial metabolism. porewater
pumping. ditffusion into overlyving
seawater (which is nearly modern).
and an upward tlux of tossil CO,
from the underlving. oil-hearing”
strata. Both metotauna and
macrofauna show a depletion of *C
with increasing seepage. This

tay Sediments

relation indicates o dependence of the
food web on fossil carbon use 1n Isla
Visla sediments,

Our tuture plans include a ume-
weries analvsis (a series of tests over
months) of “C content of dissolved
morganic carhon in scawater,
phytoplankton. suspended particulate
matter. total organic carbon in
sediment. and benthic (bottom-
dwelling) organisms from a coastal

thy Porewater
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Figure §. Natural abundances of '*C, expressed as percent modern carbon, in
(a) total organic carbon within sediments, (b) dissolved inorganic carbon within
porewater, (c) four types of meiofauna, and (d) seven tvpes of macrofauna.
Sediments are from three stations with varying degrees of seepage near the Ista
Vista petroleum seep. Data such as these indicate a dependence of the food web

on fossil carbon.
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focanon in California that has both
upweling and non-upwelling
scasons. Such data will help us o
establish how organic matter 1s used
over time on the California
continental shelf and will serve as a
reference for subsequent
measurements of even more specific
classes of organic matter. such as
hacterial lipids.
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FYSN: S§111000

Fluorescence Detection
and Quantification of
Gene Expression

Principal Investigator: M. . Pallavicini

he diverse nature of cell

populations is based on the
temporal and selective activation and
expression of unigque genes. We have
developed the technology necessary
to detect and quantify gene
expression in individual cells by
usimg three techniques: fluorescence
in sine hybridization, quantitative
image analysis, and flow cytometry.

We used recombinant Chinese
hamster ovary cells containing
clevated levels of DNA sequences
that code for the c-myc protein. The
c-myc protein is believed to play a
rote in the regulation of cell
proliferation and differentiation. In
our recombinant cells, expression of
the c-myc sequences is regulated by
temperature. Thus, when the cells
are grown at 37°C , neither c-myc
messenger RNA (mRNA) nor c-myc
protein is produced. However,
following exposure to 43°C, c-myc
mRNA is generated (see Figure la).
Upon return of the cells to 37°C,
mRNA is then translated into the
c-myc protein (see Figure 1b). Thus,
the expression of both c-myc mRNA
and c-myc protein can be
experimentally manipulated in the
cells. providing an excellent model
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We have developed fluorescence techniques to detect and
quantify gene expression in individual cells. This capability
allows us to track messenger RNA from a nucleus to
cytoplasm, where it is translated into specific proteins, and to
Sfollow the movement of translated protein back to the nucleus.
Such methods are useful for investigating selective gene
expression in proliferating and differentiating systems and for
in situ analyses of intracellular macromolecular traffic.

system for developing technigues
to measure and quantify gene
expression.

We used tlow cytometry and an
immunofiuorescence-based assay to
quantify the amount of ¢-myc protein
produced in cells that contained
difterent levels of c-myc DNA
sequences. We found that the level
of production of c-myc protein was
related to the number of c-myc
sequences present in the
chromosome. Although the c-myc
protein is believed to play a role
in regulating cell proliferation,
our studies indicated that cell
proliferation was independent of
c-myc protein levels. We did,
however, observe increased lethality
in cells expressing c-myc protein at
levels 20 to 40 times higher than
normal. We also were able to follow
the movement of the c-myc protein
from cytoplasm to its functional
domain, the nucleus.

To detect c-myc gene
transcription, we used fluorescence
in sit hybridization. a technique
based on the formation of hybrids
between complementary sequences
of nucleic acid. In this technique.
nucleic acid probes are first labeled
with biotin and hybrized (with
complementary sequences present

within the celly with biotinylated
RNA probes. The resulting hybrids
are detected using fluorescenated
avidin, a protein with high affinity
{or biotin. We initially detected
intracellular c-mye mRNA following
hybridization with the biotinylated
c-myc DNA probe. Although we
were initially successful with this
approach. it proved to be too variable
for routine biological applications.
We subsequently hybridized c-myc
mRNA with biotinylated RNA ¢-myc
prabes. which were produced and
characterized at LLNL. We found
that RNA-RNA hybridization
allowed for reproducible and
sensitive message detection: that
is. we were able to detect mRNA
derived from transcription of 50
genomic copies. We analyzed both
nuclear mRNA and cytoplasmic
c-myc mRNA using this procedure.
Our work is the first
demonstration of detecting nuclear
mRNA using fluorescence i situ
hybridization. We have already used
image analysis to quantify total
cellular fluorescence. and we will
apply that technigue in the future
to separately analyze nuclear and
cytoplasmic mRNA. We have
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also developed the capabiliny o
sunultiancousty Lubel cells tor a
genomic sequence and s ranseribed
product. Thus. we now can measure
both the copy number and expression
of selected genes. This development

ta) C-mye mRNA

(b) C-myc protein

has tormed the basis for new rescarch
citorts i the Bromedical Scarences
Division o amvestigate intrace lular
structural and molecular changes
associated with gene activation
TR

Figure 1. C-myc¢
messenger RNA
and protein in
heated
recombinant
cells. (a) C-myce
messenger RN A is
visualized as a
bright, tightly
localized spot in
the center of the
nuclews. (b) C-
mye protein is
localized within
the nucleus and
appears as a
relatively ditfuse,
vet distinct
pattern. These
cells were heated
at 43°C for 20
minutes and then
returned to 37°C
for 4 hours

to produce ¢-myc¢
protein.
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Scanning Tunneling
Microscopy

Principal Investigator: W. 1. Bell
Co-Investigators: R, Balhorn, 1. Bebbe,
W Sickhaus, L Wilsan. and

M. salmeron®

faswrenee Berhetey Laborson
Herheley €A

S tudhes ot the phy~icat and

clectronic structure of surfaces
on the scale ot atoms is of centraf
importance m understanding devices
and processes i fields as diverse
as semiconductor electromes.
machining. polishing, surtace
chemistry. and biology, Unul
recentiy. most surtace-sensitine
techniques have been restricted
ultrahigh yvacuum eny ironments.,
The advent of the scanning
tnnehing microscope (STM) now
provides us with the opportunity
study surface phenemona. such as
corrosion. wetting. clectrochemical
deposition of metals, and catalvsis
on i variety of surfaces a normal
operating pressuics. Furthennore.
STM can be used 1o image surfaces
of biological molecules.

In last year's report, we showed
the main features of the microscope
we have buiit,. We replaced the
piczoclectric tripod with a
cvlindrical tube for greater speed
and stability in manipulatuing the
tunneling probe tip. In general.
clectrice fields apphied 1o the
piczvelectric ervstal tube through
evaporated metallic contacts induce
striin in the tube that moves the nip.
The tube scanner provides o
masimum up range of 1000 nmon
all directions with displacement
control to better than 0.01 nm. We
can aequire square pictures 10 nm
on cach side i less than Fonn.

14X
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We have used our air-operated scanning tunneling microscope
and other new technigques to image bare DNA without the
melallic coating commonly required in transmission electron
microscopy. We can determine the DN A structure with a
resolution of ~I nm, revealing for the first time its distinct
helical structure through direct imaging.

To bener understand the
aperation ol our scanning tunneling
NICTOSCOpe. Imagimne one atom al the
end of an atomically sharp metallic
needle close to the surface of
conducting matenial. For gap
distances of 0.5 nm. an applied bias
of several tens of mitlivolts induces
current flow in the nanoampere

range. Electrons flow across the gap
hecause of the quantum-mechameal
wnnehing effect. The current
topreally decreases by one order of
magmitude for evers O nmoan gap
spacing.

We have used three operating
modes: constant current. constant
height, and local-barrier height. In

tar STM image of DNA (< 10° bases) from calf thymus

Figure 1. () STM image of calf thymus obtained from Worthington Biochemieal
Corp. (Freehold, NJ). The highly polvmerized thymus was dissolved overnight in
aqueous H-mM KOS mg/mil). Aliguots of stock DNA solution were then diluted
with H-mM KCl 1o a working concentration of I mg/mi. We then esaporated one
droplet in air on i freshiy cleaved pyrolytic graphite substrate, which provides a
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the constant carrent mode. tor
example, the necdle s soanned aoross
the ~surtace Laterally whide s distanee
tronn the surtace 1 adjested tokeep
a constant tunnehng current Wy
bl a topoctaphic unage o the
surtace i the reanrded ety
ol the fp

Froure Laoos annmage of DN
constructed from such o topograph,
The miensity ot the gray ~scale s
proportional to the tp herehts whoere
white s hugh and black i low
This s a tvpical large-arca o los -
TOS oo image showmye a DN
compies that niakes mam
convoluiions an g grapiinte surbace,
The pyrobve eraphne substraie
provides o conductin e surtace wath
crystal planes atonmcally tar over
hundreds of nanometers. Both
isolated segments and overtappme.

taincled scoments of the DN dupl.
are visthie

Freure Thos another aiea ol the
DN A samipie s 3
Frcure Ta Biocheniests expect that
DN A appearme as o simele stnand

s shown

will have aswaide saneny of pitch
spacings - The appearance of the
twsted Ladder s evident i these
miagess howeser no altermation i
STOOVE S0 s seen. s would he
capedted i the mager and mino
DN LTOOVCS were resalved. The
herght of the DN VIS between about
2and S ameas expected  The

apparent width ot the strand. which i~
=0 i s caused by oa comvolution of

the actual DN A wadth with the np
widih.

Our STA unages ot biofogical
molecules have a resolution tar

surpassing that of images obtaimed by

thy STM image of spiraling. right-handed DNA from calf thymus

Inedividaal Nwards

any other techinegue T addimon.
> possibie to fasment. attach, and
remoy e simple oreame molecales on
the surtace of zraphite. We belies e
tHut sobar maniputations can be
petformied on biological molecules
Weannapate that the revolubion m
the briehd o surtace saence that s
bemne caused by ST and rebaed
techmgues wall be shortly tollowed
by an even greater ievolution i
molecular bology and biophysics.

(r) DNA helix

conductive surface with cvsstal plunes atomically flat over hundreds of nanometers. This ty pical large-arca image shows a DNA
complex that makes many convolutions on the surfuce. Both isolated segments and overlapping, tangled segments of the DNA
duplex are visible, This image is viewed trom a perspective 45 above the plane and 20 clockwise in the plane. (hy Another area
of the DNA san ple taken within a few minutes of the image in ta). The spiraling. right-handed DN A structure is clearhy visible.
te) Schematic of the heliv of DNA for comparison.

By
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Svnthesis of Dense
Energetic Materials
Using Polymer
Supports

Principal Investigator: A, R. Mitchell

O ur objective is o find new wass
1o synthesize high explosives
that are more encrgetic than HMX
(Coon. 1988). Figure 1 shows the
structure of this important explosive.
which has a density of 1.90 g/em”.
Density is important because it s
directly related to the Chapman-
Jouguet (C)) pressure P . the
detonation property that principally
determines the impulse delivered by
an explosive:

P =p DK+ 1.

where p, 1s the imtial density of

the explosive. D is the detonation
velocity. and K 1s the adiabatic
expansion coefficient of the chemical
reaction product gases at the CJ state.
Because the detonation velocity and
the adiabatic expansion coefficient
both increase linearly with the initial
density. P, is proportional to the

Institutonat Kesearch and Dovelopent

We have developed synthetic methods that will enable us
to prepare larger-ring homologs of HMX and other new

explosives related to HMX.

inttial density squared. Theretore, 1o
deselop more powertul explosives.
we must identify energetic materials
with very high densities (Tarver.
1979).

Nielsen ¢1973) predicted higher
densities than that of HMX for the
compound’s larger-ring homologs.
estimating a maximum of 2.09 g/cm’
for the twelve- to fourteen-member
rings (1. n=6.7). Attempis by
researchers to prepare wuch
compounds have been unsuccessful,
thus indicating the need for
alternative synthetic strategies.

Our general approach is
Hllustrated in Figure 2. At the start of
this investigation. we obtained only
six- and eight-member rings (111 or
V. =3.4) when using either
carboxamides (II. R = CH y or
urethanes (IV.R” = CH O) in
reaction b. Furthermore. although
carboxamide derivatives (1) could

CY

(1, n=4)

o,NN——/

Figure 1. Two structural representations of HMX (L. n = 4), which is an important
military explosive. The number of methylenenitramino groups is represented by
n. HMX is a cyclic methylenenitramine with an eight-member ring and a density

of 1.90 g/em?.
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be nitrols zed 1o 1L urethune
dernvatives (V) failed to vield 1in
reaction o (Gilbert ¢ral.. 1976

The discovery of derivatives that
would allow the formation of Lurger
ring svstems (11 > 4) was critical o
the success of the project. We
reinvestigated the use of urethanes
with a focus on the more acid-labile
derivatives. We found that we could
use urethanes derived from reri-
butanol. which are normally
employed as rerr-butyloxycarbonyl
{BOC) protecting groups in peptide
synthesis (Barany and Merrifield.
1979). In Figure 2. R’ in such
urethanes (IVy would ke tCH ), CO.
Especiallv noteworthy are the mild
reaction conditions required for
nitrolysis of the BOC group.

In an analogous fashien, we
prepared and investigated the use of
polymeric urethanes derived from
benzhydryl alcohol bonded to 1%
cross-linked polystyrene. In this
case. R” in Figure 2 was
(C H,),CHO. The polymer
derivatives were designed to have
chemical reactivity similar to the
BOC group and possibly act as
templates that would favor the
formation of larger ring systems
(Mitchell and Merrifield, 1985).

Low-molecular-weight and
polymeric urethanes reacted as
shown in Figure 3. The formation
of ten- and twelve-member cyclic
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methy lencimine derivatives (. n =
5061 wus demonstrated by chemncal-
10N1Zation Mass spectrometry in
reaction mixtures also containing the
known six- and eight-member ring
compounds (I n =3, 41 Not
surprisingly, the rmer VI in contrast
1o the monomer L promoted the
production of larger ey clic products
(=560

In conclusion. we have
developed a synthesis for precursors
that will enable us o prepare furger-
ring homologs of HMX. In addition,
we discovered a muld nitrolysis
reaction that should improve our
ability (o svnthesize new explosives.
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Figure 2. General approaches to the synthesis of ¢yclic methylenenitramines (I).
Carboxamides (IL. R = alkvD) or urethanes (IV, R’ = alkoxy) are used. Urethanes
can be converted to carboxamides (reaction a). Ring formation (reaction b)
followed by nitrolysis (reaction ¢} vields I. Dashed arrows denote reactions
unknown at the start of the investigation.

R
g d=o ac
I b | A |
(—N—CH,—~ E - (—N—cH ),
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b

N,cuz—uu—n CH0
N\ CH,—NH—R

v

Figure 3. Formation of acetylated cyclic methyleneimines (111) from monomer
(II) and trimer (V) urethanes via ring formation (reaction b) and acetolysis
(reaction a). R is terr-butyloxycarbonyl or 1% cross-linked polystyrene
incorporating henzhydryloxycarbonyl groups.
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Multilayer Gratings
for An=0
Spectroscopy

Principal Inve:tigators: T. W, Barbee, |r..

Institutional Rescarch and Develapment

We have developed ways to fabricate and characterize normal-
incidence, multilayer focusing gratings for moderate- to high-
resolution spectroscopy in the wavelength range of 5-50 nm.
We will use these gratings to study the emission spectra of foil-
excited heavy-ion beams from accelerators, particularly the

and D. 1). Dietrich
Co-lnvestisators: J. dinler and R, Marrus®

“Uversiny ot Calitormu Berheley.

ol 10-25 nm (see Figure Ta). These
reflectivities are two to three orders
of magnitude larger than those
attainable with raditional single-
taver coatings. Code calculations of
multilaver reflectivities for 5—10-nm
and 25-50-nm light predict similar
performance. Although these
measurements are for flat multilayers
(Trail er al.. 1988). we have obtained
simifar reflectivities for multilaver
structures synthesized onto spherical

O ur overall objective is to

apply normal-incidence
multlaver diffraction gratings. which
allow moderate- 1o high-resolution
spectroscopy in the spectral
wavelength range of 550 nm. 10 the
study of heavy-ion beams. Simple.
flat. mululaver coatings are manmade
depth-periodic structures that have
been experimentally shown to have
normal-incidence reflectivities in
excess of 30% over the spectral range

(a) (b)
60 60
S0 Synchratron 50 |-
® a0} 40 -
-3
2
s 30+ 30 |
Q
@
D 20 |- 20 |
o
10 10 +
0 0 | L L N Sy
13 14 15 16 17 15 16 17 18 19 20

Wavelength, nm

Figure 1. Measured reflectivity of (1) a flat molybdenum-silicon multilayver
(7.8-nm period) at normal incidence. using both synchrotron radiation and light
generated by laser-produced plasma (LPP) and (b) a molybdenum-silicon
multilayer (9.31-nm period) deposited onto a concave, I-m-radivs. superpolished
substrate, measured at 15 oftf normal incidence. The measured reflectivity (485 )
in (h) compares well with our calculation (549 ).

Is, 2p, 3P, —1Is, 25, ,3S transition in helium-like ions.

substrates with radit from 0.5-4.0 m
(see Figure 1hy

Diffraction gratings. used as
substrates for multilayer deposition
in our study. are in-plane
microstructures that have been used
as spectroscopic elements for over
cight decades. Convolution of the
diffractive properties of these two
periodic structures (the grating and
the multilayer) result in specific
design criteria for multilaver
diffraction gratings.

During FYBR. the first year of
our two-year study. we acquired a
McPherson 225 vacuum spectrometer
and tested it with a standard
1200-line/mm. I-m-radius. iridium-
couted blazed grating. We also
fabricated two multilayer gratings.
Both a 1200-line/mm. I-m-rudius
holographic grating and a
1200-line/mm. blazed replica grating
were coated with a molybdenum/
stiicon multilayer designed to reflect
15.5-nm light a1 normal incidence.
The holographic grating operated in
second pseudoblaze order and the
bluzed grating in third order at this
wavelength. Characterization of
these gratings is still incomplete
because of interference from strong
{irst-order dispersed lines excited in
the plasma source used. Grating
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resolution as determined trom these
tirst-order lines ¢ 130G o 25000 was
as expected.

In April 1988, we ran a
preliminary experiment at the
GANIL accelerator complex in Caen.
France. to measure the energy of the
s, 2p, 3P, = 1y v 3§
transition in helium-like xenon. In
this experiment. i beam of helium-
like Xe™ wis passed through a thin
carbon foil placed in front of a
normal-incidence spectromelter (see
Figure 2). We observed a weak
spectral line at the expected energy
(834 eV However. since this was a
parasitic experiment. we did not have
time to reproduce our results or
explicitly verify the line’s spectral
order.

This transition in xcnon s
analogous to the Lamb-shift l\'l L=
2p ., transition in hydrogenic ions.

[t occurs at 15,4 nm (Drake. 1988).
with quantum electrodvnamic (QED)
corrections accounting for 8¢

(6.5 eV) of the total 83 4-eV
transition energy. Our goal is 1o
measure the wavelength of this
transition 10 +0.05 nm. which
requires knowing the angle between
the ion beam and the spectrometer to
only | mrad. The resulting
measurement of the Lamb shift will
then have a (L.4% (0.03-eV)
uncertainty level. Current Lamb-
shift measurements are at the 10%
uncertainty level and exist only for
much lower Z [ 18 for n =2 (Gould
and Marrus. 1983) and 36 forn =1
(Tavernier ¢ ul.. 1985)]. At 0.4%
uncertainty. we would be sensitive to
additional QED effects (estimated at
0.168 eV) due 1o the exira clectron,

We are currently completing a
facility at LLNL to unambiguously
measure the absolute retlectivity of

Thin carbon
/ adder foil
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Figure 2.
Schematic of
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Xa 52+
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) at the GANIL
accelerator,
showing the
normal-incidence

Beam-profile
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grating «

Detector

Spectrometer Hvth hu (emission spectrometer,
entrance sfit spectra) adder foil. and
L — '/ ion beam.
_/
Beam-profile
monitor

Hilger E766
spectrometer

these gratings in any spectral order.
We are also setting up a normal-
incidence spectrometer in Cave H at
the Lawrence Berkeley Laboratory
SuperHILAC. We have requested
beamtime on the Michigan State
University (MSU) cyclotron. a new
accelerator that promises to duplicate
the performance of the GANIL one.
We expect to perform experiments
on xenon at MSU after our initial
SuperHILAC experiments on iron.
We also expect to run experiments
using a heliuni-like uranium beam at
the new SIS/ESR accelerator facility
in Darmstadt. West Germany. when it
becomes available in fate 1989,
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Monte Carlo Atomic
Kinetics Calculations

Principal Investigators: ], R. Albritton,
B. G. Wilson, and 1. Thomson

he absorption and emission of

radiation by atomic clectrons
are important in the calculation of
energy transport in plasmas. Direct
evaluation of these contributions
is difficult because of the multiplicity
of atomic configurations that must be
accounted for. The Monte Carlo
method is a new altermative to
exhaustive search schemes and 1o
schemes involving a limited or
preselected ensemble of atoms
(Albritton, 1986). Its principal virtue
1s its well-known ability to realize
solutions, efticiently and without
bias. to multivariate problems that
are difficult to formulate and solve
rigorously.

The Monte Carlo method uses
direct numerical simulation of the
transitions of an atom in its ambient
plasma and radiation field. Starting
with a definite initial configuration
{given by the occupation of all the

154
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We are working on a computer program that emplovs a Monte
Carlo approach to determining the ionization and excitation
distribution of the dominant atomic configurations in local-
thermodynamic-equilibrium (LTE) and non-LTE plasmas.

atom’s quantum levels) and the
rates for transitions 1o all accessible
configurations. the code casts random
numbers to determine the lifetime of
the configuration and to choose a
transition to a new configuration.
Diagnostic information is recorded.
and the "est” atom is advanced 1o the
new configuration. The test atom
randomly but rapidly ~“walks™ from
the initial configuration to sample
those configurations that are the most
probable—those in which it is likely
10 spend the most time.

We are now implementing the
transition processes of radiative
and collisional excitation and
deexcitation. ionization and
recombination. and Auger and
resonant-capture transitions. The
large amount of microphysical
information required, such as the
energy levels und matrnix elements, is
being provided by a relativistic. self-
consistent field imuvdel (Liberman and
Albritton. 1984).
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Micropole Undulator
Insertion Devices

Principal Investigator: A, Toor
Co-lmvestigators: P. Csonka* J. Hunter,
R. Hornady. R. Tatchyn.s D. Whelan **

and G, Westenskow

Insntute of Theoretical Saenee. Unnersiny
of Orevon. Fagene

FStantord Svichrotron Radiation Laboratony .
Stanford Unnversin . CA

*Huoghes Aareraft Company.
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A.s recently as fast year. the
feasibility of scaling undulator

insertion devices to submillimeter
periods was highly cont:aowersial and
believed by many 1o be ivipossible.
Nevertheless. the theorttout benefits

of such devices were w0 s
Installed on high-energy electron
storage rings. such insertion devices
would produce monochromatic x-ray
beams with significantly higher
brightness than currently attainable
in the luboratory by any other means.
We have investigated theoretically
the scaling limits tor micropole
undulator (MPUs) and believe that
100-pm period devices with 1(}
periods are achievable. Such devices
would provide a new class of high-
brightness. monochrematic x-ray
sources.

Our research this year has
focused on the development of two
prototype designs for MPUS5 using
two different technoiogies to address
the issues in building spatially
coherent structures with [0 periods.
In the first design, the periodic

Tndividual Awards

We have developed two prototype micropole undulator
insertion devices 1o demonstrate a new class of high-
brightness x-ray sources. In experiments conducted on the
LLNL 150-MeV linear accelerator, we demonstrated the first-
ever production of photons from submillimeter-period
undulators. Installation of either of these devices on the
Bates linear accelerator at the Massachusetts Institute

of Technology would produce tens of milliwatts of
monoenergetic soft x rays, thus providing an x-ray source that
is competitive with bending magnets installed on high-energy

electron storage rings.

magnetic structure is machined in a
single. monolithic block of material:
the MPU iy biased with an external
magnetic field and cooled with liquid
nitrogen. We used the LLNL
150-MeV linear accelerator (linac) 1o
measure the intensity and angular
distribution of 66-¢V photons
radiated by 75-MeV electrons
passing through a 706-um-period
undulator 35 periods fong. These
experiments were the first o produce
photons from submillimeter-period
undulators. The advantage of this
type of MPU is that ion-milling of
anisotropic materials such as
NdFe(B) or SmCo, can produce
very-short-period (~50-pum) devices
with lthographic accuracy. therehy
simplifying the technical challenge
to fabricate MPUs with 1(¥* periods.
The major disadvantage is the bulk
associated with the bias magnets and
the active cooling that is required to
dissipate the electrical energy necded
10 produce the bias field.

The second design is a laminar
MPLU for which each “pole™ picce is
a stack of thin magnetized wafers

with alternating magnetic polarity.
A prototype of this design was
assembled from NdFe(B) waters with
54 periods of 986 um (i.c.. a total of
216 magnets). In a second series of
experiments using the LLNL linac,
we generated 70-¢V photons and
characterized the radiated photon
intensity as a function of photon
energy and angle (Figure 1). The
advantage of this laminar design is
that it does not require a bias field
with the attendant cooling apparatus:
thus it can be remotely positioned
and scanned in vacuum using
manipulators with micrometer
accuracy. Disadvantages of this
design are associated with the
handling and charactenizing of a
large number of separate fragile
components whose internal magnetic
forces approach the inherent strength
of the materials.

The measured performance
of hoth MPU prototypes was in
agreement with our theoretical
predictions. With both types of
MPUs. we found that the frequency.
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intensity, and angular distribution of
the photon output were limited by the
clectron-beam characteristics (e.g..
energy. current. emissivity) of the
accelerator and by the resolution of
our diagnostics.

During this work. we discovered
that the field strength of NdFe(B)
decreases with decreasing thickness
below ~1 mm as a result of surface
effects due either to oxides or to
machining. Therefore. SmCo,

2000 —
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Counts/10 seconds
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Angle, mrad

Figure 1. Angular distribution of radiated photons for the NdFe(B) 986-um
laminar MPU at three electron energies. These data show that a +3% change
in electron energy moves the radiated photons out of the diagnostic’s bandpass,
thereby eliminating the possibility that the detected photon origin is due to some
other process (bremsstrahlung, or channeling radiation).
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(which was demonstrated not to
exhibit this property) was used 10
fabricate two additional laminar
prototypes: a 494-um. 120-period
MPU. and a 253-pm. 248-period
MPU. both of which are ready for
testing. Theoretical ficld-strength
uniformity and phase criteria coupled
with the measured values of field and
thickness for each wafer currently
limit the number of periods attainable
with 250-pm SmCo, wafers 1o about
1000. or four times that of our largest
prototype MPU.

The LLNL linac does not have
low enough emittance to allow us to
adequately test the performance
scaling of the 250-um MPUs. Thus.
we must either upgrade the LLNL
linac (which is being considered by
the Physics Department) or travel to
the Bates linac at the Massachusetts
Institute of Technology or the Race
Track Microtron accelerator at the
National Bureau of Standards (which
is currently under construction).

Installed on the Bates linac,
either of our two prototype MPUs
would radiate narrowband, ~10—
25-keV x rays at the tens-of-milliwatt
level. This would provide a high-
brightness x-ray source facility
{spectral brilliance greater than
10" photons/(s-mm-mr- 1%
bandwidth)] that is competitive with
the bending magnets installed on
high-energy electron storage rings.
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Pressure Effects in
High-Temperature
Superconductors

Principal Investigator: B. Bonner
Co-Investigators: M. Young. R, Reichlin,
F. Ryerson, and (. Smith

P ressure-enhanced
superconductivity appears to be a
general property of high-temperature
superconducting (HTSC) materials.
This pressure etfect. believed to
result from an underlving change in
structure or in the mechanism that
mediates pair formation. has yet

to be explained by theory. We are
investigating this etfect by comparing
experimental observations with
theoretical simulations in which the
ionic spacings are reduced to model
the pressure effect.

We used the diamond-anvil cell
to study the optical properties of
single crystals of Y-Ba-Cu-O
(supplied by J. Z. Liu. Argonne
National Laboratory) at high
pressure. When pressure is increased
to 22 GPa. there is a 300% rise in
near-intrared normal-state
~ reflectivity, indicating increased
oscillator strength (Figure 1). This
suggests that the density or mobility
of the free charge carriers increases
with pressure. implying more
metallic behavior that must be
treated theoretically.

Reflectivity data in the mid-
infrared show a weak spectral feature
near 0.4 eV that we attribute to an
exciton or to a Cu-O charge-transfer
excitation that shifts only slightly
with pressure to 200 GPa. Additional
mid-infrared measurements of diffuse

Individual \wards

We are probing the nature of high-temperature
superconductivity in cuprate oxide (Cu-0Q) materials. By
comparing the pressure dependence of the s*'perconducting
transition to that for related optical and vibrational properties,
we should be able to identify aspects of the electronic or
phonon structure that are critical to superconductivity.

reflectance at atmospheric pressure
have clearly demonstrated that

such data are usetul indicators of
annealing history and oxygen content
for the Y-Bu-Cu-O system.

Also this vear, we applied high-
pressure synthesis technigues to
La-Cu-O (the parent HTSC svstem),
which is not ordinarily 4
superconductor. By annealing this
material in oxygen overpressures
of 20-300 MPa. we produced
a superconductor at 7 =18 K.
Extensive characterization efforts are
under way to identify the structural
changes associated with this etfect.

Next vear. we will extend our
optical measurements to observations
of Raman backscattering, beginning
with normal-state measurements for
vitrium compounds to 25 GPa.
Pressure shifts of the vibrational
frequencies tor oxygen will be
compared 1o predictions from
ab initio cluster simulations. We
will use x-ray diffraction to measure
changes in cell dimensions with
increasing pressure for yttrium- and
lanthanum-based superconductors
to see if changes in the Cu-O plane
separation can explain the observed
pressure effect.

23 Figure 1. Pressure
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increases in near-
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Using Geochemical
Modeling to
Investigate the
Paleoecology of Closed
Basin Lakes in the
East African Rift
During the
Plio-Pleistocene

Principal Investigator: K. L Jackson

We proposed to use trends in

the composition of water
samples collected from closed basin
lakes in the East African Rift Valley
(Figure ). together with observed
differences among the mineral phases
precipitated from these lakes. to gain
insight into changes in lake water
chemistry that occurred during the
Plio-Pleistocene. By illustrating

; '
!,,/ ! Ethiapia

S N
~ N, \
West African ( "(l
Rift Valtey ~ -
o Kenya,
L .
& .
Fa , East African
»3 Rift Valley
Tanzania

Figure 1. Map showiag the location of
the East African Rift Valley, the area
in which many important early-
hominid remains have been found.
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Modern geochemical modeling codes have been advanced to
the point that we can evaluate quantitatively the chemical
interactions between mineral phases present in sediment
samples and the solutions from which they precipitated. Our
praject was to collect water and sediment samples from the
closed-basin lakes in the East African Rift Valley and to use the
EQ3/6 code to ascertain the kinds of geologic and climatic
events that might have produced the observed mineral phases.
The lake water chemistry in the East African Rift Valley is of
special interest because this is the area in which many of the
most important discoveries of early-hominid remains have

been made.

the svstematic dependence of
chemically precipitated mineral
phases on the compositional
variations in water chemistry in the
modem lakes. we hoped to be able to
model how the mineral assemblages
present in sedimentary rocks formed
during the Pliocene and Pleistocene
provide a record of the changes in
water chemistry that occurred during
those epochs.

Past compositional changes in
lake water chemistry in this region
are of special interest because of the
impact they would have had on the
paleoecology of the East African
Rift Valley—the area in which many
of the most important early-hominid
remains have been found. Changes
in the chemistry of lake waters in
the geologically recent past have
apparently been responsible for
environmental fluctuations in which
a number of lacustrine (lake-
dwelling) species have alternately
flourished and died off. Molluscs
and fish that might have been
important sources of food for carly
hominids are among these species.

By coupling recent advances
in theoretical geochemistry with

corresponding advances in of
geochemical modeling codes like
EQ3/6. it is now possible 10 evaluate
quantitatively the chemical equilibria
between the mineral phases present
in lake sediments and the aqueous
solutions from which they
precipitated. The identity and
relative proportions of the various
minerals found in Plio-Pleistocene
luke sediments would have served
as the input constraints tor the
geochemical modeling codes. From
the code calculations. we hoped to be
able to ascertain the kinds of geologic
and climatic events that might have
provided tor the observed changes in
mineral assemblages ard variations
in lake water chemistry.

In order to carry out this
project. a research permit from the
covernment of Kenva was needed.
However. no permit was granted in
time. and therefore the proposed
project could not be done in FYRS.
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FYNS ST95 too

Atmospheric
Compensation
Algorithms for

Imaging

Principal Investigator: J. P. Fitch
Co-Investigators: T. W. Lawrence and
D. M. Goodman

he world’s largest telescopes.

such as the 5-m Hale telescope
on Palomar Mountain in southemn
California. have a theoretical
diffraction-limited resolution of
about 0.1 prad. In practice. however.
these instruments are limited by the
turbulent atmosphere to a 5.0-prad
resolution. the diffraction limit of a
10-cm telescope. The limitation is
suffered by all ground-based
telescopes and severely hampers
our ability 1o image distant objects.
Recent advances in short-exposure
imaging technology and computer
postprocessing algorithms could
provide a method for imaging
astronomical objects and man-made
satellites to the diffraction limit
imposed by the telescope instead of

that imposed by the atmosphere. In
* addition to the immediate impact on
existing telescopes. sparse opiical
arrays hundreds of meters in diameter
could be constructed to image higher-
altitude earth-orbiting satellites. The
new atmospheric-compensated arrays
could potentially revolutionize
astronomy.

QOur approach is based on a class
of nonstandard imaging techniques
that have been applied successfully
by radio astronomers. The
turbulence-induced eftects of the
atmosphere on the object image can
be frozen if the image-exposure time
is reduced below the correlation time

Individuad \wirds

We are developing algorithms for imaging astronomical
objects and man-made satellites to the difft action limit imposed
by a collecting telescope instead of that imposed by the
atmosphere. Our work will benefit the scientific and defense
communities by reducing or eliminating resolution-limiting
effects of atmospheric turbulence.

of refractive index fluctuations (1 to
10 ms. depending on wind velocity).
Short-exposure images captured this
way are a random superposition of
diffraction-limited images of the
object. Each short-exposure
interference pattern. called a speckle
image. is analogous to the speckle
seen with coherent laser light.
Procedures for extracting object
information from a sequence of
speckle images are collectively
referred to as speckle interferometry.
These techniques have been
successfully applied by the
astronomical community to image
star clusters; however. no algorithms
have been demonstrated for imaging
extended objects through the
atmosphere.

We met the following major
objectives this year:
« To conduct a scaled. horizontal-
path imaging experiment and to
investigate image reconstruction
of known objects under realistic
atmospheric conditions and
illumination levels.
* To conduct a comprehensive
numerical simulation of the speckle
imaging process and to extend this
simulation. backed by experimental
validation, to a complete range of
Imaging scenarios.
* To implement state-of-the-art image
reconstruction algorithms used in the
astronomical community and to
investigate ways to statistically
optimize the reconstruction process.

The summer months on Mt.
Diablo in northern California
atforded excellent access to a range
of horizontal path lengths trom about
110 3.5 km. We used a 0.5-m
telescope designed by our group. a
low-noise. 512 x 512 charge-coupled
device (CCD) array controlled by a
MicroVax data-acquisition system.
and a white-light illumination target
board. Data from an unresolved
point reference on the target indicated
turbulence levels in the range Dir, =
15 to 25 for a 1.2-km path. where
Dir, is the ratio of the telescope
diameter to the coherence scale
length in the atmosphere. This
ratio characterizes the amount of
degradation introduced by the
fluctuations. such that a value of
15 means that the resolution of the
telescope is degraded by a factor
of 15 by the atmosphere.

We obtained data with
illumination levels simulating signals
expected for objects between low
earth orbit (300 km) and high earth
orbit (1000 km). We also obtained
data with various bandwidths and
cxposure times. Analysis of the
data is now under way. and we are
planning to continue the experiment
later next spring to cxtend the range
of imaging conditions.

A complete simulation of the
speckle imaging process 18 now
operational. The computer-based
atmospheric simulator allows input
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objects to be propagated through an
isoplanatic atmosphere with arbitrary
values of r . Objects are received by
a telescope with a pupil function
defined as the superposition of
circular apertures varying in size

and with arbitrary obscurations. In
widition. the simulator includes noise
sources resulting from Poisson
photon statistics (arising from the
randomness assoctated with the
quantum nature of light) and nonideal
photon detection. The speckle
images-we/simulated of a point
referenmd objects used in the
experiment compare quite well with

experimental data. In addition. a
reconstructed image from several
simulated speckie frames also
compuares well with experimental
results. thus addressing the goal of
detailed validation. Qur future plans
for the simulator include a survey

of a variety of sateflite imaging
conditions.

We have implemented state-
of-the-art algorithms for image
reconstruction to process both
experimental and simulated speckle
images. The algorithms are:

» The Labeyric 1echnique for Fourier
magnitude estimation.

{a) Recorded image
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Figure 1. Reconstruction of a test target using speckle interferometry. (a) One of
a set of 400 speckle images recorded by our CCD camera mounted on the 0.5-m
telescope. The telescope was located at Curry Point in the foothills of Mt. Diablo.
The target, a 3-cm cutout of the Laboratory logo illuminated with a high-intensity
light bulb, was located on a hill 1.2 km away. The image, captured with a 5-ns
exposure time, shows the degrading effects of the atmosphere. (b) The result of

processing the 400 speckle images using the three algorithms described in the text.

Comparison with (a) underscores the power of our technique in reconstructing

diffraction-limited detail about an object.
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= A hispectral anple-correlation)
techmygue tor Fourter phase
estimation,

» The Gerehberg-Saxton-Fienup
Fourter-iteration echnigue for
nonlinear imposition ot object
constraints.,

We have applied a combination
of these technigues and a new
algorithm developed at LLNL w0
reconstruct extended objects with
both binary and grav-scale intensity
features at umination levels of low-
curth-orbit satellites. These are the
first reconsiructions of extended
objects degraded by aumospheric
turbulence using speckle timaging.
This work constitutes a first-order
demonstration that speckie imaging
of satellites is indeed teasible.
Figure 1 is an example of one of the
many objects we reconstructed from
experimental data.

Because none of the technigues
listed above is optimal in a statistical
sense, we are now attempling o
produce an optimization-based
algorithm for image reconstruction
that directly imposes positivity and
support constraints on the image.
That is. the final image must be
positive in value everywhere and
occupy a finite region of space. In
addition to statistical appeal. our
development of an optimal algorithm
is motivated by preliminary
indications that the techniques we
have used to date do not effectively
reconstruct objects with an increased
dynamic range of intensity features.
Our continuing analysis will address
this problem in more detail.
extending reconstruction
performance to include objects

illuminated at high carth orbit and
eventually at 40.000 km.
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Thermally and lon-

Assisted Etching of

Tungsten and
Molvbdenum

Principal Investigater: D. E. Miller
Co-Investigators: W ]. Siehhauos and
M. Balooch*

“Unnveraty of Caditornua, Berkela

R efractory metals are

increasingly used as
interconnections and gates in
microelectronic devices and
integrated circuits. One reason for
their growing use is that metals. such

_as tungsten and molvbdenum. have
high temperature stability with high
conductivity and amenability to dry-
etch patterning. Multilayer and
superlattice microstructures
containing these metals are proving
10 be vitul components of extremely
efficient and novel x-rayv optics.
However. fundamental etching
studies of these metals. including
those using moleculur chlorine. have
not previously been done.

Modulated molecular-beam mass

spectrometry allows us to determine
the elementary steps of the overall
heterogeneous etching (or deposition)
reaction. The steps include
adsorption of a reactant with or
without dissociation. surface reaction
of adsorbed species. surface or bulk
diffusion of intermediate species.
and desorption (or deposition) of
products. Moreover. modulated-
beam experiments can yield
quantitative rate constants for the
elementary steps in addition to a
mechanistic interpretation of the
reaction itself. Our previous
investigations with medulated
molecular beams determined specific

Podieatal Voonads

We are investigating the kinetics of etching tungsten and
molvbdenum by chiorine alone and with simultaneous argon-
ion bombardment. The reactions are directly related to
plasma and ion-beam etching processes needed to form
patterned tungsten and molyvdenum filins for future
microelectronics and x-ray optical microstructures.

mechanisms tor hvdrogen and
chlorine reactions with guthum
arsenide and silicon, respectively
(Balooch er al.. 1UR6: Olander
cral.. 1987

Our immediate objectives were
to determine the:

» Etching rates of tungsten and
molybdenum with temperature.
reactant fiux (beam intensity). and
reactant degree of dissociation.

* Principal reaction products.

= Kinetics and mechanisms of the
overall etching reaction with and
without simultaneous ion
bombardment.

The goals during the second phase
of our research included measuring
the effect of oxygen additions. which
is a common industrial practice in
fluorine-based plasma processing.
We also wished to investigate the
silicides of tungsten and
molybdenum.

In seqential sets of experiments,
we achieved the first two objectives
listed above for both tungsten and
molybdenum. With extensive
calculations based on the
experimental data. we found
satisfactory kinetic models for the
thermally assisted etching of both
metals without ion assist. The results
for tungsten etching by atomic and
molecular chlorine are described in
detail elsewhere (Bulooch er ul..
198&a). Our more recent assessment

of datia on the molvbdenum reaction
with chlorine shov.ed muny
similarities to the tungsten data:
however, we observed a markedly
increased influence of adsorbed
reactant diffusion in the overall
reaction sequence over the
temperature range of 900 to 1250 K.
Our molybdenum experiments
included measurements of the
chlorine reaction with a modulated
argon-ion beam using multiscaling 1o
improve data collection compared to
techniques for our carlier tungsten
work. We have summarized our
findings on the kinetics of
molvbdenum etching by atomic and
molecular chlorine (Balooch ¢r ul.,
1988b). and we are now preparing for
publication a detailed description of
chlorine-molybdenum reaction
kinetics.

To summarize our work. we
studied etching reactions of wungsten
and molybdenum with atomic and
molecular chlorine. both with and
without simultaneous 4-kV argon-ion
bombardment. Surface temperatures
ranged from 300 to 1500 K without
ion assist. while the simultancous
argon-ion beam was modulated
during steady chlorine impingement
with surface temperatures held at
300 K. Beam intensities for
molecular chlorine were 3 x 10710
3% 10" molecules/em?-s: the atomic
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chlorine beam cttused from g
separate radiotreguency discharge
chamber.

The main reaction products up
to 1000 K were WCI and MoCl .
respectively. For tungsten and
molvbdenum surfaces hotter than
00 K. atonue chionne was the
dominant species. Dissocauon of

tat lon beam off

molecular chlorne swas the only
reaction detected above 1300 K
reaction probabihiny at 300 K was
about 0.1 for molecular chlonine.
while atomic chiornne vielded etch
rates higher by a fuctor of 10 qeross
the temperature range from ambient
to 1000 K. With argon-ion assist. we
tound ~ome increase in the reaction

The

tht lon beam on
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Figure 1. Reflected (i.e., unreacted) chlorine (color) and molybdenum dichloride
(black) intensities (a) without and (b) with argon-ion assist at room temperature.
In this experiment. the argon-ion beam intensity was 10" ions/cm’s using 4.4-kV
argon-ion bombardment, and the surface temperature was 300 K. After
background subtraction, these data show that simultaneous ion bombardment
produces a 10x enhancement of molybdenum etching by chlorine.
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prohabibiny of tungsten wih chlorme,
but we have not vet obtamed o
rehiable quantitatinv e comparson. For
molvbdenum on the other hand. we
observed an increase in etching by
one order of magnitude. as shown in
Figure 1.

A key goal tor tuture rescarch is to
acquire experimental data on product
veloeny distributions. Such data will
cahle us to mvesngate mechanisms
responsible for the significant ion-
heam enhancement of chlorine
ctehimg in retractors metals. In
anticipation ol such experiments. we
have designed and purchased a new
reaction chamber and mass
spectroscopic apparatus that will
attow us to obtain tme-of-iiight
measurerients on eiching products.
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Miniature Vacuum
Tubes for Harsh
Environments

Principal Investigators: W, [ Orvis, O F,
MeConaghy. DR Ciarlo, and . H. Yee

M inature vacuum tubes are
vacuum-switching and power-
control devices analogous to existing
vacuum tubes. What makes them
umque by today s standards 1~ that
they are mucronieter-size devices.
they are constructed on a
semiconductor water using
fabrication techniques specific for
integrated circuits. and they employ
field emission rather than thermionic
emission to generate charge

carriers. Compared to existing
semiconductors. miniature vacuum
tubes should operzie taster and

be much mare tolerant of high
temperatures and radiation. Such
characteristics make them strong
candidates for use in power and
control applications in nuclear and
high-temperature environments te.g..
in weapon systems. nuclear reactors.
tfusion reactors. und satelhites).

A millimeter-size thermionic
vacuum tube developed at Los
Alamos National Laboratory has now
been subjected 1o 10 neutrons/cm-
and 2.5 x 10" rad (Si) with no
degradation. These levels are 1000
to 10.0(00) times larger than the levels
that destroy silicon devices. We
expect our device to have a similar
tolerance to radiation and heat.

In semiconductor devices. the
velocity of an electron 1s about
10” ¢m/s. Electrons saturate because
they are moving through a solid. and
collisions with atoms in that solid
restrict the velocnty. Because the

b idial Asands

We are establishing the modeling and technology necessary
to build and analvze miniature, integrated vacuum tubes for
use in electronic devices operating in hazardous

environments.

velocity is saturated. increasing the
applied voltage will not speed up the
device. Inavacuum device. on the
other hand. charge-carrier transport
oceurs 1 a vacuum. where the
clectron velocity saturates at the
speed of light (3 x 10" em/s).

which is considerably faster that

the velocity in silicon. While the
velocity of an electron is important
in determining a device's speed. the
device’s capacitance is also important
and must be kept low for high-speed
operation. A device’s capacitance
can be controlled by design
considerations rather than by
considerations of electron physics. as
is the case for electron velocity. With
these considerations in mind. we
expect that miniature vacuum tubes
can operate 10 to 100 umes faster
than conventional silicon devices.

During FY8Y. we designed and
built two variations of a proof-of-
principle device to integrate the
necessary fabrication methods
and to determine the operating
characteristics. Our first vacuum
tube is an encapsulated. field-
emission vacuum triode: our second
is a field-emission vacuum diode
with an anode-to-cathode spacing
of 2 um.

The vacuum triode consists of a
silicon wafer on which is ctched a
pyramid-shaped sthicon fieid emitter.
The field emutter is bunied in
phosphorus-doped silicon dioxide
glass. On top of the glass 1~ a laver
of polysihcon with i hole torming
the grid. Locating this gnd layer

accurately required that we develop
new alignment methods 1o ensure
that the hole was precisely centered
over the field emitter. The structure
15 then buried once again in glass and
another layver of polysilicon to form
the anode. At this step of tabrication.
we have a structure that is filled with
glass rather than a vacuum. We then
etch away the glass from under the
anode and grid. leaving a miniature
vacuum tube (see Figure 1). The

use of the glass sacrificial layer to

OO —

30 uym

Figure 1. Encapsulated field-emission
vacuum triode. Such devices should
prove to be faster than conventional
semiconductors and more tolerant of
high temperatures and radiation. The
novel fabrication procedures are
described in the text.
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praduce three-dimensronal structures
1s anew technigue deseloped

UC Berheley. Because the technigue
1s new and therefore not well
characterized. we must determine
deposinon and etch rates
eaperimentally.

Our sccond device 1s based on
the vacuum triode: however it omits
the gnd and the second luver of glass
to produce a vacuum diode. We
developed the diode so that we could
begin testing field emitters betore we
completed fabrication of the vacuum
trivde. We recently performed a

|64

tabrication run of vacuum diodes and
have now begun testing. While we
have measured currents i our diodes
that could be due to ficld emission,
we have not yet verified that fact.
Our modeling effort is focused

on examining field enhancement near

the tip of the field emitter and on
simulating device operation. The
madeling has been productive in that
we were able o dentity severul
prohlems hetore o device was
actually tabricated. We will simulate
device operation to verity the
eaistence of field emission and to
predict device output characteristics.
Such modeling efforts will also give

Tttt o K= gk anad Deoac bt

us a design ool for tuture deviee
cngineering.

We have presented more detailed
versions of our work m two papers at
the First International Vacuum
Microclectronics Conlerence. in
Williamsburg, VAL Next yvear, we
will continue to develop the design of
miniature vacuum tubes and attempt
to demonstrate both thermal and
radiation hardness. At the
completion of our project. we expect
1o have the capability to design and
fubricate miniature vacuum switching
and control devices and to predict
their operational characteristics.
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Development of

an Induction
Linac Cyclotron
Autoresonance Maser

Principal Investigator: M. Caplan
Co-Investigators: J. K. Bovd. A. Salop.*
R. R. Stune. and C. Thorington+

<386 Crechside D Palo Ao, CA w4306,
T116XY MacDonald St.
Culver City. CA 90230,

he only operational cyvcelotron

autoresonance maser (CARM) is
in the Soviet Union (Botvinnik ¢f af..
1982). where output powers of
10 MW at 125 GHz. with 30-ns.
0.5-MeV beam pulses at 1 KA have
been achieved. Efficiency was only
2% . however. due to poor beam
quality and lack of magnetic tapering,
We believe that great improvements
in performance can be made by using
the high-brightness beams and
tapering technigues that proved so
successtul in the LLNL microwave
free-clectron laser (FEL). With
improved eftiency. the CARM could
become an alternative microwave
source for heating fusion plasmas.
During FY&S. our cfforts were
directed toward developing new
computational techniques for
analyzing the beamline and
imteraction circuit of a CARM and
a conceptual design for a CARM
amplitier. We also conducted a
performance-cost analysis for the
proposed CARM as compared to
the FEL.

To improve our ability to analvse
the CARM beamline. we developed
and brought on line a variable-mesh
electron-gun design program
(CRMGLUN) based on carlier

Lovdin vt Nwaards

We are investigating the design of a CARM (cyclotron
autoresonance maser) amplifier that can generate gigawatt
peak power levels at millimeter wavelengths by using an
induction linear accelerator injector as the beam source.
This device may supplement or provide an alternative to the
microwave free-electron laser for heating fusion plasmas.

versions with no self-magnetic field
(Caplan and Thorington. 1981). With
CRMGUN. we can analyze beam
dynamics. including self-consistent
radial and axial space-charge forces.
within the large variation of scale
lengths occurring as the beam is
compressed from a 12.7-cm cathode
at 14 G to a 0.5-cm diameter at

228 KG.

We also developed a quasi-three-
dimensional beam-dynamics code
(WIGCRM) from an earlier version
with no self-magnetic fields (Neilson
et al., 1985). WIGCRM uses fast-
Fourier transforms to solve Poisson’s
equation at every axial position.

This code is useful for modeling
nonsymmetric transverse space-
charge forces in the beam as ut
corkscrews from the helical wiggler
to the interaction region: it can also
be used to model the emittance
growth in the drift region. In
addition. we developed a three-
dimensional CARM interaction
code (CARMRP). based on earlier
gvrotron TWT codes (Salop and
Caplan, 19861, which includes a self-
tapering algorithm adapted tfrom a
technigue used in FEL codes for
monitoring a trapped resonant
particle.

Another objective for FYBS was
to develop a conceptual design for a
CARM amplifier based on typical
beamlines that now exist or will exist
at LLNL's Accelerator Rescurch
Center (ARC). The design is also
compatible with an existing
superconducting magnet at the
Massachusetts Institute of
Technology. We developed a first set
of blueprint drawings showing all
internal dimensions of a beam-pipe
transmission system. circuit. and
beam dump. We also determined the
positions and settings that will be
required for the 34 magnets to focus
the beam into the high-field region
without wall interception. Figure 1is
a schematic drawing of the CARM
amplifier. indicating key design
parameters: Table 1 gives the
amplifier’s predicted performance.

In conducting a performance-cost
trade-off study for the proposed
CARM as compared to the FEL at
280 GHz. we found that for a total
average power above S MW. a
number of CARMS operating at
2 MeVoand 2 KA would be more
expensive than a single 10-MeV
FEL. However. below 5 MW,
CARM- become relatively much
less expensive because wigeler
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constraints prevent the FEL from
operating at lower voltages tor lower
power. CARMs could also become
competitive at higher power (above
5 MW it they could operate at
higher current. However. we do not
know at present whether CARMs
could maintain high efficiency in
the presence of the increased beam
emittance resulting from increased
space charge.

This project will continue into
FY8Y. Our main objective next yeuar
will be to design a proot-of-principle
experiment. which could be
performed in the ARC. That
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Table 1. Predicted performance for the 280-GHz CARM amplifier.

] N ; Parameter Predicted value
experiment will most likely test a
CARM oscillator using Bragg Peak outout GW )
resonators. The CARM circuit and eax output power,
accompanying drift sections will be Average power, MW 2
‘{Lco.mpdn_v ng : : . Tapered efficiency, % 50
fabricated and cold-tested. We will Gain, dB 60
also continue work on designing Transverse velocity spread, % 5-10
magnet coil configurations that Axial velocity spread, % 02-04
minimize beam emittance.

]
njector magnets Superconducting magnets
~4— 30 cm —» -—— 75cm ——
Beam
v
Va7 NN
oAUV C R
NDNERR L
Electron gun
Bifilar helix g X
wiggler
? Input drive
- S5m Lt

Injector Wiggler Circuit

Cathode = 12.7 cm diameter Axial field = 10 kG Axial field = 22.8 kG

Cathode field = 14 G Wiggler field =35 G Beam radius = 0.24 cm

Voltage = 2 MeV Beam radius =0.24cm  Pipe radiua = 0.3137

Current =2 kA Pitch =5cm

Perpendicular/paraliel velocity = 0.2~ 0.3

Mode = HE,, or TE ;;

Figure 1. Schematic diagram ot 4 280-GHz CARM amplifier. Key design parameters are listed below the corresponding

section of the amplifier.
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Generation of High
Electrical Potentials in
Plasma for Application
to the Mirrortron

Principal Investigator: R. F. Post
Co-Investigators: S. Douglass,*
T. Weisgraber.+ and 5. Fallabella

*Universiy of Calitorma, Davis.
FUnnersiny of California, San Diego.

”T‘ he Mirrortron concept is based
& on our sehstantial understanding
of the mirror confinement of plasmas
gained from years of research at
LLNL and other laboratories. Mirror
theory predicts that if a mirror-
confined plasma containing multi-
MeV electrons and low-temperature
ions is subjected to a rapidly rising
and spatially localized. pulsed
magnetic field (a pulsed. local
murror). then a local region of high
(megavolt) positive potentiaf will be
generated. Repetition of this process
down a linear array of mirror cells
synchronized with the passage of
a bunched ion beam would result
in a kind of plasma linac (linear
accelerator). What distinguishes the
Mirrortron from conventional ion
linacs is the much higher acceleration
gradients that we should be able to
achieve. In addition, the Mirrortron
is distinct from other accelerator
ideas that are based on plasma space-
charge fields because of the precise
spatial control and focusing character
of the electric fields that should be
achievable. Such control arises
because the spatiai distribution
of accelerating electric fields is
determined by the spatial distribution
of the pulsed mirror tield, the

Individual Awards

We have assembled experimental apparatus and performed
theoretical analyses in preparation for a proof of principle
of the Mirrortron, a new concept for a high-energy ion

accelerator.

characteristics of which should be
precisely controlable from outside
the plasma.

Because the plasma density
required to produce megavolt
potentials in a plasma is relatively
low. several methods for creating the
hoi electron plasma needed in the
Mirrortron are available. Previous
methods include cyclotron-resonant
microwave heating and slow
magnetic compression. The most
demanding technological requirement
of the Mirrortron is. therefore.
generation of the fast-pulse mirrors.
Fortunately, major advances have
occurred in this area associated with
the development of high-power
switching techniques for use in
induction linacs (such as the
Advanced Test Accelerator) and
for other purposes.

The objective of our experiment
during Phase I is to generate and
characterize a low-density. hot-
electron plasma created in a 150-cm-
long cylindrical resonator located
within a dc magnetic field of the
mirror type. We will use continuous-
wave microwave power at two
frequencies. 2.4 and 4.0 GHz. 10
excite electric-field modes in the
cavity resonator and to create and
heat the plasma to temperatures
on the order of 250 keV. During

Phase H. we will apply a pulsed
mirror field (~30-ns risetime) to the
plasma and measure the transient
potential using a probing electron
beam shot down the central axis of
the plasma.

We have assembled and
conducted preliminary tests on all
necessary equipment for Phase 1.
including the diagnostic apparatus
needed to measure plasma
characteristics. We have completed
the design, fabrication. and testing of
a prototype pulser for implementation
of Phase I1. Our pulser uses
Blumlein transmission lines and is
tabricated from copper foil and
Mylar film; the switching action is
performed by mechanical penetration
of a sharp metallic point through a
replaceable element. This pulser
more than met our required
specifications, exhibiting pulse
risetimes on the order of 2 ns. We
have also made progress in terms
of theory. We have developed a
computer code that traces the
trajectory (position and velocity) of
an electron or ion beam down the
magnetic axis through the space-
charge field. This code is useful
tor both the diagnostic portion of
Phase Il and for predictions of
acceleration in the Mirrortron.
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Microcalorimeters for
X-Ray Spectroscopy

Principal Investigator: E. Silver
Co-Investigators: S, Labov, F. Goulding.®
N Madden* D Landis® J. Beeman®

E. Haller.* and J. Rutledge™

“Lawrence Berheles Luborutory .
Berkeles. CA

TUnnversny of Calffornia, rvine.

C rvogenic calorimeters otfer mgh
resolving power and sensilivity.
Detection of dark matter in the
universe and high-resolution stellar
X-Tay spectroscopy are notable
examples of their application. We
began an experimental effort two
years ago to develop resistve
microcalorimeters for studying the
x-ray emission from laboratory and
astrophysical plasmas.

In principle. an x-ray calorimeter
may be any material that exhibits a
perceptible temperature increase after
it absorbs a single photon. For the
temperature rise to be measurably
lurge. the material must possess a
small heat capacity. This can be
achieved below 1.0 K in crystals with
small dimensions. since the volume
heat capacity of an ideal crystal drops
with the third power of temperature.

Using well-developed infrared
bolometric techniques as the
foundation for our work. we have
constructed prototype calorimeter/
spectrometer refrigeration systems to
operate at 1.4 and 0.3 K. We have
fabricated and studied the properties
of both monolithic and composite
calorimeters.

In monolithic devices. a single
material functions as hoth x-ray
absorber und thermometer. To date.
we have fabricated and tested waters

16K
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We are developing new x-ray spectrometers that take
advantage of the small heat capacity of their materials at
cryogenic temperature to measure the temperature rise
associated with the absorption of a single x-ray photon. When
operated between 0.1 and 0.3 K, these microcalorimeters will
offer the broad bandwidth capability of photoelectric detectors,
nearly 100% efficiency between I and 10 keV, and the high
resolving power of Bragg-crystal x-ray spsctrometers.

of single-erystal germanium, which
have been doped via neutron-induced
transmutation.  The dopant level
defines a well-characterized variation
between the sample resistance and
temperature.

An x-ray spectrum obtained with
a Q.1 x 0.1 x ).01-cm monolithic
germanium sample is shown in
Figure la. The calorimeter was
cooled to 0.3 K and irradiated by a
radioactive source of americium-241,
which produces neptunium L X rays.
and fuorescent copper x rays from
the backing in the source container.
The source also contains some
iron-55. The 320-eV resolution is
within 20% of that predicted for
this device and these operating
conditions. Further improvements in
resolution will require a reduction in
heat capacity. achieved by changing
either the materials or the size of
the device or by lowering the device
temperature.

A spectrum obtained with
a much smaller germanium sample
(0.025 x 0.01 x 0.01 ¢m) is shown in
Figure |b. This spectrum shows the
manganese Ko and KP emission lines
near 6 keV. which are produced by a
source of iron-55. The resolution of
RO ¢V is 40% better than the hest
resolution achievable with a lithium-
drifted siticon detector (Sibver er af..
1U8K).

We are also developing
composite microcalorimeters.
in which the x-ray absorber and
thermometer are two distinct
materials. In our composite design.
a thin-film germanium-gold alioy
thermometer is evaporated onto a
sapphire substrate. The excellent
thermal contact between the
evaporated thin {iim and the sapphire
should make the thermalization time
of this device 50-100 times faster
than conventional composite
calorimeters used for infrared
astronomy. Furthermore. the heat
capacity of this device is dominated
by the sapphire absorber rather than
by the thermistor as in conventional
composite designs. We have
successfully measured the heat
capacity and the time response of a
composite calorimeter at 1.0 K. Qur
measured heat capacity agrees with
previous measurements of sapphire
to within 10%.

We have also worked on
adiabatic demagnetization
refrigerators for use in the laboratory
and eventually in space. A
temperature of <003 K has heen
achieved. and the hold time at 0.1 K
is more than 12 hours. To achieve a
resolving power of 1000 at an
operating temperature of 0.1 K
requires a lemperature stabitity of
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X uK. We have begun work on
developing a microprocessor-based
servo-control system that will adjust
the superconducting magnet current.
and thereby the temperature. of the
calorimeter to the desired precision.
A low-resolution prototype of this
controller has been tested. and a
stability of £20 UK has already been
achieved. We are confident that the
new control system will provide the
required temperature stability.
Finally. we have started un
investigation of an innovative
concept that takes advantage of
the temperature dependence of the
dielectric constant in ferroclectric
materials. A diclectric calorimeter
operated with a charge-sensitive
preamplifier would have many
potential advantages over traditional

resistive devices, not the feast of
which s the reduction ot Johnson
norse. This would mahe the energy
resolution tor photon-counting
spectroscopy limited only to the
phonon noise. This would also
increase the sensitivity over i broader
frequency range than is possible with
resistive devices. opening the way tor
development of detectors that can
hundle higher count rates.

We have tubricated a dielectrice-
calorimeter proof-of-principle device
from strontium-titanate glass ceramic
and have operated 1w at 1.4 K (Silver
cral. . T98Y). We obtained a pulse
response from this calorimeter by
srradiating it with a short burst of
infrared radiation. This response
demonstrates that calorimetry with
dielectrics is indeed possible. We

fodividual Awarnds

have obtamed two vears of funding
from the Naitonul Acronautios and
Space Adminmistration’s Innovatnee
Research Program to continue
development of this deviee.
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Figure 1. X-ray spectra measured with two monolithic germanium microcalorimeters at 0.3 K. (a) The larger desvice (crystal
dimensions are 0.1 ~ 0.1 ~ 0.01 cm); the resolution of this device is within 20% of that predicted for these operating
conditions. (b) The smaller device (erystal dimensions are 0.025 » 0.01 » 0.01 em): the resolution of this device is 30%

better than that achievable with a lithium-drifted silicon detector.
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Chaos in Amplified
Spentaneous Emission

Principal Investigator: J. C. Garrison
Co-lnvestigators: H. Nathel and
R. Y. Chiao*

“University of California. Berheley.

mplified spontaneous emission

{ASE) is the basis for x-ray
laser action and occurs naturally
in other luser media. Dyes uare
convenient for ASE experiments. and
they are particularly usetul for the
study of chaos. i.c.. the apparently
random changes in the polarization or
intensity of ASE radiation. Chaotic
behavior in ASE is interesting in
itself and has practical implications
for laser physics.

Dye moelecules are polar in that
they have definite orientations in
space: therefore. the response of a
medium depends on the polarization
of ASE light. To include this effect.
we have augmented our previous
theory (Garrison er al.. 1988) with a
generalized Debye model in which
collisions cause the molecular-
orientation unit vector 1o ditfuse on
the unit sphere at a rate inferred from
experiments on induced molecular
polarization (Nathel. 1986). For our
dyes, the orientational diffusion rate
is comparable to the stimulated
emission rate and to the inverse
of the light transit time across an
experimental sample. Under these
circumstances, chaotic behavior can
be expected in the polarization of the
ASE field.

As a first step. we are working on
the relatively simple problem of an

170
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We have developed a vector theory of electromagnetic
polarization dynamics in media consisting of polar molecules.
Numerical simulations to locate the parameter range in
which polarization chaos can occur are under way. Our
experimental searches will use streak-camera polarimetry
that has been demonstrated in the laboratory.

external signal injected into a dye
medium in which an inverted
molecular population has been
produced by laser pumping. We
wrote a numerical simulation
program for this case and are now
searching for parameter values
leading to chaos.

We set up a streak camera with
100-ps resolution for time-resolved
polarimetry, and we obtained a
master dye oscillator tfor use in future
injection experiments. Figure |
shows a schematic of our initial ASE
experiment. Pump radiation was
linearly polarized either transversely
{perpendicular to the propagation
axis of the ASE beam) or
longitudinally (parallel 10 the ASE
axis). In preliminary experiments,

ASE ASE T
- m L | Streak
RC |camera
LC
Polarization
532-nm filters
pump iight

Figure 1. Experimental setup for time-
resolved polarimetry. The polarization
filters transmit transverse (T),
longitudinal (L), right circular (RC),
and left circular (LC) polarizations.

we found that transverse pump
polarization produced ASE linearly
polarized in the same direction.
However. for longitudinal pump
polarization. there was no preferred
ASE polarization direction, and the
ASE was unpolarized within the time
resolution of the streak camera. This
result suggests a form of chaos in
which the polarization of the ASE
beam wanders rapidly over the
Poincaré sphere. This etiect might
show up as rapid intensity switchings
between the fields of the streak
camera image. corresponding to
different states of polarization.
Another possibility would be
intermittency. i.c.. periods of fixed
polarization interrupted by interludes
of rapid wandering. Neither
switching nor intermittency were
seen for the limited range of
parameters in this experiment. We
will next apply our technique in
injection seeding experiments with
the master dye oscillator.
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Algorithms for the
Lamb Shift in

High-Z Hvdrogen-
and Helium-Like Ions

Principal Investigator: N, L Snyvderman

he experimental measurement

of the Lamb shift in atomic
hydrogen (the ~10 "¢V splitting of
the 2y L and 2p |, levels that are
degenerate in relativistic quantum
mechanics) stimulated the
development of quantum
electrodynamics (QED). For
hvdrogen-like uranium. on which
experiments will be done in the near
future. the Lamb shift is expected to
be ~100 eV. Since Za (the nuclear
charge times and fine-structure
constant) for uranium is no longer
the small parameter for perturbative
expansion that it is for hyvdrogen. new
calculational methods are required.
Because of the magnitude of QED
radiative corrections to the inner
shells of high-Z atoms, they are no
longer small corrections but are
necessary for an accurate
understanding of the atomic structure
of highly stripped ions.

Our objectives were twofold:
to explore ways to simplify the
calculation of the electron radiative
self-energy in high-Z hydrogen-like
ions. and to begin to understand how
to incorporate this self-energy into
multielectron atomic structure by
studying it in helium-like ions.

For the hvdrogen-like self-
energy. we reformulated the

Indivadual Awards

We have reformulated the calculation of the electron radiative
self-energy in high-Z hydrogen-like ions. We also developed
a quantum electrodynamics approximation scheme that
systematically incorporates radiative corrections into the
structure of high-Z helium-like ions.

calculation in two wavs and obtained
renormalized algorithms appropriate
for computer implementation. In
our first algorithm. the best features
of the two existing methods for
calculating K-shell self-energy were
synthesized. (Only one of these
methods could obtain the L-shell
result.) However. this algorithm sull
shares with the previous methods the
numerical ditficulty of obtaining the
answer as a small ditference of twa
large numbers. [t requires two

radial integrations, a partial wave
summation. and a photon-frequency
integration. In our second algorithm.
the subtraction is eliminated at the
cxpense of two additional radial
integrations. These new algorithms
may be able to calculate M-shell
self-cnergy.

Since the self-energy calculation
is most sensitive to distances of the
order of the electron Compton
wavelength (Ic = fifme) from the
nucleus. penetration by additional
bound electrons within this distance
(the Bohr radius is A /Za) screens the
nuclear charge and thus modifies the
hydrogenic result. For helium-like
tons. this screening. as well as the
energy levels in general. can be
calculated by QED perturbation
theory in the background nuclear
Coulomb field. We have derived
renormalized formulas appropriate

for computer implementation tor all
Fevaman graphs of order o°: these
formulas account lor electron
correlations and screening
corrections to the Lamb shift, In
principle. their evaluation will give
the energy levels of helium-like
uranium to ~0.1 eV (1 part in 10"y if
detailed nuclear-structure corrections
can be shown to be small enough.
The helium-like system offers a
conceptually clean foundation

on which to build an accurate
understanding ot high-Z ions with
few electrons.
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Density Fluctuations in
the Big Bang and the
Dark Matter Problem

Principal Investigators: . Fuller,
C.ovleock, and G S Mathews

Accnlml guestion in modern
astrophy sics is the dark matter
probiem: it the universe is closed tas
most astrophvsicists believe). then up
10 99% of the mass of the universe is
in unseen “dark” matter. It has been
thought that this matter cannot be
ordinary barvons (e.g.. neutrons,
protons. and other heavy nuclear
particles) because. if it were. the
process of primordial nucleosynthesis
in a standard. homogeneous. Big
Bang would seriousiy underproduce
deuterium.

We are investigating (Alcock
et al. 1987: Fuller er al .. 198%) an
alternative to the standard Big Bang
model. Our w nas focused on
{1y the producuon of density
fluctuations in the primordial quark-
hadron transition. (2) the subsequent
evolution of these fluctuations.
including their effects on primordiai
nucleosynthesis. and (3) a
reconciliation between the
abundances of the light elements
predicted in a universe closed by
baryons and their observed
abundances in the galaxy.

When the universe is at a
temperature greater than 7 =
FHOO Mc V. it consists of a plasma of
uncontined guarks. gluons. and other

Fiststutmnal Rescarob and Doy chopanent

We have investigated the production of density flucti:ations in
the early universe from a phase transition between unconfined
quark-gluon plasma and a gas of bound hadrons. Our
calculations show that the universe may be closed by ordinary
baryons, a result that differs from the standard model of the
Big Bang which requires mnassive neutrinos or other exotic,
weakly interacting particles for closure.

light particles (T is the phase-
cocxistence lemperature). Present
theoretical analyses point 10 a4 weak
first-order phase transition from the
unconfined plasma to a confined gas
of hadrons (protons. neutrons. pions.
hyperons. ctc.). Since the solubility
of the barvon number is higher in the
quark phase than in the hadron phase.
the small net barvon number in the
universe tends to be concentrated

i lumps that correspond to the
shrinking bubbles of quark-gluon
plasma. We have done detailed
barvon-number transport calculations
for this epoch to ascertain the spatial
distributions and shapes of the
fluctuations left over after the quark-
gluon bubbles have shrunk away
and the entire universe has been
converted to bound hadrons.

As the untverse expands and
cools after the quark-hadron
transition. the fluctuations tend to
be preserved until the temperature
talls below the weak-interaction
decoupling temperature 7, = | MeV.
Subsequently. the neutrons begin to
diffuse out of the tluctuations. so that
by the utae the temperature has fallen
low enough for nucleosynthesis to
begin (T = 0.1 MeV ). the universe
consists of dense proton-rich regions
and tenuous neutron-rich regions.

Our efforts to model the process
of nucleosynthesis are comphicated
by the fact that as neutrons are used
up in nuclear reactions in the high-
density regions. neutrons diffuse
back in from the low-density are:. .
Furthermore. this neutron-diffusion
time scale i1s comparable 1o the
nucleosynthesis time scale. We find
that for an appreciable range of the
parameicrs iliat characterize the
fluctuani - 1s. our models vield D.
‘He. and *He abundances that are in
agreement with observations. even
11 the universe is closed by barvons.
However. 'Li seems to be
overproduced relative to the standard
Big Bang by a factor of 3.

The "Li overproduction is
aotentially a problem for this model.
We plan to study the 'Li abundance
evalution in the galaxy to see
whether current observations could
be compatible with a high primordial
“Li abundance.

Referen.res

Alcock. C. RGO M. Fuller. and G ).
Mathews (1873 Asirophvs 1 3200439,

Fulier, G. MG Mathews, and C. R
Alcock (1URRY, Phvy Rev 1D 3701380,


file:///4/jnm
http://inv1Mnlhxi.it

Institutional Research and es elopment

FYNN: S nyiio

Multiphoton
Ionization of Atoms
in Strong Fields

Principal Investigators: M. 1), Perry,

A. Szoke. and O. L. Landen

he goal of our research is to

understand the response of an
atom to an applied field with a
strength comparable to that of the
atomic Coulomb field. Such an
applied field is too strong to be
considered a weak perturbation on
the atomic system. Our work in
FY88 continues earlier studies on
the multiphoton ionization of atoms
subjected to strong laser fields.

Multiphoton ionization of an
atom by an intense laser field is the
process by which the atom is ionized
by absorbing two or more photons
from the laser field, each single
photon having an energy that is
insufficient to ionize. The process
may be purely nonresonant or it may
be enhanced by an intermediate
resonance. Al low laser intensities
(<10'° W/cm?). both nonresonant and
resonantly enhanced multiphoton
ionization are well described by
perturbation theory. As the strength
of the applied field increases. several
phenomena emerge that cannot be
explained within the framework of
lowest-order perturbation theory.
Exampies include the well-known
phenomenon of tunneling ionization
and the more recently observed
above-threshold ionization, defined
as that occurring when an atom
absorbs more photons than the
minimum required for ionization.

Our initial work on nonresonant
multiphoton ionization (Perry ¢f al..
1988b) shows that the tunneling
ionization theory of Keldysh. Faisal.
and Reiss predicts reasonably

Individual Ywards

We are investigating the role of bound-state resonances in the
multiphoton and above-threshold ionization of atoms in strong

laser fields.

accurate values of the 1onization
probability of neutral atoms at a
given laser intensity. We extended
this theory to account for distortion
of the outgoing electron by the
Coulomb field of the residual ion and
found remarkable agreement between
the theorctical and experimental
results with no adjustable parameters
(Perry et al.. 1988c).

Exploiting the tunability of
our short-pulse. dye-laser system.
we investigated the influence of
intermediate resonances on the
multiphoton ionization probability
(Landen er al.. 1987). We observed
significant resonant enhancement in
the multiphoton ionization of krypton
near the 4’ and 3d manifolds at
intensities approaching 10" W/cm?
(Figure 1}. Using a two-level-plus-
continuum model of the krypton
atom. we were able to deduce the
three-photon excitation rate to

members of the 44" and 54 manifolds.

We were also able to determine the
photoionization cross sections and ac
Stark shifts of these states (Landen
et al.. 1987; Perry and Landen.
1988).

In FY88, we began measuring
the energy distribution of the
electrons emitted during multiphoton
ionization in addition to the ion
charge states produced. This work
extended our ability to make
guantitative measurements of atomic
parameters because the energy with
which the photoelectron is detected
is a direct measurement of the laser
intensity at which it is produced
(Perry et al.. 1988a). This
phenomenon 1s a result of the
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Figure 1. Relative vield of singly
charged krypton ions as a function of
laser wavelength at various peak
intensities. Vertical lines mark the
field-iree positions of dipole-allowed.
three-photon resonances in neutral
krypton.
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Figure 2. (a) The observed position of
the resonances originating in the
7s(3/z]° levels of xenon. The nearly
horizontal line corresponds o an ac
Stark shift equal to that of a free
electron. The Stark shift is in good
agreement with the observed shift of
the resonance position. (b) One of the
observed spectra.

174

ponderomotive potential present
at the laser focus, which alters the
ionization potential of the atom
according to

1P(1) ~ IP(0) + UP(I) .

where 7P(0) is the ionization
potential of the atom in the absence
of the field and U (/) =9.33 x 10~
[ (W/cm®) Kl(um)pis the intensity-
dependent ponderomotive polential
in electron volts (Szoke, 1985).

The shift in the ionization
potential of the atom from its field-
free value can be observed only by
using lasers that have a pulse width
significantly shorter than the time
required for the eleciron to leave the
laser focus. For the vast majority of
experiments, the pulse width would
have to be in the picosecond or
subpicosecond range. The shifts
were easily observable with our
short-puise, dye-laser system. By
tuning the frequency of the laser
near-allowed five- and six-photon
resonances, we obtained a direct
measurement of the shifts of the
intermediate levels as a function of
laser intensity (Szoke er al., 1988).
Figure 2 shows the results of our
measurements.

This area of research continues
to expand as experimental
capabilities improve and higher laser
intensities become available. One
recent, important advance was the

Institutional Research and Development

nonperturbative production of
extremely high harmonics of the
incident laser light with surprisingly
high conversion efficiency. By using
a tunable laser to generate such
harmonics in pulsed gas jets, one
might obtain an efficient, compact
source of tunable extreme-ultraviolet
radiation with a source brightness
equal to that of a synchrotron. A
study of this phenomenon and
further investigation of resonantly
2nhanced multiphoton ionization
using exiremely high-resolution
photoelectron spectroscopy constitute
our work in this field for the next
year.
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Atomic Physics
Studies at the LBL
ECRIS

Principal Investigator: P. O. Egan
Co-Investigators: S, Chantrenne and
M. H. Prior*

*Lawrence Berkeley Laboratory,
Berkelev. CA.

lectron-impact excitation of

multiply charged ions is an
important process in many of the
high-temperature plasmas studied
at LLNL, such as those in laser and
astrophysics work. However, there
are virtually no experimental data
on excitation cross sections for ions
more than singly or doubly ionized.
This lack forces us to rely on
theoretical calculations for cross
sections. For instance. the inclusion
of complex. indirect processes
(recombination-excitation-
autoionization) for a simple system
such as lithium-like oxygen (O™) is
predicted to change the cross sections
for dipole forbidden processes by a
factor of four near threshold. yet
this effect has never been verified
= experimentally.

We have built a low-energy,
atomic physics beamline at the
Lawrence Berkeley Laboratory
(LBL) ECRIS so that we can measure
electron-impact excitations in
multicharged ions (see Figure 1).
The cross sections will be measurcd
with a merged-beam, electron-
energy-loss spectrometer (EELS)
that we have also built as part of
this project.

The ECRIS is a relatively
new development in ion-source
technology that produces high
currents (1-10 HA) of highly stripped
ions. The source itself is essentially a
magnetic mirror plasma that is heated

Individual Awards

We are measuring cross sections for electron-impact excitation
in mudtiply charged ions with an electron-energy-loss
spectrometer. The spectrometer, along with a connecting
atomic physics beamline, has been built at the Lawrence
Berkeley Laboratory electron cyclotron resonance ion

source (ECRIS).

solely by microwaves at the clectron
cyclotron resonance frequency.
Origtnally developed as an injector
tfor nuclear physics experiments at
the cyclotron, ECRIS has become a
useful 1ool for atomic physics with
our addition of a low-energy

(10-ke V) beamline that runs
parasitically on the cyclotron.

With EELS (Figure 2), we can
measure the electrons that lose
energy after excitation and hence
determine the cross seciions not only
for optically allowed but also for
optically forbidden transitions.
EELS uses trochoidal analyzers
(crossed electric and magnetic fields)
to merge an electron beam with the
jion beam from ECRIS and then to
demerge thie electrons and analyze
their energy. The long merged-beam
interaction region and the use of a
position-sensitive detector increase
the sensitivity of EELS over more
conventional techniques used for
singly ionized systems. Also, EELS
detects all electrons that interact,
rather than just a small fraction of
fluorescent photons, increasing the
counting efficiency and broadening
the number of excitations that can be
observed by allowing us to look at
states that do not have a dipole-
allowed transition back to the ground
state.

EELS was installed at ECRIS in
the spring of 1988; it can be seen in
the foreground of Figure 1. Initial
beam tests with multiply charged

ions have shown that the currents and
beam-spot sizes are as expected; for

" example, we can produce several

microamperes of O™ in a 2-mm-
diam, 20-cm-long interaction region.
The ion beam has been successfully
merged in this region with a 100-cV
electron beam.

The major challenge that faces
the project now is to separate the
signal of energy-loss electrons, which
is expected to be about several
hundred counts per second, from
extraneous background counts in
the detector that arise from other
processes producing low-energy
electrons. For example, even in the
spectrometer’s ultrahigh vacuum
(~4 x 107 Pa), the electron and ion
beams interact with the background
gas to ionize it, giving a low-energy
electron signal that can mask the true
signal. Or, a poorly tuned ion beam
can scrape on an aperture, again
producing unwanted low-energy
electrons.

Our present experimental effort
at LBL is directed toward finding
the beam operating conditions that
minimize such background effects.
In addition, we are studying other
ways to improve the experiment’s
signal-to-noise ratio. One approach
is to redesign the trochoidal analyzers
to avoid beam aberrations and add
more pumping capacity to reduce the
residual-gas problem.
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Figure 1. Atomic physics area at ECRIS. The source is in the upper left corner of
the photograph; the atomic physics beamline and EELS are in the foreground.

Trochoidal analyzers

Position-sensitive
detector

Merged-beam
interaction region

Beam-profile monitor

~.

Figure 2. Electron-energy-loss spectrometer (EELS). An electron beam from the

eleciron gun merges with an ion beam from ECRIS at the first trochoidal analyzer,

A second analyzer extracts the electrons, and the position-sensitive detector

measures those electrons that have lost energy by exciting ions in the merged-heam

interaction region,
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An important corollary o the
experiment is to model the exact
behavior of low-energy electrons m
complex electric and magnetic ficlds.
We have developed a set of computer
codes that allows us to solve the
problem of merging the two beams
without imparting unwanted
transverse energy to the electron
beam. These codes are also used
to model the expected low-energy
electron trajectories in the analyzer
plates and the resulting signal on the
detector.

Our initial plans were to measure
the cross sectionforn =2 - n =3
excitation in lithium-like oxygen
and then to continue to explore the
lithium-like sequence at higher Z.
Since these cross sections are rather
small. typically 107" em?. it will be
difficult to study the systematics or
parameters of the experiment with
the present background-noise level.
Instead. we now intend to concentrate
on the Dn = 0 transitions in the O™
system. where the cross sections are
closer to 107'* cm?; this will improve
the signal-to-noise ratio and allow us
10 better understand the systematics.
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FYSS SN2 omn:

X-Ray Spectroscopy of
Highly Ionized Atoms

Principal Investigators: . Dietrich and
J. Silver*

Co-Investigators: A, Simionovici,

W. Hallete.* J. M. Laming.* and 5. Lea*

“Clarendon Laborators. Oxtord Lmiversiy.

England

B v bombarding 4 monatomic gas
with a very highly charged. fast-
ion beam. one can produce slow.
electronically excited. highly charged
ions in sufficient quantities to atlow
VEry precisc x-ray spectroscopy. We
take advantage of the directed nature
of these recoil ions to obtain spectra
of hydrogen-like and helium-like
argnn ions with very high resolution.

Such ions are produced in
collisions with impact parameters of
the order of the “radius™ of the 1s
electron orbit. The angular deviation
from scattering perpendicular to the
incident ion beam is very small: for
example. in an Ar'™ recoil-ion source
produced by bombarding argon gas
with 2-GeV U™ ions. it is a mere
1 mrad. This produces Doppler shifts
of only 0.1 ppm, some three orders
“- of magnitude smaller than with
perpendicular viewing, so that the
Doppler widths are characteristic of
the temperature of the gas from
which the ions were formed.

Several experiments using this
technique were performed at
Oxford’s 10-MV tandem accelerator
(Laming and Silver, 1987) and
recently at the Lawrence Berkeley
Laboratory’s SuperHILAC. A
stripped beam of gold or xenon at
8.6-MeV/amu was directed into a
I-m-long argon-gas target maintained
at 1 Torr. A slit at the end of the
target formed the entrance to a
Johann x-ray spectrometer. The
spectrum was normalized to the
charge collected from the ion beam.

ndbes ot Nsards

We used axial observation of a recoil-ion source to produce
x-ray spectra of highly charged ions with the best resolution

achieved to date.

Figure 1 shows two v-ray spectra
tuken with different entrance-siit
widths (and theretore different
resolutions) forthe 1s7'S —1s2p *°P
transitions i helium-like argon. The
spectrum taken at a low resolution
of ~2000 (a) has the charactenistic
appearance seen in earlier work. By
reducing the width of the entrance
slit. we obtained higher resolution.
The best resolution achieved was
~5000 for the 15°'S -152P 'P,
transition of helium-like Ar'™* (b).
which exceeds that obtained by
Deslattes er al. (1984). the best-
resolved published spectrum of this
ion. Unfortunately. the statistical
quality of our spectra is not as good:
as resolution improves. our spectra
break into a number of lines which
we believe are satellites to helium-
like transitions arising from ions of
lower charge. One reason for this
could be the different excitation of

the spectra. In Deslattes er af.. very
highlv charged uranium ions were
used to generate the recoil 1ons.
We were unable to use the
SuperHILAC s intense uranium
beam. which would have given a
higher yield of helium-like argon and
a lower vield of satellites.

We conclude. therefore. that
our new technigue gives the best
resolution achieved to date in the
x-ray spectroscopy of highly charged
ions. However. further work with
incident beams of uranium ions is
required if we are to properly
compare this technique with other
work or to apply it to accurate
measurement in the ions studied.
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FYNN  NIGSun

A Multiple-Object
Spectrograph for
Astronomical
Observations

Principal Investigator: C. J. Hailey
Co-Investigators: J. I. Brodie.* and
R. E. Stewart

“Lack Obsersators, Unnversity or Calitormia,

Santa Cruz.

i of the world™s major
telescopes are oversubscribed.

especially for nighttime viewing,
Observations with conventional
telescopes focus on one object or
specific region of the sky at a time.
It. however. the spectra of many
objects could be observed

Figure 1.
Diagram of the
apparatus for
positioning and
holding the
optical-fiber
ends (a). Upto
100 fibers can
be positioned
and focused to
collect spectra.
Lateral sliders
(x motion) hold
a cross slide

{y motion)
between them.
A robot gripper
(z motion) lifts
and emplaces
the fiber
“button” (b) on
the focal plate
of the MOS. A
magnet in the
base of the
button holds it
securely on the
focal plate.
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An instrument is being developed for use on the 120-in.
telescope at Lick Observatory that will permit simultaneous
acquisition and observation of up to 100 object spectra over
a 1-deg field of view. The resulting increase in telescope
efficiency will allow us to conduct research that would
otherwise be impossible using conventional instruments.

simultancously. telescope etficiency
would be dramaticaily increased.

We are building a multiple-object
spectrograph (MOS) to observe
separately many individual objects in
the telescope’s 1-deg tield of view,
Up to 100 optical fibers can be
individually positioned to collect

Shielding

* Focal plate
{12-In. diam)

Motor encoder brake

Right Iateral

sleeve (1 of 100)

light from objects «f interest. The
mnput end of cach fiber is placed at
the focal plane of the telescope: the
output end mates with the input slit
ol a spectrograph. which is coupled
to an image intensifier.

The quality of the spectrographic
results depends greatly on the

(b) Fiber-end "button”

Shielding
J
-4
Quartz | ] Fiber [
prism«1 '
Sm-Co
magnet “

|04 mm—]
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preciston wath which the tiber end
can be pointed at the object to be
observed. Each tiber end must be
positioned with an accuracy of
greater than 10 pm i order to
properly collect the light ot the
object of interest. We have built a
positioning and holding svstem that
1s accurate to better than 10 pm in
any orientation. This apparatus
(Figure latuses a robot gripper tor
three-dimensional positioning of the
tiber ends: cuch tiber end is mounted
in a “button” (Figure by

The hght collected by cach
optical fiber 15 detected by a
spectrograph. which is coupled 1o an
image ntensifier. We have built and
conducted preliminary tests on a
large-area optical image intensitier
with good quantum etficiency. The
large-format detector is essential for
simultancously recording the spectra
of many objects in real tme.

Additionad research has been
done to develop echnigues for
accurately positioning und mounting
the prism and fiim in the “button.”
This s essential to ensure maximum
efficiency in the coupling of tight to

by idiial Nwards

the spectrograph. 1t requires use of
sophisticated. mteractive laser-
alignment and micromampulation
technigues.

Finallv. we have carefully studied
the effects of atmospheric dispersion
on our ability to perform precision
spectroscopy. and have developed the
necessary technigues to compensate
for this effect.

With the fubrication of our
spectrograph/camera nearing
completion, we expect to begin
evaluating the MOS at Lick
Observatory in carly FYRY,

179
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Theoretical Studies of
High-Temperature
Superconductors

Principal Investigators: N Winter and
M. Russ

Tn understand the mechanisms
responisible tor lngh-temperatone
superconductivity . we must be able
to caleudate accurately the electromie
structure i g ~uperconductimg
material. mcluding the etfects of
clectron correfation. electron phonon
interactions, and clectron-spin
coupting. The goal of this rescarch is
to determine the electronic structure
of La. Sr w0, YBu.Cu O, Land
refated compounds using advanced

Figure 1. The unit
cell structure for
YBa,Cu,00.. The
three Cu sites in

the unit cell (Cu .
Cu,, and Cu ) are
o - Cu
shown in color. +
Cu,
Cu_
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We are using advanced calculational methods to determine the
clectronic structure of La, Sr CuQ,.YBa,Cu 0. .andrelated
new superconductors and thereby gain a better understanding
of the mechanisms responsible for superconductivity in these
materials. The theoretical models developed in this study will
also help us to predict new superconducting materials.

theoretical methods and computer
codes,

Specifically. we are using an
b mirio Hanree-Fock (HF) cluster
approach that calculutes the exchange
interactions., mstead of approximating
them as 1s done in the more
converntional electron-band-theory
calculations. By including
configuration interaction (Ch. we can
incorporate the electron-correlation
and spin-coupling effects that are

Y plane

CuQ, plane

CuO plane

BaO plane

CuO,, plane

Y plane

important in high-temperature
superconducting matenals.

We hegan by studying
YBa Cu ). one of the more
promising high-temperature
superconductors: s orthorhombic
unit celi structure is shown in
Figure 1. Assigning formal charges
to the 1ons and imposing charge
neutrality requires that of the three
Cuions in the unit celi (Cu . Cu,. and
Cu ). one must be trivalent and the
remaining two nust be divalent.
This can be described by a Cl
wavetunction Y of the form

¥=c |Cu*Cu’ Cu®>
+¢ 1Cu ™ Cu Cu>
+¢ [ Cu ™ Cu™ Cu >,
W=cW, +c ¥ +c¥

where ¢ and ¢, are mixing
coelficients that determine the
amount of trivalent character at
each Cu site. The four O° ions
surrounding each Cu site are not
shown explicitly above but are
included in the calculations.

The ¥ components of the
ground-state wavefunction represent
charge-transter configurations where
an electron has moved from one of
the CuQ, planes 1o the CuQO chain.
leaving behind a mobile hole, which
gives rise to the intrinsic metallic
behavior observed in YBa Cu O..
This is in sharp contrast 1o the results
obtained from band theory. which
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predict that strong bonding and
anubonding interactions between
Cu~ and OO° orbitals give rise w the
metallic naure of the CuQ), planes.

The values of the mining
coetticients ¢ are related to the
carrier density. Charge transfer
within the CuQ | planes s also
included but does not lead 1o charge
CarTiers.

The CuQ) chains evidently serve
as a reservoir of holes for the CuQ.
planes. This helps explainthe
observed sensitivity of the
superconducting transition
temperature of YBa Cu O 1o the
integrity of the CuQ chains.” The role

of the CuO chains is similar to that of

the Sr'~ ions in doped La, Sr.Cu0,
and the BiO and TIO pl.mc:\ 16 the
Bi-Ca/Sr-Cu-0 and TI-Ca/Ba-Cu-O
superconductors.

To obtain a qualitative
understanding of the nature of the
CuO bonds when Cu has a 2+ or 3+
valence. we made HF molecular-
orbital calculations on the linear
cluster O-Cu-O-Cu-O-Cu-O. We
found that a net charge on the cluster
of 2—. appropriate for the CuO,
planes of La,CuO, or YBa,Cu O
correspond\ toa tormal valence of
O* and Cu™*. Also. a net charge of
1+ corresponds to oxidation cf the
Cu ions to the 3+ valence. which is
consistent with the CuO chains in
YBa,Cu,O_. The 3d. 4s. and 4p
orbitals on the Cu ions and the filled
2p orbitals on the O ions participate
in the formation of bonds and/or
charge transfer: thus. calculated
charges can differ significantly from
these formal charges.

Initially. each Cu™* ion has eight
closed-shell electrons and one open-

~hell electron with the configuration
3704 Interms of the atomie
orbitals. this feads 1o the tollow g
configuriaiions:

G TRt
(hy "I H4p2p”
() JU 2
tdy M2

The HF wavetunction is dominated
by configuration (). with
contributions from (b) and (¢) that
allow the O° jons 10 stabilize their
fifled 2p sheil by hybridizing with
the empty 4 and 4p orbitals. A
population analysis of the HF
wavetunction shows that the three
singly occupied levels in the cluster
correspond 1o Cu 3d orbitals. The
holes are not constrained to the
Cu* 3d orbitals but can transfer to
the O° 2p orbitals by mixing with
configuration (d). There is littie
evidence of this in the high-spin-
coupled planar or linear clusters
due to the unfavorable exchange
interaction between O' (2p®) and its

second near-neighbor Cu?*(3d4"). The

singly occupied 3d orbitals on Cu**
can be coupled antiferromagnetically
to give the ground-state electronic
structure observed for the CuQ,
planes in La,CuO, and YBa Cu 0.
In this case. the open -shell eleclrons
are singlet-coupled. and the
contribution from configuration (d)
increases. This has been verified by
calculating the nuclear quadrupole
resonance lines for the Cu sites and
comparing to experiment.

By removing three open-shell
clectrons from the cluster. we
investigated the bonding in
O-Cul 3d")-0-Cu(3d*1-0-Cu(3d"-0
chains. In this case. the O ions oo
strongly hybridize with the empty 3d
orbitals on the Cu*. The totaj gross

Pideviduad Vwards

populations indicate that ~(1,65
clectrons are transterred o the Cu™
with the majonty going into the 34
orbital. In contrast. only ~0.1
clectrons are transterred o the Cu”s
in caleulations on O-Cui3d")-0-
Cut3d™"-O-Cut3d"-0.

Another. more realistic
caleulation was carried out that
included ali the valence electrons in
the unit cell cluster (see Figure 1)
plus those from the near-neighbor
tons i surrounding cells. By
including the valence electrons
from adjacent 1ons, we were able
to impose the correct boundary
conditions on the ions that are only
partially in the cell. The population
analysis of the HF wavefunction
predicts the following atomic
charges:

Y planes: Y-"*°

CuO, planes: Cu'™ Q'™ Q'™
BaO planes: Ba'” O
CuO chains: Cu'**- Q'™

The Cu-O bonding is indicative of
Cu 3« in the chains and of Cu 3d*
in the planes.

We are now using these cluster
wavefunctions to calculate the
nuclear quadrupole and nuclear
magnetic resonan:e spectra of ***Cu
and '"0. as well a; vibrational
frequencies. positron anihilation
cress sections. and Mossbauer
spectra. These wavefunctions will
also serve as a starting point for the
Cl calculation of the real-space
pairing energies of the mobile holes
in the CuQ, planes.
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Laser Cooling of
Positronium

Principal Investigator: K.-P. Ziock
Co-Investigators: C. D. Dermer,

E. P. Liang, K. Howell, K. M. Jones.* and
¥. Magnotta

“Wilhams College . Wilhamstown, MAL

osttronium (Ps) is the hydrogen-

like bound state of an electron-
positron pair. The study of Ps s
complicated by the small amount
available, its short litetime (142 ns
for the longest-lived ground state).
and its high thermal velocity
(~10" cmy/s). Our goal is 10 take
room-temperature Ps produced at
the LLNL electron linear accelerator
(finac) and use laser cooling to lower
its temperature to ~1 K.

Precise measurements of the
fundamental properties of Ps are
currently fimited by its high thermal
velocity. Ps cooled to near absolute
zero would help solve this problem.
It has also been suggested that a new
state of matter—a low-density Bose-
Einstein condensate—might form
from the gas phase of cold Ps.
Stimulated annihilation gamma
radiation could be produced using
such a condensate (Liang and
Dermer. 1988).

The ground state of Ps consists
of a short-lived (125-ps) singlet and
a longer-lived (142-ns) triplet spin
state. We perform cooling on the
1's-2*p transition of Ps due to the
longer lifetime of the triplet state.
This involves irradiating haif the
Doppler profile of the cooling
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We apply the technique of laser cooling to positronium
produced at the LLNL linac. Cooling improves the accuracy
of fundamental measurements on positronium; it is also
necessary for the creation of a gas-phase Bose-Einstein
condensate—a new state of matter that may allow the
stimulated production of annihilation gamma radiation.

transition with broadband laser

light tuned to frequencies below the
resonance frequence. For optimum
cooling, the laser must produce high-
ntensity. broadband. uitraviolet light
{~0.7 nm FWHM. 243 nm) with a
duration of approximately one triplet
litetime and with a sharp cut-off at
the high-frequency edge.

This vear. we veritied that we
could create a light pulse with the
required frequency and intensity
profiles: we also verified that no
uncxpected losses occur from the
Ps cooling transiton. We used the
frequency-doubled output of an
excimer-pumped dye jaser. modified
to give the desired bandwidtn. Laser
light is passed in front of a heated
copper larget that is being exposed to

the linac’s low-energy positron beam.

Thermal Ps boils off the heated
copper surface. The interaction
region. where the laser beam passes
through the resulting Ps gas. is
monitored with a collimated gamma-
ray detector to measure the
annihilation radiation irom the Ps.
The laser light affects the Ps
annihilation rate in two ways. First.,
excitation to states with longer
annihilation lifetimes decreases the
overall Ps annihilation rate. Second.
the weak ~200-G magnetic field used
1o focus the positron beam causes a

slight mixing of the singlet and triplet
spin states of excited-state Ps but
leaves the ground state unaftected.
Any Ps o the singlet excited state
decays o the singlet ground state.
from which it annihilates in 125 ps:
this increases the observed Ps
annihilation rate. We use the change
in annihilation rate resulting ifrom
these two effects to monitor the
degree of optical saturation of the
Ls=2p transition.

Both laser-on and laser-off
annihilation time profiles are
recorded. The laser-off profile
provides the background spectrum:
the difference between the laser-on
and laser-off profiles shows the
effect of the laser. The increase in
annihilation rate due to the laser and
the magnetic field is clearly visible in
the spectra in Figure |. Examination
of the effects of laser intensity.
polarization. and magnetic field
strength on such time profiles
reveals that we have indeed attained
sufficient laser intensity in a
bandwidth required for cooling. This
work also represents the first time
that any 1s-2p transition in Ps has
been optically saturated

We also developed a method for
determining the degree of cooling
achieved. This measurement is
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performed by exciting the cold Py
out of the 2p state nto higher-fving
tRydbergy devels. Near the end of the
cooling pulse. we expose the Psto
narrow -bandw idth red light that is
tuned tonteract only with the cooled
atoms. The tcooled) Ps excited by
the red light is detected. using field
1nizaton. and & comparison of the
amount of Ps eacited with and
without the cooling laser pulse
provides a measure ot the number
of cooled Ps atoms,

In a preliminary test of this
technique. we achieved evcitation
of Pstothe = 1315 excited sates.
The system was simultaneously

800 '—““"& pa
- | S
600 [— ﬂf" %ﬁa.a
wof | =
00 [ %
200 [ —
w- t .'.‘;‘
sTRY e »
 opaRICRAY AR
€ 300
8 L (¢) _
200 | .
i .
100 |— * »
L ]

0 100 200
Time, ns

exposed o ultray olet fight tuned
to the 175-27p runsition and o red
hght from a second dyve Laser. The
variation of the annihilation rate as
a function of red-luser frequency
wis used to verify excitation to tie
Rydberg levels. A characteristic
signature of the annihilation time
profile was observed when the
red hight was tuned o a 2p-nl)
resonance. This represents the first
tme that any excited state of Ps
other than the n = 2 level has been
observed.

All of our work to date has been
done with o 10-ns-pulse luser. For
cooling to oceur. the excited state

Figure 1. Typical Ps annihilation time
profiles. In (a), the solid black curve is
the laser-oft profile: the open circles
give the laser-on profile (laser pulsed
at 90 ns, with a 200-G magnetic field).
Represenative 16 error bars are
shown for two points in the laser-on
spectrum; errors for the laser-off
spectrum are less than the width of the
line. (b} Difference spectrum obtained
by subtracting the laser-off spectrum
from the laser-on spectrum in (a).

(c) Difference spectrum as in (b) but
with the Liser pulsed 20 ns earlier.

(d) Difference spectrum as in (c¢) but
with the laser detuned 1 nm to the red
of the l“s—Z“p transition; the laser
peaks approximately where the
representative 16 error bar is given

at 70 ns.
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must decay spontancoushy about

S0 tmes. Thus. the 3.2-ns decay
litetime of the Py excited state
requires a laser-pulse duration of
approximately 150 ns. In the coming
vear, we will install a new laser with
the required longer pulse duration.
We will then perform experiments to
cool Ps_ first in one and then in three
dimensions.
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L niversity of Califorma Institutes

Several University of California (UC) advisory commitiees have recently
reiterated the importance of increased scientific collaboration among stait
riembers at the national laboratories and scientists at UC campuses. The latest
contract between the Department of Energy and UC re-emphasizes the
importance of such cotlaboration. This type of interaction has advantages for
Laboratory staff members, who gain professional enrichment, closer contacts
with the academic community. and expertise in fields that are under-
represented at the national laboratories. Likewise, such collaboration has
advantages for UC researchers. who obtain access to unique Laboratory
facilities and expertise, particularly in applied fields. In recent years, several
joint UC-LLNL Institutes and Programs have been establishcd with the goal of
enhancing campus-Laboratory collaboration in areas of overlapping interests
and expertise.

The four current UC-LLNL joint Institutes, which are at various stages of
maturity, are:

» The LLNL branch of the Institute of Geophysics and Planetary Physics,
approved by the Regzents in 1982 as the fifth branch of a University-wide
Multicampus Research Unit.

» The Institute for Scientific Computing Research, a new projeci undertaken
jointly by the LLNL Computation Department and participants from UC
Berkeley. -

« The Plasma Phyﬂcs Pescargh Institute, a new project in collaboration with
the College of Engmeermg ucC Davis." -

+ The Program for Analytical Cytology, -approved by the Regents in 1982 as a
joint program of L4 NL and UC San Francisco.

All of these joint programs are currently functioning at LLNL, sponsoring
collaborative research, postdoctoral and student researchers, workshops, and
seminars. At present, the first and last collaborative projects listed above
receive funds from the system-wide administration of UC, as well as from other
campuses, LLNL, and national funding sources. The system-wide funding is

used to sponsor small awards to UC researchers for collaborative projects
with LLNL.
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The LLNL branch of the Institute of Geophysics and Planetary Physics
(IGPP) was established by the UC Regents in 1982, His purpose is to make
LLNL's unique tacilitics and expertise in geosciences and astrophysics
available to outside researchers, primarily those associated with UC. The
program also broadens the scientific horizon of LLNL researchers by
encouraging collaborative and interdisciplinary work with University scientists.
At present. the IGPP at LLNL has three research centers:
= The Center for Geosciences, headed by G. Zandt.

*» The Astrophysics Research Center. headed by C. Alcock.
= The Center for High-Pressure Sciences, headed by W. Nellis.

The IGPP also has administrative responsibility for the new UC
Accelerator Mass Snectrometry Program at LLNL.

The IR&D Program provides funding for IGPP administrative and
secretarial costs at LLNL and provides one-half the salaries of the three Center
heads. The LLNL Physics and Earth Sciences Departments contribute
scientific and technical personnel to the IGPP.

At the core of the IGPP branch at LLNL is a group of research grants open
to scientists from all UC campuses. These peer-reviewed grants (jointly funded
by the UC Regents and by the IR&D Program) have been awarded annually
since FY&3. Typical grants range from $5.000 to $20,000 and are used for
research in seismology. geochemistry, cosmochemistry, high-pressure physics,
and astrophysics. In recent years, we have received about twice as many
qualified proposals as we can support (see Figure 1).

The grants heip support visiting graduate and postgraduate researchers,
experimental facilities for visiting researchers, and supercomputer time. The
opportunity for University faculty and students to use LLNL's supercomputers
has been a prominent component of the program.

Several advanced facilities are available to researchers visiting the IGPP
at LLNL. The Center for Geosciences has a variety of digital, broadband

Figure 1. IGPP 1000
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seismographic ecwipment. The Astrophysics Research Center maintains a
state-of-the-art image-processing facility for analyzing and displaying
astronomical data. The Center for High-Pressure Sciences has two light-gas
guns, several diamond-anvil-ceil laboratories. a piston-cylinder appar:tus., and
facilities for synthesizing and characterizing specimens at high temperatures
and pressures.

For data analysis, pewerful LLNL-developed geophysical software can be
run on a network of Sun workstations. Researchers also have access 1o the
Cray supercomputers of the National Magnetic Fusion Energy Computer
Center. The Crays can be accessed through a local node in one of the IGPP-
LLNL buildings and are at present used most extensively by the Astrophvsics
Research Center.

In addition to providing grants tor campus researchers. the IGPP strives to
provide an intellectual focal point for UC-LLNL interactions. To further this
goal. the IGPP runs a weekly seminar series. helps host University visitors for
periods ranging from a few days to a full sabbatical year. and sponsors
conferences and workshops.

The high scientific productivity tor IGPP-sponsored collaborations is
evidenced by the volume of publications that have resulted from IGPP research
at LLNL (Figure 2). In all, about 135 IGPP papers have been published since
1983.

In FY88, the Laberatory's IGPP received $1,454.000 in IR&D operating
funds plus $57,000 for capital equipment.
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Analysis of the

Mt. Lewis Earthquake
and Prior Activity
(1980~1986) Using
Digital Seismic Data

Principal Investigator: K. C. McNally*
Co-lInvestigators: G. Zandt and G. Nelson*

#*University of California. Santa Cruz.

he coda. or temporal decay in

seismic energy arriving after the
main ray-arrival, is a measure of the
attenuation of the medium through
which seismic waves from an
earthquake propagate. This measure
is quantified by the coda quality
factor Q . which is a function of
frequency and is related to inverse
attenuation. Several previous studies
have indicated that temporal
variations in coda Q precede and
accompany the occurrence of large
earthquakes. The March 31, 1986.
Mt. Lewis earthquake (magnitude
5.7) in Fremont, California. presented
us with an opportunity to study this
phenomenon with an extensive data
set obtained by the Lawrence
Livermore Seismic Network (LLSN),

We determined coda Q for
earthquakes that occurred from 1980
through 1987 within 10 km of the
Mt. Lewis main shock. The coda Q
was determined at three stations
located within 10 km of the main
shock using the Sato (1977) single-
scattering formulation. We observed
that coda Q increases with lapse time
and that three distinct decay slopes
are commonly obtained in the lapse-

1 ¢}
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Changes in the coda quality factor may precede the occurrence
of large earthquakes. We determined the coda quality factor
and studied its dependence on lapse time and distance for
earthquakes within 10 km of the 1986 Mt. Lewis main shock to
search for precursory temporal changes associated with this

moderate-magnitude event.

time range of 2-20 s and greater.
Within the contines of the single-
scattering model. we have modeled
this increase as being due to:

» Increasing intrinsic Q in the upper
mantle.

* Scattering into surface waves in the
uppermost crust.

* Increased scattering strength in the
uppermost crust.

The lapse-time range of 5-12 s
excludes both the complicated early
coda and possible upper-mantle
scattering. We find that coda Q has a
local minimum in the standard error
when computed over the lapse-time
range of 5-12 s. Our finding may
signify that different parameters
apply to scattering outside this lapse-
time window. In this range, the
average coda Q measured at station
CDV at 6 Hz was 135: however. the
value exhibits significant variation.
with both temporal and spatial
dependence.

Coda Q also exhibits a
dependence on distance from the
main shock and time before and atter
the main shock. We found that. for
events within 5 km of the main
shock. attenuation (1/Q ) at 6 Hz was
63% higher (Q = 100) 15 months

before the main shock occurred.
began to decrease nine months before
the main shock. and reached a low
(Q_= 160) six months after the main
shock. Coda Q also exhibits a
dependence on the distance of the
source epicenter from the main shock
epicenter. Attenuation was highest
for sources closest to the main shock
(Q_ = 114), decreased to a minimum
at a distance of 68 km from the
main shock (Q_ = 167), then
increased to a distance of 14 km

(Q, = 125). beyond which we have
no data. The aftershock had a radius
of 5 km. which is slightly smaller
than the radius of the area with
smallest attenuation.

Our results imply that temporal
changes in coda Q may be associated
with the occurrence of moderate-
magnitude earthquakes. However.
the distance dependence that is also
present complicates the usefulness of
this measure as a tool tor earthquake
prediction.
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Mapping Changes
of Crustal
Heterogeneities

Principal Investigator: R. S. Wu*
Co-Investigators: . Zandt and G. Nelscn*

*University of California. Santa Cruz.

he temporal changes of coda Q

(0 ) and coda duration of
foreshocks and aftershocks
associated with a major earthquake
are the subject of many reports
from around the world. Most
observations, however, are based on
one or two stations. and the results
are often contradictory. The
Lawrence Livermore Seismic
Network (LLSN) provides an
excellent opportunity to study
temporal variations in coda duration.
postulated to be an earthquake
precursor. because of the dense
distriburtion of stations and events
around the main shock zone of the

!mmuh of hwph\ sty lnd Phlml Iy Ph\\lk’w

We have used the Lawrence Livermore Seismic Network
to determine changes in the coda duration as a function
of distance and time before and after the magnitude-5.7

Mt. Lewis earthquake.

March 31. 1986, Mt. Lewis
earthquake (magnitude 5.7) located
near Fremont, California.

We grouped the 25 stations of the
LLSN into three rings based on their
distances from the epicenter of the
Mt. Lewis earthquake:

» Ring 0 extends from O to 15 km.
* Ring i extends from 15 to 25 km.
*» Ring 2 extends from 25 to 38 km.

We used earthquakes occurring
from the beginning of 1980 to April,
1987, with depths 25 km and
epicentral distances <10 km from the
main shock to study temporal
changes in coda duration. We used
as the reference background the
USGS magnitude that was derived
from the average log T_(the

logarithmic coda duration) over
stations in a broad area. We then
plotted the difference between the
average log T_ for each ring and the
background log T _versus time to
study temporal changes of the
scattering coefficient of crustal
heterogeneities sampled by coda
waves recorded by stations in
difter=nt rings. We found an increase
of average T_starting about 2 years
before the main shock. After the
main shock, the average T decreased
gradually. The anomaly of T was
more pronounced for rings 0 and 1
than for ring 2.
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Teleseismic-Converted
Waves in the Long
Valley Caldera

Principal Investigator: W. Prothero. Jr.*
Co-lnvestigators: G, Zandt and L. Steck*

~Unsversity of Calitormia, Santa Barbara.

T cleseismic P {compressional)
waves impinging on a velocity
discontinuity. such as the interface
between solid and semimolten rock.
venerate converted § (sheary waves,
Such converted P-1o-§ waves provide
direct evidence on the location and
velocity contrast of the causative
interface. We recorded teleseismic P
waves in an active volcanic area to
search for converted waves and to
assess the utility of converted waves
in the identification of magma
bodies.
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We are using teleseismic P-to-S-converted seismic waves to
determine locations and configurations of magma bodies
beneath the Long Valley Caldera.

Data for our study were recorded
on a combined Lawrence Livermore
National Laboratory/UC Santa
Barbara seismic array located on the
northwest shoulder of the resurgent
dome of the Long Valley Caldera in
eastern California. Using array-
analysis techniques. we have shown
that the large, delayed arrivals seen
on horizontal components are
converted shear waves. These phases
originate from beneath the western
moat. a region identified by other
researchers as possibly containing
magma bodies. We also found th=t

direct P waves are perturbed {from
expected great-circie back-azimuths.
most likely by the same structure

as that generating the shear waves.
We are now determining station
corrections to remove the effect of
near-surface velocity variations on
our array-analysis techniques. Such
corrections will allow more accurate
estimates of the locations of ‘
converling interfaces.
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Crustal Fault Zone
Study with the
Lawrence Livermore
Seismic Network

Principal Investigator: 1. Vidale*
Co-Investigators: G. Zandt, ;. Nelson.*
and D. Garcia-Gonzales*

“University of California. Santa Cruz.

he zone of material up to a

few kilometers wide around
major strike-slip taults has been
hypothesized to have compressional
and shear velocities that arc lower
than those of the surrounding
material by 10-46%. The waves that
travel in the tault zone or low-
velocity channel can provide
important diagnostic observations
of the fault zone.

We examined the waveguide
ettects from earthquake-generated
seismic waves traveling along a fault
zone with data from the Lawrence
Livermore Seismic Network located

Institute of Geophysics and Planetars Physics

We are studying earthquake-generated seismic waves in crustal
Sfault zones to search for waveguide effects that may provide
valuable diagnostic measures of fault properties.

in the east San Francisco Bay

area. SH waveforms (horizontally
polarized shear waves) for paths
that follow the fault trace are quite
similar to waveforms for paths that
cut across the fault zone. These
observations suggest a much
narrower or less anomalous fault
zone than has been proposed for the
Calaveras fault in other locations and
for the San Andreas fault near Bear
Valley.

We have developed a novel
scheme to compute travel time to
determine whether there are
indications of a low-velocity fault
zone in the travel times 1o the stations

near the Calaveras tault. The travel
limes are consistent with 10% lower-
velocity material in the fault zone
than on either side. Surprisingly.
however. the results are not
mathematically unique.
Nevertheless. the scheme for travel-
time analysis has proven to be quite
useful. We are currently using the
scheme for windowing finite-
difference calculations. Kirchhoff
migration. and tests of the resolution
of tomographic inversions.
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Seismic Attenuation
from Earthquake and
Explosion Sources

Principal Investigator: S. Houngh*
Co-Investigators: 1. Anderson+® and
H Patton

“Insttute of Geophysies and Plunclur_\
Physies, University of California, San Dicgo.
FSenpps nstitution of Ovearvgraphs.

Unnversity of Calitornia. San Dicgo.

Wc are studying the attenuation
of regional seismic waves at

frequencies between I and 15 Hz and
at epicentral distances from 20 to
250 km in western Nevada,
Following the method of Hough

et al. (1988), we parameterize the
asymptote of the high-frequency
acceleration spectrum by a two-
parameter model. We inierpret the
model parameters in terms of a
simplitied two-layver model for
seismic-wave attenuation Q and
relate the observed model parameters
to 0 and Q. the frequency-
independent and the trequency-
dependent components of the coda
quality factor Q. respectively. We
obtain total Q(Q) by /:1Q = 1/Q +
11Q,. In the top 5 km of the crust. we
obtained a () of ~67. We have no
resoiution of Q in the near-surface
layers.

Comparing our results to those
from previously published Q studies
in the Basin and Range region, we
find that our estimate of Q in the
shallow crust is consistent with
shear-wave Q at close distances. as
determined by Patton and Taylor
(1984) and Chavez and Priestley
(1985). For depths greater than
5 kni. we obtain @ that increases
from ~150 at | Hz to ~600 at 15 Hz.
This estimate of @ is consistent with
coda @ reported h\ Singh and
Herrmann (1983) and with 0
determined from the L phase (shear
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We are investigating the attenuation of regional seismic waves
and comparing the high-frequency content of explosions with
that of earthquakes in western Nevada.

wiaves propagating in the crustal
laversy reported by Chavez and
Priestly (1986) (see Figure 1). This
result suggests that both coda Q and
Q determined from L are insensitive
to near-surface contributions to
altenuation,

In addition tc our results on
attenuation. we compared the high-
frequency content of explosions with
that of earthquakes. Our results from
§ waves are similar to results for P,
waves (compressional waves

Qq
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Hermann, 1983)
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Figure 1. Summary of variation of
quality factor @ in the Basin and
Range. See text for a more detailed
interpretaiion of these data.

propagating in the crustal lavers) by
Chacl (1988). who tound that the P,
wave spectra from explosions are
depleted in high-frequency energy
with respect 1o earthquake spectra.
Taylor er al. (1988) compared
spectral energy at 1-2 Hz with i
energy at 6-8 Hz for earthquakes and |
explosions. These researchers found
relative depletion of the higher
frequencies for explosion sources,
especially for L waves. This result
is also consistent with those in the
present study. The combined results
indicate that spectral differences
between explosion and earthquake
sources observed at regional
distances may be an important
discriminant in the seismic
verification of compliance with
nuclear test-ban treaties.
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Crustal Genesis and
Recycling in
Northwestern Mexico

Principal Investigator: K. Cameron*
Co-Investigators: S. Niemeyer and
G Nimz*

“University of Calsfornia, Santa Crus.

T he largest Cenozoic rhyolite
province in the world occurs in
~western Mexico. If these silicte
volcanic rocks originated by
fractional crystallization of mantle-
derived basaltic magmas. then their
extrusion marked a major Cenozoic
scrust-forming event. Alternatively.
"the rhyolites may largely represent
~melting and recvcling of preexisting
- continental crust.
Our analyses have established
: that the mid-Cenozoic rhyolites
- overlap in strontium and neodymium

Institute of Geophysics and Planctary Physics

We are studying silicic volcanic rocks in northwestern Mexico
to determine the mechanisms responsible for their origin.

isotopic compositions with coeval
basaltic rocks. The basaltic rocks.

in tumn. have strontium. neodyniium.
and lead isotopic ratios similar to
those of mantle pyroxenites.
demonstrating that crustal
assimilation is not required {0 explain
their isotopic compositions. About
rwo-thirds of the granulite-fucies
xenoliths we have analyzed from
Mexico appear to be Precambrian
basement. and they have neodymium
and/or strontium isotopic ratios that
differ greatly from those in Cenozoic
volcanic rocks. The remaining

xenoliths. mostly cumulate mafic
granulites. are isotopically
indistinguishable from the Cenozoic
volcanic rocks. These mafic
granulites may be the first recognized
samples of several-kilometer-thick.
cumulate-dominated. mid-Cenozoic
crust that formed during the
fractionation of the basalt-to-rhyvolite
Series.
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Geologic Application
of Discrete-Particle
Models for Earth
Materials

Principal Investigator: R. Shreve®

Co-Investigators: (). Walton and
T. Drake*

~University of Catitormia. Los Angeles.

low of granular material is

impaortant in a variety of’
scientific and engineering studies.
Examples from the earth sciences
include avalanches. pyroclastic
flows. and impact cratering.
Examples of some engineering
applications are the industrial
transport of coal and other
particulates. fluidized-bed
technologies. and proposed designs
for inertially confined fusion
reactors.

Experimental studies of the flow
of granular material in progress at
UC Los Angeles and the discrete-
particle computer models developed
by the Granular Solids Flow Project
at LLNL are providing a unique
opportunity for mutually beneficial
collaborative research. QOur physical
experiments provide a means of
calibrating. validaling. and refining
the computer models. which can then
be used to simulate flows that are
experimertally impractical.
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We are combining the results of physical experiments with
those of discrete-particle computer models to simulate
mechanisms of flow in granular material for applications
in which experiments would be impractical.

We have completed our
experiments comparing cotlision-
dominated grain flow performed at
UC Los Angeles and discrete-particle
computer simulations performed ai
LLNL. We directed most of our
recent work toward the sensitivity
analyses of computer simulations 1o
flow parameters. such as friction
coefficients between flow particles
and flow and boundary particles.
number density of particles per unit
length of a channel. and spacing of
parallel walls that confine particles
10 essentially two dimensions.

At LLNL. we are currently
transterring the computer code to Sun
workstations. Many of the graphics
capabilities readily available on the
Cray will be implemented on those
workstations. We are also exploring
new wiys of visualizing the
experimental results obtained at
UC Los Angeles and LLNL.

At UC Los Angeles, we are
conducting physical experiments
using geologic materials to determine

several parameters for the
simulations, inciuding the
coefficients of {riction and
restitution. Our previous computer
cxperiments and avatilable theory
indicate that flows of geologic
materials should not be sensitive 1o
choices of these parameters. Thus,
we should be abile to proceed rapidly
1o our proposed simulations of the
development of eolian (wind-bome)
slipface deposits. After we
understand the uniform-grain-size
colian system as a first. relatively
simple geologic application. we
envision using the model to
investigate a variety of problems

in sedimentologic sorting. The
lengthy process of validating and
calibrating our computer simulations . -
should eam exciting scientific
dividends.
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Isotopic Analysis of
Microscopic Domains
in Garnet
Porphyroblasts from
Sri Lanka

Principal Investigator: J. Reynolds*
Co-Investigators: W. Glassley and
J. L. Irwin*

“University of Califorma. Berheleys.

he purpose of our project 1s
to establish the pressure-
temperature-time history of high-
grade metamorphic rocks from Sri
anka. To do so. we are integrating
etrologic studies conducted at
LNL with microanalysis of argon
;otopes at UC Berkeley. We
zlected from a large collection of
amples of high-grade metamorphic

Institute of Geophysics and Planetary Phasices

Our results on electron microprobe analysis of garnets
from Sri Lanka suggest that more than one episode of
metamorphism affected these specimens.

rocks obtained from Sni Lanka a

few specimens of garnet and feldspar
that best illustiate variations in
temperature and pressure of
formation of different parts of single
crystals. Electron microprobe study
of the garnets indicates that the rims
of some crystals contain more iron
and less calcium than the cores of the
same crystals. These data indicate
that the rims of some crystals formed

at a considerably lower pressure
than the cores. This finding implies
that more than one episode of
metamorphism may have affected
these rocks. The pronounced
compositional variations observed in
these garnets. combined with their
large grain size. make the specimens
ideal for laser-microprobe argon-
isotope analysis.
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Trace-Element and
Isotope Geochemistry
of Cretaceous/Tertiary
Boundary Sediments

Principal Imyestigator: S, Margolis®
Co-Investigators: G. P. Russ, 111, and
E. Dochne*

“Uaversity of Calddornie Davs,

W ¢ have analyzed trace clements
and stable 1sotopes in a series
ot sediment samples crossing the
Cretaceous/Tertiary (K/T) boundar
and obtained from critical sections at
Zumaya and Sopelano. Spain. Our
aim is 1o distinguish extraterrestrial
versus volcanic or authigenic
concentration of the platinun group
and other elements in K/T boundary
transitional sediments. These
sediments have been shown to
contain evidence for the stepwise
extinction of several groups of
marine invertebrates associated with
negative oxygen and carbon isotope
excursions occurring during the last
million vears of the Cretaceous
period. The isotope excursions have
becn interpreted to indicate major
changes in ocean thermal regime.
circulation. and ecosystemns that may
be related to mutltipie “events™ during
the Late Cretaceous.

Our results to date on the
petrographic and geochemical
analyses of the Lute Cretaceous and

9%
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We have developed a new approach for identifying the
sedimentary minerals responsible for trace-element
concentrations associated with the end of the Cretaceous
period. This should enable us to resolve the controversy
surrounding the volcanic-versus-impact origin of anomalous

geochemical concentrations.

Earlv Paleocene sediments indicuate
that diagenestis has atfected the trace-
clemient geochemistry and stable-
isotope compositions al Zumaya.
The degree of diagenetic alteration is
correlated with lithology. The best-
preserved samples are soft marls with
high clay contents and limestones
that have undergone curly,
permeability-reducing marine
cementation. More porous
sandstones and bedding-place veins
show the greatest alteration and
depleted stable-isotope values.
Platinum and nickel grains
perhaps represent the first direct
evidence of siderophile-rich minerals
at the K/T boundary. The presence
of spinels and nickel-rich particles
as inclusions in aluminosilicate
spherules from Zumaya suggests an
original. nondiagenetic origin {or
the spherules. The chemistry and
morphology of the platinum grains.
spinels. spherules, and nickel-rich
grains mast closely match chondritic
fireball or ablation debris. This
finding suggests that a substantial
portion of any proposed K/T

bolidets) may have burned up in

the carth’s atmosphere. A voleanic
origin for the boundary particles is
incompatible with the chemistry of
the Zumaya particles. Chalcophile
elenients appear to have an
authigenic origin and may be derived
from scawater or an carly diagenetic
enrichment.

Our research represents a new
approach in trying to directly identify
the sedimemary mineral components
that are responsibie for trace-clement
concentrations associated with the
K/T boundary. These technigues are
currently being used on several other
well-preserved marine and terrestrial
K/T sections. Such applications may
provide valuable information that
could resolve the controversy
surrounding the possibility of
multiple K/T boundary evems.
the volcanic-versus-impact origin
for anomalous geochemical
concentrations. and the relation of
these tactors 1o biotic extinetions.
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Nondestructive
Gamma-Ray Analysis
of Uranium-Series
Nuclides in

Volcanic Rocks

Principal Investigator: J. D. Macdougall*
Co-Investigators: R. Finkel and K. Rubin*

*Seripps Insttution of Oceanography .

Unversity of Cahtorne, San Diego.

hie aim ol our work has

been o assess the feasibility of

“ nondestructive measurements using

* the Ge(Li) detectors belonging 1o the
LLNL Nuclear Chemistry Division to
analyze uranium-series nuclides in

. young volcanic rocks. Earlier work

" indicated that. for sumples having

- uranium concentrations in the parts-

per-million range. this method would

~ be most useful for measurement of

“*Ra. *"Ra. and ~*Th. Rapid and

reliable radium measurement is

important in our studies. With its

approximatety 1600-vear half-hife.

Institute of Geophysics and Planetary Physics

We are investigating the use of nondestructive techniques to
analyze uranium-series nuclides in an effort to understand the
extent and time scale of chemical fractionation in volcanic
processes.

~“Ra is ideally suited to the Over the past year, we
investigation of processes oceurring have successtully completed

in magma chambers of voung nondestructive measurements of
volcanoes because it has the same “*®Ra using Ge(Li) detectors. Our
time scale as the processes of measured activities generally agree
interest. Moreover. radium is a with those we determined using
chemical analog of barium. an the destructive radon-emanation
important trace element in technique at the Scripps Institution of
geochemical modeling: “*Ra is Oceanography. Such measurements
especially useful for very young help constrain the extent and time
volcanic rocks. The ***Ra/** Th scale of chemical fractionation in
disequilibrium could provide volcanic processes. We plan to
evidence of recent fractionation extend our work o samples with
accompanying or immediately lower activity levels.

preceding volcanic eruption.
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Stable Isotope Ratios
of Reactive Metals in
Seawater

Principal Investigator: A. R. Flegal*
Co-Investigator: §. Niemeyer

*University of California. Santa Cruz.

O ur objectives were to improve
the analytical capabilities at
LLNL for accurate measurements of
stable lead isolopic compositions in
small (1-ng) lead samples. In
addition. we sought 1o use those
measurements to study the
biochemical cycle of lead in the
marine environment. We require
precise meas'rements of lead
isotopic compositions because most
concentrations of lead in seawater are
<5 x 107"* mol/kg, and isotopic ratios
must be accurate to at least four
significant figures for environmen*al
research. Measurements of the
isotopic composition of lead are
extremely useful because they
provide a fingerprint of its origins
and may be used 1o trace the flux of
contaminant leads in the biosphere.
We have developed ultraclean
techniques for measurements using
thermal-ionization mass spectrometry
of stable lead isotopic compositions
in water samples. The lead
concentrations in the samples are one
part per 10'*. We are using these
geochemical fingerprints to identify
sources of contaminant leads in the
Great Lakes, the Antarctic, and the

20
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We are obtaining precise measurements of lead isotope ratios
as a means for tracing the origin and flux of contaminant

leads in the biosphere.

North Pacific (see Figure 1). Fluxes
of industrial lead currently account
for more than 95% of the total lead
fluxes to those three systems. We

are also investigating the
applicability of our measurements as
tracers of associated contamination.
including that arising from acid rain.

B Point Arena

Figure 1. Ratios of 2%Pb to 2"’Pb from surface waters in an upwelling filament
(colored arrows) off the coast of central California. The filament outline is derived
from satellite imagery of the thermal boundary.
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Multiwavelength
Study of the
Continuum in Active
Galactic Nuclei

Principal Investigator: M. Malkan*
Co-Investigator: D. Band

*University of California. Los Angeles.

ow trillions of solar luminosities
H are released within a light day
of the center of an active galactic
nucleus (AGN) has not vet been
determined. In the standard
‘theoretical scenario, material accretes
through an accretion disk onto a
massive black hole. which powers
a surrounding source of x rays and
gamma rays. Our goal was to
:combine a model for the accretion-
disk spectrum with a model for a
nonthermal source surrounding the
black hole to explain the radiation
continuum. We fit observed spectra
to derive the basic quantities that
characterize the source. such as mass
of the black hole and radius of the
nonthermal source. With these
quantities, we can investigate the
physics of the central engine.

We modeled the continua, from
‘infrared through gamma rays, of an
AGN by combining the accretion
disk of Malkan and Sun with the
.nonthermal source model cf Band

(1987). The accretion-disk mogel
adds relativistic effects to the
emission from an optically thick,

Institute of Geophysics and Planetary Physics

We are attempting to explain the radiation continuum, from
infrared through gamma rays, of active galactic nuclei by
combining a model for the accretion-disk spectrum with a
model for a nonthermal source surrounding a black hole.

geometrically thin accretion disk.

In the nonthermal source model.
relativistic electrons radiate the
infrared continuum by synchrotron
emission and the x-ray spectrum

by inverse Compton scattering of
ultraviolet photons from the accretion
disk. The electron distribution
consists of a flat (y>*). low-energy
component and a steeper (Y~+*), high-
energy component, where y= E/mc*
is the electron Lorentz factor.

We found that the typical AGN in
ow sample has a black hole of mass
~4 x 10* Mz at its center (where M«
is the solar mass), a total thermal and
nonthermal luminosity of about one-
half the Eddington luminosity, and an
accretion rate of ~0.4 M, per year.
The high accretion rate indicates that
the approximation of a thin accretion
disk is only marginally acceptable.
Because the AGN lifetime is short,
~10” years, the activity in a given
galactic nucleus is short-lived
compared to the age of the universe.

The nonthermal source has a
radius of ~2 x 10" c¢m, a relativistic
electron density of ~5 x 10® cm™?,
and a magnetic field of ~200 G.
Consequently, the photon and

magnetic fields are in rough
equipartition, while the relativistic
electron energy density is smaller by
a factor of 10*. In an inhomogeneous
source, the electron density could be
greater. The luminosities of the
nonthermal infrared. ultraviolet
accretion disk and the nonthermal
X-ray to gamma-ray continua are
comparable. Our combined model of
an accretion disk and a nonthermal
source reproduces quite well the
observed spectra of the ten AGN we
have studied so far.
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Modeling Supernova
Spectra

We are modeling the energy budget, spectra, and other features
of the February 1987 supernova in the Large Magellanic
Cloud after obtaining high-resolution images of that Type 11

Principal Investigator: S. Woosley*

Co-lnvestigators: T. Axelrod, P. Pinto,*
and D. Hartmann*

*University of California, Santa Cruz.

he term “supernova’ refers

to the giant explosions of aging.
massive stars. The most spectacular
event in the history of the study of
supernovas occurred in February
1987. This event was the supernova
in our neighboring galaxy. the
Large Magellanic Cloud (LMC).
and is known to astrophysicists as
SN 1987A.

We traveled to Christchurch,
New Zealand, in April 1987 to
observe SN 1987A in the infrared
using the NASA Kuiper Airborne
Observatory. We obtained high-
quality spectra during the April
flights that covered the region from
3—11 um at energy resolutions of
3000 km/s. In addition, we observed
the argon 6.9-pum and nickel 6.6-um
lines at high resolution (300 km/s).

event.

The resulting profiles showed
both asymmetric tails to the red end
of the spectrum and an overall red
shift of the profiles in excess of the
LMC recession velocity. We have
explained the red line shifts and
asymmetries observed in the infrared
as the effect of radiative transfer
through an expanding cloud of
electrons. Model profiles fit to the
data yielded an electron column
depth at 400 days, which agrees with
predictions of models for radioactive-
decay ionization.

We have also continued our
work on modeling the energy budget
and emergent spectra of ejecta from
SN 1987A. We have produced
synthetic spectra from self-consistent
models of the ejecta, which include
all elements and ionization stages
observed in SN 1987A and in other

supernovas. These models agree
reasonably well with infrared
observations, especially of low-
ionization infrared lines ot nickel.
argon, and cobalt. We are beginning
our work on optically thick line
calculations for earlier-time spectra
of SN 1987A: however, few results
are yet available. Finally, we are
now working with researchers at
the Cerro Tololo Inter-American
Observatory in Chile in an effort to
match recent optical observations
because the optical spectrum of
SN 1987A increasingly resembles
the Type Ib supernova spectra that
Chilean researchers investigated
previously.
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Neutron-Rich
Nucleosynthesis

Principal Investigator: S, Woosley*
Co-lnvestigators: (. Mathews and
. Hartmann*

*Universuty of Calitorma, Santa Cruz.

O ne of the principal problems in

nucleosynthesis continues to be
the origin of r-process nuclei. which
are nuclei that are more massive than
iron and have neutron-to-proton
ratios that are higher than average.
The r process is a proposed
mechanism for making such nuclei
:by rapidly growing seeds of iron

.in an environment that is rich in
neutrons. General trends and

- requirements are known. but despite
‘enormous eftorts invested during the
last 30 years. a specific site that
-renders the requisite neutron flux.

- temperature. and time scale is stiil

. lacking. We have combined the

- special expertise at LLNL and UC

. Santa Cruz in this area to carry out

. two studies relevant to the » process:
- nucleosynthesis of neutron-rich
matter in nuclear statistical

- equilibrium (NSE), and neutrino-

- induced neutron spallation.

~ Abundances in NSE are sensitive
1o uncertainties in the partition
-functions at finite temperature,
-nuclear-force parameterization,

- Coulomb shifts in strongly coupled
-plasmas, freeze-out corrections,
nuclear binding energies. and other
effects. We have studied the
sensitivity to nuclear binding
properties because they enter the

Institute of Geophysics and Planctary Phycaces

We are examining the nucleosynthesis of neutron-rich matter
and the interaction of neutrinos with various shells of heavy
elements ejected during a Type Il supernova explosion.

calculations exponentially in

the nuctear Saha equation. The
binding energies of experimentally
inaccessible nuclei are determined by
an extrapolation scheme that relies on
a nuclear mass law. Errors associated
with this method increase with
distance trom the valley ot
stability. which refers to those
isotopes (defined by atomic mass and
atomic number) that do not decay by
emission ot an electron or positron

or the capture of a positron. We
calculated neutron-rich equilibrium
mass fractions. Final abundances
were calculated after B decay 10 the
stable isotopes. Concentrating on the
abundances of those isotopes that
exhibit strong meteoritic isotopic-
abundance anomalies. we conclude
that neutron-rich equilibrium
abundances are uncertain by a factor
of about two. Our earlier conclusions
(Hartmann et al.. 1988) were that
nucleosynthesis ot **Ca, *Ti, *Cr, and
#Ni occurs within neutron-rich zones
that have achieved NSE. These
conclusions have been confirmed by
recent high-precision measurements
of meteoritic isotopic anomalies
(Birck and Lugmair, 1988).

We also studied the interaction of
neutrinos with the various shells of
heavy elements ejected in a Type Il
supernova. such as SN 1987A. Here.

inelastic neutral-current neutring
scattering on nuclei in or near their
ground state can lead 1o the excitation
of particle-unbound states that decay
by neutron or proton emission. For
specific calibration, we adopted
initial radit and densities for a 20-M.
star. This choice of mass is a
representative value for supernovas
responsible for producing the solar
abundance set and has the additional
advantage of affording direct
comparison with abundances that
might ultimately be measured in

SN 1987A. We found that the
resulting abundance yields are
extremely sensitive to the radius of
the interaction zone. Our preliminary
results indicate that the neutrino-
induced r process does not yield
abundances comparable to the
observed r-process elements in

the solar system because neutron
densities are too low.
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High-Spatial-
Resolution Detectors
for Hard-X-Ray
Imaging

Principal Investigator: S. kahn*

Co-Investigator: (). Siegmund* and

C. Hailes

*Space Soiences Laborators . Umiversity of

Calitforma. Berkeles .

he aim of our studv was to

investigate the feasibility of
using a high-spatial-resolution image
intensifier coupled to an alkali-halide
scintillator crystal for hard-x-ray
imaging. Computer modeling in
support of this effort wouid
determine if the observation of
cosmic x-ray sources could be done
with high enough sensitivity to yield
an astrophysically useful instrument.

The design we have adopted is
quite different from the one we
originally proposed. The original
design involved an image intensifier
that was available at LLNL. This
device. however. proved to have
disappointing energy resolution.

We became aware of a phototube
that was commercially available and
could image a multiphoton input.

Its large area (16 cm”) and lack of
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We are investigating a new phototube and various geometries
for a device that could be used to obtain useful astrophysical
data on cosmic hard-x-ray sources.

optical-fiber faceplate suggested that
1t might make a good imaging unit
for the x-ray imaging spectrometer
(XRIS). We evaluated one of these
tubes coupled 1o scintillator crystals
and obtained good energy and spatial
resolution (~10% and ~1.5 mm at
100 keV). Thus. the XRIS with an
imaging-proportional (IP) counter
could serve as the basis for a balloon
payload without need for optical-
fiber couplers. Although we would
have to array many of these tubes.
their low cost makes this process
feasible.

We pertormed additional studies
on the new phototube to understand
the scaling of spatial resolution with
crystal thickness and x-ray energy.
We used crystals both with and
without entrance windows. The
difference between geometries can
be substantial in that each can
modify the width of the light cloud

reaching the photocathode and.
hence. the spatial resolution. We
successfully modeled our results

for a crystal with a window. Qur
results for crystals without entrance
windows are much better than might
be naively expected from our model.
We hope to betier understand this
surprising outcome in the future.

We have also evaluated the
science that could be done with
XRIS. We used our experimental
results as input for the computer
model to determine sensitivities of
the XRIS payload for a variety of
potential cosmic hard-x-ray sources.
It is now clear that XRIS can be vsed
to study the center of our galaxy and
giant clusters of galaxies at photon
energies that are greater than those
previously possible.



University of California Institutes

Measurement of
Optical Fibers to be
Used in Multiobject

Spectroscopy

Principal Investigator: J. P. Brodic
Co-Investigator: C. ). Hailey

he goal of this project is
to develop a spectroscopic
instrument that will dramatically
increase the etficiency of the
120-in. telescope at the UC Lick
Observatory. Currently. astronomical
spectra are collected one object at a
time. A multiobject spectrograph is
" being developed that will coliect light
from 100 separate optical fibers
. located on the focal plane of the
telescope and channel the light to a
floor-mounted spectrometer 30 m
~away. The ability to gather 100
spectra simultaneously will permit:
- new projects that require large
- statistical samples of astronomical
spectra. !
A crucial issue in the
development of this instrument is the
_ performance of the optical fibers that
channel the light to the spectrograph.
The light transmission of these fibers
‘must be high enough to ensure good
sensitivity of the instrument. Also
_important is the focal ratio

Institute of Geaphysies and Planetary Phasies

We have characterized the properties of stepped-index,
fused-silica, UV-transmitting optical fibers that are candidates
for use in a multiobject spectrograph.

degradation of the fibers. which is the
change in the effective speed of the
telescope output beam after light
passes through the fibers. Focal ratio
degradation resuits from the presence
of microbends in the fibers. stresses
on the fiber ends. and facial
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Figure 1. Qutput for various input

S numbers for three fiber diameters.
The relatively low value for the 320-um
core fiber may be a result of a stressed
end mounting,

roughness. Thus. the way in which
the optical fibers are polished and
mounted is very important.

Typical data on focal ratio
degradation are shown in Figure 1.
The data indicate that the 100-pum-
diam core fibers. which are best
matched to the Lick stellar seeing
disk, would greatly degrade the beam
fnumber. The data also show that
the specially polished and mounted,
200-um-diam core fibers will
produce an output beam that will
not significantly degrade the Lick
prime focus input beam (slightly
faster than f/5).

We have selected and
characterized optical fibers which,
when properly mounted and polished.
are acceptable in terms of fiber focal
ratio degradation and optical and UV
transmission. Our experiments have
produced key data that have enabled
us to optimize the design of the
multiobject spectrograph.
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Astrophysical Studies
of CNO Isotopes

Principal Investigator: M. Jura®
Co-Investigators: D. Dearborn and
1. Hawkins

FLUmversity of Calitormia, Los Angeles.

I n qualitative terms. it is well
established that most of the
material heavier than helium was
svnthesized in stars rather than in the
Big Bung. However, quantitative
details of the process of
nucleosynthesis. and the resultant
chemical evolution of the galaxy. are
still uncertain. In particular, because
carbon. nitrogen. and oxygen are the
most abundant elements after
hydrogen and helium. and because
the carbon-nitrogen-oxygen (CNO)
tricycle 1s so important as an energy
source within stars. we have
concentrated our efforts on
understanding the abundances
of these three species.

We used stellar evolution and
nucleosynthesis computer codes to

calculate '*C/"C. '*0/"G. and '"0/*0O

abundance ratios on the surfaces of
stars with masses in the range 0.8 to
25 M. . We compared the predicted
surface-oxygen ratios in these stars
to existing observations to set more
stringent limits on the destruction
rates of ''O and "O. via the reactions

"0 (p,ar) N and "0 (p,ar) '*N, which

are theoreticzlly uncertain by up to

two orders of magnitude. In addition,
the behavior of our calculated oxygen

abundance ratios can be used as a
sensitive observational test of the
depth of convection in stars whose
measured carbon isotope ratios agree
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We are combining theory with observations to help explain the
history of element production in our galaxy, particularly that

of carbon, nitrogen, and oxygen.

with the '*C/"*C values predicted by
our models. This serves as evidence
that observed oxygen-abundance
ratios are the consequence of normal
stellar evolution followed by
convective mixing that brings
material from the star’s interior 1o
the surface. and that the star has not
suffered additional nonconvective
mixing processes. This objective is
important because it can lead 1o a
better understanding of which stars
undergo more extensive convective
mixing of material and are thus the
major contributors of processed
clements to the interstellar medium.
We are now preparing for
publication the results of our
calculations of a grid of models of
stars with masses in the range 0.8 to
25 M. to obtain carbon and oxygen
isotope ratios, in particular '*C/"*C.
'°Q/'70. and '*O/™0. In evolved
models of stars up 1o [5 M, we
found that after hydrogen exhaustion
in the core and a first dredge-up of
material, surface '*C/'*C ratios are on

the order of 22, which is considerably

lower than the solar value of 89. The
enhanced '*C abundance can be
understood in terms of an incomplete
CNO cycle operating in a thin shell
outside the hydrozen-burning core in
the main sequence phase. Here. the
temperature is hot enough to bum '-C
t0''C but not 1o "N, These predicted

carbon isotope ratios are. thus. the
consequence of normal steflar
processing followed by convective
mixing.

The *0/"0 surface ratios were
found 1o decrease trom the solar
value of 2600 1o 80X). 106. and 62,
for the 1.3-. 2.0-. and 3.0-M_ stars.
respectively. Implementation of two -
extreme theoretical destructicn rates -
of O and "0 in the nuclecsynthesis
of models evolved through the first
dredge-up does not change the ratios -
predicted above because the
convective layer has not had a :
chance to dig deeper into the star and
reach more processed material.

We pushed the computational
evolution past helium ignition in the
more massive stars. using the two
extreme choices of 7O destruction
rates. After comparing our
calculations with infrared CO
observations of red giant
photospheres. we conclude that the
higher destruction rate is the more
appropriate choice. Qur results also
suggest that theory and observation
can be reconciled only if the
convection layer in stars of masses
less than 3 M. attains a depth that is
somewhat less than that previously
calculated. By performing a similar
analysis. we have found that the
lower 'O destruction rate is clearly
more consistent with the
observations.
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The Interface of
Astrophysics and
Particle Physics
Principal Investigator: J. Silk*

Co-lnvestigators: D. Dearborn and
(. Raffelt*

*University of California. Berkeley .

O ur goal is to explore the
intertace of astrophysics and

particle phvsics in cosmology.
Constraints from the cosmological
production of helium and deuterium
and from the observed extreme
1sotropy of cosmic microwave
background radiation may have
effectively eliminated ordinary
barvonic matter as a candidate for
pervasive dark matter. Our new
appreach provides plausible
elementary-particie candidates fur
the dark matter that pervades our
universe and promises to account

for the extreme isotropy of cosmic
blackbody radiation. now known to
be more than 3 parts in 105 on scales
ranging from 5 arc-minutes up to

90 deg. It tentatively accounts for the

Enstinute of Geaphysics and Planetary Physics

We are developing an interdisciplinary approach to
astrophysical probiems in an attempt to understand
the nature of dark matter in the universe.

origin of the fluctuations from which
galaxies and galaxy clusters formed.
Our aim is to develop a coordinated.
interdisciplinary approach to
astrophysical problems. involving
input from particle physics. with
emphasis on constraining the nature
of dark matter.

The theory of stellar evolution, in
conjunction with observational data,
yields important information on the
aature and distribution of particle dark
matter in the universe. We can, for
example, use low-mass stars as a
probe for dark matter in galactic
nuclei. then review astrophysical
axion bounds to understand
constraints on the possible
interpretation of the cosmic
microwave background distortion in
terms of late particle decays. Thus.
the observed lifetimes of horizontal

branch stars yield an upper bound

of 3 x 10°¥" ¢cm* for the process

¥+ *He — *He + X° involving some
hypothetical boson X°. This result
excludes a recent interpretation of the
angular distribution of the IMB and
Kamioka signals of neutrinos from
SN 1987A in terms of the coherent
scattering process X° + "0 —

%0+ v.

The observation of a neutrino
pulse from SN 1987A constrains the
production of light, exotic particles
in the protoneutron star. We are
investigating recently derived bounds
on axion parameters. the strength of
right-handed weak currents. Dirac
masses of neutrinos. neutrino
magnetic-dipole moments, and
bounds on the neutrino-majoron
coupling.
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Plasma Astrophysics

Principal lnvestigator: J. Arons*
Co-Investigators: R. Kiein, A. B. Langdon.
C. Max, D. Alsop.* D. Burnard.*

Y. Gallant.* D. Hartmann,+ S. Wouosley .+
and A. Zachary**

“University of California. Berkeley
SLniversiny of Calitornia. Sunta Cruyz.

University of Chicago. Hlhinos,

he first goal of our rescarch

project was to study the basic
physics of relativistic shock waves
in electron-positron plasmas.
with application to the origin of
synchrotron emission in supernovi
remnants powered by pulsars and to
the nonthermal emission from jets
emanating from active galactic
nuclei. Part of this effort was
oriented toward modeling the
electromagnetic waves created as part
of the shock structure because these
waves provide the conduit for energy
into nonthermal particles. In this
work. we made use of an existing
LLNL plasma-simulation computer
code whose properties are
ideally suited to studying the
electromagnetic phenomena
associated with relativistic shocks.

Our second research goal was to
investigate the physics of accretion
onto the polar caps of magnetized
neutron stars when radiation pressure
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We are attempting to understand the origin of nonthermal

energy in astrophysical systems.

1s the dominant etfect controlling
the deceteration of plasma. This
‘ffort is directed primarily toward
understanding the temporal
fluctuations and polarimetric content
of the emergent radiation observed
in x-ray binary stars. These values
provide powerful diagnostics into
the flow structure and magnetic
fields of accreting neutron stars.
Our research in this area made use
of radiation hydrodynamics and
radiation-transfer computer codes
that were developed at LLNL for
this work.

We have completed a study
of the cyclotron-reprocessing
efficiency of gamma rays in the
outer magnetosphere of a
magnetized neutron star under
conditions appropriate to sources of
gamma-ray bursts. In this work. we
attempted to model the optical and
ultraviolet emission from isolated.
old neutron stars undergoing
gamma-ray bursts. All other models

tor this phenomenon require a
surreunding disk or a companion
star as the site of the reprocessing
material.

We have also completed a study
of the propagation of a low-density
beam of ions through a magnetized
plasma. The goal of this work was
to understand the excitation of large-
amplitude hydromagnetic waves
upstream from a collisionless shock
and to compare this effect with
satellite measurements made
upstream of the earth’s bow shock.

Finally. we have studied the
role of cosmic rays upstream of a
supernova remnasi’s shock wave in
the excitation of large-amplitude
densitv fluctuations in the interstellar
medium. In this research. we were
interested in a possible explanation
for the pockets of strong scintillation
observed in the radio tlux of pulsars.



University of California Institutes

Fractal Dust Grains

Principal Investigator: E. Wright*
Co-Investigators: C. Alcoek and
1. Hawkins

“Universits of California. Los Angeles.

Asigniﬁcunl proportion of dust
particles in the solar systemn are
loose aggregations with low mean
density. These structures can best be

_described using fractal geometry,
which is known to be appropriate tor

Institute of Geophysics and Planctary Physies

We are using the discrete-dipole approximation to study
absorption and scattering properties of fractal dust grains

in the solar system.

particles that grow by slow
aggregation. Traditional models of
optical and infrared absorption and
scattering by interstellar grains have
considered only solid particles with
simple topologies. The objective in
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Figure 1. Cross section per unit volume of solid material as a function of
wavenumber for grains of three different shapes: needles, spheres, and fractals.
Numbers in parentheses are the number of unit cells used in the construction of

the grains.

our project was 10 study the
absorption and scattering properties
of fractal dust grains. We have now
made substantial progress toward this
objective.

We used the discrete-dipole
approximation, in which many small
regions of one grain are described
using interacting dipoles to model
the interaction of the grain with
radiation. We have found that fractal
grains have much greater cross
sections for interaction with radiation
than do solid grains with similar
masses. as shown in Figure 1. This
result is potentially of great
importance because fractal dust
grains may dominate the infrared
background radiation in some of the
channels of the Cosmic Background
Explorer Satellite, which is scheduled
for launch in 1989.
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Institute of Geophysics and Plaaetars Phivsies

Statistical Mechanics
and Phase Equilibria
of Ionic and
Geophysical Systems
at High Pressure

Principal Imvestigator: M. Bukowinshi*
Co-lovestigators: M. Ross and
.. Stixrude®*

“Unoversity of Calitormia, Berheldey

Rcccnl discussions of the
chemical and thermal evolution
of the carth’s interior have been
influenced considerably by the
realization that, al pressures in excess
of those corresponding to depths of
about 200 km. the density of magmas
might exceed that of crystal phases
with which they are in equilibrium.
If this concept is true. it would place
an upper bound on the depth from
which certain magmas can rise (o
the surface, and it may suggest that
there are significant compositional
difterences between the lower and
upper mantles. Evidence for dense
liquids comes mainly trom shock-
wave data and is not entirely
conclusive. The main purpose of our
project is to model liquid silicates
and to obtain information on the
behavior of these liquids when they
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We are using computer simulations to model liquid silicates in
an effort to understand their behavior under extreme pressure.

are subjected to pressure. Indeed.
detatled structural information can
be obtained only through computer
simulations.

We investigated the effect
of pressure on the structure of
tetrahedraily bonded liquid 51O, by
using Monte Carlo simulations based
on a covalent potential model of
tetrahedrat Si-O bonding. The
simulated liquid has zero-pressure
density. structure, and
compressibility that are in good
agreement with experimental
observations. The corresponding
propertics and known equations of
state of the crystalline phases are also
reproduced accurately. The liquid
compresses by a continuous
rearrangement, of the intermediute-
range order. as evidenced by a
tightening of the ring-size
distribution around six-membered

rings. Elfective $1-0 coordimations
of greater than four were not
observed even at 50 GPa of pressure:
the first and second coordination
shells remain distnct. Hence. a
change in local bonding that
increases the number of $1-0

bonds per silicon atom. c.g.. a
rehybridization of silicon orbitals.
seems 10 be required to achieve
coordinations higher than four in
tiquid Si0,. Even though the
coordination number of the model
liquid does not exceed four, its
density surpasses that of all
atrahedral crvstal phases by 60 GPa.
Si10, glass has a measured density
104 higher than the model liquid
at high pressure. suggesting the
presence of sixtold coordination in
the glass.
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Dynamic High-
Pressure Synthesis of
High-Temperature
Superconductors and
Ferromagnets

Principal Investigator: M. B. Maple*
Co-Investigators: W. Nellis, J. Neumeier.*
C. Seaman.* and J. Markert*

Unnversiny ot C nlllunlu San Diego.

‘ N J ¢ have used high dvnamic
pressure. generated by the

LLNL two-stage light-gas gun. to
-synthesize (Neumeier ¢r al.. 1988)
and compact (Nellis er ul.. 1988)

superconducting materials. We
are attempting to produce
superconductors with high critical
-temperature (7 ). high critical current
density (/). and hwh upper critical
magnetic field (H_,). We have
achieved dynamic pressures up to
1 Mbar. temperatures up to a few
thousand kelvins. pressure quench
rates up to 10'" bar/s. and thermal
quench rates up to 14" K/s.

Our principal goals are to
fabricate high-/ conductors by
means of shock compaction of the
‘new high-7 _copper oxides and shock
synthesis of new high-T materials.
‘Shock compaction of powders has

the potential to produce high J
because compressive energy is

" deposited heterogeneously at grain

- boundaries. the region limiting J .

Lnstitute of Geaphysics and Planetars Physics

We are attempting to fabricate high-critical-current-density
conductors by means of shock compaction of new copper
oxides and shock synthesis of new high-critical-temperature

materials.

All specimens were prepared and
then characterized at UC San Diego
before and after processing with the
LLNL two-stage light-gas gun.

Shock-compacted specimens of
YBa,Cu,0, , and HoBa,Cu,0,
powder mlxed with 30- and i()-vol‘/r
silver powder were prepared via
the light-gas gun in the pressure
range of 3-22 GPa. Subsequent
measurements of magnetic
susceptibility on specimens
compacted from small (<28-um} and
large (>180-um) powders showed
that bulk superconductivity is
retained in this pressure range. with
T onsets unchanged at 91 K. but
with an apparent broadening of the
transition. Measurements of
electrical resistivity revealed a
change in slope at 60 and/or 90 K
for most samples. We observed
a complete resistive transition at
T =90 K only after a spzcimen was
annealed at 890°C in oxygen.

We have also prepared samples
of the high-T  copper-oxide

superconductors Bi Sr,CaCu 0,
(T =883 K)and Tl JBaCaCu O
(T =121 K) and have performed
prellmlmry shock compaction
experiments on these materials.
Our results to date suggest that
oxygenation of the intergranular
region, either by postprocessing
or i1 situ sources. is necessary o
produce high J . Once the process
for achieving high J is developed
using (.2-g research-size specimens.
the process could be scaled up in
length using the high-explosive
technology available a1 LLNL.

References
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(1988). “Synthesis of Metastable
Superconductors by High Dynamic
Pressure,” SPIE. Muliifunctional Marerials
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Institute of Geophysics and Planetary Physics

Melting and Other
Phase Transitions of
Solids at High
Pressures

Principal Investigator: M. Nicol*
Co-Investigators: D. Young. M. Ross,
and B. Baer*

“Lnnversity of Calfornia. Los Angeles,

M elting and solid-solid phase
transitions reflect delicate

energy balances between two phases
of condensed matter. Thus. predicted
pressures and temperatures of phase
transitions are sensitive tests of
statistical-mechanical models for
both phases. Our project couples
the expertise available at UC Los
Angeles in measuring phase
transitions at high pressures in
diamond-anvil cells with LLNL
expertise in modeling equations of
state, especially melting curves of
simple solids.

We have worked on several one-
component systems (including Ar.

[}
to

Univessity of © difornng Tnstigptes

We are measuring phase transitions at high pressures in
diamond-anvil cells and are modeling equations of state

of simple solids.

N.. O,) and are extending this work
to mixtures. Near room temperature.
we have determined the (O,)l:(N,) ‘
P-x diagram to more than 10 GPa.
where x is the molar oxygen
concentration and P is pressure.
We have also made measurements
1o pressures of 35 GPa for a few
compositions. We have discovered
a new phase of the N.-O, system
at pressures above 11" GPa. the
properties of which emphasize the
differences among O,-0,, O,-N_. and
N.-N, interactions. =~ ~ ~ ~

" Mixtures of N, and O, in
diamond-anvil cells are being
characterized by Raman spectra of
the vibrons and. when possible.
lattice vibrations to determine the

room-temperature isotherm of the
binary P-T-x phase diagram (T is
temperature). We surveved samples
with compositions of 5. 15, 25, 35,
501 65,75 and 90 mol% O, 1o
pressures of at least 10 GPa. In
addition. we studied several
compositions at pressures as high as
34 GPa. Below 10 GPa. the two
components appear to be highly
miscible. For N_-rich samples. the
vibron spectra of the cubic §-N,
phase suggest nonrandom mixing.
The etfects are especially noticeable
above 11 GPa. It appears that O,
molecules preferentially occupy one
of the sites and that the preference
varies with pressure and/or
composition.



L niversity of California Institutes

Conductivity of
Mantle Rocks at
Subsolidus
Temperatures

Principal Investigator: S. Constable*
Co-Investigator: A. Duba

Instrtute of Geophysics and Planetary

Physics. Unnversity of Cabifornia. San Diegao.

D ata on electrical conductivity
of rock at high temperature
below the sea floor are needed to
interpret electromagnetic sounding
data obtained from sea-floor
controlled-source sounding (Cox er
:al., 1988). Dunite is a representative
‘mineral for this purpose. We
measured the electrical conductivities
of several samples of dunite from
“Jackson County. North Carolina.
having minor (<10%) pyroxene and
a grain size of approximately 1 mm.
Our measurements encompassed the
temperature range of 20 to 1200°C.
We controlled the oxygen fugacity
(fO,) in the measurement
environment by passing a CO,:CO
mix through the conductivity cell.

Institute of Geophysices and Planetars Phiysics

We have measured the electrical conductivity of dunite, a
representative mineral, to assist in the interpretation of data

Sfrom sea-floor sounding.

The conductivity of dunite
is much less than that of other
ultramafic rocks reported in the
literature and is comparable 10
single crystals of olivine of similar
composition. Although our
measurements were not made under
pressure, the effect of cracking due to
thermal cycling was not evident in
the highly reproducible results on
reversible conductivity. Some
hysteresis, amounting to 0.3 log units
at most, appears to be dependent on
heating and cooling rates and on fO,.
This result suggests changes in defect
density and type as a function of
temperature at fixed gas mix.
although reversible reactions between
olivine and other phases in the rock
and on the grain boundaries might
also affect conductivity.

It has been often suggested that
values for single-crystal conductivity
might be smaller than those for
polycrystalline materials because
of enhanced conduction along grain
boundaries and the effects of phases
other than olivine in the upper
mantle. Our results do not support
this notion.

Reference

Cox.C.5..5.C. Constable. A. D. Chave. and
S. C. Webb (1988). “Controlled Source
Electromagnetic Sounding of 1the Oceanic
Lithosphere,” Nurure 320, 52.
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Institute of Geophysics and Planetary Physics

Measurement of
Elastic Constants up
to 2000 K

Principal Investigator: T. Goto*
Co-Investigator: A. Duba

*Institute of Geophysics and Planetary
Physics. University of Califorma.
Los Angeles.

Knowledge of high-temperature
elastic properties of minerals is
needed for an understanding of the
physics of the deep earth. In this
domain, high temperatures are those
well above the Debye temperature,
which is the temperature above
which all thermal vibrations of a
crystal lattice are excited. Because
Debye temperatures of representative
minerals range from 600 to 1100 K,
data on elastic constants for
temperatures well above 1000 K are
of current geophysical interest.

The object of our project was to
extend the limit of elastic-constant
temperature measurements from
1700 to 2000 K. For non-iron-

University of California lnstituates

We have modified an existing apparatus and designed a new
device to extend the limit of elastic-constant temperature
measurements from 1700 to 2000 K.

containing silicates, our problem was
to extend previous measurements by
modifying the existing experimental
apparatus. For iron-bearing
minerals, on the other hand, our
problem was to design a new device
that could stabilize the pirtial
pressure of oxygen surrounding

a sample to a low level as the
temperature increased.

Our previous success in
obtaining 1700 K for elasticity
measuremenis was due to separation
of transducers from the sample by
long polycrystalline corundum buffer
rods. The rods allowed the
transducer to remain at less than
1000 K while the specimen attained
higher temperatures. By redesigning

our buffer rods 10 accommodate
some distortion without destroying
alignment, we performed
experiments on ALO up to 1825 K
(Goto and Anderson. 1988). .
Increasing the temperature to 2000 K -
will require butfer rods made of
zirconia. In addition, we have
designed an apparatus to control the
fugacity of our iron-containing
sample at higher temperature and
are now building this apparatus.

Reference

Goto, T. , and O. L. Anderson (1988). “An
Apparatus for Measuring Elastic Constants
of Single Crystals by a Resonance
Technique up to 1825 K.” Rev. Sci. Inst. 59,
1405,
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Institute of Geophysics and Planetary Physies

Emission Spectra from
Simple Shocked Solids

Principal Investigator: M. Nicol*
Co-Investigators: N. C. Holmes,
H.-C. Cynn,* and S. Johnson*

*University of California. Los Angeles.

e are using the expertise
U v available at UC Los Angeles in
. chemistry and spectroscopy at high
- pressures as well as that at LLNL
in shock-wave generation and
diagnostics to investigate the
© chemistry that occurs during shock
: compression of simple organic
“molecules. Our purpose is to
“.understand the equations of state
"(EQS). transport properties, and
* chemical kinetics of planetary
interiors.
Shock-wave studies of the EOSs
of simple molecular compunds (CO.
- CH,, C H,. and N.) suggest that these
. materials decompose at high shock
- pressures and temperatures. More
~ complex organic commiouuds,
- including high explosives. also
. decompose during shock
- compression. Interpretations of
- the EOS data depend critically on
. assumptions about the products
. ‘formed. their individual EOSs, and
. the rates of formation of the reaction
products. Molecular spectroscopy
- might be used to identify products
and intermea:ates of reactions and,
- in favorable cases, reaction Kinetics.
Thus, the goal of our project is to test

We are testing the use of molecular and vibrational
spectroscopy for analyzing the chemistry of shock
decomposition in simple molecular systems.

the value of molecular electronic
and vibrational spectroscopy for
analyzing the chemistry of shock
decomposition in simple molecular
systems.

We have shown that for single-
and double-shocked benzene
specimens, the emission spectra
are simply broad and thermal in
character (Nicol et al., 1988).
Evidently, most of the reaction
products are generated in their
ground electronic states. This finding
suggests that a technique that probes
ground-state populations, such as
absorption spectroscopy, may be
usefully applied.

We have recently developed a
new, double-beam, absorption
spectroscopic instrument for use in
shock-compression experiments.
This instrument uses optical fibers
for sample illumination and detection
of the absorption signal. In our
previous work on emission
spectroscopy, we learned that closed-
beam, lensless systems are preferable
for shock experiments. We obtain the
absorption spectrum with a novel
dual-array, linear-diode-array
detector. This detector allows
simultaneous recording of the light

input to the specimen holder and the
light that passes twice through the
shocked sample. The system can be
gated to allow a time resolution of
about 50 ns. We also added several
photomultiplier detectors in narrow-
wavelength bands to record the time
dependence of the absorption.

Our preliminary results indicate
that adequate spectra can be obtained-
on a single-shot basis in shock
experiments on water and benzene.
The time dependence of the signals
agrees quantitatively with an optical
model of the system as the shock
moves through the sample. We plan
to conduct experiments with this new
apparatus in early 1989 to observe
Mie scattering from carbon particles
formed during shock decomposition
of benzene.

Reference

Nicol. M., 8. W. Johnson, and N. C. Holmes
( 1988), “Shock-Chemistry of Benzene as
Revealed by Spectra From and Behind the
Shock Front.” Shock Waves in Condensed
Matter—1987, 5. C. Schmidt and N. C.
Holmes, Eds. (North-Holland. Amsterdam),
p.- 99.
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Institute of Geophysics and Planetary Physies

Transition-Metal
Oxides and Silicates at
Ultrahigh Pressures
Principal Investigator: R. Jeanloz*

Co-Investigators: R. Reichlin, S. Martin,
Q. Williams,* and E. Knittle*

*University of California. Berkelev.

E xperiments on fayalite (Fe,Si0,)
to 30 GPa have suggested that
this material might become metallic
at a pressure of 80 GPa (Mao

and Bell, 1972). Because of the
importance of understanding the
nature of the Fe-O bond at conditions
in the earth’s deep mantle, we
compressed Fe,SiO, up to 85 GPa.
We discovered a new type of
metastable glass at high pressures
and at 300 K. Crystalline fayalite
amorphizes at 4] £ 5 GPa, resulting
in a significant change in electrical

University of California Institutes

After compressing Fe SiO, to pressures up to 85 GPa, we have
discovered a new type of metastable glass at 300 K and have
documented changes in optical and electrical properties as it is
converted continuously to an amorphous state.

properties. Extrapolations of our
results indicate that metallization of
the glassy phase would not occur
until pressures above 300 GPa,
which are much higher than expected
previously.

Because of its highly refractory
nature, amorphous Fe,SiO, has been
produced only once before by
conventional techniques (splat
quenching). We found from Fourier-
transform infrared spectroscopy that
the pressure-amorphized fayalite is
distinctly different in structure from

the conventional (splat-quenched)
glass. Our study is the first to
document the changes in optical
and electrical properties of a crystal
as it is converted continuously to
an amorphous state. We have
demonstrated that novel glasses can
be produced by high pressurc.

Reference

Mao, H. K., and P. M. Bell (1972), “Electrical
Conductivity and the Red Shift of
Absorption in Olivine and Spinel at High
Pressure.” Science 176, 403.
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Institute for Scientific
Computing Research

N. (. Smiriga

Institute for Scientitic Computing Rescarch

The Institute for Scientific Computing Research (ISCR) supports
collaborative rescarch in scientitic computing between UC and LLNL. The
goals of the Institute are to advance the state of the art in computer science and
to foster research that strengthens the ties between the related disciplines of
computer science and scientific computing.

Through the ISCR. LLNL's expertise in scientific computing and its
computational facilities are made available to University researchers. The
Institute also provides professional enrichment for LLNL scientists by
encouraging collaborative and interdisciplinary work. Currently. the ISCR
interacts mainly with facuity and students from UC Berkeley. UC Davis, and
UC Los Angeles.

In FY88. the IR&D Program provided the ISCR with funding to support
two postdoctoral fellows and to cover the Institute’s administrative and
secretarial costs. The ISCR also received substantial contributions from
LLNL's Computation Department. During FY88. the ISCR supported three
postdoctoral fellows who were jointly funded by the IR&D Program. the
Physics Department, and the Computation Department.

Two of the ISCR postdoctoral feliows are performing research in
computational fluid dynamics. Computational fluid dynamics 1s an essential
element in many of the computer simulations of physical phenomena
performed at the Laboratory. The topics under investigation include vortex
methods to solve the incompressible Navier-Stokes equations and numerical
simulation of self-similar shock refraction.

The third postdoctoral fellow is working on physics algorithms for
massively parallel computers and on computer models of motion detection
in vertebrate retina.

The ISCR organized two workshops in FY88. One examined the SISAL
language; SISAL is a functional programming language designed to facilitate
the writing and debugging of scientific applications on parallel processors.
The second workshop had the dual objectives of bringing into focus the
various research efforts on artificial neural networks scattered throughout the
UC system and identifying research activities within LLNL that could benefit
from the emerging technology of artificial neural networks.

Also during FY&E, two conference rooms adjacent to the ISCR were
renovated; the work was completed in January 1988. Since then, the Institute
has been able to host seminars on a regular basis.

The ISCR received $185,000 in IR&D funds for FY88.



Institute for Scientific Computing Research

Physics Algorithms for
Massively Parallel
Computers

Principal Investigator: M. Colvin
Co-tnvestigators: A. Ladd. D. Frenkel.*
G. Sugivama, and B. Alder

*FOM Insutute of Atomic and Molecular
Physics. The Netherlunds.

here 1s much current interest

in the use of lattice gas methods
tor solving the incompressible
Navier-Stokes equations. The
simplicity and regular structure of
these methods makes them ideally
suited for massively parallel
computers. We first applied lattice
gas methods to the simulation of two-
dimensional Brownian motion. Our
approach was to model the relatively
slow motion of the solid particles
using molecular dynamics and to
model the fluid phase with a lattice
gas (Ladd er af.. 1988) This
algorithm has worked extremely
well. At low solid densities. the
theoretical results for the drag
forces and suspension viscosity are
reproduced correctly. Moreover. this
algorithm is extremely fast, even on
conventional computer architectures:
systems with several hundred solid
particles could be simulated on a
desktop workstation. The results for
the two-dimensional suspensions are
so encouraging that we are extending
the model to three dimensions.

We also applied lattice gas
methods to the simulation of
diffusion-limited aggregation (DLA).
Experimental and theoretical studies
have shown that under certain
conditions. crystals grow into low-
density. self-similar structures that
can be characterized by a fractal
dimension. Most DLA simulations

U niversity of Califuraia fostitutes

Most computational physics algorithms can be implemented
on computers with up to several dozen processors, but these
methods are unsuitable for the massively parallel computers
(with hundreds or thousands of processors) that will be needed
to simulate large-scale chemical or biological systems. We

are developing algorithms for a variety of physics problems
designed specifically for the massively parallel computers that
will b‘e available in the coming years.

F&!
model only the motions of the
aggregating particles and ignore the
potentially imponanm hydrodynamic
interactions between the growing
crystal and the solvent. We
developed a lattice gas model that
accurately models the interaction of
the solvent with the crystal and the
aggreg:ting particles and yields

crystals with fractal dimensions in
good agreement with experimental
results (Figure 1),

We also examined the
application of quantum chemical
calculations on parallel computers.
Although such methods (used for
the ub initio calculation of chemical
properties of small molecules) have
been adapted to parallel computers
{Whiteside er al.. 1987), the large
data sets and tightly coupled
iterative algorithms severely
constrain the number of processors
that can be used etficiently. To
overcome this difficulty, we are
studying an alternative method.
called quantum Monte Carlo
(QMC), involving the stochastic
evolution of electron configurations.
In QMC, chemical properties are
calculated by averaging over many
random walks (typically millions).
Since these random walks are
independent, QMC is naturally
adaptable to parallel computers with
any plausible number of processors.

References
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Figure 1. Crystal “grown™ using

the lattice gas model of diffusion-
limited aggregation with simulated
hydrodyaamic interactions. The
fractal dimension of the crystal in this
simulation is 1.65, in good agreement
with experimental results.
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Computer Model of
Motion Detection in
the Vertebrate Retina

Principal Investigators: M. Colvin and
F. Eeckman

Co-Investigators:  Prof, F. Werblin,*
G. Maguire,* P. Lukasiewicz.*®

J. Sasinowski.* and T, Axelrod

=University of Calitomnia, Berkeley.

he detection of motion. either to

locate prey or to detect hostile
predators. is one of the most
important functions of the visual
system. There is evidence that in
many animals. motion detection takes
place in the retina. Research over the
past century has yielded a wealth of

Institute Yor Scientific Computing Rescarch

A computer modef of the retina of the eve would make it
possible to test hypotheses about retina function and would
help in the design of synthetic motion-detection systems As the
first step toward such a model, we have developed a detailed
simulation of the small functional units believed

to mediate movement detection in the retina of the Tiger

Salamander.

anatomical and physiological data
about the retina. but we still do not
have a complete understanding of

how the retina transforms visual data.

A detailed computer model of the
retina. based on existing data, could
provide an important framework for
new experimental data and would

Figure 1. Photograph of the computer sereen showing our interactive computer
model of the motion-detection subunit in the retina. The rectangular and octagonal
boxes represent different retinal neurons: their levels of exeitation are denoted by
the different colors. The excitation levels are also displayed in oscilloscope traces at
the bottom of the sereen.

allow the testing of hypotheses about
retina function. Such a computer
model would also be very useful in
suggesting design principles for
synthetic motion-detection systems.

Our goal is to develop a general
computer model of the vertebrate
retina. As the first step. we have
developed a detailed simulation of
the small functional units believed to
mediate movement detection in the
retina of the Tiger Salamander.
These so-called movement-gated
subunits consist of three cell types,
two of which are responsible for
detecting the arrival or departure of
the target while the third acts as a
lateral inhibitory element. Our
present simufation consists of an
interactive neural network program
that closely mimics the response of
each of the various cell types (sce
Figurc 1). The mode! exhibits
behavior that is consistent with
known biotogical data and acts as a
movement detector with preferred
and null-target directions,

We are presently extending our
model to simulate an interacting two-
dimensional array of these subunits.
Future work will involve a more
detailed simulation of the individual
neurons and the inclusion of more
retinal cell types.
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Advanced Algorithms
in Computational
Fluid Dynamics

Principal Investigator: E. G, Puckett
Co-lnvestigators: S, Baden.® P. Colella,
L. F. Henderson, and M. Welcome

“Lawrenve Berheley Laboraton

Berkeley, CAL

SUnnersity of Ssdiey. Austraha,

Mun)' problems in physics
require the modeling of tluid
tlows. We may be able to address a
number of these by using vortex
methods to solve the incompressibie
Navier-Stokes equations. Vortex
methods are particle methods that
carrv information about the vorticity

240
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Figure 1. Comparison of
computational speed for our hyvbrid
vortex method and a conventional
direct-interaction approach for
calculating viscous incompressible
flow. Our method is at least ten times
faster.
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Our work on computational fluid dvnamics has focused on two
different areas: development of fast vortex methods for viscous
incompressible fluid flow, and computation of the refraction of
a shock wave at an oblique interface between two inviscid

compressible gases.

in the flow being modeled and atlow
particles to be concentrated in
regions of high vorticity. Their
principal drawback is the amount

of computational effort needed to
compute the velocity field induced
by the particles.

We have developed a fast
vortex method for modeling viscous,
incompressible flow in a box. This
is the lirst fast implementation of a
fully viscous. hybrid vortex method.
Voitex sheets are generated to model
vorticity production near boundaries.
and these subsequently ditfuse into
the interior of the computational
domain, where they ure converted
into vortex blobs (Chorin. 1973
and 1978). Our approach is a
modification of Anderson’s (1986)
method of local corrections (MLC).
extended 1o include viscous effects.
Compared to traditional
implementations of the vortex
method. our method is at least ten
times faster (Figure 1). This work
has established the feasibility of
doing large. detailed computations
using the hybrid vortex method.

We are also investigating the
self-similar refraction of a shock
wive by an oblique interface
hetween two gases. Our initial effort
wis to compute the case in which the
fluid containing the incident shock

has o lower sound speed than the
fluid on the other side of the interface
(the slow-fast case). We used a
version of the adaptive-mesh-
refinement algorithm of Berger

and Colella (1988). coupled with a
multifluid algorithm to handle the
interfuce between the two gases, We
have obtained excellent agreement
with the experimental results reported
in Abd-el-Fattah and Henderson
(1978) and have been able to
correlate the experimentally observed
wave patterns to the inviscid
nonlinear waves in the calculation.
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University of Califoraia Institutes

Plasma Physics
Research Institute

J. Killeen

Plasma Physics Research Institute

The Plasma Physics Rescarch Institute (PPRE was established in 1987 as
a joint UC-LLNL organization. Its purpose is to strengthen basic and applied
research in plasma science throughout the University. The PPRI makes the
facilities and expertise of LLNL more available to campus scholars in fields of
interest to the Institute. Research on fundamental issues in plasma physics is
its primary focus. The PPRI receives support {from the IR&D Program. from
the Department of Applied Science at UC Davis. and trom other LLNL
programs.

In FY88. the program of the PPRI consisted of three clements:

» The Davis Diverted Tokamak.

» A joint LLNL-UC Berkeley particle-simulation project.

* A summer program sponsoring research by a visiting scientist on
radiofrequency (rf) heating and current drive in tokamaks.

The Davis Diverted Tokamak is so named because it employs a magnetic
tield configured to divert (eliminate) unstable edge plasmas. thus creating a
more coherent plasma. This magnetic field is called a divertor. The design of
the tokamak was guided by the Tokamak Simulation Code (TSC), provided by
Princeton Plasma Physics Laboratory. Our investigations will focus on how
the divertor affects the confinement and stability of the plasma.

Our particle-simulation project consists of adding new capabilities to
the one-dimensional, relativistic, electrostatic particle code TESS. This code
makes it possible to simulate particle confinement in simple and tandem-
mirror plasmas. In FY88, we added models that simulate energy diffusion
in the plasma and plasma heating by charge-exchange and impact-ionization
processes.

The FY88 summer program sponsored the development of a computer
code to simulate parametric instabilities in tokamak plasmas penetrated by
lower-hybrid rf waves.

These projects will be continued in FY&9, and several new ones will be
started. including the following:
» Theoretical and computational plasma astrophysics (UC Berkeley).
» Statistical dynamics of multi-field models for plasma turbulence (UC
San Diego).
« Numerical simulation of r{ experiments in the ionosphere (UCLA).
= Basic plasma physics research in inertial confinement fusion (UC Davis).
« Nighttime ionospheric cavitons generated by high-frequency radio waves
(UCLA).

In FY88, the PPRI received $150,000 in [R&D funds.




Plasma Physics Research Institute University of Californ Institutes

The Davis Diverted
Tokamak

In the Davis Diverted Tokamak, a magnetic field is used to
divert or eliminate unstable edge plasmas, thus creating a
more coherent plasma. We are studying how the divertor
affects the confinement and stability of the plasma.

Principal Investigators: D. Hwang*
Co-Investigators: D). E. Shumaker,
K. Mizuno,* G. Dimonte, B. 1. Cohen,
D. Flittner.* and T. Hillyer*

*University of California. Davis.

I n FY88. we made progress on the
cornistruction and assembly of the
Davis Diverted Tokamak (DDT).
The DDT is now ready for
experimental operation. We obtained
two X-band. tunable (8.6-9.5-GHz)
microwave transmitter systems
capable of delivering 250 kW each
for up to 2 pus. We also obtained
microwave diagnostic and transport
equipment to deliver power into the
DDT vacuum chamber. Electrical
power has been installed in the
laboratory. and we are currently
installing the microwave systems.
which should be operational by the
end of 1988. We designed an initial
set of plasma and microwave
diagnostics, including
electromagnetic loop probes and
Langmuir probes: these will be
fabricated at UC Davis. We also
built a discharge-plasma source to
produce the low-density plasma
required to match the frequency
range of the X-band microwave
sources.

The use of a magnetic field as a
divertor has been shown to enhance
the plasma containment properties
of a tokamak. However, the
introduction of divertors causes

axisvmmetric plasma instability to
become a problem. Up 1o now. this
instability has been corrected by
using passive conductors and active
feedback systems, both of which

can be costly. Experimental results
in the literature show that the
axisymmetric instability is nonlinear
and grows on a time scale
corresponding to the L/R time

of the plasma (L = inductance and

R =resistance). Recent experiments
have shown that lower-hybrid rf
waves can control the profile of the
plasma current and thus modify the
resistance and inductance of the
plasma.

In FY®9. we will conduct
experiments using lower-hybrid
current drive to remedy the
axisymmetric instability, Lower-
hybrid current drive has been shown
to praduce electron distributions that
appear to contain an anisotropic
high-energy tail. This condition
could produce a plasma that is less
collisional. and thus lower in
resistivity. on the outside. For a
given loop voltage. such plasma
parameters should lead to a
redistribution of the current. with a
large fraction of the current {lowing
on the plasma surface. This change

in the current profile will produce
a large change in the plasma
inductance.

Qur lower-hybrid stabilizition
experiments will be conducted with
a S0-kW klystron system. sed at
800 MHz at the Princeton Plasma
Physics Laboratory. The Princeton
data show that this system is capable
of modifying the plasma current up
10 an electron density of about
I x 10"/cm®. This density is ideally
suited for the DDT since the
operating density range is about
I % 10" /em’,

We also plan to use the DDT
facility 1o investigate beat-wave
current drive. In this type of
experiment, two counterstreaming
clectromagnetic waves mix
nonlinearly to gencrate plasma
waves that. in turn, produce directed
energetic electrons through Landau
damping. This investigation will
provide a basis for future microwave
tokamak experiments utilizing
millimeter-induction. frec-electron
lasers. For sake of economy. we will
tailor these experiments around our
X-band microwave sources. which
were available on the surplus market
and which produce sufticiently short
wavelengths for geometric optics
1o apply.
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Joint LLNL/UCB
Particle-Simulation
Project

Principal Investigator: R. Procassini*
Co-Investigators: E. Morse,*

C. K. Birdsail.* ]. Cummings.* and
B. L. Cohen

*Umiversity of Calitomnia. Berkeley.

he one-dimensional (axial).

relativistic, electrostatic particle

. code TESS makes it possible to

: simulate particle continement in

- simple and tandem-mirror plasmas.
In FY88. we made a number of

. advances in the development of
‘TESS. Specifically, we added:

-+ A quasilinear, radiofrequency

_energy diffusion model for both ion-

" cyclotron resonance plasma heating

“and relativistic electron-cyclotron
resonance plasma heating.

Plasma Physics Research Institute

We are adding new capabilities to the TESS particle-

simulation code.

* A neutral-beam injection model that
simulates plasma heating via charge-
exchange and impact-ionization
processes.

The balance of TESS consists
of a basic electrostatic particle code.
which uses a direct implicit scheme
to advance particle trajectories and
field quantities. and a Monte Carlo,
binary. particle-collision model.
The code has been used to investigate
the collisional loss processes in an
auxiliary-heated, tandem-mirror
plasma.

In FY8Y. we plan to modify
TESS to allow the kinetic simulation
of plasma-surface interactions at the
divertor plate of a tokamak. The
code will then be capable of studying
the effects of recycled plasma on the
collector-sheath potential drop and
will provide a self-consistent
simulation of plate erosion due
to sputtering and redeposition of
sputtered material.
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Intense Lower-Hybrid
Wave Penetration into
Magnetized Fusion
Plasma

Principal Investigator: V. Porkolah*
“Alassachusetts Institute of Technology.
Cambridge. MA.

he prospect of achieving

intense. pulsed radiotrequency
waves in the X-band regime
(8-10 GHz) with a relatvistic
klvstron creates new possibilities tor
lower-hyvbrid wave penetration in
high-temperature. reactor-grade,
magnetized fusion plasma. For
example. the steady-state version
of the International Thermonuclear
Experimental Reactor (ITER).
which is now being studied by an
international group of scientists at
Garching. Federal Republic of
Germany. vields tens of megawaltts
of lower-hybrid power for driving
toroidal currents. Although. to date.
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In the summer of 1988, the PPRI sponsored research by
a visiting scientist on radiofrequency heating and current drive

in tokamaks.

lower-hybrid power has produced
the most impressive toroidal current-
drive results by noninductive means.
its applicability in reactor-grade
plasmas 1s thought to be restricted

to the plasma periphery because

of Landau damping at electron
temperatures greater than 15 keV.
Nevertheless. high-intensity. lower-
hybrid waves may, in fact, penetrate
lo the core of the tokamak plasma by
flattening the electron-distribution
function. thereby reducing Landau
damping.

An important issue connected
with this wave penetration is the
potential severity of nonlinear
etfects. such as parametric
instabilities. In FY8&, the PPRI

Summer Program sponsored the
development of a code that simulates
such nonlinear phenomena, even in
the presence of very intense electric
fields (about 200 kV/cm). Under
these conditions, the commonly

used theory of weak parametric
instabilities is not satisfied. The
results of our calculations have been
reported (Killeen, 1988).
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Program for The Program for Analvtical Cytology (PAC) fosters coilaborative rescarch,
. ~ promotes scientific progress, and tacilitates technology transfer in the field of
Analytlcal (-/.VtOlOgy analytical cytology. By means of analytical evtology. we can quantify the
properties of individual cells and investigate the distribution of such properties
B. H. Mayall  across a population of cells, rather than merely measuring in a 1es1 tube the
average characteristics of many cells. The PAC serves as a scientific and
institutional bridge between LLNL and campuses of the University of
California. particularly UC San Francisco. As a result of PAC projects, we are
seeing benefits to the biomedical research community. primarily at UC San
Francisco, and increasingly at the Berkeley. Davis. and Los Angeles campuses.
PAC activities are contributing significantly 1o the diagnosis. understanding.
and treatment of many diseases. and have made UC San Francisco a world
leader in clinical applications of analytical cytology.

The PAC uses funding from the UC Regents to award many small grants
for innovative and collaborative research projects. LLNL and UC San
Francisco provide matching funds primarily to support administration and
teaching: additional gifts from industry support postdoctoral fellows. The PAC
awards permit researchers to collect preliminary data and to demonstrate the
feasibility of their investigations. More than one-half of the PAC awards have
evolved into ongoing projects. Grants from the National Institutes of Health
now support the mature collaborative research projects of proven potential.

Early in FY88. the future of the PAC research grants was uncertain because
the University of California defined new guidelines for distributing nuclear
science funds. The University initiated the Institutional Collaborative Research
Program (INCOR) and invited applicants to compete for INCOR funding: the
PAC was one of only four proposals approved for funding. This reflects
recognition of past achievements by the PAC. the need for nuclear science
funds to continue and strengthen the PAC mini-award program. and the
potential for the PAC to make substantial contributions in the future.

A primary scientific interest of the PAC is to advance image cytometry at
LLNL and its application at UC campuses. Image cytometry combines optical
microscopy and digital image processing in a quantitative approach that
permits detailed analysis of large numbers of cells prepared on a glass slide.
This technique is emerging as a crucial approach for analytical cytology. and
LLNL is pioneering many of the new applications of image cytometry.

In the following short articles, we highlight five PAC efforts during FY&8.
The first two are based on application of the glycophorin-A (GPA) assay
developed at LLNL. This assay is an extraordinarily sensitive test that uses
monoclonal antibodies against the M and N types of GPA, the two variant types
found on the surface of human red blood cells. One project uses this assay to
monitor changes associated with the aging of red blood cells. The other uses
this assay to monitor mutations induced in cancer patients undergoing
chemotherapy with mutagenic drugs. In the third articie. LLNL approaches to
quantifying the DNA content of tumor cells are applied in human breast cancer
1o evaluate progression of the disease. to find the stage at which major changes
occur in cellular DNA content. and to relate such changes to the clinical course
of the disease. The project described in the fourth article uses cytokinetic
techniques to analyze the proliferative behavior of human brain tumors and to
relate their cellular proliferation to the clinical outcome. In the final project.
basic techniques of analytical cytology are used to investigate fundamental
mechanisms of the body's immunologic defenses.

The Program for Analytical Cytology received $190,000 in IR&D funds
in FY8&.
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Red Cell Density
and Aging

Principal Investigator: L. Corash*
Co-Investigators: R, Langlois, R. Jensen.
and M. Clark*

“University of Caldornu, San Francisco

he purpose of our project is to

determine if cellular density
increases progressively as red cells
age in vivo. If density is proven to be
an age-dependent characteristic, then
separating red cells by density from
whole blood may provide a means to
prepare transfusion products depleted
of old red cells and enriched with
voung cells. Such enhanced products
could reduce the frequency of
transfusion for patients with chronic
anemia and couid reduce the toxicity
associated with excessive iron
accumulation during long-term
transfusions.

We have developed a technigue
in which red cells bearing the
glycophorin-A (GPA) antigenic
phenotype NN can be identified
when mixed with cither GPA MN or
GPA MM cells. The M antigen can
be detected using 1 monoclonal
antibody directed against the M
phenotype. Patients with chronic.
stable anemia and either the MM or
MN phenotype are transfused with
NN red cells. and the density
distribution of these cells is followed
s the transfused cells age in vivo. In
this way. the effect of in vivo aging
on red cell density can be examined.
After inttial studies with
unfractionated red cells. density-
dependent cohorts of NN cells are
prepared and transfused into MM or
MN recipients to measure the
survival and density distribution of
low- and high-density cells. 1f we
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We are developing transfusion products enriched with low-
density red cells that may increase the transfusion interval for

patients with chronic anemia.

confirm that low-density red cells
survive in the circulation longer than
the unfractionated cells, then units of
such cells will be used for transtusion
support of patients with chronic
ancmia to confirm that the
trunsfusion interval can be increased
under clinical conditions.

The specific aims of this project
are 10
« Use monoclonal antibodies directed
against the M and N types of GPA 10
detect small numbers of NN red cells
among a larger population of MN red
cells.
= Prepare in vitro mixtures of NN and
MN cells that mimic the proportions
of these cell types in an in vivo
human transfuston experiment in
which NN cells will be transfused
into MN individuals.
» Examine the concentration of N and
M types of GPA on red cells of
various densities after density-
dependent fractionation (necessary to
ascertain whether concentrations of
these surface antigens vary with cell
density).

This year, we instituted the
GPA assay in our laboratory and
demonstrated that we could detect
NN cells mixed with MN cells in
a ratio of 1:2000, well within the
working limits required to perform
our proposed cxperiments., We also
showed that we could isolate either
high- or low-density NN cohorts. mix
them with unfractionated MN red
cells. and then detect expected
numbers of NN cells in the correct

density fraction after density-gradient
centrifugation.  After adapting

the technique for detecting small
numbers of NN cells mixed with MM
or MN celis, we prepared antificial
mixtures of MN and NN cells,
separated them into density-
dependent fractions, and determined
the coefficient of variation for
detection of a 1:2000 mixture of NN
and MN cells. This coefficient was
less than 5%. an acceptable level.

Our first patient had
myelodysplasia with a stable. chronic
transfusion requirement. The patient,
whose red cell phenotyf * was MN,
was transfused with uriru.icnated
NN cells. We obtained 5-ml blood
samples weekly for analysis of
density distribution of the transfused
NN cells as they aged in vivo. The
density distribution of the recipient’s
autologous NM-positive cells was
stable, and we detected the transfused
NN-positive cells with adequate
precision. We then used red cell
fractions enriched with either low- or
high-density cells. We are evaluating
a new cell-separation system to
ensure that it can provide cell
fractions that are adequately enriched
with low- and high-density cells.

We are now seeking other
patients with the correct clinical state
to participate in the project. Our
work may provide the potential for
improved transfusion support of
patients with chronic anemia and
a new means to measure red cell
survival,
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Detecting Somatic Cell
Mutations Using the
Glycophorin-A Assay
Principal Investigator: 8. Saks*

Co-Investigators: W, L. Bigbee. R. H.
Jensen, E. C. Cadman.* and H. Jaffe*

*Universiny of Calitornia, San Francisco.

LNL scientists have recently

developed a new human in vive
somatic cell mutation assay based on
immunologic detection and flow-
sorter enumeration of variant red
cells that fail to express a normally
present cell-surfuce antigen. We are
applying this assay to blood sumples
from cancer patients undergoing
chemotherapy with mutagenic drugs.
Our aim is to validate the genetic
basis of the assay by determining
whether elevated frequencies of
glycophorin-A (GPA) “null” cells can
be demonstrated in these individuals.

We screened cancer patients of
the Oncology Clinics at UC San
Francisco for individuals with the
required clinical histories who
were undergoing appropriate
chemotherapy. We compared the
frequency of GPA variant red cells in
blood samples from patients treated
with several classes of mutagenic
chemotherapy with the variant cell
frequency observed in normal
subjects.

Blood samples from 85 cancer
patients were encoded to ensure
anonymity in a blind study. Because
the GPA assay requires blood of the
heterozygous MN type. samples were
first serotyped using commercial
anti-M and anti-N sera. Because
52% of the general population are
MN heterozygotes. we expected
about one-half of the patients to have

Provram for Analbstical Usvtology

We have found evidence of the in vivo induction of null
variant red cells in blood samples from cancer patients
undergoing chemotherapy with mutagenic drugs.

the required MN blood type. Blood
sumples from 41 patients were tvped
as MN and run in the assay: after
eliminating patients with incomplete
clinical histories or confirmation of
recent blood transfusion. the study
population was reduced to 30
individuals.

The patients were diagnosed
with a variety of malignancies.
including breast cancer. colon cancer.
Hodgkin's disease. and malignant
melanoma. Treatments included a
variety of mutagenic agents. such as
adriamycin. bleomycin. cis-platinum.
and dicarbazine. and sometimes
involved other non- or weakly
mutagenic agents. In addition to
each patient’s current chemotherapy
treatment. we obtained other clinical
data and collected biood sumples at

random times before. during. and
after chemotherapy.

Red cells from MN samples were
lubeled with monoclonal antibodies
and analyzed on a dual-beam sorter
using the 1W1 version of our GPA
assay. This version measures the
trequency of variant cells that have
lost expression of the GPA(M) allele
while retaining expression of the
sister GPA(N) allele. Data were
calculated as the frequency of N null-
variant cells per million normal cells.
which we call the variant frequency.

For statistical analysis. samples
were placed into a pretherapy group
and four other groups defined by the
time a sample was obtained relative
1o the course of treatment. Table |
shows a generally consistent and
statistically significant effect of

Table 1. GPA variant frequencies in UC San Francisco patients.

Sample group Days - Samples
Pretherapy — 22
Early therapy 4-93 15
Late therapy 120-335 11
Early post-therapy 12 - 101 6

Late post-therapy 132-4126 6

*Standard deviation.

Variant frequency per million cells

Range Median Mean+SD* p'
4-23 11.0 11.9+54 —
2-171  19.0 32.1+41.7 0.004
5-53 36.0 31.,7£17.3  0.001
29120 400 56.51+34.0 <0.001
2-26 21.0 17.8+£8.7 0.030

*Mann-Whitney statistic compared to all pretherapy cohorts.
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chemotherapy. despite the
heterogencous patient population.
Variant frequencies increased during
therapy. reached @ maximum of about
fivetold over the pretherapy level a
or shortly after the end of therapy.
and then dectined 1o near pretherapy
fevels within six months. Thus, our
study provides clear evidence of the
induction in vive of null varant red
cells by mutagenic chemotherapy.
The time of appearance and
persistence of induced variants
suggests that cells at maximum risk
tor mutagenic damage by these
agents are the rapidly cyeling
eryvthroid precursor population.

We are now studying breast
cancer patients receiving

standardized treatments with
adriamycin and eyclophosphamide.
We also plan 1o study patients
receiving other agents thought to be
stemi-cell mutagens. Some cancey
patients receiving chemotherapy

With mutiagens are il exeess rish of
sccondary cancer. mainly acule
leukenia and :vmphoma. Thus.
certain chemotherapeutic agents may
induce a carcinogenie potential from
persistent in vivo mutational damage
to hemopoictic stem eells. 1t i vivo
mutagenesis is related to caneer risk.
then quantification of induced in vivo
somaltic cell mutation using the GPA
assay may become a predictor of

the ultimate risk of developing
malignancy.

University of Caliturnis Institutes
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Viability of Primary
Human Breast
Cancers

Principal Investigator: H.S. Smith*

Co-Investigators: J. W. Gray. B. H.
Mayall. and B.-M. Ljung+

*University of California. San Francisco.

and Peralta Cancer Research Institute.

Oukland. CA.
TUniversity of California. San Francisco.

he goal of our study was

1o characterize the properties of
hyperdiploid populations found in
‘many breast cancers. Hyperdiploidy
Tefers to cells containing more than
46 chromosomes. the human diploid
number. We wanted to challenge
suggestions that the diploid cells
cultured from breast cancers are
nonmalignant in origin because
it seemed possible that another
isolation technique might readily
detect true cancer cells. those with
hyperdiploid DNA contents.

Much evidence suggests that the
cells responsible for metastatic breast
cancer are aneuploid (nondiploid).
Hence. the ability to isolate those

~cells capable of metastatic growth
-~from primary breast cancers is
important for both a clinical and a
basic understanding of the disease
‘process. However, there is a paradox
in that many breast cancers contain
a large proportion of cells with
hyperdiploid DNA content. In
“contrast, cells cultured from primary
breast cancers are uniformly diploid.
-It 1s essential to understand where i1
the process of isolation or culture the
aneuploid cells are lost.

We used image cytometric
techniques rather than flow systems
for our studies because of the limited
number of cells available for study.

“We evaluated specimens fer DNA

Program for Snaldytical Cstalogy

We have found that hyperdiploid cells usually do not grow in
cell culture, whereas diploid breast cancer cells proliferate
well. Failure to see hyperdiploid cells cultured from breast
cancers is due to their poor viability.

content before and after different
isolation procedures. Populations
isolated by gentle mechanical
dissociation were enriched in
hyperdiploid cells, whereas
populations isolated from the same
breast carcinomas by enzymatic
digestion were enriched for diploid
populations. We found that the
mechanically dissociated material
grew poorly in culture. Further
studies of this phenomenon revealed
that the majority of cells in most
mechanically dissociated samples
were nonviable by dye exclusion. In
contrast. the enzymatically digested
material was uniformly viable.

Subsequent experiments revealed
that the nonviable cells were not an
artifact of sample preparation or of
the time delay from commencement
of surgery to specimen acquisition in
the research laboratory. Tumor cells
acquired by fine-needle aspiration
cytology prior to surgery and assayed
immediately also contained a variable
but often sizable proportion of
nonviable cells.

We conclude that hyperdiploid
cells are not readily culturad from
primary breast cancers because few
of them are viable. Techniques that
enrich for hyperdiploid cells also
enrich for nonviable cells. whereas
techniques that enrich for viable cells
favor diploid populations. Therefore.
regardless of the technique used. only

a smali subpopulation of viable cells
is hyperdiploid. Thus. viable
aneuploid populations. which have
been hypothesized to represent those
cancer cells capable of metastatic
growth, are actually only a small
component of most breast cancers.
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Human Brain Tumors
Classified by
Cytometry

Principal Investigator: J. Murovic#®

Co-lnvestigators: J. W, Gray and
T. Hoshino*

*Umiversity of California. San Francisco.

B ecause brain tumors grow within
a closed cavity. fatality depends
critically on the size or rate of tumor
growth. Biological determination of
the degree of cellular abnormality in
primary brain tumors has been
important in estimating the prognosis
of patients and predicting the effects
of drugs and radiation on the tumor.
Quantification of the proliferative
capacity of tumors with flow
cytometry and immunocytochemistry
will greatly enhance our ability to
predict tumor behavior.

Our objective was to develop
an improved bromodeoxyuridine
(BrdUrd) staining procedure and
multivariate analysis on human
specimens and to establish the
protocol of BrdUrd administration.
The goal was to measure cellular
predictors of tumor growth (e.g., rate
of DNA synthesis, cell cycle time,
growth fraction) and to correlate
these findings with serial computed
tomography scans.

Sixteen patients with brain
tumors were given a 30~60-min
intravenous infusion of BrdUrd at
200 mg/m?. Fragments from
biopsied tumor specimens were
divided into two portions. One
portion was dissociated into single
cells, stained with fluorescein
isothiocyanate (FITC). using anti-
BrdUrd monoclonal antibody as the
first antibody, stained with propidium
todide (for DNA). and then analyzed
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For patients with brain tumors, we are developing and
evaluating BrdUrd-labeling procedures to measure cellular

predictors of tumor growth.

by flow cytometry. We calculated the
labeling index (LI) as the number of
FITC-labeled cells expressed as the
percentage of total cells analyzed.
The other portion was stained with
immunoperoxidase using anti-
BrdUrd monoclonal antibody as the
first antibody. We calculated the LI
of these tissue sections in two ways:
from selected areas in which the
labeled cells were evenly distributed,
and from the entire tissue section.
The LlIs obtained by flow cytometry
correlated closely with those from
entire tissue sections and were
usually lower than the Lls from
selected areas of tissue sections. The
Lls determined by flow cytometry
also correlated well with those from
selected areas of tissue sections.
Thus, the flow-cytometry-derived LI
and the tissue-derived LI provide
useful information for predicting
biological behavior of individual
tumors and for designing treatment
regimens for patients with brain
tumors. Different standards,
however, must be used to interpret
the LlIs obtained by these two
methods.

We also analyzed paraftin-
embedded specimens of brain tumors
from 256 patients who had received
an intravenous infusion of BrdUrd
during craniotomy. We used DNA
flow cylometry to determine the
modal population. A single Gl
peak indicates a unimodal DNA
population; two or more G1 peaks

indicate a multimodal population.
Most pituitary tumors and moderately
anaplastic astrocytomas had
unimodal DNA populations, whereas
a higher percentage of other slow-
growing tumors had multimodal
populations. A similarly high
percentage of the rapidly growing
brain tumors also had multimodal
populations. In most tumor groups,
however, the percent of tumors with
multimodal DNA populations did not
correlate with the BrdUrd labeling
index or the percent of BrdUrd-
labeled cells. Thus, analysis of DNA
distribution by flow cytometry may
provide information about the degree
of heterogeneity and the biological
behavior of individual brain tumors,
but the results do not necessarily
correlate with the rate of tumor
growth or the prognosis in individual
patients.
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he primary immunologic barrier
to bacterial infection depends on
4 lwo-step process. First. antibodies
- from the host recognize and agtach to
antigens on the surface of bacteria.
‘Second. a system of proteins. known
~as complement. recognizes the
“antibody-antigen complex and kills
the antibody-coated bacteria by
lysing its membrane. For infection
by the bacteria Neisseria
meningiticis. resistance to diseasc
is correlated with the formation of
strain-specific bactericidal activity.
The mechanism is antibody-
dependent, complement-mediated
immune lysis. The classical pathway
(CP) of complement activation has
long been assumed to be the principal
effector pathway.
Recently however, two human
“families with multiple cases of fatal.
fulminant (group B. C, and Y)
-meningococcal infection have been
“identified. These cases suggest that
= the alternative complement pathway
(ACP) is important for protection
against meningococcal disease.
. In addition. fully encapsulated
_* (group B) meningococci and K1
Escherichiu coli. in the absence of
host-acquired immunity. have been
found to resist the activity of the
ACP. Resistance was dependent
on production of an identical K
polysaccharide homopolymer of
sialic acid by both organisms.

Program for Analstical Cyvtalogy

We are using analytical cvtology to investigate complement
mechanisms that are of fundamental importance to the body’s
immunologic defenses against many bacterial infections.

Our objective was 10 define the
contribution of the ACP 1o host
defense against gram-negative
infection and to understand the ACP
regulatory role of K polysaccharides
using E. coli and N. mneningitidis
as target cells as models. We
hypothesized that production of
K polysaccharides reduces ACP
activation with variable degrees of
ctficiency related to quantitative and
structural differences, and that a
specific antibody augments ACP
activation by either the increased
efficiency or extent of ACP
activation.

Our specific aims were twofold.
First. we attempted to determine
whether there are quantitative
differences in the capacity ol K
polysaccharides of different structural
or chemical families to regulate ACP
activation. We used flow cytometry
1o quantify K polysaccharide
expression by and ACP component
binding to bacteria. Second, we used
flow cytometry to determine the
etfect of K polysaccharide antibody
on the kinetics of binding ACP
components to specilic groups of
N. meningitidis and E. coli.

We used a fluorescein-labeled
anti-K polysaccharide monoclone
and a FACS 1 flow cytometer. We
found interstrain differences in the
quantity ol K polysaccharide
produced by various strains of

aroup B N. meningitidis. We also
found intrastrain differences in K
polysaccharide production depending
on the growth phase of the bacterial
cefl. Thus. we can group strains
buased on the quantity of K
polysaccharide they produce. We
also identified subpopulations of cells
that produced exceptionally high
amounts of K polysaccharide, a
finding that led us to propose that this
group of high-producer cells resists
killing by complement in the blood
and produces septicemia.

In N. gonarrhioeae, we used a
FACS Il flow cytometer and a
monoclonal antibody directed at a
lipo-oligosaccharide (LOS) epitope
(antigenic determinant) to define the
dynamics of LOS expression over
time. LOS is an important molecule
for the serum resistance of this
organism. We found a reduction in
fluorescence (monoclonal binding)
in the entire population as growth
progressed from 2 1o 8 hours in
culture. This result indicates that the
density of LOS expression was a
function of the time of growth and
that variable LOS expression at the
single-cell level may affect the
outcome of the bacterial-complement
interaction.

In other work. we concluded that
the degree to which strains of
N. meningitidis are lysed and killed
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in human serum is & tuncuon ot
strain-specific binding of properdin.
which is one ot the initiators of ACP.
Our most recent investigations used
flow cytometry to quantify
simultaneously K polysaccharide
production by and complemennt
component binding to

N. meningitidis. We tound. tor two
group B strains. a correlation between
increased K polysaccharide
production and decreased
complement C3 deposition. These
investigations confirm the importance
of ACP in defeading the host against
N. meningitidis intection.
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FY88 Budget

Budget

Institutional Research and Development Program

Exploratory Research
Biotechnology
Chemistry and Materials Science
Computation
Earth Sciences
Engineering
Nuclear Chemistry
Physics

Director's Initiatives
Biotechnology
Energy Research

g T

Compact orus
Superc se Iggqa‘,'Development
’ . ‘ - ~

Indmdual Awards
26 projects funded in FY88
31 grants projected for FY89

University of California Institutes
Institute of Geophysics and Planetary Physics
Institute for Scientific Computing Research
Plasma Physics Research Institute
Program for Analytical Cytology

IR&D Administration
Totals

Capital Equipment
Operating Costs

FY88 actual cost,
thousands of dollars

$ 5,464
99
1,003
728
876
498
750
2,010

6,495
710
110
7713

2,150

1,252%

1,500

3,241%

1,979

1,454**
185
150 -
190

339+t

$ 180
$18,018

*The Compact Torus Director’s Initiative received an additional $11,000 for capital equipment. for a

total of $1,263,000.

tlndividual researchers were awarded an additional $112,000 for capital equipment, for a total of

$3,353.000.

**The Institute of Geophysics and Planetary Physics received an additional $57,000 for capital

equipment, for a total of $1.511,000.

t+Cost includes JR&D Annual Report FY87, salaries, and administrative expenses.
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