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Overview
T. T. Sugihara

Introduction Education in mathematics and science continues to

be a significant element in the Laboratory's programs.
This is the second "annual" report of the Chemistry & Partnerships with the University of California and the
Materials Science (C&MS) Department. Our general put- state educational system have been encouraged.
pose is to concisely summarize technical and scientific Since C&MS is a supporting disciplinary department,
accomplishments of the recent past. Originally we had its mission statement would naturally parallel that of the
planned that this would be done annually. For a variety of Laboratory but would be supplemented by emphasis on
reasons, we have found a two-year cycle to be more realis- providing expertise in the chemical and materials sciences.
tic. Thus, this report covers the fiscal years 1990 and 1991. Many of the technical articles in this report originated in

We intend the report to be also an archival record of the mission-oriented programs, but they emphasize nonpro-
Department's research activities, grammatic research activities.

The technical part of the report consists of 49 articles in

ten sections. The first section presents a cross section of Organization of the Department
Departmental R&D; that is, it is a sample of the broad range
of science and technology that the chemical and materials The table of organization and management structure is
sciences include. This is followed by eight sections, each given in Section 11. The staff has always been multidisci-
organized around a single topic. The tenth section includes plinary. In mid-1991, 31% were chemists, 6% physicists,
articles on advances in instrumentation and facilities as 8% metallurgists, 13% engineers, and 4% postdoctorates
well as descriptions of institutional changes, distributed among the various disciplines. Technicians

Section 11 lists Department personnel and their publi- constituted 27% of the staff, and 10°/owere administrative
cations, patents, and presentations. Consultants and col- personnel. About 50% have PhD degrees. In mid-1991, the
laborators are listed also. The report concludes with a total FTE count was 357. Since then, the number has

summary of Departmental budgets, dropped substantially because of early retirement oppor-
tunities offered in late 1991.

The Laboratory and the C&MS Department Most of the support for C&MS personnel comes from
the major Laboratory programs such as Defense Systems,

The mission of Lawrence Livermore National Laboratory is Lasers, and Energy (see Table 1). Personnel assigned to
"to serve as a national resource of scientific, technical, and programs tend to work on projects directly related to
engineering capability with a special focus on national secu- short-term programmatic goals.
rity. This mission includes research and development, strate- The Department has managed two critical facilities, the

gic defense, arms-control and treaty-verification technology, Tritium Facility and the Plutopium Facility, for a number of
energy, the environment, biomedicine, the economy, and years. In FY 1992, however, these responsibilities were trans-
education." This statement is taken from a recent notice in ferred to Defense Systems. The Department has a major
the Federal Register (4/3/92) concerning the Draft involvement in the Laboratory's environmental protection
Environmental Impact Statement for LLNL. and waste management program because of C&MS exper-

However, LLNL Director J. H. Nuckolls recently tise in analytical chemistry and materials characterization.

pointed out in his report to the Regents of the University About 10°/, of the Department's resources are directly
of California, "Revolutions in geopolitics, technology, and managed by C&MS and provide the basis for most of the

the global economy are creating new challenges for the R&D presented in this report. Chief elements are Weapons-
Laboratory," and the words in the mission statement Supporting Research, Basic Energy Sciences (Office of
assume new meanings. In addressing these challenges, Energy Research), Laboratory Directed Research and
the Laboratory is working toward achieving a smaller Development (formerly Institutional Research and
weapons stockpile with enhanced safety, security, and reli- Development), and work for non-DOE agencies (such
ability. A new program has been proposed to detect and as the Department of Defense).
deter nuclear proliferation. The national laboratories have The C&MS role in education and training of scientists
also been put on notice to join with industry in directing has been expanding. A new research institute devoted to
federally sponsored research toward meeting economic the study of the heaviest elements (see Section 10, "Institute
needs as well as national security.
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for Transactinitun Science") commenced operations ill 1991. follow tile course of solid-state reactions by obse_ving
The number of postdoctoral scientists in tile Department phase changes. The f(_rmation of lhC from its constituent
has steadily increased from l or 2 in 1985 to 20 in 1991. elements is ali example of such a reaction. John Kinney

Tile Department plays a significant role in Laboratory- has obtained spatial resolution of a few micrometers in
wide educational programs such as the Undergraduate the three-dimensional imaging of ceramic composites by
Summer Institute in Applied Science, the Science and x-ray absorption. Kinney calls this technique x-ray tomo-
Engineering Research Semester (a DOE-wide program), and graphic microscopy, which also has diverse applications

tile Summer Employment Program that brings nearly 300 in biological systems.
undergraduate students to the Laboratory each surnnler. • Multilayers in which thin alternating layers of two sub-

Also, a number of C&MS staff are indMdually irwolved in stances (e.g., metals) are deposited are usually thought
educational activities in local schools and colleges, of and studied as materials on the nanometer scale.

Troy Barbee has produced foils of macroscopic thick-

State of the Department ness (e.g., 20 Mm)in wllich individual layers are only a
few nanometers thick. Such foils frequently have excep-

As times change al:d the Laboratory's mission evolves, so tional strength and other mechanical properties.
has the Department's direction begun to shift in its discre- • Tile spectroscopic properties of energetic materials in a
tionary activities to increase the emphasis on technology diamond-anvil cell have been investigated by Fran
transfer and dual-use technologies. Effort and resources Foltz. The reaction propngation rate as a function of
devoted to educational activities are expected to increase pressure shows discontinuities corresponding to phase
in tile near term, with more undergraduate and graduate changes in a high explosive such as triaminotrinitroben-
students resident at the Laboratory. zene. Such microscopic information about the detona-

The research program has been well recognized for tion process has not previously been available.
accomplishments in a number of areas of basic science, lt • Aerogels are polymers synthesized by a sol-gel process.

is expected to change only in evolutionary ways, although They have very special properties of very low density
of course unusual scientific observations occur in unpre- and very high specific arca. Rick Pekala and Larry
dictable ways from time to time (e.g., discovery of Hrubesh have synthesized aerogels from pure silica
fullerenes) and entirely new efforts are begun that could and substituted silica compounds with densities as low
not have been planned in advance. Tile guiding principle as 5 rag/cre 3, only four times that of air. More recently,
for inclusion in the C&MS program will continue to be aerogels have been synthesized fronl organic monomers
good science, but there must also be a good reason for a as weil, some of which have record low thermal conduc-
program to be here rather than elsewhere, such as unique tivities. The manifold applications of these extraordinary
facilities, unusually qualified staff, potential for commercial- materials are being explored vigorously.
ization, or likelihood of spawning a major new program. • A group led by Mike Fiuss has addressed some

A few recent accomplishments are listed here as exam- fundamental questions regarding high-transition-
pies of C&MS research. This list is not intended to be a pre- temperature superconductivity in the perovskite com-
view of the report, which contains a much broader range of pounds. This group showed, by advanced experimental
topics and more detailed descriptions, but rather a glimpse methods such as angular correlation of positron annihi-
of the Department at work. lation radiation and angle-resolved photoemission, that
• Applications of x-ray diffraction and absorption have the hole carriers in perovskite planes are metallic; so

taken on new dimensions with the advent of high-inten- also are the electrons along tile CuO chains. These obser-
sit_; high-resolution beams from synchrotrons. Joe Wong vations explain anomalous transport effects observed in
has taken diffraction data over a 20 range of several the normal and superconducting states of the perovskite
degrees in a few tens of milliseconds, permitting him to supercor_ductors.
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Chemistry is the central science that deals with materi- addition, the radiation damage from the ]3decay of tritium

als, their properties, and the transformations they undergo, converts DT to a mixture (generally called D-T) of D 2, DT,
lt treats materials as simple as an atom of a light element or and T2. The recent goal of this group has been to align the
as complex as the large molecules that make up a polymer nuclear spins of the deuterium and tritium atoms because
or an enzyme. Materials science, on the other hand, is all the cross section for fusion of tile aligned species is thought
enabling science that seeks new levels of understanding of to be significantly higher than that of tile randomly ori-
the basic building blocks of materials: atoms, molecules, ented species. Substantial progress toward this goal has
crystals, and noncrystalline arrays. Among these materials been achieved, but the final steps have had to be deferred
are pure metals, alloys, ceramics, composites, biomaterials, because of the closure of the Tritium Facility. Nevertheless,
or glasses, and they may have special electronic, optical, or a wealth of new data has been obtained for the behavior of
magnetic properties. A department that is charged with the D-T at liquid-helium temperatures.
responsibility for providing the Laboratory with leading- Pioneering studies of displacive and replacive solid-
edge kdlowledge in "chemistry and materials science" thus state phase transformations have been done in this depart-
has a large territory to cover. Naturally, some focus is ment. Reported here are the most recent studies of tile
needed; the C&MS Department has tended to emphasize transformation of the TJ-Mo ]3phase. Ill this system, it is

those topics and materials that are of most importance to found that the high-pressure-stable cophase can be nucle-
the programs of the Laboratory. ated by a displacive mechanism and that the metastable co

This first section of tile report provides a sample of the phase can compete with stable phases during thermal
Department's research that illustrates the breadth and nov- aging treatments.
elty of research that has recently been completed. The first Scanning probe microscopy is now widely used to scan
article is concerned with aerogels synthesized from organic surfaces with atomic resolution. In the work reported here,
monomers, basically a new class of materials with extraordi- it was found that the very high electric field generated by
nary physical and mechanical properties. Because substituent ,_very sharp tip in the presence of a reactive gas can cause
groups can be placed on the organic backbone, aerogels with chemical reactions to occur. The oxidation of silicon leads
specific chemical properties are possible as well. to a path on the order of 20 nm wide, a structural feature

The capability to produce multilayer structures has observed by the same microscope that cut the path.
become a well-established art and tect'ulology in C&MS. Obtaining structural information regarding a buried
The first structures, relatively thin, were found to be very layer, such as an interface, has not been easy. A recently
useful and important in x-ray optics, opening tlp new areas developed method based on photoelectron holography
for research. Reported here are the properties of multilay- promises to overcome many of the problems. A photoelec-
ers of macroscopic thickness with remarkable mechanical tron hologram is the constant-energy, angle-dependent
properties that derive from the perfection of the layers, photoelectron intensity derived from a chemically specific

For a number of years, a group at the Tritium Facility core level. This method promises to provide interface struc-
has been investigating the cryogenic properties of the tural information that surface imaging spectroscopies such
molecule DT, which in the simplest approximation should as scanning tunneling microscopy cannot reach. First

resemble molecular hydrogen H2. Quantum mechanically, proof-of-principle results are reported here.
however, symmetry rules are different for the two, and in
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Organic Aerogels: The Next Generation

The aqueous sol-gel polymerization of melamine with formalde-
hyde, followed by supercritical extraction, leads to the formation of
a new type of organic aerogel. Low density (0.1 to 0.8 g/cm3), large
surface area (-1000 m2/g), and optical clarity are only afew of the
promising characteristics of melamine-formaldehyde aerogels.

Introduction colloidal structures form. Ai1 understanding of these sol-gel
polymerizations and their effect on the silica microstructure

Aerogels differ from conventional open-cell foams or mem- has been established over the past decade. 2,3

branes, in that they have ultrafine cell/pore sizes (<50 nra), In 1985, the first organic-based aerogels were synthe-
large surface areas (400 to 1100m2/g), and solid matrices sized from the aqueous polycondensation of resorcinol
composed of intercom'lected, colloidal-like particles or poly- (1,3-dihydroxybenzene) with formaldehyde. These low-
meric chains with characteristic diameters of 10 nm. The density materials were found to be the organic analogs of
ability to synthesize aerogels from a variety of monomers silica aerogels, but with the advantage of having a lower
while controlling structure and properties at the nanometer average atomic number. The major disadvantage of resor-
scale opens up exciting possibilities for these tmique materi- cinol-formaldehyde aerogels is their dark red colob which
als. Potential applications include thermal insulation, perm- results from oxidation products formed during the sol-gel
selective membranes, catalyst supports, batter,,, electrodes, polymerization. Recently, however, colorless aerogels have
supercapacitors, and acoustic impedance-matching devices, been formed from the aqueous polycondensation oi:

The most common aerogels are silica based. 1They are melamine (2,4,6-triamino-s-triazine) with formaldehyde.
formed from the hydrolysis and condensation of retrain- Polymerization conditions have been found to affect the
ethoxvsilane (TMOS) or tetraethoxvsilane (TEOS) in dilute transparency and microstructure of this new generation of
solution. The major variables in the process include organic aerogels.
water/silicon ratio, solution pH, type of alkoxy silane, and

the use of high-temperature vs low-temperature supefcriti- Experimental Methods
cal drying. In general, acid catalysis favors the formation of

lightly branched silica species that covalently link together Figure 1 shows two approaches for synthesizing
to form a gel. Under alkaline conditions, highly crosslinked melamine-formaldehyde (MF) aerogels. In the monomer

Figure 1.

(a) "l"l'k
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approaches for prepar- NNc//N NNNc/N
ing MF aerogels. The I [
oligomer approach is N CH.,OH NH

simpler and works [ " CH,

over a wider pH range, tt2'NNC.,,N_c/NH, CH_[_ Clq_O"
II I o N CH,OH NH-

N-..C_X + II Iia.o,OH_ I - I
I tt_CNl_ 2lH" " N..-C-,_N ,,_C_ N

XH_ II I ... II I
- /cN//cK. _ -..N//CNNH

,d I'P"NEt N _'_'_ NJ-I/C , ,_

Melamine Formaldehyde Crosslinked polymer

(b

- Resimene 714 is acidified to form crosMinked gel.,,

C H XK" tI

- Principal reacti_t' g,r_up_N( "
CttXIH



Section 1 • Research Sampler

approach, melamine and formaldehyde are mixed in a Results and Discussion
1:3.7 molar ratio and diluted with deionized/distilled

water to control the overall reactant concentration. We use The pH of a melamine-formaldehyde solution appears to
sodium hydroxide (10 to 100 millimoles) as the base cata- be the most critical parameter controlling the optical clarity
lyst in the initial part of this polymerization. Because of a dried MF aerogel. Aerogels prepared by the monomer
melamine is a crystalline solid with limited water solubil- approach at pH 1.7 were transparent, whereas those pre.-
ity, this slurry must be heated for -15 min at 70°C to form pared at pH 0.7 were opaque. Infrared (IR) absorption
a clear solution. We then cool the solution to 45°C and i_eaks and intensity ratios of the two aerogels were identi-
acidify it with HC1. For transparent gels, the pH of the MF cal. Solid-state, nuclear magnetic resonance (NMR) mea-
solution must be 1.5 to 1.8 (measured at room tempera- surements also revealed identical chemical shifts and

ture). Outside this range, opaque or translucent gels form. relaxation parameters. From these data, solution pH does
Melamine is a hexafunctional monomer capable of not appear to influence the type or degree of crosslinking

reaction at each of the amine hydrogens. Under alkaline in the aerogels. Rather, it affects the aggregation of clusters,
conditions, formaldehyde adds to these positions to form which ultimately determines pore size and optical clarity.
hydroxymethyl (-CH2OH) groups. In the second part of the MF aerogels have extremely large surface areas, rang-
polymerization, we acidify the solution to promote conden- ing from 880 to 1020 m2/g (the largest being obtained at
sation of these intermediates, leading to gel formation. The pH 2.7). Figure 2 shows the dependence of specific surface
principal crosslinking reactions include the formation of (1) area on solution pH. Extinction coefficients calculated for

diamino methylene (-NHCH2NH-) and (2) diamino methy- these same aerogels in the ultraviolet/visible spectrum
lene ether (-NHCH2OCH2NH-) bridges. 4 (UV/VIS) (see Fig. 3) show that MF aerogels with good

In the oligomer approach, MF gels are formed by dilut- transmissive properties form in the pH range of 2 _ 3.

ing a low-molecular-weight MF polymer, Resimene 714,* MF aerogels are similar to silica aerogels in man) ways
with an appropriate amount of deionized/distilled water (e.g., large surface areas, optical transparency). In order to
and adjusting the pH with HCI. Transparent gels form in investigate the structure-property relationships of these

the pH range of 2 to 3. We prefer the oligomer approach new aerogels, we measured compressive moduli as a func-
because it works over a wider pH range and is simpler, tion of density and compared them to those of silica aero-

Ali MF solutions develop a blue haze as they cure (2 d at gels. As Fig. 4 shows, compressive modulus increases with
50°C followed by 5 d at 95°C). This phenomenon is associ- aerogel density. The linear relationship shown in the log-
ated with Rayleigh scattering from MF clusters generated in log plot in each case demonstrates a power-law density
solution. These clusters contain surface functional groups dependence that has been observed in many other low-
(e.g.,-CH2OH) that eventually crosslink to form a gel. The density materials. This relationship is expressed as E = p%
aggregation and crosslinking processes show a strong pH where p is the bulk density and o_is a noninteger scaling
dependence. Furthermore, the synthesis approach used exponent that usually ranges from 2 to 4 (see Ref. 5).
(monomer vs oligomer) affects the pH range for the prepa- For silica aerogels, the scaling exponent shows a strong
ration of transparent gels and aerogels, dependence on catalyst conditions. 6 Acid-catalyzed, base-

MF gels are converted to aerogels by supercritical extrac- catalyzed, and partially condensed silica aerogels have

tion of carbon dioxide. Because water is not miscible with exponents of 3.4 + 0.1, 2.9 + 0.2, and 3.8 + 0.2, respectively.
liquid CO 2, we first exchange the aquagels with an organic Interestingly, all transparent MF aerogels have a scaling
solvent (e.g., acetone). Next, we exchange CO2 for the exponent of 3.3 + 0.1 and moduli that approximate those
organic solvent and take it above its critical point (Tc = 31°C;

Pc = 7.4 MPa) inside a temperature-controlled pressure ves- o.8 Figure 3.

sel. The resultant aerogels are both colorless and transparent. _ Wavelength
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of acid-catalyzed silica aerogels. These data suggest simi- demonstrated that organic-based aerogels call be success-
lar microstructures for the two aerogels, even though one fully synthesized from the aqueous polycondensation of
is organic and the other is inorganic, melamine with formaldehyde. These transparent, low-

density materials (0.1 to 0.8 g/cre 3) have continuous
Summary porosity, ultrafine cell/pore sizes (<50 nm), and large sur-

face areas (~1000 m2/g). The catalyst concentration (solu-
Sol-gel polymerizations are not unique to metal alkoxides; tion pH) is the major variable controlling the structure and
in theory, any multifunctional monomer can be polymer- properties of these new aerogels.
ized in dilute solution to form an aerogel. Our work has

This work was fimded by Laboratory Directed Research
Figure 4. Effect of density on compressive modulus and Development.

(uniaxial stiffness) for MF and silica aerogels.

* A product of Monsanto Chemical Co., Resimene 714 results from the

103 = condensation of melamine with formaldehyde followed by partial

Z- A[] Pre-hvdrolvzedACid'catalyzedsilicasilica "/f_ -': 105 methoxylation. This oligomer is supplied as an 80% solution in water.
- O Base-catalyzed silica _

- 0 MF " 2"_ _,¢_ References

e_ _/x_./_ ._,

: 104 _ 1. L. W. Hrubesh, T. M. Tillotson, and J. F. Poco, "Synthesis of Very
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" _ 2 C.J. Brinker and G. W. Scherer, Sol-Gel Science (Academic Press,

"_ _ New York, 1990).

3. J. Fricke, "Aerogels," Sci. Am. 258(5), 92 (1988).:e >
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High-Performance Nano-engineered
Multilayer Materials

We are designing and producing nanostructure multilayer materials
at atomic and near-atomic scales. These nanostructure materials

have the potential for extremely high mechanical per]ormance that
approaches their theoretical strengths.

Introduction 200 rim. We also show, from tile literature, 3,4 the tensile

strength of copper. The independent variable, d, is the
Multilayers are depth-periodic structures fabricated from multilayer period for copper/monel and the grain size or
alternating layers of elemental materials, alloys, or com- dislocation subgrain size for copper. Three regions of
pounds. As a result of the atomic-level control of its compo- structural scale dependence are indicated" (1) d > 5 larn;
sition and microstructure, a multilayer is a unique material (2) 0.002 < d < 5 lam; and (3) d < 0.002 l.tm. Region 1 is char-

that ha_ the potential for extremely high mechanical perfor- acteristic of polycrystalline materials, in which grain/sub-
mance that approaches the theoretical strength of its com- grain size strengthening is inversely proportional to the
ponent materials. 1 square root of the grain size. Region 2 is a new structural

Atomic engineering pertains to multilayers having peri- scale domain for which accepted theory is not available. In
ods smaller than four atomic layers (~1.0 nm); microstruc- region 3, the multilayers are chemically uniform as a result
ture engineering pertains to multilayers having periods of the very thin layers (<0.5 nrn).
greater than this; and both are collectively called nano- The theuretical strengths of copper and nickel are 1.2
engineering. 2 Nano-engineering involves procedures for and 2.4 GPa, respectively. On the basis of a simple rule-of-
reproducibly synthesizing materials and design tools that mixtures argument, the maximum strength expected for a
allow the property of interest to be optimized. Such syn- copper/monel multilayer was ~1.8 GPa. The strength of
thesis control can eliminate or reduce flaws that often limit the actual multilayer at d = 2.0 nm was _1.35 GPa, greater

the mechanical performance of conventional materials.
Physical vapor deposition 3 is one method commonly Figure 1. Comparison of the tensile strengths of bulk

used for multilayer synthesis at LLNL. copper (fromthe literature)and equal-layer-
thickness copper/monelmuitilayers(thiswork). Thehorizontalaxis,d,
represents the multilayerperiod (for Cu/monel)and thegrain and sub-

Experiment grain sizes (forcopper).

We have synthesized multilayer samples up to 200 _m 1.4 --

thick and ~300 cm 2 in area containing more than 40,000 0 /', Copper grain4

indMdual layers with periods between 0.5 and 400 nm. 1.2 -- ] 3 [] Copper subgrain5

Layer substances include elemental coppel, zirconium, _C_o_ . O Cu/Monel multilayertitanium, chromium, tantalum, tungsten, and platinum _ 1.0
and the alloys monel (70 Ni/30 Cu), 304 stainless steel,

n • o, ._ _ o _v'_ _ O

and tu gsten-26/,rhenium. As an example of the relation- a: 0.8 -

ships observed between synthesis, structure, and proper- _ 0.6
ties, we briefly discuss here the mechanical properties of _
copper/monel multilayers, o.4 - "<,.Results o.2- ]

1

Figure1 shows the tensile strengths of copper/monel mul- II ,,,,I , , ,,,,,,I , , ,,,,,,I , , ,,,,,,I , , ,,,_/7_'7e'_rr_10-3 1O-2 10 _ 1 10 I02
tilayers fabricated and tested at LLNL. These multilayers ,t (_t,_)
have total thicknesses greater than 25 bim; the thicknesses

of individual layers are equal; and the periods are 0.5 to
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than 70% of the theoretical maximum. This laboratory References
result, an indicator of the potential of nanostructure multi-

layer materials, marks the first time such a high streng .l_ 1. A. Kelly and N. H. Macmillan, Strony,Solids (Oxford Press, Oxford,

has been in a "bulk" sample. Previously, such a strength 5 England, 1986).

was attainable only in perfect microscopic whiskers 2. T. W. Barbee, Jr., "Multilayer Str_lctures: Atomic Engineering in ItsInfancy;" in Physics,Fabricationand ,applicaiionsof Multilayered
(diameter < 4 _m). Structures, P.Dhez and C. Weisbuch, Eds. (Plenum Press, New York,

1988),p. 17.
Conclusion 3. T. w. Barbee, Jr., "Synthesis of M, ltilayer Structures by Physical

Vapor Deposition Techniques," in Synthetic Modulated Structures,
L. L. Chang and B. C. Giessen, Eds. (Academic Press, New York,

The properties of macroscopic, nanostructure, multilayer 1985), p. 313.
materials and their dependence on the synthesis process 4. R. P.Carreker and W. R. Hibbard, "Tensile Deformation of High-
demonstrate the developing ability to fabricate "designer" Purity Copper as a Function of Temperature, Strain Rate, and Grain

materials by controlling structure at heretofore iP.accessi- Size," Acta Metall. 1, 654 (1953).

ble levels. This ability, which will facilitate rapid develop- 5. D. H. Warrington, "Dependence of Tensile Strength on Dislocation
Subgrain Structure," in Proc.ElectronMicroscopeConf., Delft, The

ment of the base of scientific understanding needed to Netherlands, 1961 (de Nederlandse Vereniging Voor
guide technological application of these new materials, Electronenmicroscopie, ,_,n.xterdam, 1961),p. 392.
presents new scientific and technological opportunities.

This work was Jimded by Weapons-Supporting Research.
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Nuclear Spin Polarization

Magnetic-resonance studies of solid, normal, deuterium-tritium
(DT) have shown that the nuclear relaxation times are too short
for nuclear polarization. Removal of the first-excited (J = 1)
rotational state of molecular hydragen increases these times, but
tritium radioactivity decreases them again. Hydrogen atoms have
been found in densities adequate to support nuclear polarization.
Synthesis of superpure molecular DT is the most likely future
solution to the problem of creating a DT sample capable of
sustaining polarization.

Introduction Worse yet, tritium radioactMty decreased the normal ] = 1
concentrations to about 0.75%, just where a relaxation-time

lt has been suggested that alignment of the nuclear mag- minimum occurred. On the other hand, radiation-caused
netic moments in deuterium-tritium (D-T) would produce formation of new J = 1 hydrogen prevented the ] = 1 con-
a hydrogen fusion fuel with a 50% higher cross section, centration from dropping lower. Also, we found that the

thereby possibly obtaining fusion with a laser driver of half relaxation time of triton in 93% DT was about 1 s, showing
the normal size. 1 For five years, we have studied solid D-T that removal of J = 1 T2 inc,'eased the relaxation time.
at temperatures as low as 1.4 K in an attempt to find condi- Using ESR, we measured radiation-created hydrogen-
tions conducive to eventual nuclear polarization. With the atom concentrations as high as 2000 ppm in solid D-T (a
closure of the LLNL Tritium Facility, the work has ended, number that is entirely acceptable for nuclear polarization)
and this report summarizes the entire five-year effort, with electron relaxation times of about 0.1 to 1 s (somewhat

From the start, we recognized that the greatest problem long considering the short nuclear relaxation times). The
would be short nuclear relaxation times, which would atoms were spread over five hyperfine states of different
severely limit the life of nuclear polarization. 2 These short ..................................................................................................................................................
relaxation times in solid hydrogen are caused by free molec- Figure 1. Summary of longitudinal nuclear relaxation

ular rotation, lt was feared that tritium radioactivity would times,T1,forTand D nuclei in solidD-Tfor

create new, rotationallv excited, ] = 1 D2 and J = 1 T2, which varioustotall = 1 concentrations.The tritonsamples were ali takenat30MHz. Estimatedrelaxationtimesfor tritons(solid)anddeuterons
would further shorten the relaxation times. Also unknown (dashed)at low ] = 1concentrationsare fromthecalculationsof
were the concentration and relaxation times of hydrogen Drabold and Fedders.3
atoms needed for the microwave pumping that creates

nuclear polarization. 1°3 L _ _\ • c ,,/.\ O Triton:from :)3,, enriched

Experiment L \ \ molar DTat 4 K102 _ \\ [] Triton: 1.5and 2.5K

We used pulsed nuclear magnetic resonance (NMR) at 5 _N \\\ • Deuteron: 2.5K and 6 MHz
to 50 MHz to measure the nuclear relaxation times and

frequency-swept, unmodulated, 9.4-GHz, electron spin _ 10_ -

resonance (ESR) to measure the hydrogen atom concentra- "-== _ \\ _ _

"_ _ \\_IIiI II
tions and relaxation times. Most D-T was a mixture of 25% .=

,..,._-.,_,. DT-25% Tr, but up to 93% of molecular DT was ._ 1 -
synthesized by the reaction of lithium tritide and deuter- _, \_
ated methanol. To reach our target temperature of 1.4 K,

we used liquid-helium cryostats. At times, the samples 10__ _
were frozen into silica aerogel foam. E_1[_

Results
10-2 , ' I I i,,,I I I l JIIJll I ' '' '"li I I ' I IIll

1()-_ I0-l 1 101 102
In normal D-T, the relaxation times of triton and deuteron Total/= Ihydrogen
were about 0.1 and 10 s, respectively (see Fig. 1)--much too
short for the 1000 s required for nuclear polarization.
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energies--two for tritium atoms and three for deuterium The degree to which the DT must be purified is still
atoms. Pumping ali atoms would, therefore, require five uncertain. Ongoing analysis of old hydrogen-deuteride
different frequencies. The atom concentration increased data suggests that our experiments and some in the litera-
dramatically with decreasing temperature, ture may have sat long enough for ] = 1 pair condensation

Using NMR to study a solid mixture of D2 and T2, we to occur inside the sample. In this case, quadrupole energy
obtained an exchange time constant of 200 h for DT forma- levels would form in localizod parts of the sample and
tion. This was a measure of the radioactive destruction of cause fast nuclear relaxation. The hope is that a rapidly
the hydrogen composition. Because even small ] = I con- quenched sample, which has to be made anyway because
centrations are harmful to nuclear relaxation, this experi- of the tritium radioactivity, might have longer relaxation
ment _,_howsthat a long-relaxing sample has a lifetime of times at relatively low ] = 1 hydrogen levels. This impor-
less than 1 h. tant experiment has never been thoroughly tested in any

We found that nuclear relaxation times varied greatly as solid hydrogen aad must await future r:_search.

a function of J = 1 hydrogen but not of temperature or Once the quadrupole energy band has been brought
NMR frequency. This is characteristic of the electric close to b:eaking by the fast reduction of ] = 1 hydrogen,
quadrupole mechanism that dominates nuclear relaxation the further effect of electric-field gradients from the silica
in solid hydrogen for large 1= 1 concentrations. The cause aerogel may be helpful across broader sections of the crys-
is a crystal-wide energy band that is created by the overlap tal. One may postula, te an adsorption column system that
of closely packed J = 1 hydrogen molecules. Because the makes a small amount of DT containing low amot, nts of ]
electron relaxation times are temperature-independent, = 1 hydrogen at 23 K in a few minutes and then quenches
they also can be dominated by a quadrupole mechanism, the f,ample to 1.4 I¢ i'-.side aerogei foam.
Long nuclear relaxation times were seen for thin layers of
D-T frozen inside 96% porous silica aerogel, lt was sug- Conclusions
gested that electric field gradients from the foam walls
would destroy the quadrupole energy band, but only in a The creation of solid D-T with sufficiently long nuclear

few of the nearest layers of hydrogen molecules, relaxation times will be difficult but not impossible. The
Below 2 to 3 K, so many hydrogen atoms built up inside purification and freezing process must be done in minutes,

the solid D-T that a heat step or fluctuation caused most which is a considerable challenge at liquid-helium temper-
atoms to cooperatively recombine, releasing large quanti- atures. Once the crystal-wide quadrupole energy band is
ties of heat. (The cryostat cell rose 5 K!) Heavy cooling sup- broken, however, then relaxation may be lengthened
pressed these "heat spikes," which clearly destroyed the (faster than linearly) by decreasing the temperature and
atom population needed for polarization pumping. The increasing the magnetic resonance frequency.
absence of the ESR signal after a spike showed that the
spike was related to the atoms. This work was funded by Weapons-Supporting Research.

Discussion References

The net result of our experiments was to show that normal 1. R.M.Kulsrud, H. P.Furth,E.J. Valeo, and M.Goldhaber,

D-T or even 93% DT was not usable as polarized fusion "Fusion ReactorPlasmaswith Polarized Nuclei," Phys. Rev.Left.
fuel. The next step is to quickly synthesize pure molecular 49, 1248 (1982).2. P. C. Souers, E. M. Fearon, E. R. Mapoles, J. R. Gaines, J. D. Sater,

DT, containing a small impurity concentration of ] = 1 and P.A. Fedders, "Nuclear Spin Polarizationof SolidDeuterium-
hydrogen. We were designing such a method that uses a Tritium," ]. Vac.Sci.Teclmol.A 4, 1118(1986).

23-K adsorption column, and we saw some separation in 3. D.A. Draboldand P.A. Fedders, "Nuclear Spin-Lattice Relaxation
the first trial run. Times for Mixtures of Ortho- and Para-H 2. 11.Low Ortho-H 2

Concentration," Phys. Rev. B 39, 6325 (1989).
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Studies of the Omega Phase Transformation
in the Titanium-Molybdenum Alloy System

High-resolution electron microscopy and neutron-scattering studies
have documented that in the course of transformation of the Ti-Mo
fl phase, the high-pressure-stable cophase can be nucleated by an
atomic displacive mechanism. This is accomplished by a local het-
erogeneous process involving the coupling of a _-phase phonon
anomaly with the strain fields of lattice defects. The studies have
also shown that the metastable cophase can compete effectively
with stable phases during certain thermal aging treatments.

Introduction Figure 1. (a) The relationship between bcc [_and simple
hexagonal (0. (b) <111)longitudinal acoustic

The majority of displacive transformations of metallic-alloy phonon dispersion for Ti-8 at.% Mo.

phases are of tile martensitic type. They usually occur when (a) Ifl l I,,_

a high-temperature-stable phase, quenched to avoM diffu- _'"_ _" 1 2 3 1 [ [_sional decomposition to multiphase equilibrium, reaches IIii

the critical underc°°ling (bel°w T°' the temperature °f __T bcc
equal free energy between parent and product phases) to !_i_;_ L 2/_(1,._.

initiate a c°mp°siti°n-invariant symmetry change' This [ 1 ib[qb [

transformation involves a cooperative shear displacement •

°f at°ms BYfracti°ns °f lattice spacings' Our recent w°rkl __ M mi I [ [

shows how this is facilitated by the unusually low energies
of the appropriate symmetry-related transverse acoustic
(TA) phonon mode. The product phase is invariably struc-
turally related to one of the stable phases at lower tempera-

tures, but is metastable; hence, only a partial decrease in i

total free energy can be realized by the transition. 30 ¢}o9.,
A somewhat different scenario appears to develop with

the 13(bcc)--+o) (simple hex_,.gonal) displacive phase trans-
formation observed in alloy_ based on the Group-IV tran-
sition metals titanium, zirconium, and hafnium. 2,3Certain

aspects remain unclear, and our new insights I help explain 2o
this behavior. In these cases, m is metastable but is struc-

turallydistinct fr°mtheequilibrium13and°t(hcp)phases _ ] 1

of these systems; it is truly stable only at high pressures. 2
However, it can be displacively generated from high-tem-
perature-stable [3by an oscillatory shifting of its {111}

planes [see Fig. l(a)]; this is driven by a prominent low- 10 1-_energy anomaly in the longitudinal acoustic (LA) (111)
t4

mode, which is present in the 13phonon spectra at ambient _ 11 _pressure [see Fig. l(b)]. 4

The transition initiates during quenching but does not I ;go to completion at or below room temperature. Complete
tr'msformation has been observed only with thermal 0
assistance during the initial stages of aging treatments at 0 o.5 1Reduced wave vector
temperatures designed to produce the equilibrium phases

by decomposition of 13.Elucidation of this unique coupling

11



Section 1 • Research Sampler

of distortive with diffusional atomic movements required us of m are in contrast, where each domain contains a charac-

to examine microstructural changes at the atomic level usin_ teristic rectangular white dot pattern, which is the projected
transmission electron microscopy (TEM) at high resolution2 image of columns of atoms parallel to the incident electron

beam. 6 The short dot spacing is along [111l (or [111]), and
Experimental Procedure the long spacing is along [112] (or [112]), respectively.

The pattern is readily understood in terms of the struc-
We heat-treated single and polycrystalline TJ-Mo alloys at tura! change from [3to m indicated earlier [see Fig. l(a)] and

950°C in the high-temperature [3phase field and quenched shown in Fig. 3(b) for the (110) projection related to the
them into iced brine. Subsequently, we aged them in the image. A longitudinal lattice displacement modulation is

equilibrium o_+ 13phase field at temperatures between induced with wave-vector (23)(rcd){111} of appropriate
300 and 400cC. By the use of conventional contrast TEM amplitude and phase, where d is the interplanar space. 2,3
(CTEM), high-resolution TEM (HRTEM) and electror, This is related to the position of the sharp dip in vibrational
diffraction (ED) in conjunction with elastic and inelastic energy of the LA{111) phonon mode [see Fig. l(b)]. 4
neutron scattering, we determined microstructural evolu- The result is the sequential displacement of bcc (111)
tion, static strains, and lattice dynamic variations with planes such thac two out of three planes collapse toward
time at aging temperature, e_ch other, while the third remains positionally unchanged.

We have grouped the atoms of the fully collapsed planes as
Results and Discussion "pairs" (enclosed by ellipses) for convenience in order to

deal with HRTEM resolution limitations. The instrumental

CTEM images of quenched in TJ-8 at.% Mo exhibit a fine- limit of resolution is 0.17 nm, and the spacing of t'.te atomic
scale strain contrast, and elastic neutron scattering con- pairs in projection is 0.13 nm. Hence, a single dot represents
firms the presence of local static distortions similar to m two columns within a plane and gives rise to the rectangular
crystal symmetry. However, only HRTEM can reveal any arrays observed in the images. We confirmed this interpreta-
meaningful structural detail. Figure 2 shows a (110) ori- tion by using real-space methods for computer simulation.
ented image of (110) bcc plane fringes (spacing: 0.23 nm).
The fringes are perturbed by local enhancements (dots) Figure 3.
grouped as linear arrays or "chains" (-1 to 2 nm long) (a)
lying along the two {111>directions in this orientation. The (a) HREM image and

ED pattern (inset) reveals bcc Bragg spots plus arcs of dif- diffractionpatternof

fuse scattering with enhancements at the m Bragg posi- aged 8Mo. (b)Schematicof thestructuralrela-
tions of (2/3)<111>*.The arcs are sections of sheets of tionshipbetweenbcc
scattering in reciprocal space that are consistent with rod- and coas seen along the
like configurations in real space. In0] direction, includ-

Aging at 350°C induces a continuous rearrangement, ing the Iongitudlnal

ordering, and coalescence of the linear chains to produce 3-D displacement wive.

domains with a structure uniquely different from bcc 13.The
(110) HRTEM image after 100 h is shown in Fig. 3(a), and
ED (inset) reveals that sharp m spots have replaced the dif-
fuse scattering. Two of the four possible structural variants

Figure 2.

The[1i0] HREMimage i -i:_i <_"_'
anddiffractionpattern _ ;_
of as-quenched8Mo, (b) _ o)
revealingsmall,nearly 0 0 @ @

commensurateone- [] [] [] _D _ _ . 1

andtwo-dimensional [112] Z 0 0 _! Emregions("chains"). -_ - £ [] [] I I I - - - I tr_

o o @ _
i_ _:'. _7 I I I I

_{"g_' _[110] ,, ,_,,',, 0.285_nm Ollz=O
,-'- []ii z = 1/2

ll7Oll [1111 , , , ,
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Applying this imaging code to the initial structure (see displacive process is initiated because heterogeneous

Fig. 2), we are convinced that tile displacive stage during the nucleation results from the coupling of a transformation-
quench involves the formation of the linear chains (viz., to related phonon anomaly with lattice-defect strain fields.
nuclei). The question to be addressed at this point is, "What The _to transformation will go to completion with ther-
sets this process in motion with a phase that is stable only at real aging, temporarily preempting equilibrium o¢,if the

elevated pressure?" From our studies of the formation of aging temperature is lower than T013-om.
martensites, I we know that the critical enabling step is
related to heterogeneous nucleation linked to the transfor- Acknowledgments
mation-related phonon anoma!v.

Petry et al. 4 recently established that the (2/3)LA<111> The HRTEM studies were carried out at the National

phonon dip persists into the high-temperature [3field in Center for Electron Microscoopy at the Lawrence Berkeley
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ply concerns the thermodynamic and kinetic competition
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Surface Reactions Induced and

Measured by Scanning Probe Microscopy

We have used scanning tunneling microscopy (STM) to investigate
the kinetics of surface reactions that occur at individual reaction
sites. Specifically, we studied the gasification of graphite by oxy-
gen and hydrogen over a wide range of conditions, including varia-
tions in temperature, reactant pressure, and exposure time. We also
succeeded in enhancing the graphite-ozone reaction at specific
sites. In separate experiments, we used atomic force microscopy
(AFM) to study polymer coatings on inertial confinement fusion
(ICF) spheres, starting with nucleation and proceeding through the
growth process to the final product.

Introduction boundaries, and impurities- strongly influence the kinet-
ics of th¢ reaction process. Many surface-sensitive tech-

The advancement of many modern technologies depends niques such as Auger electron spectroscopy (AES), x-ray
on a better understanding of the specific mechanisms by photoelectron spectroscopy (XPS), and low-energy electron
which etching and deposition occur. For the past two diffraction (LEED) relate the "global" surface structure and

decades, many powerful techniques--e.g., gravimetry, composition to surface-reaction kinetics. However, none of
thermal desorption, and modulated molecular beam mass these techniques provide detailed information about the

spectrometry--have helped to elucidate the basic steps physical structures of specific reaction sites and the reac-
that determine the kinetics of gas-surface reactions. In ali tion rates at those sites.
of these, scientists have tried to understand how the sur- The development of scanning probe microscopy

face participates in the chemical reaction. They have (SPM)_which includes scanning tunneling and atomic
shown or postulated that surface characteristics_includ- force microscopies (STM and AFM)_has made it possible

ing periodic structure, point defects, atomic steps, grain to obse::e individual atomic sites) We have, for the first
..... time, used STM to investigate the carbon-combustion kinet-

Figure 1. Reactionof HOPGbasal plane with 0 2 and ics of particular sites on graphite under a wide range of con-
03, and the STM effecton 0 3 reaction, ditions. In addition, we have observed the enhancement of

Temperature (K) a localized graphite-ozone reaction under the STM tip.
1000 ,_'_o 300
I I Experimental Methods and Results

10-2 We have studied the nanometer-scale kinetics of graphite

oxidation by heating graphite conventionally (for long-l0-4 term measurements) or by short-pulse laser heating (for

._. millisecond exposure times) in an STM. Using STM, we
can locate specific sites_such as steps on a highly ordered

"_ t0 .... --(3-- Domain boundm v pyrolytic graphite (HOPG) basal plan_--and measure their
--"_ + Stressed graphite reactMty by determining the local rate of atom removal.

10"_ "<3"- Shallow pits (ReactMt); the reaction probability at a site, is the fraction of
Ozone 30 ppm reactants striking that site that undergo a chemical reaction.)

iii-w _ Ozone 30 ppm, We can use STM to determine reactMty over a range ofSTM effect

1()-._2 I , ] i I 12 orders of magnitude. The lower limit of reactMty mea-
0.00t o.oo2 o.oo3 sured by this technique corresponds to removal of one atom

1/temperature (1/T) per site per day. The results suggest an activation energy of
36 kcal/mole at the grain boundaries and 53 kcal/rnole for

14
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steps and shallow pits. The liter,-_ure for graphite oxidation Summary
reports the "gross" activation energy to be between 35 and

80 kcal/mole. Most probably, the graphite samples used in We have demonstrated that SPM can be used for surface-
previous experiments had various densities of grain bound- reaction studies on both conductors and insulators over a

aries, point defects, and other local surhce perturbations wide range of temperatures, pressures, exposure times,
where gasification most readily occurs, which would and chemical environments (e.g., in high vacuum and in
account for the wide range of values, gases at and above atmospheric pressure). This flexibility

Figure 1 shows the site-specific reactivity of oxygen (air) is not possible with other techniques.
with graphite as a function cf inverse temperature for spe- We have determined site-specific kinetics and morphol-
cific sites. Here we can see that ozone (at a partial pressure ogy changes for thermal and catalytic corrosion reactions

of 10-3 lbrr in air) reacts with graphite much more than air and observed a polymer-deposition reaction from nucle-
does with graphite. This is especially true at higher voltages ation to finished product.
(>2 V) in the vicinity of the STM tip, where the high electric Detailed material-removal studies on conductors and

field and the intense electron current between the tip and the insulators are important in studies of environmental corro-
site immediately below it further increase the reactivity by sion, waste-product containment, and material erosion in
more than an order of magnitude, space. Detailed deposition studies are essential for film

We have extended these STM studies to catalytic reac- production in many technologies.
tions and found that STM provides great insight into these In addition, we have used the high electric field and
reaction mechanisms as weil. For instance, we knew that electron current density between the STM tip and the sam-
impingement of atomic (but not molecular) hydrogen leads pie to enhance local reactivity. Locally induced reaction

to carbon gasification in amounts sufficient to be detectable may be the technique by which future nanometer-scale
in molecular beam experiments 2 and postulated that lithography is achieved.
molecular hydrogen dissociatively adsorbed onto platinum

clusters would spill over onto the graphite and gasify the This work was funded by Weapons-Supporting Research.
carbon. 2 To catalytically enhance gasification with molecu-

lar hydrogen, we deposited platinum on graphite and References
heated it in a vacuum. XTM revealed that the platinum
formed clusters along steps on the surface, and when the 1. G. Binning and H. Rohrer, "Scanning Tunneling Microscopy," IBM l.

surface was exposed to hydrogen, carbon atoms on the ele- Res.Devel.30,355 (1986).
2. D.R.Olanderand M.Balooch,"PlatinumCatalyzedGasificationof

rated step next to the platinum cluster reacted with the Graphiteby Hydrogen,"]. Catalysis60,41(1979).
hydrogen, and gasification occurred. The platinum cluster
then migrated into the void vacated by these carbon atoms,

etching shallow channels into the graphite surface. Figure 2. Surfacemorphology of a polymer-

Only on rare occasions can conventional analytical sur- coated sphere.

face-science tools be used on insulating surfaces. Although
STM reaction studies are limited to conductive substrates,

AFM provides a means to stud), surface reactions such as

deposition and corrosion of insulating materials--a major
DOE concern. To show that we can study the details of
reactions on insulators, we used AFM to study the nucle-
ation, growth, and surface roughness of the polymer coat-
ings of inertial confinement fusion (ICF) spheres (see Fig. 2).
By using AFM, we easily measured the typical roughness

and sphericity of such spheres with nanometer accuracy.
AFM nucleation and growth studies also will be essential
in searching for parameters that influence desirable
film properties.
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Atomic-Resolution Imaging
with Photoelectron Holography

We have imaged copper atoms near a (100) single-c1_dstalface using
photoelectron holography. The Cu 3p hologram, measured at 577 eV
using synchrotron radiation, was two-dimensionally Fourier trans-
formed to obtain three dimensions of atomic structural information.
This structural technique can then be used to better understand
solid-state atomic interactions with future applications.

Introduction it can yield elemental and oxidation-state-specific data that
surface-penetrating probes [e.g., extended x-ray absorption

From a scientific standpoint, atomic-resolution structural fine structure (EXAFS), x-ray standing wave, and ion scat-
probes of single crystals, surfaces, and other unique inter- tering] inadequately provide. The chemical specificity of a
faces provide challenging new venues with which to learn hologram is a consequence of using element-specific core-

about chemical 1-,,nding in the solid state. Many solid-state level photoelectrons. Oxidation-state sensitivity occurs
structural probes already exist, but few can provide atomic- when high-resolution photoelectron spectroscopy is used
resolution images of the regions being studied. Scanning to select the oxidation state or interfacially shifted core-
tunneling microscopy (STM) can stunningly image a sur- le, _1electron. 5 Preliminary studies have shown that the
face with atomic resolution but cannot reveal directly what holography technique can reach buried interfaces when

is below the surface. Other penetrating probes, such as x- used in this manner. 6
ray crystallography, give detailed structural information The elegance of the holography technique permits the
but do so indirectly. The recently pioneered 1'2atom imag- multiple-angle photoelectron interference pattern to be two-

ing technique of photoelectron holography can image not dimensionally Fourier transformed to produce a real-space,
just the surface of a solid-state sample, but also the near three-dimensional intensity map of the electron-scattering
surface region, atoms neighboring the photoemitter. 3 High-precision (0.02-,_

In this article, we describe one of the first photoelectron- error) structural information can be obtained by comparing

holography experiments to image atoms within a single the interference pattern to multiple-scattering simulations. 3,4
crystal: the near-surface atoms of a Cu(001) crystal face. By No other combination of techniques can provide such com-
studying this simple prototype system, we intend to learn prehensive geometric and chemical information.
how to apply this technique to more-complicated and tech-
nologically interesting systems. Experimental Methods

A photoelectron hologram is the constant-energy, angle-

dependent photoelectron intensity derived from a chemi- We measured Cu 3p photoelectron holograms from a clean,
cally specific core level. Photoelectron holography is Cu(001) crystal face that we prepared according to well-
experimentally the same as photoelectron diffraction, which established cleaning and annealing procedures. Monitoring
has been shown to be an effective tool for determining sur- with core-level photoelectron spectroscopy showed that

face structure. 3'4 However, when described as a holographic after we prepared the new surface, it remained clean for 6
process, the diffraction (interference) between the core-level to 10 h. We used valence-band photoemission to orient the
electron measured directly from the photoemitter (i.e., the electron emission directions with respect to the analyzer
reference beam) and the same photoelectron wave that has and measured core-level and valence-band photoelectron
scattered off neighboring atoms (i.e., the object wave) forms spectra using an ellipsoidal mirror analyzer. 7 This band-

2
a true hologram. Photoelectron holography is uniquely pass electron-energy analyzer can measure both angle-

suited to provide near-surface structural information resolved and angle-integrated spectra, thus permitting easy
because it can probe buried regions that surface-imaging alternation between characterization of the sample (angle-
spectroscopies (e.g., STM) cannot reach. At the same time, integrated) and measurement of the 3p photoelectron holo-

grams (angle-resolved).
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To obtain Cu 3p photoelectron holograms at a kinetic Discussion and Conclusions
energy of 577 eV, we performed these measurenlents with
monochromatized synchrotron radiation as the excitation Ill the slice through the Fourier-space volurne shown in

source. We conducted our measurements on the IBM/U8 Fig. l, the peaks arise from scattering atoms that lie in the
beamline 8 at the National Synchrotron Light Source, which plane immediately above any Cu 3p photoelectron emitter.
provided the 650-eV photons needed for this experiment. The volume slice shown is representative of the structural
We measured Cu 3p electron angular distributions of 82° information obtained from this system. Because of the
full-angle acceptance at 577 eV. The total collecting time for symmetry of the sample, nearly ali the atoms in the near-
a single hologram at this energy was 4 h; if we had used a surface region are equivalent emitters. The four peaks
more typical hemispherical electron analyzer to make this around the central intensity appear at approximately the
measurement, it would have taken nearly 10 times longer, correct distance from the emitter (at the origin). The atom-

position resolution of these peaks is 0.7 _, but they are
Results translated from their ideal position by 0.3/_ because of the

forward electron scattering that dominates the hologram.

The top left corner of Fig. 1 shows the raw Cu 3p electron As an electron is forward-scattered through an atom, the
interference pattern. Immediately evident is the strong ana- scattered wave is slightly phase-shifted an additional
lyzer signature that must be removed before the oscillatory amount when it interacts with the atom potential. This
portion of the data (the hologram) becomes clear. To phase shift adds to that which normally occurs from the
remove this signature, we first normalized the 3p electron geometry-induced diffraction, the part that gives rise to
angular distribution to an isotropically emitted electron the structural information we seek. Hence, the forward-
source measured at the same kinetic energy. Next, we scattering phase shift causes the four peaks to appear at
moved the photopeak far from the energy window of the slightly shifted positions.
analyzer_a procedure possible only with synchrotron ...............................................................................................................................
radiation. Finally, we measured the inelastically scattered Figure 1. (Upper left)The unprocessed Cu 3p electron
electrons from the same sample. The bottom left corner of angular distribution at 577eV.The angular

Fig. 1 shows the resultant interference pattern, acceptance displayed is 82 °, and electron intensity is proportional to
height on the surface plot. (Lower left) The raw hologram isolated from

We then converted this electron angular distribution pat- the electron angular distribution pattern. (Upper right) The Gaussian

tern to a constant inverse-space (k-space) grid for further window function used to process the hologram prior to transformation.

data processing. We did this because the two-dimensional (Lowerright) Two-dimensionalslicethrough the atom-position vol-

Fourier transform operates on inverse-space data (/_-1) to ume taken at a distance 1.8 _ above the emitter. Note the four symmet-

obtain real-space (A) intensi :ies of atoms located near the ric peaks that arise from the atoms located directly above the emitter.

emitter. The algorithms us_ 3 for transforming the hologram
are given in Ref. 3. However, prior to Fourier transforma-
tion, the data needed to be "windowed" so that the edges of
the finite data range of the hologram did not lead to trunca-
tion errors in the real-space images. Attenuation of the
edges of the data range reduced the ringing that would oth-
erwise be present in the atom images. This window func-

tion is a two-dimensional Gaussian pictured at the upper
right corner of Fig. 1.

Initially, we had difficulty visualizing the three-dimen-
sional intensity information obtained from the Fourier
transform. Perhaps the most effective means of representing
the data was to take two-dimensional slices through the
volume a_d project that intensity information as a surface.
This has been effective with other holographic images, 2 and
it worked with these data as well. The lower right corner of
Fig. 1 shows a two-dimensional slice through the real-space
intensity volume. This slice was taken through a plane that

is parallel to the crystal surface and intersects the layer of
atoms 1.8/k directly above a given emitter.
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Streaking of the intensity from the atom that lies 3.01 A References
directly above the emitter causes the intensity at the center

of the i:ourier slice. Even though this atom is two atomic I :v _z6ke, "X-Ray and Electron Ih,lography Lsing a Local Reference

layers away, we can still see it in the slice taken through the _arn." in Sh,,," P_;wcl,'n_::ilC,,hcrcnt Radmta,n: (;,'n,'mtto,1 ,aid
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next-generation materials, can be addressed with this l.)i,,tributu,ns." 5, :,rice 252, 1218 (19q1 I.

imaging technique. For example, the effect of photo- 7 1). l-i.Eastman, J. I. Donehm, N. C. Hien, and F. I. Himpse], ".,\n

activation on interface growth mechanisms and structure F.lhp,_ndal Mirror Display Analyzer System for Electron Energy
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Overview

The C&MS Department provides research and develop- The synthesis of a wide range of coatings by physical
ment services in materials science and technology to meet and chemical vapor deposition and their characterization

the demands of all the major LLNL programs. In particular, remain an important materials thrust. We now have the
we design and develop advanced materials for special--and ability to synthesize true bulk multilayer samples hundreds
frequently, extremely harsh---operating conditions. We also of micrometers thick over tens of centimeters composed of
test and characterize such materials to obtain the necessary tens of thousands of precisely reproduced individual layers.
parameters for weapon design codes. To meet these commit- This breakthrough has enabled conventional mechanical
ments, we maintain laboratory facilities that fulfill nearly all characterization of these materials, revealing remarkable
of the requirements of modem metallurgical and ceramic tensile and other properties. Strengths approaching theoret-
applied research and development. These capabilities ical in material combinations not normally allowed by
include arc, induction, and resistance furnaces for melting nature (e.g., copper/stainless steel) have been measured.
and heat-treating in a variety of atmospheres, and facilities We have continued to develop the x-ray optical properties

for hot pressing, shltering, grinding and milling, and sput- of these materials and to employ them as an experimental
tering and vapor deposition. We also perform mechanical benchmark for alloy theory developments.
testing of specimens in a variety of ways and environments. C&MS has a very strong and growing effort in ab initio

Research and development is carried out primarily in alloy theory, including the development of new codes to
the following general areas: physical metallurgy, joining, address previously intractable problems and the extension
forming and processing, coatings and surface modifica- of the application of existing codes to new alloy systems.
tion, and corrosion and compatibility. Recent effort has focused on applying these codes to pre-

The study of phase transformations is a very important dicting phase stability and transformation routes with
aspect of physical metallurgy. Tailoring alloys to specific impressive success and on expanding them to include rela-
applications usually requires an understanding of the tMstic effects in order to treat the actinides. This activity is
effects of impurities, microstnlcture, and heat treatment on closely tied to state-of-the-art alloy-synthesis techniques,
the transformations leading to the desired product. We such as magnetron sputtering to both benchmark and
study both the thermodynamics of phase transformations guide the ab initio effort.
and their transformation mechanisms and associated kinet- The materials effort includes an important component

ics. For several years, we have focused on the details of dis- of process metallurgy and joining activity. We have directed
placive transformations and developed a mechanistic our expertise in metal fatigue and corrosion toward devel-
theory to explain the origins of martensite nuclei and the oping a better tmderstanding of their relationship to process-
importance of inhomogeneous strain fields associated with ing for uranium alloys important to the Nuclear Weapons
potent defects in the formation of martensite embryos: a Program. We have continued our study of superplastic
coherent precursor to the nucleus. A very thorough study deformation in steels and completed the phenomenological
of the relationship between embryo formation and the modeling of rapidly solidified Al-Be alloys. This modeling
phonon spectrum has produced an understanding at the has very successfully explained the banded precipitate
atomic level of the selection process between different structure observed in rapidly solidified AI-Be and has pre-
martensitic transformations, lt is worth noting that the dicted several other systems that should show this effect.
diffusionless martensitic transformation is the basis for

our most important alloy, steel.
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First-Principles Approach to Alloy Phase Stability

The study of phase stability, including order-disorder phenomena
and structural transformations, in substitutional alloys is of
great theoretical and technological interest. Our approach com-
bines accurate quantum-mechanical and statistical descriptions
of the configurational part of the total free energy of an alloy. We
have successfully illustrated the interplay between electronic-
structure properties, crystalline effects, and configurational order
at the microscopic level for copper-zinc, iron-chromium, and iron-
vanadium alloys, thus demonstrating the validity and the predic-
tive power of this advanced methodology.

Introduction shell. V_is an stMleighbor effective pair interaction (EPI)
given by

Three factors motivate us to use first-principles methodok_-

gies to study alloy phase stability from a proper combina- V_= Vj \'\ + V__B- 2V;'\B (2)
tion of quantum rnechanics and statistical thermoclynamics.
First, parameter-free calculations of total energies within the These expressions, in terms of electronic quantities
local density approximation are successful in predicting describing the random meditlm, are documented else-
equilibrium properties of substitutional alloys at zero tem- where. 3 In this GPM expansion, a set of parameters {G}
perature. I Second, the cluster variation method (CVM) or that depend only on site occupancies specify a state of
Monte Carlo simulations used in conjunction with a 3-D order. These EPls provide an imrnediate answer to the
Ising model can accurately describe thermodynamical existence of the most probable ground states (i.e., the
properties at nonzero temperature. 2 Finally, the link ordered states stable at zero temperature) by reference to
between these two fields was made possible by introducing the studies performed on the Ising model for various crys-

approaches justifying an Ising-like expression for the order- talline structures. (See, for example, the results established
ing contribution to the total energy. Such approaches include for bcc4 and fcc5 lattices.) Equation (1) can be extended to

the generalized perturbation method (GPM), the embedded higher order to include many-body interactions, although
cluster method, and the concentration functional theory these are usually negligible because of disorder effects.
(CFT). 2 They all rely on the sole knowledge of a configura- Furthermore, in most of the alloy cases studied so far, the
tionallv disordered state of matter, as described (for exam- EPIs converge rapidly with distance, making the statistical
ple) within the coherent potential approximation (CPA). treatment easier. One should mention that, as derived
With reference to this random medium, the energy differ- from the three methods mentioned above, the EPls are
ence between a specific state of order and the chemically concentration-dependent, in clear contrast to the ones
random state (also called the ordering energy) can be prop- deduced from a more phenomenological approach first
erly evaluated. For reasons discussed elsewhere, 2 the order- introduced bv Connoily and Williams/_,7 which is not yet

ing energies in the foNov,,ing examples are calculated within supported on fundamental grounds.
the GPM, if not stated otherwise. We performed ali electronic-structure calculations on

To lowest order in perturbation, the ordering energy for the basis of charge self-consistent Korringa Kohn Rostoker
an alloy consisting of A and B atoms takes the form CPA muffin-tin potentials rip to an angular momentum

index / equal to 3. We present only the main results here.

= t (IIH,B (1) The only required input data are the atomic numbers of
_XE,,rd{{'ls}):: yq;V with '1, 2' " -c,,,) , the alloy species and the crystalline structure.

where #/I_Band n_ refer to the number of BB pairs and total Phase-Stability Properties of Cu-Zn Alloys
number of pairs, per site, associated with the sth-neighbor

We obtained total energies ,_f the disordered state and EPls
for both fcc (u.)- and bcc (J._)-based alloys as a function of

comp_sition. I._Bc_thquantities suggest a strong tendency

22



Section 2 • Metals and Alloys

toward phase formation and ordering. The El}Is converge as computed from the EPIs), which als{) strongly suggests

rapidly with distance and indicate that the most probable tile existence of LPS. The ordered phase itself has not yet
ground states are (1) LI2 (at Cu3Zn arid CuZn3) and LI{}(at been observed experimentally, probably because of pro-
CuZn) for s-based alloys and (2) DO3 (at Cu3Zn and hibitively slow diffusion kinetics at low temperature. Tile
CuZn3) and B2 (at CuZn) for [3-based alloys. At T ¢:0 K, predicted order-disorder transition temperature from [_(bcc)

we used the tetrahedron-octahedron (irregular tetrahe- to B2 (783 K) is only 40 K higher than tile experimental
dron) approximation of the CVM for R(})-based alloys to value. At tile boundary between B2 and LI0, their internal
solve tile statistical part of tile problem, energies at T = 0 K become almost equal, strongly suggest-

Figure l(a) shows the copper-rich part of the resulting ing a structural transformation of the martensitic-type (i.e.,
phase diagram, and Fig. l(b) is the corresponding experi- diffusionless) in a narrow range of composition, as is indeed
mental phase diagram. '_In (a), fcc is the domain of stability experimentally observed. The dotted lines in the theoretical
of the s-solid solution indicated by Cu in (b). lt is remark- phase diagram indicate the metastable zone boundaries.
able that the two regions with the _-solid solution and tile Hence, the most striking features that control the stability
B2 ordered structure are not only properly located but also properties of Cu-Zn, as a function of concentration and tem-

exhibit the correct behavior with temperature. Vibrations perature, are revealed by tile first-principles approach used
(the effect of which are described within the simple Debye throughout this study. These features, in turn, provide a
theory) affect tile high-temperature part of this phase dia- detailed description of the thermodynamics of both the sta-

gram (i.e., above 600 K). Excess vibrational entropy, a char- ble and the metastable states of this alloy.
acteristic of bcc-based systems, is mainly responsible for

the typical curvature of the two-phase region (R + 13)in the Ordering Tendencies in FeCr and FeV Alloys
copper-rich part of tile phase diagram.

The s-solid solution exhibits short-range order (SRO), a We selected Fe-Cr and Fe-V alloys primarily to gain a bet-
':_ deviation from randomness that causes diffuse scattering ter understanding of the possible role played by SRO in

intensity away from the Bragg peaks (see Fig. 2). Indeed, the high-temperature bcc-solid solution in driving the
SRO-caused diffuse scattering, as calculated using CFT _° structural transformation to a complex _ phase upon cool-

for an R-Cu80Zn20 alloy slightly above the order-disorder ing. Figure 3(a) shows the calculated EPIs for the nonmag-
temperature Tc, shows maxima at the [1¼ 0] positions in netic equiatomic alloys. These rapidly convergent sets of
reciprocal space. These maxima indicate the existence of EPls show that FeCr tends to phase separate, whereas FeV
long-period superstructure (LPS) of the DO23-type, as also clearly exhibits a B2 order. The ordering energy of B2-FeV
suggested experimentally, li This state, a precursor to the is about -8.25 toRy/atom, which is high relative to theo-
formation of an ordered LI2 compound [see Fig. l(a)], has retical estimates for other B2 alloys (CuZn: -2.70, NIT{:
a small ant{phase boundary energy (less than 24 mJ/m 2, -5.71, NiAl: -22.05 mRy/atom). In the case of FeCr, the

wt% Zn Figure 1.
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EPIs closely agree with tile inverse Monte Carlo simula- = 6.5 for FeV and 7 for FeCr). This fact supports general
tions performed on tile inf(x'mation deduced from x-ray tight-binding arguments made in tile past. t3The average
diffuse scattering measurements, 12as shown ill Fig. 3(a). number of valence electrons plays a critical role in decid-
The origin of this difference in tile ordering tendencies ing whether or not an alloy will have a tendency to order
between the two alloys relies on ali argument based on or phase separate, whereas the difference in the number of
bandfiiling, or average number of valence electrons, N, as valence electrons of the alloy species (3 for FeV and 2 for
shown in Fig. 3(b), where the first EPls are plotted vs N (N FeCr) determines tile strength of the tendency, as shown in
................................................................. Fig. 3(b). These findings are important insofar as tile for-

Figure 2. Calculated SRO diffuse scattering intensity mation of complex phases and the stability of multicom-
for the (001) plane, at TIT c :_1.26, and for portent systems are concerned.
tr-based Cus0Zn20 alloy.

Conclusion

The results of our first-principles approach to transforma-
tions in substitutional alloys show that a better under-
standing of phase stability properties may be gained at a
microscopic level. Order-disorder phenomena and struc-
tural transformations can be explained and predicted from
an accurate electronic description of the configurationally
disordered state of the alloy. Crystalline structure and
atomic numbers of the alloy species constitute the only

required input information. This work reemphasizes, on
fundamental grounds, the critical role played by the aver-
age number of valence electrons in determining the sign of

o2o tile interactions that build up the ordering energy and thus
220 ill deciding whether an alloy may order or phase separate.

The diagonal disorder effect, driven by the difference in
the number of valence electrons of the alloy constituents,
quantitatively controls the strength of the tendency. These
predictive capabilities provide valuable information on tile

relative stability and metastability of ordered configura-
tions and on the origin of phase formation of alloys based

000 on complex crystalline structures. We hope that such
100 methodology, besides predicting important aspects of

2o0 phase transformations, will soon play a key role in the
design of new classes of high-performance materials.
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A First-Principles Study of Phase
Stability in Nickel-Aluminum Alloys

We have studied the thermodynamic stability of bcc- and fcc- "
based ordered phases in nickel-aluminum alloys with a highly
accurate first-principles electronic-structure method. We can now
predict the correct ground states, explain the solid solubility (or
the lack thereof) in the terminal solid solutions, predict the occur-
rence of a martensitic transformation in a narrow composition
range, and relate it to the competition between bcc- and fcc-based
ordered structures. We computed the nickel-rich portion of the
phase diagram, and the excellent agreement of our calculations
with experimental determinations confirms the accuracy of our
present approach.

Introduction now be explained and computed with reasonable accuracy. 3'4
In particular, it has become possible to examine the thermo-

The properties of nickel-aluminum alloys make them dynamic properties and study the phase stability of alloys
promising candidates for a new generation of high- from first principles (i.e., from the sole knowledge of the
performance alloys. This in itself constitutes sufficient atomic numbers of the constituer, ts).5 Such first-principles
grounds for studying this alloy system, but in addition, approaches are of great benefit for several reasons:
nickel-aluminum alloys exhibit phenomena that are very • A true understanding of phenomena can be obtained as
interesting for theoretical study. In particular, both replacive their causes and origins are pinpointed.
and displacive transformations occur, and in a narrow range • Phenomena that are inherently difficult to control experi-
of composition, both processes can take place consecutively, mentally can be studied without special problems in a the-
Nickel-rich nickel-aluminum alloys, with a high-tempera- oretical approach (e.g., metastable intermetallic phases).

ture B2 phase, undergo a martensitic transformation in a * Hazardous and expensive experimentation (e.g.,
narrow range of composition hl which, at low temperature, experiments involving highly radioactive elements)
an ordered phase of PtsGa3-type exists. 1Moreover, line com- can be avoided.
pounds with complex crystal structures form at the nickel- An additional benefit is that first-principles approaches
poor side of the phase diagram. 2 are versatile (i.e., they can be applied to any alloy system).

We now know that most physical properties of metals and
alloys can be understood on the basis of their electronic struc- The Generalized Perturbation Method
ture. Because of the recent development of efficient and accu-
rate electronic structure methods based on the local-density We used the generalized perturbation method (GPM), 6

approximation, many properties of metals and alloys can a rather successful method implemented within a

Figure 1.
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multiple-scattering formalism. Tile GPM is based on a per- bct lattice, which is an interpolation between the fcc and
turbative treatment of completely disordered alloys, the bcc lattices, as one would expect on tile basis of these first-
energetics of which are described by the mixing energy (a principles results.
function of composition only). For alloys with long- oi" In addition to revealing tile most-probable ordered
short-range order, another energy term needs to be consid- structures in alloys, we can also use pair interactions to
ered: the ordering energ}; which consists of products of compute the diffuse scattering induced by short-range
composition deviations and effective interactions. With both order. We have found these computations to agree remark-
energy terms, the GPM furnishes an expression for the ably well with highly accurate measurements of neutron

energy of any arbitrary configuration of the alloy. As such, small-angle scattering. 7
it makes possible a ground-state analysis (i.e., a systematic When mixing energies and pair interactions are intro-
search for the most probable states of order at zero temper- duced into a statistical thermodynamic description of the
ature) and a statistical treatment of temperature (or Ising model such as the cluster variation method (CVM), the
entropy), so that composition-temperature (phase) dia- free energy can be evaluated as a function of temperature so
grams can be derived, that the phase diagram can be obtained. We computed the

nickel-rich portion of the nickel- luminum phase diagram
Results and Discussion (see Fig. 4) and found agreemen_ with the experimental

phase diagram to be very good. The phases and phase
The negative energy of mixing in nickel-aluminum alloys boundaries agree well with experiment, and the only short-
(see Fig. 1) indicates that alloy formation is favored over comings of our approach are that we do not have a theoret-
phase separation. Phase segregation is predicted too, but ical framework that allows us to consider the liquid phase,

only at low nickel concentrations in which the energy of nor can we at present properly include the NisA13 phase on
mixing has an upward curvature. This feature gives rise to the bct lattice. Because features in the phase diagram are
the insolubility of nickel in fcc aluminum. Conversely, on
the nickel-rich side, the curvature is downward, and Figure 2. The computed pair interactions in the 1st,
appreciable solubility of aluminum in nickel is predicted. 2nd,3rd,and4thneighbor shells as functions
Both predictions agree with experimental observations, of compositionin nickel-aluminumalloyson the fcclattice(a),andonthebcc lattice(b).

Pair interactions (see Fig. 2) support these predictions.
In aluminum-rich alloys, pair interactions tend to be very 2o
weak or negative, indicating phase segregation. Weak (a)

interactions prevent the usual competing superstructures - 1
from forming, thus allowing complex phases to exist. 7 At
other compositions, the interactions are strongly positive,
which indicates that ordered cornpounds can be expected.

A ground-state analysis, which uses the interactions as - _ 3

sole input, indicates that several ordered structures can ................... ,, .- -

occur. On the fcc lattice, the most probable compounds are 0 -'"l ....... " -- -- .-['_-_'_'_ ......... 4......NiM with an L10 crystal structure and Ni3A1 with the L12 _ 2

structure. On the bcc lattice, three phases are possible: "_ "-_ ] ] ":1 I
NiA1 with the B2 structure, Ni._AI_ with a "phase 9"-type

of structure (see Fig. 3), and Ni3AI with a DO3 structure. -g

When the structural energy difference between bcc and fcc ._ (b)
is considered 8 for the pure elements, the bcc-based ordered _ 20 -
structure in NiA1 evidently is much more stable than the .E_

fcc superstructure. In Ni3AI, the situation is reversed, and
the fcc superstructure is more stable than the bcc-based
structure. In alloys with compositions between NiAI and

Ni3AI, the fcc- and bcc-based structures clearly are almost
9

equally stable. Therefore, in a narrow range of composi- / f ... _ _ .. -..-.
tion, an alloy may have one structure at high temperature 4 / ,,_.......z-.2....... ....--'-'-"-.k. .....
and another at low temperature. 0 ...... .J .... /,-,.."--.... mz_.,..... '-,. ._

Such a phenomenon gives rise to martensitic transfor- Z,.,.,_, P'- ",,,,,
mations, which occur in actual nickel-aluminum alloys ; =--/"I 3 .....
with compositions of about 62.5 at.% Ni) ) In those alloys, _--.._/_ "" I I l I

we have predicted a bcc-based superstructure, "phase 9," o 2o 4o ¢,0 80 100
which is almost identical to the actually occurring struc- Ni concentration (%)
ture of the PtsGa 3 type (see Fig. 3). The latter is based on a
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extremely sensitive to minor inaccuracies in the free energy, l'roperties of Ordered and Disordered Alloys and the Theory of

we conclude that our approach produces a very accurate Ordering l_rocesses in Alloys," in It_,,h-Temperature ()rdercd Alloys II,

description of the energetics of nickel-aluminum alloys. In MRS Syrup. Proc. 81, N. S. Stoloff, C. C. Koch, C. T. Liu, and O. Izumi,
Eds (Materials Research Society, Pittsburgh, PA, 1987), p. 15.

addition, we have evaluated the stability of metastable 6. p. E. A. Turchi, (2;.M. St,, :ks, W. H. Butler, D. M. Nicholson, and

phases (such as Ni3Al with the DO 3 structure) that is not A. Gonis, "First-Principles Study of Ordering Properties of

readily available from experiment. Substitutional Alloys Using the Generalized Perturbation Method,"

Other applications of our first-principles description PIt./s.Rev. B 37, 5982 (19881.

of nickel-aluminum alloys include the computation of 7. M. Sluiter, P. E. A. Turchi, F. J. Pinski, and G. M. Stocks, "A First-
Principles Study of Phase Stability in Ni-AI and Ni-Ti Alloys,"

antiphase boundaries (APB). For example, the ratio of I.Mater. Sci. Eng., in press (19911.
the APB energies on the [111] plane to those on the [100] 8. N. Saunders,A. P.Miodt)wnik,and A.T.Dindale,"Metastable

plane is an important parameter for dislocation behavior Lattice Stabilities for the Elements," Calphad 12, 351 (19881.

in Ni3AI. Our calculations produce a ratio that is very 9. Y. Noda, S. M. Shapiro, G. Shirane, Y. Yamada, and L. E. Tanner,

close to the most reliable experimental determination. 7 In "Martensitic Transformation of a Ni-AI Alloy 1. Experimental
Results and Approximate Structure of the Seven-Layered Phase,"

short, first-principles calculations are rapidly expanding I,J_>/s.Rev. B 42, 10397 (19901.
in areas where previously only experimental measure-
ments were possible. First-principles results will increas-
ingly augment experimental work. Figure 4. Nickel-richportion of the nickel-aluminum

phase diagram computed with first-principles

energies of mixing and pair interactions and with structural-energy
This work was funded by the Materials Science Division of the differences froL_ Ref. 8.
Office of Basic Energy Sciences, U.S. Department of Energy.
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Ordering in the Ti-Pd Alloy System

Physical vapor deposition provides a direct means to prepare speci-
mens for the study of order-disorder transformations in complex
crystal systems, such as titanium-palladium. Rapid quenching takes
piace from the vapor phase to the solid state, leading to the forma-
tion of high-temperature and metastable structures. We observed
subsequent ordering by using hot stage electron microscopy in situ.
Amorphous (Pd > 33 at.%) and A15 (Pd < 33 at.%) phases arefound
in the as-deposited structures for the first time.

Introduction desired film stoichiometry. By alternating source materials
to produce nearly submonolayer-thick layers, we formed

The titanium-palladium system is composed of complex an atomic-scale intermixing in the deposited film. We
crystalline structures, as can be seen in the assessed equi- sequentially passed (at 0.012 rev/s) substrates of Si(111)
librium phase diagram. 1 Several examples include Ti2Pd and cleaved mica mounted on a copper platen 20 cm over
(a Cll b structure of the MoSi 2 type), the high-temperature each of three planar magnetrons. Of these, two were for
_-TiPd phase (a B2 structure of the CsC1 type), the low- titanium (the major constituent) and the third was for palla-
temperature o_-TiPd (a B19 structure of the AuCd type) dium. The contribution in thickness from each magnetron

and the reported existence 2,3of a Ti4Pd compound (with source was constant, ranging from 0.1 to 0.3 nm/rev. The
an off-stoichiometric Al5 structure that may be stabilized resultant 0.25-_tm-thick foils were specular and silver-metal-

by oxygen), lic. The substrate temperature did not exceed 71°C for any
We chose the Ti-Pd system to stud), short-range order deposition run.

(SRO), which develops in the body-centered-cubic (bcc) We measured the uniformity of composition through
solid solution, above or near the possible domain existence the deposited coating using Auger electron spectroscopy
of the long-range order of an A15 structure. Predictions (AES) coupled with depth profiling. In AES, the surface is
from electronic-structure calculations applied to transi- bombarded with a 3-keV, 10HaA electron beam, resulting
tion-metal alloys show that competition exists between a in Auger electrons being ejected with energies characteris-

DO3 ordered configuration (of the Fe3A1 type) and an A15 tic of each element (i.e., 330 eV for palladium and 418 eV
ordered state for Ti-Pd. 4 for titanium). A 5-keV, 1.16-_A argon ion beam is used to

The Ti-Pd system is also a good candidate for obtaining sputter etch through the sample. We base our calculation
an amorphous phase by the use of the physical vapor of the concentration on the heights of energy peaks
deposition (PVD) technique for the following reasons. 5-8 (within a 10- to 20-eV window of the characteristic peak)
The alloy system consists of two or more elements with of data acquired in the derivative mode. The Auger com-
compositions different from the stoichiometry of a known position profiles produce palladium concentration values
compound. A large and negative heat of mixing should consistent with calibrated, quartz-crystal monitors. We
occur for the binary system. The mobility of one or more found oxygen contamination to be completely removed
of the elements in the amorphous state should be low. The from the top 5- to 7-nm layer of the free surface.
atomic size difference of the constituents is substantial. In We removed the Ti-Pd films from the mica substrates

addition, a low substrate temperature is used to enhance by immersing the substrates in a bath of 80°C distilled

the rapid quenching rates attainable with PVD. water. We initially examined the foils by using a powder
Therefore, from experimental synthesis of Ti-Pd films, we diffractometer operated in the 0/20 mode, with a graphite

know that it may be possible to find amorphous phases, 9 monochromator and copper Kczradiation. High-angle
study ordering from disordered high-temperature solutions, scans indicated the crystalline texture, or lack thereof, in
and create an A15 phase (of A3B stoichiometry). 1° the Ti-Pd deposits. The amorphous structure, or very fine

grain size, of the deposits and preferred growth orienta-
Experimental Method tion do not readily permit crystal-structure identification.

Therefore, electron microscopy is the preferred analytic
As our PVD method, we used dc-mode planar magnetron technique for structure determination.
sputtering, in which we monitored and controlled a sequen-
tial deposition of titanium and palladium to produce the
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Using bright field (BF) imaging, we examined (in plan of 25% Pd measured 25.2% using AES and 28.2% using
view) the Ti-Pd films that floated off the mica substrates STEM. We also found foils to be amorphous above and
and analyzed the crystal structure of tile deposits using crystalline below 33% Pd.
the selected area diffraction (SAD) patterns. We equated The amorphous foils showed no diffraction contrast in
the planar spacing corresponding with the principal reflec- BF imaging and had a characteristic broad, arnorphous halo
tion in each SAD pattern with the accurate planar spacing in electron diffraction. The foils underwent amorphous-to-
measured for that reflection in the 0/20 scans. Then, we crystalline transformation characterized by a nucleation and
examined samples from each nominal composition in the grain-growth process (see Fig. 1), typical of many metallic

as-deposited state and annealed them itl situ to study any glasses. 11The crystallite composititm measured 52% Pd,
ordering that may have occurred. We used a single-tilt whereas the adjoining untransformed matrix measured

temperature stage in a JEOL-200CX side-entry TEM to 63%, indicating the existence of palladium enrichment in
increase the sample temperature from 25 to 725°C with the matrix adjoining the crystallization front.
heating rates of 2 to 10°C/min and an energy-dispersive We measured the onset temperature of amorphous-to-
spectrometer (EDS) in the scanning transmission electron crystalline transformation by using a thermocouple
microscopy (STEM) imaging mode for composition analy- attachment to the TEM temperature stage and by DSC.
sis of the deposited films. We used the 4.51 keV-Ti K and The sequence of transformations, beginning with the crys-
2.82-keV Pd L lines in the semiquantitative analysis. The tallization exotherm, are clearly identifiable in the DSC
STEM composition data obtained was affected by less than trace (see Fig. 2). The "double" crystallization peak (249 to
1 at.",;, for absorption correction. 280°C) may be attributable to primary crystallization or to

We used differential scanning calorimetry (DSC) to the coarsening 12of micrograins. This behavior is consis-

identify the temperature of transformations, both the onset tent with that of the Ti-Pd alloy at 0.4 to 0.65Tmelt (1393 K).
of crystallization and the subsequent ordering. Because the The initial crystalline phase, cubic ]3-TiPd, is followed

foils were very thin, typical DSC samples weighed only upon heating by orthorhombic ot-TiPd and tetragonal
0.33 to 0.41 mg. A sealed pan arrangement helped to iso- Ti2Pd (< 370°C), and later by v. _ [3allotropic transforma-
late such small sample volumes in order to enhance the tion (>440°C). The initially observed ]3-TiPd phase was
definition of transformations in the DSC trace. We ran the somewhat unusual because it occurred at a temperature
DSC using a 10°C/rain heating rate, comparable to the assessed to be above the (_.-TiPd phase.
TEM in situ, hot-stage experiments. The crystalline films were nanocrystalline in the as-

deposited state, with grain sizes typically less than 20 nm.

Results In general, the selected area diffraction patterns (with the
exception of the 25% Pd foil) can be indexed using a bcc

We produced Ti-Pd foils with nominal palladium concen- structure (the high-temperature, disordered crystalline
trations ranging from 20 to 66 at.%. We found excellent structure sought to study SRO), which may develop before
agreement among the experinaental measurements of com- transformation to the AI5 phase The 30% Pd sample has a
position. For example, a film with a nominal concentration lattice parameter of 0.345 nra, and the 20% Pd sample has

a lattice parameter of 0.322 nra. We annealed samples at
Figure 1. A BF image of crystallites that form in the 450°C for 70 h and at 550°C for several hours. (Note that

amorphous matrixwith an accompanying both temperatures were below the assessed 595°C temper-
SAD pattern along the [011] projection, identifying the B2 structure of ature of phase separation to Ti.,Pd and to ¢_-Ti.)The bcc
_-TiPd. Bar = 0.3/am. "-

,_" i' _, Figure 2. A DSC trace of heat flow as a function of
temperature, indicating crystallization and

• _ grain growth and subsequent ordering.
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phase transformed to Ti2Pd without any appearance of the significance of this composition needs to be theoretically

A15 structure. Further annealing produced weak oc-TiPd established. The observed A15 structure of Ti3Pd agrees
reflections. The as-deposited 25% Pd sample was all A15 with predictions from electronic-structure calculations. 4

phase. The SAD pattern can Ue completely indexed only to

an Al5 structure with a lattice parameter of 0.482 nra. A Acknowledgments
possible fit (see Table 1) to the ot-TiPd phase 12 is not likely

because of discrepancies in the planar spacings for the The authors thank the following individuals for their con-

(101) and (311) reflections. The in situ annealed sample tribution to this effort: L. Summers (XRD), R. Bedford

orders to Ti2Pd. (DSC), L. Schrawyer (AES), and M. Wall (TEM).

Discussion This work was funded by Weapons-Supporting Research.

Formation of the bcc structures in the Ti-Pd films, with References
nominal compositions of 20 and 30% Pd, results from

direct quenching from the vapor (i.e., the solid-solution 1. T. B. Massalski (Ed.), BinaryAlloy PhaseDiagrams(American Society

equivalent of the high-temperature ]3-Ti phase). A for Metals, Metals Park, OH, 1986), p. 1878.
2. S. Zhang, K. Sumpiyama, and Y. Nakamura, "Nonequilibrium

nanocrystalline structure results directly from such a
Crystalline and Amorphous Ti-Pd Alloys Produced by Vapor

quenching process. The lattice parameter for the 20% Pd Quenching," Mater. Trans.]lM 30,733 (1989).
film follows a Vegard's rule-of-mixtures value, whereas 3. E. Raub and E. Roschel, "Die Titan-Palladium-Legierungen," Z.
the 30% Pd sample shows a positive deviation. The A15 Metallk. 59,112 (1968).

structure formed at 25% Pd on a room-temperature sub- 4. P. E. A. Turchi, G. Treglia,and F. Ducastelle, "Electronic Structure
and Phase Stability of A15 Transition Metals and Alloys," ]. Phys. F

strate. Failure of the 20 and 30% Pd samples to exhibit bcc- 13, 2543 (1983).
to-A15-to-Ti2Pd transformations indicates that the A15 5. R. B.Schwarz and W. L. Johnson, "Formation of an Amorphous
phase field probably lies between approximately 23 and Alloy by Solid-State Reaction of the Pure Polycrystalline Metals,"

28% Pd. The observed ordering to the Ti2Pd structure at Phys, aev. Lett. 51,415 (1983).

450 < T < 550°C indicates that the Ti2Pd phase may occur 6. R. B.Schwarz, "Formation of Amorphous Alloys by Solid-State
in this range, and not at 595°C as indicated in the estab- Reactions," Mater. Sci. Eng. 97, 71 (1988).7. R. B.Schwarz and W. L. Johnson, "Remarks on Solid-State
lished phase diagram. Ordering from the bcc structure to Amorphizing Transformations," J. Less-CommonMet. 140,1 (1988).
an A15 phase may be possible by vapor-depositing 25% 8. T. Egami and Y. Waseda, "Atomic Size Effect on the Formability of

Pd films onto cryogenically cooled substrates. In this way, Metallic Glasses," ]. Non-Cryst. Solids,64, 113 (1984).

a bcc parent phase may form for Ti-Pd films with composi- 9. A. F.Jankowski, M. Wall, and P. E. A. Turchi, "Crystallization of
Amorphous Ti-Pd," J.Less-CommonMet. 161, 115 (1990).

tions between 23 and 28% Pd. 10. A. F.Jankowski, "Al5 Structure Formation in Ti-Pd," I. Alloys Comp.
178 (in press) [see LLNL Preprint UCRL-JC-107291(1991)].

Summary 11. R. L. Freed and J. B.Vander Sande, "The Metallic Glass CussZr44
Devitrification and the Effects of Devitrification on Mechanical

We have rigorously identified, for the first time, amorphous Properties," Acta Metall. 28, 103 (1980).
12. A. E. Dwight, R. A. Conner, Jr., and J. W. Downey "Equiatomic

and A15 structures of Ti3Pd. The amorphous phase occurs Compounds of the Transition and Lanthanide Elements with Rh, Sr,
in sputtered films with compositions above 33 at.% Pd. The Ni, and Pt,"Acta Crystallogr.13,835 (1965).

Table 1. Planar spacings (nm) and indices (hkl) of the 25-at.% Pd film.

A15 (a = 0.482) 0.341 0.241 0.2155 0.170 0.139 0.134 0.1205 0.114 0.108
(110) (200) (210) (220) (222) (320) (400) (330) (420)

As deposited 0.3399 0,2403 0.2155 0.1640 0.1394 0.1336 0.1212 0.1152 0.1064

c_-TiPd 0.332 0.243 0.215 0.1665 0.141 0.129 0.1195 0.1175
(101) (011) (111) (211) (020) (311) (220) a

a Unknown/unreported.
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Deformation Behavior of Pre-shocked Copper
as a Function of Strain Rate and Temperature

From quasistatic compression data for 30-_tm grain-size samples
of oxygen-free electronic (OFE) grade copper shocked to 10 GPa for
1 Its, we derive a value for the thermal component of the mechani-
cal threshold stress (MTS). Model calculations of the flow stress
based on this value provide an excellent description of the uniaxial
deformation of pre-shocked specimens tested in compression at
low and high strain rates. We have obtained excellent agreement
with data obtained from electromagnetically launched expanding-
ring experiments in which excursions of both temperature and
strain rate are large.

Introduction tested similar specimens 0.25 cm in diameter by 0.25 cm
long with the SHPB at a rate of 2700 s-l.

Accurate modeling of material flow behavior at high strain We fabricated specimens for the expanding-ring experi-

rates is a critical part of realistically simulating warheads for ments into disks 4.0 cm in diameter and 0.3 cm thick from
conventional munitions. In such munitions, however, mate- forged OFE hot-rolled plate, 6 heat-treated them to yield a

rials are frequently subjected to strong shocks followed by grain size of approximately 10 _um,and subsequently shock-
extensive subsequent deformation. Although shock waves loaded them to 11.5 GPa for 1.5 Its by impacting them with
are known to alter material constitutive behavior, quantita- a copper plate moving at 587 + 5 m/s. We used both lateral
tire treatments have only recently appeared. 1,2We have and forward momentum traps and recovered the specimens
studied the stress-strain behavior of previously shock- in a low-density foam. Thickness measurements after recov-
loaded oxygen-free electronic (OFE) grade copper with 10- ery indicated that the residual plastic strain was generally
and 30-mm grain sizes. Our studies included testing it in less than 1%, although it did range as high as 2%. We made

compression using conventional equipment and in tension no attempt to cool the specimens ral:.idly after shock-load-
using electromagnetically launched expanding rings (dis- ing, and they were warm to the touch (30 to 40°C) when we
cussed elsewhere3'4). Our results show that once the initial extracted them from the foam. Finally we fabricated two

value of the threshold stress is specified, the evolution of the sets of rings from the shocked disks, one set with 3.2-cm
flow stress during subsequent deformation is well described mean diameters and 0.1- x 0.1-cm square cross sections and
by the mechanical threshold stress (MTS) m_Klel,_-7even for the other with 3.1-cre mean diameters and 0.05- x 0.05-cre

tl_ecomplex temperature and strain-rate histories experi- square cross sections.
enced during electromagnetic ring expansion. Figure 1 shows strain-rate and temperature histories

typical of the expansion of copper rings with these two

Experiment cross sections. In Fig. l(b), we see that rings with the
smaller cross section can reach temperatures as high as

We fabricated OFE copper test specimens for quasistatic 400°C. ¢_,3Because of the simultaneous variations of strain
and split Hopkinson pressure bar (SHPB) experiments from rate and temperature on a very short time scale, expand-
cross-rolled plate that we heat-treated to yield a grain size ing-ring data is uniquely valuable in interrogating mate-
of approximately 30 _m. Copper disks were shock-loaded rial constitutive models.
to 10 GPa for 1 Its bv the impact of a copper flyer plate mov-
ing at 518 m/s l's'_and then caught in a water bath, which Analysis and Results
also served as a thermal quenching medium, l'2>jWe then
electrodischarge-machined cylinders 0.5 cm in diameter and Within the MTS model, s'(_the flow stress is given by
0.5 cm long from the shocked disks (axes normal to the

shock front) and tested them for compression at roomtem-perature an engineering strain rate c_ [( [k'l" ! )] I 't 1'I'
and of l(Y"_s-1 We = & ,M(T)+6tM(7")! "1- In t'_ ,

• , _ , (1)
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where M(T) is the ratio of the shear modulus _ at tempera- deformation, as specified by an empirical expression for

ture T to its value at T = 295 K,4 G 0 is the activation energy the rate of change of the threshold stress with strain,

(G O= g0_tb3, where _ is the shear modulus and b is the dOe/dc 5,o._ Under uniaxial strain in the shock front, we
burgers vector), p and q (0 < p <_1 and 1 <_q < 2) describe cannot presume that relationships derived for uniaxial

the modification of the activation barrier by the "thermal" stress apply. However, we can reasonably assume that

portion of the applied stress 6 t, and _. is the strain rate. they do describe the evolution of the MTS during subse-

E)efinitions and values of the various quantities are dis- quent deformation, provided that the initial value of 6 t
cussed in detail in Ref. 6. The MTS, after shock loading is known.

We determined 6 t for copper shocked to l0 GPa for 1 ItS

6 = 6 a +6 t , (2) as follows. Figure 2 shows the stress-strain data for copper

tested in compression at a strain rate of lO-3 s -l. We see that

characterizes the influence of structure on the flow stress the stress ri_s abruptly to a yield value well above that _,p-

through Eq. (1). The "athermal" poi fion, Oa, is indepen- icai of the unshocked materialP We assume that this yield

dent of both temperature and deformation and varies with stress is representative of the threshold stress immediately

grain size according too after final release from shock loading through Eq. (1). By

extrapolating the flow curve back to zero strain, we find a

2.78 x 10 -4 characteristic value of about 0.25 GPa for the yield.
c)a ..... , (3) For a grain size of 30 _m, Eq. (3) yields 6a = 0.051 GPa,

\ d and at room temperature, M(298) = 1. By inverting Eq. (1),

we find 6 t = 0.227 GPa. The calculated isothermal stress-

where d is the grain size in meters. The "thermal" por- strain response obtained by using this initial value for 6 t

tion, 0 t, is independent of the grain size but changes with and the model parameter values given in Ref. 6 agrees well
with the experimental data in Fig. 2. A similar calculation

][_i_il_ 1. Temperature and slrain rate v_ true strain for under adiabatic conditions* for a strain rate of 2700 s-1 like-

expandin8 rin_ with cross _ciions of 0.1 x wise yields excellent agreement with compression SHPB
0.1on la) and 0o0s_0.05cm (hb. data, also shown in Fig. 2.

2o 2oo For 10-_m grains, Eq. (3) yields 6 t = 0.088 GPa. We

la) assume that this is simply superimposed on the thermal

component of the threshold stress produced by the shock,

15 - 1_) which we take to be 0.'_7 GPa. in Fig. 3, calculations and

Fi_ul_ 2. Comparison between compression data(solid
10 -- 11_ line) and calculations (broken linel with the

MTS model for OFEcopper previously shocked to 10GPa for I Ins. The
calculated (dashedJ flow curve for unshocked 30-_m material tested at a
constant engineering strain rate of 10-3 s-I is shown for comparison.
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expansion data for rings with both large (1,0-200 C) and behavior. For strains less than about 4%, the change of
small (350-400°C) square cross sections shocked to 11.5 GPa temperature `a,ith strain dT/dr, is so large [Fig. l(b)] that the
are in excellent agreement. Of particular interest is the nega- change in p dominates the behavior of the flow stress.
tire slope of the flow stress at low strains for rings with Because the function M(T) decreases with temperature, the
small cross section, net slope is negative. As strain increases beyond 4%, ttT/ttt

declines rapidly, and the moderate increase in 6 t `a,ith
Discussion strain (i.e., "strain hardening") overwhelms the effects of

any further decline in the shear modulus. The slope dc_/dE

We have used the same value of 6 t for calculations of both therefore changes sign and becomes slightly positive.
the compression and ring experiments, even though the
shock amplitudes (10 and 11.5 GPa) and shock durations Conclusion
(1 and 1.5 _s) applied to the starting materials were differ-
ent. Gray and Follansbee, 1 however, have noted that both The MTS model successfully captures the subtleties of
amplitude and duration may affect the structural evolu- temperature and strain-rate effects on the post-shock

tion (and hence 6 t) in the shock front. To address this deformation behavior of 10- and 30-_m OFE copper, pro-
issue, `a,e interpolated their data in two variables and esti- vided that the initial value of the thermal component of

mated 6 t = 0.243 GPa for an ll.5-GPa, 1.5-ps shock. The the MTS, 6 t, is specified. The value we find, 0.227 GPa, is
range of experimentally determined values for copper in good agreement with values in the literature. We con-
shocked to 10 GPa for 1 ps reported by Follansbee and clude specifically that
Gray 2 is 0.2 to 0.27 GPa, scattered +15% abou_ a mean of • When an appropriate initial value of the MTS is speci-
0.235 GPa. This scatter is large compared to the difference fled, the post-shock flow stress of OFE copper is well

(0.016 GPa) between our interpolated value of 6 t and the described by relationships derived independently for
experimental value (0.227 GPa). Thus, `a,e ignore any effect unshocked materials.
on the ilo`a, stress from small differences in the shock • The structural changes produced by a shock wave are

amplitudes and durations applied to our specimens. The superimposed on both the initial structural characteris-
effect of the residual heat follo`a, ing shock loading and tics of a material and the structural changes that accom-

release likewise appears to be negligible. 1° pany subsequent deformation.
From Fig. 3, it is clear that the nonmonotonic behavior • The temperature dependence of the shear modulus is cru-

of the calculated flow stress is crucial to the close agree- cial to the proper description of the evolution of the flow
ment between calculation and experiment for the small stress when heating rates and temperatures are high.
cross-section ring. The flow stress declines slightly at first,
reaches a minimum, and then increases gradually. The Acknowledgments
unique characteristics of electromagnetic ring expansion
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Fatigue Behavior of U-6Nb Alloys

We evaluated the fatigue behavior of uranium alloy U-6Nb aged
at 200°C for 2 h using fracture mechanics methods. We found that
crack closure associated with crack branching results in a fatigue
threshold of 3.2 MPa vnt at a load ratio of 0.1. Tests at high load
ratio eliminate crack closure and reduce the fatigue threshold to
0.9 MPa _-rn in air and to 1.5 MPa V_ in dry nitrogen. Fatigue-
crack growth rates drop by a factor of 5 in dry nitrogen because
of corrosion fatigue in air at 50% relative humidity.

Introduction threshold to microstructure and environment. Tile), most
often attributed the effects to closure of the crack tip prior

The strength and corrosion properties of U-6Nb to reaching the minimum load in a fatigue cycle. Crack

strongly depend on the thermal history of the material, closure increases the apparent fatigue threshold but does
Two heat-treatment conditions are commonly used" a low- not represent the intrinsic fatigue resistance of the mate-

yield-strength, solution-quenched condition or a higher- rial. Short cracks, noncorrosive environments, and mean
yield-strength, quenched-and-aged condition heat treated tensile loads can ali reduce the fatigue threshold by reduc-
at 200°C for 2 h. We evaluated both conditions for fatigue- ing or eliminating crack closure.

crack-propagation behavior, emphasizing the properties Wt, measured the degree of crack closure in U-6Nb for
in the aged condition, long cracks, and we determined the fatigue threshold for

By determining the fatigue crack growth rate (FCGR) both standard and high mean tensile loads for the environ-
behavior of U-6Nb, we could then use fracture-mechanics ments mentioned.

methods to assess the lifetime of the U-6Nb components.
To support the fracture-mechanics assessments, we identi- Experimental Methods
fled the crack initiation sites by analyzing the fracture sur-
faces of stress-life test specimens. We also evaluated the The U-fNb material used in this study was as-quenched,

sensitivity of fatigue behavior to the test em'ironment and 16-mm-thick, cross-rolled plate produced at the Oak Ridge
mean tensile stresses. From this approach, we obtained a Y-12 Plant in 1Z,nnessee. We cut ali test specimens such

full set of design data for U-6Nb structural applications, that their loading direction was parallel to the plane of the
The general corrosion resistance of U-6Nb decreases sub- cross-rolled plate and heat-treated the rough-machined

stantiallv when aged to peak strength, although it remains samples at 200:C for 2 h in an air furnace. Wt, then finish-
high for material aged at 200':C for 2 h. Aging imparts a machined the test specirnens using a series of decreasing
more significant decrease in the resistance to stress corro- cut depths, with a finish cut depth of 0.025 mm.
sion cracking (SCC). We evaluated the potential for svner- The FCGR measurements followed the procedures
gism between corrosion and fatigue damage in aged U-6Nb recommended in American Society for Testing Materials
by comparing FCGRs in laboratory-air and dry-nitrogen (ASTM)Standard E647-88 for compact tension speci-
environments. No fatigue-crack-propagation data has mens. We obtained ali near-threshold FCGR data by
been previously reported for U-6Nb in any environment, means of decreasing-K tests, in which we used a stepped
However, Finnertv et al. 1reported that smooth-bar fatigue load-shedding technique, applying the fatigue cycle by a

strengths of oil-quenched U-6Nb decrease frorn 260 MPa in hydraulic actuator with a square-wave function-generator
humid nitrogen to 240 MPa in humid air. Susceptibility to at a frequency of 20 Hz.

SCC also depends strongly on environmental conditions: We measured crack length by two methods. In early test-
increasing moisture content increases SCC susceptibility in ing, we wedged the crack open at the minimum load and

, "1

H_ or O_ environments, but not in N, environments.- measured the crack length to the nearest 0.025 mm by opti-

-Of particular interest in high-cycle fatigue designs is the cal measurements at 100x magnification. In later tests,
fatigue threshold, commonly defined as the critical stress including all environmental testing, we used an in situ
intensity range for growth rates below 10-7 mm/cycle. DCPD (direct-current p_tential-drop) method to measure
Many investigators have reported sensitivity of the fatigue crack length (see Ref. 3 for detailed procedures). We evalu-

ated environmental effects using a leak-tight environmental
chamber operated at a slight, positive, purge-gas pressure.
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Results We further evaluated fatigue behavior in tile absence of
crack-tip closure effects by instituting fatigue test cycles

We measured the baseline fatigue-crack propagation with constant maximum stress intensity, Kmax. We also
behavior for aged U-6Nb (200°C/2h) in laboratory air at a used these tests to impose increased mean tensile stresses

load ratio of 0.1 using a total of six test specimens. The rela- onto the fatigue cycles. We evaluated two levels of Kmax:
tionship between FCGRs and cyclic stress intensities (see 14.6 and 30.5 MPa fin:l-. Under these conditions, the
Fig. 1) consists of three distinct regions of crack growth- fatigue threshold decreased to 0.9 MPa _,/m and below
rate behavior. As stress intensities (SK) increase above 0.6 MPa \/i_, respectively.
20 MPa \'m, the FCGRs increase rapidly. This low-cycle We also evaluated tile influence of test environment

fatigue region is bordered by a mid-growth-rate region that on FCGRs at high mean loads. The shape of the curve of
can be characterized as low-n Paris Law behavior, growth rate vs cyclic stress intensity in dry nitrogen is

similar to that in laboratory air at 50% relative humidity
da/dN = C(AK)" , (1) (RH), as shown in Fig. 2. However, the growth rates

decreased in dry nitrogen by a factor of 5. At growth
where da/dN is the crack growth rate (length per cycle), C is rates of 10-7 mm/cycle in dry nitrogen, the threshold

an empirically determined coefficient, and n decreases from stress intensity decreased from 1.5 to 0.8 MPa _/m as Kmax
3.9 in the low-cycle fatigue range to as low as 0.4 in the mid- increased from 14.6 to 30.5 MPa ,/m.
growth-rate region. With further decreases in AK, n rapidly The crack propagation behavior in ali tests became
increases, and a fatigue threshold is reached at which notably anisotropic as the cyclic stress intensity decreased

growth rates rapidly decrease to below 10-7 mm/cycle, below approximately 10 MPa V_m. Crack propagation
The fatigue threshold occurs at a cyclic stress intensity of deviated from that of a single crack-front to the propaga-
3.2 MPa \m under these conditions, tion of multiple cracks in a lightning-bolt morphology, as

The dependence of the fatigue-threshold value on test- shown in Fig. 3. The crack path was in all cases transgran-
ing conditions was further evaluated. For long cracks ular in nature, often characterized by closely spaced jogs
cycled at a load ratio of 0.1 in laboratory air, we deter- in two directions within a particular grain orientation. The
mined that crack-tip closure occurs above the minimum crack path also preferentially intercepts inclusions identi-
cyclic load. Compliance measurements of crack opening fled as both oxides and carbides.

displacement vs load indicated the stress intensity We also found the sites of fatigue-crack initiation by
required to open the crack tip to be 1.2 MPa _:m. The examining the fracture surfaces of smooth-bar fatigue
effective cyclic stress intensity at threshold was therefore specimens, as described in Ref. 3. In ali cases, the point of
actually 2.2 MPa ,,-m- vs the applied value of 3.2 MPa v'm-.
This crack-tip closure was eliminated when the fatigue Figure 2. Comparison of fatigue-crack growth rates in

crack was widened with a saw cut to within approxi- air and dry nitrogen at a constant maximum
mately 1.5 mm of the crack tip. stress intensity of 14.6 MPa \/m .
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Figure 1. Fatigue-crack growth rates in aged U-6Nb at _z

200_C/2 h for increasing- and decreasing-K - [] Dr,,, nitrogen

tests on 12.7- and 2.5-mm-thick plates at R = 0.1 in air. 10.`4 ==- O Air at 50% RH

10-2 _

: Thickness = 12.7mm [] _ 10_ _- _,_,_-_-O-.r¢_

10.._ [] lncreasing-K test [] >, -[] -'_ _ []

O F1%[]FI[][] VI•O Decreasing-K test [] _ 10-_' =-- O
.) [] £ =

Thickness = ..5 mm [] _. z O [].'v 104 g._ • --< _
i Decreasing-Ktest I-I "-7- -, u _ lO-7

IO-s ==-- DD
"< III 0

10-" - 7.

1()"* I I I III111 I I ) I))_Jl I I I I III1O.1 I 10 102
l()-7

-
AK (MPa \'m )

10-_ ,, i 1 t I I I 11[ I I I I I I I )
1() ():

_K (M Pa _m )

37



Section 2 ® Metals and Alloys

crack initiation was a prominent inclusion or inclusion asperities behind the crack tip to come into contact prior to
cluster, identified by x-ray fluorescence spectroscopy as complete unloading. This mechanism is consistent with the
niobium carbide and uranium oxide. When we compared saw-cut results.
the distribution of these inherent defects in U-6Nb plates We als() eliminated far-field closure by imposing fatigue
with producer data, we found it to be typical in terms of cycles at constant maximum stress intensity. We chose the
maximum size (0.016 mm) and number, value of 14.6 MPa Vm to maintain minimum stress intensi-

ties many times higher than the observed closure value of
Discussion 1.2 MPa \'rn'i and to stay above the region of pronounced

crack branching. Although closure was eliminated, crack
The mechanical behavior of U-6Nb is characterized by high branching persisted when the cyclic stress intensity range
fracture toughness, high resistance to low-cycle fatigue, decreased below 10 MPa ,/irl. The fatigue threshold in
and low fatigue thresholds. Linking the low-cycle fatigue laboratory air decreased under these conditions from

and the fatigue threshold regimes is a plateau in FCGRs 3.2 MPa ,_/m (R = 0.1) to 0.9 MPa _/m (R = 0.93). This drop
below approximately 10 MPa ,/rh, where n decreases to as is larger than was expected from closure effects alone.
low as 0.4, much lower than the values typical of steels (2 < Environmental effects were evaluated by comparison
n < 4). While mid-growth rates are not typically sensitive to testing in an inert environrnent of dry nitrogen. FCGRs in
testing conditions in other systems, the fatigue threshold dry nitrogen were reduced relative to laboratory air, but the
behavior is well known to be sensitive to mean tensile mid-growth-rate plateau remained. This behavior is indica-
loads and environment. Aggressive environments can also tive of corrosion fatigue without stress corrosion cracking.
influence mid-growth-rate behavior through a corrosion- The nitrogen environment did not significantly affect the
fatigue mechanism. We evaluated these variables of mean fatigue threshold or the extent of crack branching.
tensile loads and test environment to ensure that fatigue-
lifetime predictions were not overestimated. Conclusions

The source of crack closure for long cracks at a load ratio

(R} of 0.1 in laboratory air was clarified by opening the We have fully characterized the fatigue-crack-growth
crack width to within 1.5 mm of the crack tip. The crack clo- behavior of U-6Nb in laboratory air and at a load ratio of
sure disappeared, indicating that the source of the observed 0.1. The results show a high resistance to low-cycle fatigue,
closure phenomena is long range in nature. Although sur- a mid-growth-rate plateau insensitive to cyclic stress
face oxidation increased at low growth rates, we expected intensity, and a fatigue threshold of 3.2 MPa ,/ha. By mea-
oxidation-induced closure to be most significant near the suring crack closure loads, an effective fatigue threshold of
crack tip and unaffected by the saw cut. Conversely, we 2.1 MPa _,/m was calculated for a load ratio of 0.1. Tests at
expected the effects of crack branching to be a longer range high load ratios with a constant maximum stress intensity
interaction. Crack surface roughness is known to cause eliminated closure and reduced the fatigue threshold at

10-7 mm/cycle to 0.9 MPa (ha at a load ratio of 0.93.

Figure 3. Comparison tests in dry nitrogen show a mild sensitivityd

_::/'_ to environment but no change in the shape of the curves of
Profile of fatigue frac- growth rate vs cyclic stress intensity. A significant degree
turesurface,displaying ,. of crack branching occurs in the mid-growth-rate fatigue
extensive secondary -" range for both environments and with preferential crack-crackingand crack
branching at AK < " ing of oxide and carbide inclusions.
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A Model for the Formation of Bands of

Ultrafine Particles in Rapidly Solidified
Aluminum-Beryllium Alloys

Rapid-solidification processing of aluminum-beryllium alloys
produces a dispersion of ultrafine beryllium particles in an alu-
minum alloy matrix. This dispersion is highly desirable because it
strengthens the alloy while providing macroscopically homoge-
neous mechanical properties. In AI-5 at.% Be, the rapidly solidi-
fied microstructure consists of lO-nm-diameter, beryllium-rich
particles that are periodically spaced in arrays parallel to the
solidification front. To model and explain the formation of this
unique banded microstructure, we used a numerical method with
liquid-phase nucleation.

Introd,ction Rapid-Solidification Model

Dispersions of ultrafine beryllium particles in aluminum The aluminum-beryllium phase diagram is a simple eutec-
alloys increase their strength-to-weight ratio while main- tic system that exhibits severely limited solubility in the
taining favorable ductility and fracture toughness. Such terminal solid phases. Figure 2 shows that the major fea-
dispersions are desirable and have been produced directly ture of this phase diagram is the hcp beryllium liquidus,
through rapid solidification processing by such techniques which is flat over a wide range of compositions. This flat
as melt spinning, arc-splat quenching, and electron-beam liquidus indicates the likely presence of a metastable liquid-
resolidification. 1-4 The resulting microstructures contain phase miscibility gap that may be accessible by rapid-
randomly oriented, ultrafine beryllium particles that lie in solidification processing. 5 A subregular thermodynamic
arrays parallel to the solidification front. When viewed on
edge, these arrays appear as rows of ultrafine particles. Figure 1. TEM micrograph of anAI-5at.%Be alloy

Figure I shows a transmission electron microscope solidified at0.2mis.The arrowindicatesthe

(TEM) micrograph of the typical ultrafine particle solidificationdirection.

microstructures produced by electron-beam resolidification _i_ ,_ 8 ....
at scan speeds greater than 0.1 m/s. 2 Rows of nanometer- , _

sized beryllium-rich particles are evident with a spacing of . . _ ,, _..,
approximately 25 nm. These rows of particles are aligned " •_ ; "s"__ _ _
parallel to the solidification front, and selected area diffrac-
tion further shows that these particles have a random crys-
tallographic orientation. 2

The periodic nature of this banded microstructure sug- .;
gests that the ultrafine particles form by a nonsteady-state _.
solidification mechanism. The random orientation of these

particles further suggests that they nucleate directly from

the liquid ahead of the liquid/solid (L/S) interface. ._ o :.

Conventional solidification theory cannot describe the for- . ,_
mation of this unusual microstructure. We have developed
a model of macroscopically steady-state but microscopically "*
oscillatory motion of the solidification front to explain the
formation of this new class of microstructures.
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solution model of the aluminum-berylliunl alloy system 6 Results
confirms the presence of a liquid miscibility gap, which is
a key feature in forming ultrafine particles by rapid- We first used the model to compare the homogeneous
solidification processing, nucleation kinetics of liquid beryllium-rich droplets to the

The solidification mechanism that we propose relies on kinetics of solid beryllium-rich particles. These results
liquid-phase nucleation (LPN) to form the ultrafine parti- showed that ultrafine particles can form only through
cles. This mechanism involves (1) stabilization by rapid nucleation of liquid droplets and that the nucleation time

solidification of a plane-front solvent-rich phase; (2) was on the order of 100 ns for typical rapid solidification
buildup of rejected solute in a diffusional boundary layer conditions. 2 These significant findings indicate that bands
ahead of this interface, which slows down the growing of ultrafine particles can form by LPN, but only when
crystal matrix; (3) boundary layer composition entering a access to a liquid-miscibility sap exists.
metastable liquid miscibility gap; (4) homogeneous nucle- We then used the numerical model to calculate the liq-
ation of solute-rich liquid droplets in the boundary layer; uid and solid compositions and the velocity and tempera-
(5) rapid droplet growth, which is limited by the small size ture of the L/S interface as functions of the solidification

of the boundary layer and accompanied by depletion of time for rapidly solidified AI-5 at.% Be alloys. For an aver-
excess solute from this layer; and (6) growth of the matrix age interface velocity of 0.2 m/s, the model shows that the

past the droplets and reformation into a planar interface, concentration of solute in the liquid increases and the con-
Repetition of this mechanism on a nanometer scale centration of solute in the solid decreases as the solidifica-
accounts for the banded microstructure, tion front advances. These results, plotted in Fig. 3(a),

In this investigation, we developed a numerical show that solute (beryllium) builds up in the liquid
approach to study the formation of ultrafine particles by boundary layer, reaching 16 at.% just prior to nucleation
modeling the effects of rapid solidification on the diffusive of beryllium-rich droplets at a solidification time of 220 ns.
boundary layer and by modeling the homogeneous nucle- After accounting for the effects of nucleation on the L/S
ation of solute-rich droplets from this layer. Inputs to the interface and on the diffusive boundary layer, the calcula-
model are (1) approximate pseudo-steady-state, one- tions show that the nucleation process will continue, lead-
dimensional solute and thermal-diffusion equations; (2) ing to a periodic spacing of the ultrafine particles.
nonequilibrium interface response functions; (3) the kinet- During formation of the droplets, the interface velocity
ics of homogeneous nucleation; and (4) a thermodynamic oscillates considerably about its mean value. Figure 3(b) is

model of the alloy system, which is needed for quantita- the calculated velocity profile for the nucleation events in
tive results in (2) and (3). Details of the model are pro- Fig. 3(a). The velocity exceeds 1 m/s just after droplet
vided in Ref. 2. Results of the model correlate well with nucleation, but it decreases rapidly as solute builds up in

experimental data. the boundary layer. Therefore, for an average interface
velocity of 0.2 m/s, we calculate that the actual interface

Figure 2. AI..Bephasediagram,showingthemetastable
liquid-miscibilitygap. Figure 3.
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velocity oscillates more than ali order of magnitude dur- Summary
ing tile 220-ns nucleation period. Calculations of the inter-
face temperature also show periodic fluctuations, but The rapid-solidification model explains semiquantita-
these fluctuations are small (-50 mK), thus allowing us to tivelv the diameter and periodic spacing of the ultrafine

consider the solidification process to be isothermal, particles in rapidly solidified aluminurn-berylliuna alloys.
The model also calculated the droplet size and further In At-5 at.','.i,Be, the model predicts that homogeneous

confirmed the LPN nlechanism. These calculations predict nucleation will periodically interrupt the deveh_pment of
droplets 11 nm in diameter for the solidification conditions the diffusive boundary layer and will produce a banded
presented in Fig. 3, where the undercooling is approximately microstructure that consists of 10-nm-diam, beryllium-rich
50 K and the average interface velocity is 0.2 m/s. This cal- particles spaced approximately 25 nm apart. Experimental

culated particle diameter agrees well with the experimen- results from rapidly solidified aluminum-beryllium alloys
tally measured values, which showed particle sizes varying agree with these calculations and support the LPN mecha-
between 7 and 12 nm for electron-beam scan speeds nism. This mechanism relies on thermodynamic access to
between 0.1 and 0.5 m/s. a liquid-miscibility gap to form the ultrafine particles.

Finally, we used the numerical model to calculate the Therefore, the rapid solidification model can be further
range of initial undercoolings for which ultrafine particles used to predict ultrafine particle formation in other alloy
would form in AI-5 at.'!,",,Be. These results showed that, for systems with similar phase-diagram features.

undercoolings lower than 6 K, the supersaturation of the
liquid in the diffusive boundary layer is insufficient to Acknowledgments
reach the miscibility gap, whereas for undercoolings
higher than 80 K, complete solute trapping of the beryl- The authors acknowledge the assistance of M. A. Wall
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and t, _eaverage interface velocity calculated for a range of for donating FORTRAN subroutines.
initial undercoolings. As the undercooling increases from
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Overview

Energetic materials--that is, compounds of high The time-honored skills of the synthetic organic chemist
energy content per unit weight--have long been an area continue to contribute to the development of new com-
for research and development at the Laboratory because of pounds that may possess more energy than TATB (the
their obvious importance in the nuclear weapons program, usual reference standard for an insensitive high explosive)
In recent years, emphasis has shifted toward the develop- and that have comparable insensitivity. Such compounds

ment, experimental characterization, and theoretical under- are high-nitrogen, heterocyclic nitro compounds with a
standing of high-energy-density compounds in a more high degree of hydrogen bonding, thermal stability and a
microscopic way. A special concern has been on safety--to planar graphitic structure.
understand how the molecular structure of a compound Theoretical interpretations of high-explosive phenomena
affects its sensitivity to shock and ultimately to detonation, depend on a molecular-level understanding of matter sub-

The rate at which a reaction triggered by a laser pulse is jected to a very high pressure over a short time scale. The
propagated in triaminotrinitrobenzene has been studied as a behavior of a liquid raider shock compression has been
function of pressure in a diamond-anvil cell. Discontinuities investigated by the methods of molecular dynamics.
in the relationship between rate and pressure are correlated The Energetic Materials Section has traditionally dedi-

with phase changes in the molecular crystal structure, but cated a significant effort to the development of composite
mechanisms are not yet understood, explosives, especially those of lower vulnerability than con-

The response of a high explosive in an abnormal thermal ventional explosives and with comparable performance and
environment is a critical matter in assessing safety. The heat- cost. A recent successful formulation consists of inexpensive
conduction code TOPAZ can model part of the response, solid fillers in an elastic, energetic plasticizer-urethane
However, chemical kinetics clearly must play a role as weil. binder matrix.
The kinetics part has recently been added to produce a
revised code TOPAZCHM, which has been used to calculate

the time to explosion of realistic explosive assemblies.
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Pressure Dependence of the Reaction
Propagation Rate of TATB at High Pressure

The insensitive high explosive 1,3,5-triamino-2,4,6-trinitrobenzene
(TATB), ignited by a laser under high pressure in a diamond anvil
cell exhibits reaction propagation rates (RPR) that are strongly
pressure dependent. The observed sawtooth shape of the RPR-vs-
pressure curve suggests pressure-induced transitions to higher
density phases. A proposed molecular rearrangement, such as that
of graphite to diamond, would produce a very stable, dense 3-D
network of stacked molecular rings.

Introduction study as a prototypical insensitive, thermally stable explo-
sive. The phase diagram of TATB is poorly understood, and

The dynamics of fast chemical reactions in the hostile envi- there is inherent interest in searching for possible high-
ronment of explosions is poorly understood, although such pressure transitions that affect reactMty.

information is needed to design new insensitive, high-yield
explosives. Attempts to quantify the chemistry of tLe hot Experimental
reaction zone in large-scale shock experiments 1 have so far
met with insurmountable technical problems. As a result, We used the experimental technique and apparatus similar
interest has turned to the small-scale (<l-p.g), static, high- to those used previously for nitromethane RPR measure-
pressure testing regime afforded by the diamond anvil cell ments. 5 Fhe Bassett-type DAC consists of two opposing
(DAC). To date, much of the small-scale work done to 0.1-carat diamonds sandwiching a drilled stainless-steel
probe chemistry as a function of pressure and/or tempera- gasket. Pressure measurements were made by the standard

ture has been in a static or thermally reacting scenario. 1-3 ruby fluorescence technique, 6 with an argon-ion laser s
The use of a pulsed laser ignition source has been confined 514-nra beam focused onto ruby chips embedded in the
primarily to experiments using macroscopic pressed pel- sample. To load the cell, powdered TATB and ruby chips
lets. 4 In this stud_; the unique use of laser ignition of a sam- were compacted between the diamonds to form a gasket-
pie pressurized in the DAC is coupled with measurements contained pellet. After the pressure was measured, the
of the rapid reaction propagation rate (RPR) by streak- same argon-ion laser was defocused to fully illuminate the
camera imaging of the reaction zone. We chose the com- sample area. The reflection of the sample's laser-speckle
pound 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) for image was magnified and projected onto the entrance slit

Figure 1. (a) Plot of the measured RPR of TATB as a function of pressure. The linear least-squares fit to the data for the three

pressure regimes are, with increasing pressure, (6.2 + 0.71) x 10-1, (6.7 + 0.40) x 10 -! and (15.0 + 2.161 × 10-1 m/s/GPa.

(b) Plot of the measured RPR of nitromethane as a function of pressure (Ref. 5).
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of a streak camera. A single, tightly focused light pulse Discussion
from a frequency-doubled Nd:YAG laser (532 nra) ignited
the sample and triggered the streak camera to capture the One way to explain the RPR data of TATB is to focus on
reaction event on film. This procedure was repeated anew changes at the molecular level as a function of pressure.
for ali pressure points measured. Because TATB strongly Significant changes at this level ultimately are reflected in
absorbs visible laser light, we placed the ignition zone just changes in the bulk thermal material properties. These
beneath the diamond anvil/sample interface, instead of in properties govern conduction and convection of heat from
the center of the sample as in previous work. behind the reaction zone to the unreacted explosive ahead

of the/one, thereby determining the rate of reaction.
Results lt easonable to ask whether the breaks in the RPR

curve and the production of high-pressure polycrystalline
Increasing pressure on TATB caused a progressive shift in inclusions are evidence of pressure-induced phase transi-
color: from yellow at anabient pressure, to red, then to black tions. If not, can they be explained by pressure-induced
above 19 GPa. A magnified view of TATB under high pres- rearrangement of chemical bonds to form molecules that
sure prior to ignition revealed inclusions in the highest- are more stable than TATB? A reaction in TATB between
pressure region of the sample. These inclusions were neighboring anaino and nitro groups would form furoxan

distinct from the surrounding highly colored sample, or furazan cyclic rings by excluding water, 8 a suggested
. . C}

Although pressure release restored most of the sample to early product in thermal decomposlt|on. Conflicting data,
the original yellow color, the inclusions remained distin- however, suggest that the water produced may be from a
guishable from the bulk. As samples were compressed to limited source (e.g., molecules trapped in the lattice). 1°,11
pressures up to about 40 GPa, these crystalline zones In addition, our preliminary FFIR spectra of high-pressure
encompassed an increasing fraction of the total sample area. TATB do not support this theory.
The inclusions exhibited a very different compressibility An analogy has been drawn between the structural fea-

from the surrounding material, producing a larger pressure tures of TATB and graphite. 12The graphitic layered struc-
gradient across the cell than is typical in a gasketed DAC. 7 ture and staggered molecular ring configuration of TATB13

Figure l(a) shows the RPR measurements of TATB, with are illustrated in Fig. 2. An increase in pressure would cause
fits to the data for the three pressure regimes. Previous the rings to slide into alignment, yielding a high-pressure
measurements made on the simple energetic molecule phase in which infinite stacks of parallel molecules (3-D
nitromethane (NM), 5are shown for comparison in Fig. l(b). network TATB) are formed. The lattice structure resulting
The RPRs of TATB are 10 times slower than those of NM from an energy minimization calculation (Molecular
but also increase generally with greater pressure. Unlike Simulation Software, Biodesign, Inc.) 14is shown in Fig. 3.
NM, TATB has three distinct pressure regimes distin- This bond rearrangement gives a more densely packed
guished by (1) the pressure dependence of the RPR, (2) the crvstal structure, with stabilization coming from breaking

degree of burn completion, and (3) the nature of final the resonance of the ring and formation of interplanar C-C
products. Each pressure regime is made distinct by saw- .........................................

tooth breaks in the RPR curve. Figure 3.
(al ..... . _ ....

Figure 2. -.... " Two orientations of the
(a) .... ., hypothetical diamond-

The unit cell of TATB, -.--. like network lattice of

illustrating (a) the lay- resonance-broken
TATB, as derived from

ered graphitic structure -_.....
of the crystal lattice ....... _ an energy-minimization
and (b) staggered inter- - ......._. calculation. The bimo-

planar molecular rings. (b) lecular wurtzitane unit,r .....

(b) Color coding: white = "_ shown illustrates
hydrogen, grey = car- ', "_ ', (al the interplanar C-C
bon, red = oxygen, and . bonding and resultant
blue = nitrogen. ' molecular ring chair

conformation, and

(b) alignment of the
molecular rings to form
a multi-ring filament.

" Atomic color assign-
merits are the same as

......... in Fig 2.
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bonds. A simple bimolecular unit would be substituted 5. S. F. Rice and M.F. Foltz, "Very High Pressure Combustion: Reaction

wurtzitane. 15Howevei, the slight twist .seen between rings Propagation Rates of Nitromethane Within a l)iamond Anvil Cell,"

caused by Van der Waals repulsion between neighboring C,,mt,usti,,nandFla,te87,lt_._(Itri).
0. R. I. Hemley, 1: M ik, ll, and H. K. Mao. "Laser Techniques in _ligh-

functional groups reveals a _urce of destabilizing strain. Pressure Geophysics," St'it'Ht't'237, 01.)5(Iq87).
Release of pressure may allow strained, nonbonded rings to 7. G. I. Piermarini, S. BIt_,'k, and 1. D. Barnett, "Hydrostatic Limits in

spring apart into a structure different from ambient TATB. l,iquids and _iids to 11._kbar," 1.Appl. l'hys. 44(12), 5377 (1t_731.
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It.s to the surrotmdings, increases with temperature. T. I: l.iddiard, W. L. Elban, and F. Santiago, "Sub-ignition Reactions
al Molecular t.eveis in Explosives Subjected to Impact and

Pressure-induced changes in reaction dynamics affect the Underwater Shock," Pn,t'. Eighth hmternat. D,'tonation Syrup.

temperature of the bum 1_,and are seen to affect reaction (Albuquerque, NM, P485) p. 725.
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The Synthesis of New, Insensitive Energetic Materials

We are synthesizing a series of new, heterocyclic, insensitive ener-
getic materials that possess more energy than 1,3,5-triamino-
2,4,6-trinitrobenzene (TATB), currently the industry standard in
insensitive high explosives (IHEs). We have synthesized and char-
acterized the first target compound in this series, one off ew mate-
rials shotcn to have both sensitivity and performance properties
similar to TATB.

Introduction Synthesis and Performance

In synthesiz;ng new, energetic materials from the milligram We synthesized and measured the performance of the first
scale to the multikilogram scale, we concentrate in two gen- material in this series of new IHEs, and it compares favor-
eral areas: (1) new materials with more energy than the ably with TATB in tests that measure the insensitMty of a
highly energetic but somewhat sensitive 1,3,5,7-tetranitro- new material (spark, friction, and impact sensitivity tests), lt
1,3,5,7-tetraazac.vclooctane (HMX) and (2) new, insensitive is also thermally stable, with a decomposition point of 330°C
materials with more energy than 1,3,5-triamino-l,3,5- (rs 350°C for TATB), and has a density of 1.84 g/cm 3. 'The
trinitrobenzene (TATB). TATB is the currently accepted svnthesis of this material was scaled up to produce 330 g,
standard in insensitive high explosives (IHEs), which are enough for a 12-in.-long x 1-in.-diameter cylinder shot used

important in the design of nuclear and conventional to calculate the material's performance. To produce the
weapons. TATB's lack of sensitMtv to spark, friction, or material in the form needed, we formulated it with an epoxy
impact and its excellent thermal stability are well docu- resin binder system. This yielded a plastic bonded explosive
ment.ed. 1 However, because of its low energy content, alter- (PBX), which was mechanically pressed to densities between
natives to TATB have long been desired. This, coupled with 97 and 99% of theoretical maximum density (TMD). The
a growing interest in enhanced safety, has led us to investi- cylinder-shot results showed this material to be one of the
gate a series of new, insensitive compounds that are pre- few known molecules that is essentially equal to TATB in
dicted to be more energetic than TATB.2'3 both energy and insensitMty.

This encouraging result led us to investigate other
Design Approach compounds in the series. We synthesized several target

molecules (see Fig. 2) on a small scale and determined

The approach taken in the design of these target their structures either spectroscopically or, in many
molecules was to incorporate known, small, insensitive instances, by x-ray crystallographic analysis (XRCA).*
molecules [nitroguanidine (NQ) and 3-amino-5-nitro- 1.2.4- Soon, we will subject these compounds to small-scale sen-
triazole <ANTA)] that have a large degree of hydrogen sitivitv tests to determine which are the most promising
bonding (see Fig. 1) into the target compounds as sub- candidates for scale-up and performance testing.
stituents on an energetic, heterocyclic backbone. We ......................................................................................................
expect this approach to generate new energetic materials Figure 1.

• N,,NO_ /Hwith the same physical properties as TATB1 (i.e., a high +' " N--N

degree of hydrogen bonding, good thermal stability, and ,,_ .,_,/_ Small,insensitive,graphitic crystalline structure), thus giving them similar H"N N "HI I O_N . NH_ energeticcompounds.
insensitivity. In addition, the materials should have a H H - N "
higher energy content than TATB because their high nitro- Nitroguanidine 3-amino-5-nih'o-
gen content should give them higher molecular density (NQ) 1,2,4-triazole
and heat of formation, both important contributors to the (ANTA)

performance of an explosive. Finally, the synthetic
schemes for these molecules are amenable to scale-up
and are relatively inexpensive.
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The synthesis of these new target compounds generally that the starting material, 3-amino-l,2,4-triazole, was com-

involved condensing tile sodium salt of ANTA (NaANTA) mercially available. However, we found the synthesis
with a commercially available energetic heterocycle. The difficult to reproduce; specificaib; nitration of 3-acetamido-
synthesis of 2-[1-(3-amino-5-nitro-l,2,4-triazoyl)]-3,5- 1,2,4-triazole did not give the desired product in the yield
dinitropyridine [_'e Fig. 2(a)] involved condensing NaANTA claimed. In general, the -ields were less than 1%, and in
at room temperature with 2-chloro-3,5-dinitropyridine in many instances, zero. The irreproducibilty of this step was
dimethvlformamide (DMF). We poured the reaction mixture attributed to the precipitation of a second major product
into water to precipitate the product as a yellow-orange solid. (3-acetamido-l,2,4-triazolidin-2-one), which resulted from

Recn, stallization from CH3CN yielded the product as yellow oxidation at the reactive 2-position. By lowering the reaction
needles. XRCA confirmed the structure and showed it to temperature to -25°C, we controlled the precipitation of this
have a cr_,stal densi_, of 1.86 g/cre 3. unwanted product and obtained 15 to 25% reproducible

The reaction of NaANTA with picryl chloride at room yields of ANTA. This synthesis still was not considered for
temperature in DMF yielded 1-(2,4,6-trinitrophenyl)-3- scale-up because it was too long, had a low overall yield,
amino-5-nitro-l,2,4-triazole [see Fig. 2(b)] in 50% yield, and involved a labor-intensive solvent extraction in the

Recrystallization from CH3CN yielded the product as yel- nitra_ian step.
low needles. This compound has a complexed solvent of The original scale-up procedure, developed at Los
recrystallization, a property that seems to be common in Alamos, was a short, two-step procedure with good
this new class of compounds, yields in which commercially available 3,5-diamino-l,2,4-

The synthesis of 1,5-bis-[1-(3-amino-5-nitro.-1,2,4-tria- triazole (DAT) was converted to ammonium 3,5-dinitro-

zoyl)]-2,4-dinitrobenzene [see Fig. 2(c)] involved the reac- 1,2,4-triazolate (ADNT), which was then reduced with
tion of 1,5-difluoro-2,4-dinitrobenzene with NaANTA in hydrazine hydrate to give ANTA in a 60 to 70% overall
dry DMF at room temperature for 30 rain. Dilution of the yield. 5 In modifying this procedure to improve safety and
reaction mixture with water, followed by acidification, convenience, we found that the conversion of DAT to
vielded the desired product as a yellow-orange solid in ADNT can be facilitated by using more efficient cooling

60% yield. Recrystallization from CH3CN yielded the (dry ice/CCl 4 rather than ice/salt). This reduced the reac-
product as yellow needles. This compound also has a com- tion time from 3 h to between 1 and 2 h. Further, 3,5-dinitro-
plexed solvent of recrystallization. 1,2,4-triazole (DNT), the precursor to ADNT, can be

An important intermediate in the synthesis of these target isolated directly from the reaction mixture as a dicyclo-
molecules was ANTA, the first reported synthesis of which hexyammonium (DCHA) salt (see Fig. 4), thus avoiding
was a multistep synthetic process with an overall yield of the undesirable extraction step in the ADNT synthesis.
less than 5", (see Fig. 3).4 This procedure was attractive in The DCHA salt itself has an advantage over ADNT: it is

not explosive. The DCHA can be reduced to ANTA in a
Figure 2. New target compounds recently synthesized, manner similar to the reduction of ADNT. Further, pour-

ing the hydrazine reaction mixture into 1-M citric acid

ti_N

la} (+}2N_ NO2 (b) produces ANTA in sufficient purity to use in subsequent
I li NI-/., - NO2 steps, thus avoiding a recrystallization step.

First reporled synthesis of ANTA. s

N--N Ac2(_ JN_ N 1-|20 N--N

N !-/ IX]H Ac
O,N " - NIL " NJ|Ac

"//_ Z'. Z _+ N N |-t, i

N _" V _"N Ac20 [.|NOt

N_N N tt _N--N ItCI N--N

O_N Nt-/_ fiX) O_N NI4Ac
+ N - N

ANTA
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Summary The original proposal to design and synthesize high-nitrogen,

insensitive, energetic matierials was funded by Laboratory

We have identified a promising new class of insensitive ener- Directed Research and Devdopment, Add#ional.fumting was pm_

getic materials and have synthesized and scaled up the first vided by B ProgramNuclear Design and the Office of Munitions.

example of this class of new materials to produce 330 g of

material. Performance and sensitivity measurements show it * X-ray crystallographic analysis courtesy of R. L. Gilardi, Naval Research

to be one of the few known compormds with performance Laboratory, Washington, DC.

and sensitivity properties equal to or better than TATB. We

are continuing to synthesize other target compounds and to References
identify small, insensitive compounds that may be used as

substituents in energetic, heterocyclic systems. 1. S. F. Rice and R. L. Simpson, The Unusual Stability of TATB: A Review
of the Scient!fic Literature, Lawrence Livermore National Laborator);

..................... Figure_i-i ....... improved_synt-hesi-sof-A-NT3[i ...................................... Livermore, CA, UCRL-LR-103683 (1990).2. M. Cowperthwaite and W. H. Zwisler, TIGER Colnputer Pro,_ram
Documentation, Stanford Research Institute, Menlo Park, CA,

H Z106 (1973).

_ + _- H 3. A. L. Nichols and E H. Ree, CHEQ 2.0 Llser_ Mamlal, Lawrence
N _ Livermo/'e National Laboratory, Livermore, CA, UCRL-MA-

106754 (1990).
4. M. S. Pevzner, T. N. Kulibabina, N. A. Povarova, L. V. Kilina,

"Heterocyclic Nitro Compounds. 24. Nitration of 5-amino-l,2,4-tria-
zole and 5-acetamido-l,2,4-triazole with Acetyl Nitrate and Nitmnium

/ H Salts," Khim. Geterotsikl. Soedin., 929 (English translation, 1979).
N_N NaNO 2 b DCHA N_N- 5. K. Y. Lee, C. B. Storm, Preparation and Properties qf3-atnino-5-nitro-

,__,_ H2SO4 "-''1_ _/._ LA-11907-Msl'2'4"triaz°h"L°sAlam°sNati°nalCab°rat°ry'L°sAlam°s'NM'(1978).H2 N NH_ O_N NO2N " H_O - N

NH2NH2/H20 1 M citric acid
DCHA-ADNT _ '__-_ ANTA

80°C H20
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Model.ing Chemistry in the TOPAZ Heat-Flow Code

The behavior of solid explosives at elevated temperatures is of
extreme importance if we are to understand the hazards associ-
ated with these materials. Modifications to the LLNL heat-flow
code TOPAZ2D incorporate the many effects of chemistry on
these materials, making it applicable to a variety of important
and interesting problems.

Introduction where Pi and [Ni] are the density and tile mole fraction,
respectively, of tile/tit component.

Although every effort is made to ensure that an explosi\'e Chemical reactions would be very uninteresting if their
is kept in a safe envirormlent, situations may occur in only effect were to modify tile material properties. Floweveb
which the "environment" is less than ideal. Two major non reactions are normally acconlpanied b), a change in energy.
ideal "environments" can assault the explosive. The first In tile case of explosives, for example, tile bulk of the ther-
type of assault is the addition of kinetic energy in the form real energy in the material arises from the chemical reaction.
of a shock wave to the explosive. This type of assault has Although a reaction can be written in the form A -4 B + AE
been reasonably well studied by incorporating a phe- to indicate that energy is being released, the amount of
nomenological pressure-dependent rate law into hydrody- energy released does not depend on tilt, reaction, but rather
namic codes like DYNA. 1 The second type of assault is the on the state of the initial and final products. Ill a constant-

addition of thermal energy in the form of heat, such as by volume code like TOPAZ, tile appropriate energy is called
a fire or other means. This work 2 aims to model tile ther- tile internal energy, which is a function of tile volume, com-

real assault on explosives by incorporating arbitrary chem- position, and entropy. The entropy while not explicitly used
istry with Arrhenius kinetics into the LLNL thermal- in TOPAZ, can be inferred from tile temperature. Tile inter-
transport code TOPAZ2D. s nal energy is determined by integrating tile heat capacity

from the reference temperature to the desired temperature
Theory and then adding the reference energy. The energy E of a

mixture material is defined just like the heat capacity:
Chemistry deals with mixtures. If a block of pure material

undergoes a chemical reaction, it is no longer a pure mate- pE= Z[Ni]DiEi . (4)
rial. Consider the reaction A -e B. As soon as tile reaction i

begins, the block of material will be a mixture of both mate-

rials A and B. To model chemistry in TOPAZ, it was neces- As the composition changes, the change in energy between
sar), to introduce "mixture materials." A mixture nlaterial the reactants and the products is fed back into the thermal-
is a list of the material composition by mole fraction. We transport code as a heat load.

assume that mole-fraction-weighted averages of the con- The stoichiometry of the reaction is descrd: ed bv using
stituent materials describe the heat capacity C_,and the standard algebraic form. That is, the jth chemical reaction
thermal conductivity K of the mixture material ' in a set wf reactions is written

,
1 i

k I = Z[Ni_li (Arithmetic) , (2) where Ni designates tile species identity and vii shows
i how much of the ith species is involved in the)'th reaction.

To describe the chemical processes, one must also describe
or the reaction kinetics. The rate of change of the concentra-

Z[Ni ] tion of the ith species is

1_ i (Harmonic), (3) d[Ni ] :dt
J 1
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where kj is the reaction rate of the jth reaction. The coeffi- Example #2: Initiator Explosion
cient }.tld is the order of the lth species in the jth reaction.
We assume that the reaction rates are functions of tempera- In this example, we model the initiator experiment

ture only and can be represented with Arrhenius kinetics: described in Ref. 7. Briefly, the initiator consists of a steel
cylinder containing pellets of TATB and PETN. The initia-

kid(T )= A°e El/kBT , (7) tor assembly hangs by tungsten wires in a 55-gal barrel.
The bottom of the barrel is filled with water and jet fuel

where Ay is the pre-exponential frequency factor, E* is the that is ignited at the beginning of the experiment. Figure 2
activation energy, and kB is Boltzmann's constant. 2_herefore, shows the results of two different calculations for the tem-
to completely describe a reaction, one must include the perature contours at the point in time when the explosive
complete stoichiometry, reaction-order exponents, the is going into thermal runaway. The figures on the left cot-
pre-exponential factor, and activation energy: respond to the experiment as performed, while the figures

The chemistry is tightly coupled both to the material on the right correspond to a related set of experiments.

properties and to the thermal transfer portions of the code. The experimental and calculated times for the event on the
The actual calculation of the extent of reaction uses an left are 360 and 378 s, respectively. In the experiment on

impdcit-in-time, self-correcting Newton-Raphson technique the right, the bolts holding the apparatus together did not
on the composition vector in an element. This technique break, so no experimental time is known. By examining
greatly improves tile stability and rate of convergence over the calculated results, one can understand the difference in
techniques used previously. The code also reorders and these two experiments. A small hole for the slapper wire
groups the input reactions to improve the run-time effi- (not pictured) exists at the base of the PETN pellet. In the
ciency. Minimum and maximum temperatures can be system on the left, the PETN starts burning away from this
defined to help speed up the calculation. The code ignores hole, and so any gases that form will pressurize the assem-
ali reactions when the temperature is lower than the mini- bly. In the system on the right, the PETN starts burning
mum temperature and will execute only one pass on the next to the hole, and so any gases that form can escape
Newton-Raphson solver when the temperature is above the through it, relieving pressure on the assembly.
maximum temperature.

Figure 1. Thetemperatureprofile of burningTATBat

Example #1: 1-D HE Burn several different times. Burninginitiates at
the rightsideandpropagatestothe left.The timestates are0.5,1.5,2.5,

Figure 1 shows the modeling of a deflagration of high 3.5, 4.5,4.6,4.7,4.8....
explosive by using Chemical TOPAZ. The system is a 20Ham 3o00
cylinder of TATB at an initial temperature of 300 K. The out-
side temperature is ramped to 1500 K over a period of 5 _s.

The reaction scheme used for the kinetics is the same as 2600 _q_L I. I • l__ . L l i . - y
that given by McGuire and Tarver. 4 The HE first under- i
goes an endothermic reaction that creates an intermediate 2200
compound, which can then either react with itself or with
the original HE to form the final products. This is known

as an autocatalytic reaction. _ 1800
In this example, an initial period in which the HE is _,

heated from the outside precedes a period of rapid transi- _"tion to a self-sustaining reaction. Note that the rate of -- 1400

deflagration appears to slow to an asymptotic value as
the reaction front moves from the preheated material to lOOO
the bulk material.

Using the times given, we calculate a deflagration veloc-
ity for the HE to be approximately 6 m/s. Using an equation- 60o

of-state code such as CHEQ, 5 we find that the pressure for , _ _ _ } 1/_
the constant-volume burn of TATB is 12.5 + 1 GPa. The 0 4 8 12 16 20

actual bum velocity in the diamond anvil cell at this pres- Radius (Mm)

sure is 7.7 + 1.6 m/s, 6 which is in excellent agreement with
the calculated velocity, given the simplicity of the model.
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Conclusion several phen{}menological chemical-reaction models that

can be applied to a range of problems.

Tile chemical version of TOPAZ is being used successfully In addition to models for the two types of problems

to model several widely different systems. Although the presented in this article, models have been constructed for

underlying theory is straightforward, we have developed studying other thermochemical processes such as thermite

................................................................. burns and the deflagration of unconfined explosives.

Figure 2. Temperature contour plots (25"C apart,

increasing from the inner contours) for an This work was fumted by the Enhanced Safety, B, mid Weapons-

initiator at the onset of PETN bum. The flame is below the initiator in Slipporliu_, Research Pro_,ratllS.
each case. The upper figures show the complete device, and the lower

figures focus on the PETN. The dark regions are steel; the square

region is TATB; the light, T-shaped region is PETN; and the white rect- References
angle is air. The entire device is 2 in. tall and 2 in. in diameter and is

symmetric about the vertical axis through the center. The difference 1. J. O. Hallquist,/.lser'_ Mamml./br DYNA2I)--An l:..uflicit "lh,o-

between the left and right onset times is about I min; the one at right Dimen._ional tt!ldro,tymmtic Iinitc I!h'ment Code with Interactive

ignites first at about 5 min. I,h'zonm,k,and G,raphical l)tsl_lay, I.awrence I.ivernmre National

Laboratory, I.ivermore, CA, UCll)-187% Rev. 3 (1986).

2. A. I.. Nichols III, Chemical "I'(}PAZ: Mod(ficalions lo the lh'al Tram:fer
CodeT()I_AZ: the Addition of Clu'mical Reaction Kinetics and Chemical

Mixhm,.,;, Lawrence I.ivermore National I.abc}ratory, I.ivermore, CA,
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Harmonic Analysis of Phonon Echoes in Liquids

We have compared phonon quench echoes in supercooled liquid
argon with a normal mode analysis of the echoes. The phonon
echoes are produced by molecular dynamics simulation. We model
the echoes by considering a collection of harmonic oscillators
whose frequency distribution is defined by the density of normal
modes in the liquid under consideration. For times less than 300fs,
we find that the fluid behaves in a relatively harmonic manner. We
also find that low temperatures and short times are best suited to
harmonic analysis.

D. Baut'." and D. i:. Cflef:'
!.

Introduction Hamiltonian, giving little information about true dynamics.
Clearly, a method that dynamically probes these modes

Our understanding of the dynamics of liquids tends to be would greatly clarify the situation.
based on the perception of a liquid as a "dense gas." This We are interested ill the phenomenon of phonon echoes.
perception, however, stresses the long time behavior of the Phonon echoes, first discovered by Grest et al.,7-1° are tem-
liquid. For a short time scale (e.g., shock compression), we perature echoes in computer simulations of liquids and
need to view liquids more like solids, glasses that result from the coherence of particle motions.

Recently, intense interest has been exhibited in the This coherence is set up in the liquid by pulsing the system
phonon spectrum of simple liquids and clusters.l-5 through temperature quenches. We believe a better under-

Researchers have used both analytic I and numerical standing of the harmonic analysis can be gained from the
approaches 3'6 to describe phonon modes in liquids and echo phenomenon in liquids. In an actual computer simula-
glasses; here we are concerned with a direct numerical tion, the intermolecular and intramolecular couplings are,
approach. The other approaches have been basicahy in general, anharmonic. By directly comparing quantities
"static," deriving the distribution of phonon modes from obtained through computer simulations of liquid systems
equilibrium averages. Our approach, using "phonon with simple analytic expressions, we can anticipate where
echoes," is inherently dynamic and can probe questions the harmonic approximation can be useful. Similarly, by
that equilibrium methods cannot, using computer simulation, we can better understand

The basic theoretical concept behind previous work is anharmonic effects in phonon-mediated processes. In the
very simple. Essentially, a "snapshot," or single configura- particular case of phonon echoes, we can probe the time
tion, of a fluid is treated as if it were an enormous molecule, scale and the regime of density and temperature over w'hich
and normal modes are calculated for this "molecule." The the harmonic approximation is valid.
eigenvalues of these modes are taken to yield the squares of A related question about the role of homogeneous and
the vibrational frequencies of the system. An average is inhomogeneous dephasing of these modes remains. If we
then taken over configurations to obtain the density of prepare our system in some initial state (i.e., some set
states for these phonons, phase relationship exists between the modes characteriz-

In general, both positive and negative eigenvalues, or ing the system), then what is the time scale over which
real and imaginary modes, will occur in a fluid. The imagi- this phase relationship is destroyed? Our methods can
nary modes can be perceived as arising from saddle points address this question.

or barriers on the many-dimensional potential surface. Ultimately, we anticipate that probing phonon modes
However, this perception may be neither reliable nor will provide insight into the energy transfer between

useful. As the distribution of the modes is calculated by intramolecular and intermolecular degrees of freedom in

the use of an equilibrium average, no information about complex liquids. However, we first want to understand
the lifetimes of these modes is provided. If the modes lose how the normal mode analysis applies to dynamics in
their identity in less than a vibrational period, they simply simple systems, lt is important to realize that the existence
represent the static average of the second derivative of the
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of these modes can be validated by using computer simu- Given a distribution of oscillators, we can express the tem-

lation, which allows for experimental verification and perature as an integral over the density of such oscillators:
exploitation of the theoretical picture.

In this article, we present a comparison of phonon kT(t) = SD(o3)nlo32x2,o}cos2(o3t)do3 , (5)
echoes in supercooled argon, obtained via simulation,
with the results of simple expressions obtained from hdr- where D(o3) is the density of phonon (vibrational) states.
monic analysis incorporating numerically obtained In our situation, both real and imaginary modes exist.
phonon densities of states. Because only stable modes contribute to making the echo,

the appropriate quantity for our purposes is the real part
Method of the liquid density of states, normalized to unity. DR(O3)

denotes this quantity. We do not know the initial positions

We experiment with phonon echoes by means of molecular of the oscillators, so we consider an initial distribution of
dynamics (MD) simulation. In an MD simulation, Newton's starting positions that is given by a Boltzmann distribu-
equations are numerically integrated to give the positions, tion. The probability of finding an x0 is then given by
velocities, and accelerations of the particles that comprise the

system of interest. We will consider a Lennard-Jones liquid, _ _ ( 1no32 -_1/2

aBet of particles with an interaction potential of the form p_x0)=[__ exp(-mo3 2x 2/2kTo). (6)

V(r) = 4e[((5/r) 12 - ((l/t")61 . (1)

Wenote thattheaverageofx2o_is kTo/nlo32,whichleads
The parameters suitable for argon are (5= 3.405 ,_ and 8/k to the final form for the time-dependent reduced tem-
= 120 K. We generally use 500 particles in our simulations, perature:

We start with a well-equilibrated liquid at specified

reduced density p* = pc 3 and time-averaged temperature T* T*(t)=T_3yDa(o3)cos2(o3"c)sin2(o3t)do3 . (7)
= kT/¢. In our experiment, we chose p* = 1.00 and then stud-

ied T* = 0.8 and 1.25. We produce the echoes by quenching Within the harmonic approximation, Eq. (7) provides a
the liquid to T* = 0 at two separate times separated by an direct connection between the echoes and the phonon den-
interval _. We produce the quench by setting the velocities of sity of states.
ali the particles instantaneously to zero. We then monitor the As previously mentioned, the density of phonon states
temperature of the system, defined by the average kinetic can be determined via the method put forth by McTague et
energy, and observe an echo---a dip in the temperature--at al.6 and more recently by Keyes et al.3 The dynamical matrix
a time 1:from the second quench, elements are given by

The origin of this echo is most easily seen for a har-

monic oscillator 7 of frequency co. We consider a particle 02UN I

moving in a potential given by G i'j'la'v = 3ri"3r_ I ' (8)Ro
VH(X) = (1/2) mo32x2 , (2)

where UN= UN(rI ..... rN) is the N-body potential, r_ is
where m is the particle mass, o3 is the frequency of the the gth cartesian component of the coordinate of the ith
potential weil, and xm(t) is the coordinate that describes particle, and Ro is the initial configuration about which the
the displacement of the particle from equilibrium. If we potential is expanded. Because the details of this proce-
consider the particle, initially displaced from equilibrium, dure have already been outlined many times (see Refs.
to be undergoing its natural motion but subject to two 2-6), we do not detail them here. The matrix G can be

velocity quenches separated by a time z, we find the equa- obtained for 20 configurations of a 500-particle system and
tion of motion for this particle to be given by can be diagonalized for each configuration. The density of

states is given by

x_.o}(t) = x0.o_cos(o3_) cos(o3t) . (3)
/

Here, we measure time from the second quench. If we D(_) --1/_15 ( o3o_)/ .
= co- (9)

equate the temperature and the kinetic energy, we find 3N

•' "_ 2 •
k7 (t)= tno3"xo,cocos(o31:)sm2(o3t) , (4) The brackets denote an ensemble average. As stated previ-

ously, we use the real part of this quantity, normalized to
where k is Boltzmann's constant, unity, and remove the three zero eigenvalues that corre-

spond to uniform translation.
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Results and Discussion echo occurs. The absence of these echoes in the harmonic

model results solely from "inhomogeneous" dephasing
We performed quench experiments for quench times of processes; hence, tile lack of these additional echoes ill the

t* = 0.125, 0.15, and 0.2, where 1:*= z/t o. Timecharacteristic simulation data is imoproof of the breakdown of the bar-
time in timesimulation, t0, is 2.15 ps. The real times of our monic approximation.
quenches correspond to z = 269, 323, and 430 fs. Figure 2 clearly shows that timeharmonic result tends to

Figure 1 shows the relevant densities of states. Figure 2 be narrower and deeper than the MD data. As we discussed
shows a trace of T*(t) vs t* for T(_= 0.8 as compared with previously, the harmonic model includes inhomogeneous
the results of Eq. (7). The trace represents the average over dephasing (i.e., a spectrum of frequencies). Information
eight different runs; time zero corresponds to the instant of about homogeneous dephasing is found in the broadening
the second quench, and decreasing depth of timequench. An interesting obser-

We note that for T_ = 0.8, the agreement for "_*= 0.125 is vation, however, is that, for timelongest quench times (Fig. 2,
quite good. At 1:*= 0.15, the agreement is not as good bottom), small echoes resulting from harmonics higher in
because timeecho from the simulation has broadened and frequency are seen before the major echoes. Considering
becomes shallow relative to the harmonic result. By 1:*= 0.2, the simplicity of timeharmonic approximation, these results
the differences are much greater, but qualitative agreement is are encouraging.
still interesting. For the higher-temperature case (not shown), The next step in our analysis will be to formulate a har-

a greater difference occurs, with the best agreement corre- monic Langevin model. The introduction of a frequency-
spondhlg to the shortest quench time. dependent friction would create a generalized Langevin

We also compared the results of Eq. (7) with MD data equation. We hope that this will facilitate studying dephas-
from quench sequences starting with T(_= 0.06. At this ing processes in liquid systems and also enable us to real-
temperature, where we find 99.3% of timemodes to be real ize and to compare a simple quantified description of these
and timeextent of the excitation to be very small, we expect modes with experiment. We also plan to investigate more-
good agreement with harmonic theory. In fact, we find complex systems such as molecular fluids.
essentially exact agreement for the 0.125, 0.15, and 0.2 .......................
quench times. Figure 2. Trace of T*(t) vs t/t o for "Po= 0.8. Top to

An immediate observation from our harmonic model is bottom: 1:*= 0.125, 1:*= 0.15, and t* = 0.20,

that, for such a broad distribution of frequencies, no second respectively. The dots represent the MD data, and the solid line is the
result of Eq. (7).

Figure 1. D(o_)/t o vs o% for p* = 1.00. The solid line
represents T* = 1.25, and the dotted line
represents T* = 0.8. 2
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Low-Vulnerability Composite Explosives (LOVEX)

We have an ongoing program to develop explosives with signif-
icantly lower vulnerability to battleaccident environments
(bullets, fires) than conventional explosives without sacrificing
performance or increasing costs. We have developed a composite
explosive, RX-35-BX, which is made of inexpensive fillers,
sodium nitrate, aluminum metal powder, and a binder system
that consists of a polymeric component and an energetic liquid
that acts as a plasticizer for the polymer.

Introduction distant fuel and oxidizer components. For high perfor-
mance and reliable initiation at the low temperatures usu-

New-generation munitions for use in fragmentation and ally specified in munition operational requirements, a
penetrator applications have operational and insensitive sensitive crystalline explosive, RDX, and an energetic liquid
munition (lM) requirements that pose unique design and component must be combined in the composite explosive.
materials-technology problems not found in current muni- We have tailored a specific formulation, identified

tions. The development and production costs of these tech- as RX-35-BX, for use as a main-charge explosive fill in
nologies will be greater than current munition costs; general-purpose munitions. We have performed cylinder
therefore, the per-munition cost is a critical consideration in expansion tests on RX-35-BX and a series of other low-
making design and material-selection decisions. Although vulnerabiity explosives (LOVEX) formulations to deter-
little latitude exists in making some unique munition-design mine their metal-acceleration ability.
technologies less expensive, some cost flexibility may be
possible in selecting the explosive fill. When 200 to 300 lb of Formulation
explosive is used per munition, a dollar per pound of explo-
sive makes a significant difference in the cost over the pro- Table 1 gives the compositions of RX-35-BX and two other
duction life cycle. However, low cost at the expense of LOVEX composite explosives. The BX composite contains

performance and insensitivity, as usually specified by muni- spherical aluminum (Alcoa S-8122) as a fuel and a blast
tion operational requirements, is not an acceptable compro .................................

mise. Therefore, multicomponent, composite explosives Table 2. Chemicalproperties of RX-S5-BX binder
offer maximum flexibility in adjusting component contents andplasticizers.

in order to optimize performance, vuhlerability and cost.
Mol wt T m ('_C) t3 (g/cm 3) ] (OH) a rl (cp) b

Design Approach Binderstructure
TONE 0260 3,000 5(I-t_0 1.(17 2 1,49(ic

We design an explosive to meet performance, vulnerability, TONE3000 6,(100 50-60 -- 3 --

and cost criteria bv formulating a composite explosive (a N-l()0 675-694 -- 1.14 3.5-3.6 ll),(}(I(lT-131 -- -23 I.II -- 33
nonideal explosive) with a low-modulus polymeric binder.
Formulators of explosives must understand the role of each Explosiveplasticizers
component in these compositions so that the), can better TMETN 255.15 -3 1.47 156
optimize the characteristics of explosives to these compet- TEGDN 240.2 -19 1.335 13.2
ing criteria. A key to this understanding is knowing how

Stabilizers

the fuel and oxidizer that comprise a composite will react MNA 152 150 1.201 --- Solid
on detonation. Ideally the fuel and oxidizer reside within the 2-NI)I'A 214.22 75 -- Solid

same molecule [as in hexahydro-l,3,5-trinitro-l,3,5-triazine
(RDX), where carbon and hydrogen are the fuel, and oxy- "OH functionality (number of Ott groups availablefor reaction).

gen is the oxidizer]. In a composite explosive with separate 6Viscosity,in centipoise.c-/-= 55:C for viscosity measurements of TONI's.
fuel and oxidizer components, the detonation behavior

results in longer reaction times because of the relatively
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enhancer, and sodium nitrate as the oxidizer. Only 24 wt% Curing Behavior
RDX is used. The total solids loading is 68%. A blend of

energetic nitrate ester plasticizers [trimethylol ethane The polymeric isocyanate, N-100, reacts sluggishly with
trinitrate (TMETN) and trimehyleneglycol dinitrate uncatalyzed polyols. Excess isocvanate (NCO) is almost
(TEGDN)] controls the initial viscosity to allow the rise of always used in urethane polymerizations because of side
melt-cast kettles for processing. A polyurethane binder reactions. The equivalent weight ratio of NCO to OH in
based both on polycaprolactone polyols (Union Carbide RX-35-BX is 1.16. This ratio worked well in over 50 small-
TONE 0260 and TONE 6000) dissok, ed in the nitrate esters scale (50-g) formulations (not ali RX-35-BX) and in 25
and on the biuret polyisocyanate of hexamethylene diiso- mixes between 1 and 120 lb. We did not observe any evi-

cyanate (Mobay Desmodur N-100) provides an insensitive, dence of moisture foaming or surface tackiness, which is
elastomeric matrix for the solids. A latent, mercaptotin cat- characteristic of unreacted isocyanate. Of a variety of cata-
alyst (DABCO T-131) coordinated iri the polyol/plasticizer lysts evaluated in the early developmerltal work, T-131 (a
provides long potlife, overnight cure at ambient tempera- latent, mercaptotin catalyst) was found to be superior to
ture, and no observable cure exotherm in mixes of tip to ali others tested with TMETN/TEGDN/TONE polyol
120 lb. Table 2 lists some typical properties and structures mixtures cured with N-100.
of the various components. We evaluated the curing behavior of RX-35-BX with

dynamic viscosity tests at temperatures between 15 and

Processing 30°C. We used a Rheometrics Mechanical Spectrometer
model 800 at an oscillating frequency of 1 Hz and a 0.05'7,,

The polyols and plasticizers dissok, e at 60°C overnight, strain with parallel-plate fixtures separated by a gap of
After dissolving, the polycaprolactone polyols will not crys- -0.5 cre. We prepared several 50-g mixes at ambient condi-
tallize from the lacquer until well below ambient tempera- tions, degassed them tinder vacuum for 30 to 45 rain, and
ture (-18°C). After this solution cools to ambient, we add transferred them to the spectrometer, which was previ-
the DABCO T-131 to the lacquer and allow it to coordinate ously equilibrated to the desired cure temperature. Figure 1
with the polyols for at least 10 min. Because T-131 is a cata- shows the dynamic viscosity rl*,of RX-35-BX as a function
lyst that can be master-batched, the coordinated lacquer can of time at various temperatures. At ambient temperatures,
be made well in advance and stored for several months, this formulation had 6 h of castable life. By 16 h, the sample

We then slowly add the N-100 isocyanate to this lacquer had cured to handling strength.
and stir it until it completely disperses. Once the liquids

mix, we add the solidsnaluminum, RDX, and sodium Rheological Behavior
nitrate--in that order. The explosive remains castable for at
least 6 h. Vacuum casting is preferred, but pours could also We measured the initial viscosities of larger mixes with a
be made without vacuum. We set aside the castings to cure Brookfield HTB viscometer with helipath stand and T-bar
overnight at ambient. Because of the high solids loading spindle C. The apparent viscosity of RX-35-BX varied
and urethane care chemistry, very little shrinkage occurs.

Figure 1. Dynamic viscosity of RX-35-BX at various

Table 1. Formulation of RX-35-BS, -BT, and -BX. temperatures. At ambient temperatures, this
formulation had 6 h of castable life. By 16 h, the sample had cured to
handling strength.

Composition (wt%)
107

Component BS B'I BX Name
I

TMETN a 15.66 15.66 18.01 Trimethylol ethane trinitrate 30o_

TEGDN a 5.21 5.21 5.87 Triethylene glycol dinitrate ,_ _ 25°C0,10,, 0.  10'
TONE 0260 a 5.33 5.33 6.06 Polycaprolactone polyols " _z"/ llk/_Y" / / " "TONE 6000 a 0.80 0.80 0.90 Polycaprolactone polyols _ 20°C ] 16-h ha.rldling

DABCOI31 {},0019 0.0019 0.0019 Latent catalyst >, /x'X.// / / strength

N-100 0.92 0.92 1.04 ,socyanate "_ .I --.--I1"!1 '_°CAluminum 14.0 14.0 14.00 Metal fuel _ 1()_ --

RDX 48.0 42.0 24.00 Type 11,Class V ._ _ / 4-6 h before

NaNO_ 10.0 16.0 30.00 Grade A, Class I _'_ 104 i_/_i/i// reaching 40 kpoise

aA lacquer can be made from the first five components and stored until

needed. The lacquer would be added at 30.96 parts by weight and mixed

with the solids at ambient temperature,

0 5 I0 15 20

Time (h)
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slightly with rotational speed. At 0.5 rpm, RX-35-BX slow cookoff test in 8-in.-diameter hardware and uses

mix viscosities remained fairly constant between 2 and available low-cost materials and processing facilities.
3 x 103 poise for 4 to 6 h. According to the Brookfield data, Brookfield viscosity measurements of uncured RX-35-BX
the apparent viscosity followed a power law of the form show slight variations in apparent viscosity with varying
11= KS02_, where r I is'the Brookfield viscosity in poise, S is spindle rotational speed, but at 0.5 spindle rpm, mix vis-
the rotational speed of the T-bar spindle in rpm, and K is cosities remained relatively constant for 4 to 6 h. To follow
the proportionality constant (K = 2.74 x 103 poise/rpm°.2'_), the curing behavior of RX-35-BX, we used dynamic viscos-

ity measurements of the uncured composition. We have
Conclusion determined that the use of a latent-cure, mercaptotin cata-

lyst results in a long potlife, and it cures and reaches ban-

We have developed a high-performance, low-vulnerabil- dling strength overnight at ambient temperature.
ity, and low-cost composite explosive that may have main-

charge applications in general-purpose munitions. This This work was funded by the Office oiMunitions through the
explosive, RX-35-BX, which matches or may surpass con- Advanced Conventional Weapons Program.
ventional explosive performance, passes the very difficult
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Overview

The term "advanced materials" can refer to a variety of solution was found in a plasma polymerization process in
materials not in corranon use, and this lack of common which a brominated feed gas was used.

usage may reflect the novelty or difficulty of synthesis. In Bonding substrates of high surface energy (such as metals
other cases, the material may have been designed for use and ceramics) with low surface-energy substances (such as
under environmentally hostile conditions and is too expen- plastics and fiber-reinforced polymer composites) requires
sive for ordinary applications. The Department, in response an adhesive of low surface energy to promote wetting. A
to the Laboratory's programmatic needs, frequently carries high-fracture-toughness epoxy used in bonding beryllium
out research and development of extraordinary substances, oxide components, developed for other purposes, has been
Some of these are described here. found to have wide application.

For several years, the Department has been synthesizing A new laser host consisting of crystalline LiCaAIF 6
foams with unusual properties. A sol-gel process has been doped with chromium has recently been discovered to have

used to produce silica-based aerogels of truly extraordinary very favorable characteristics as a broadband absorber and
physical properties. The density, which can be as low as a emitter. Growing the crystal with acceptable optical charac-
few milligrams per cubic centimeter, barely exceeds that of teristics has become a challenge because of defects that pro-
the air in the pores of the foam. Synthetic pathways are dis- duce scattering losses. Annealing has been found to
cussed. Elsewhere in this Report, aerogels synthesized from overcome the problem.
organic compounds are described. The Department also has both experimental and theo-

The inertial confinement fusion program required poly- retical programs in fiber-reinforced composite materials.
mer films in which bromine was atomically dispersed. A This work will be reported in a future Report.
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Synthesis of Very High-Porosity Silica Aerogels

Aerogels are among the lightest of all man-made materials, but
until now the ability to make truly high-porosity aerogels has
been limited. We have successfully formed silica aerogels that are
barely as dense as the gas that fills their pores and that have a dif-
ferent microstructure than conventional, lower-porosity aerogels.
They also have unique optical, mechanical and thermal properties
that result directly from the especially large proportion of trapped
air in their pores.

Introduction silica particles form, gelation occurs, and syneresis (i.e.,

spontaneous shrinkage caused by bond formation between
We are interested in very high-porosity (i.e., porosity particles) continues to strengthen the structure. When the
>99%), transparent silica aerogels for charged-particle single-step method is used to attempt to make very high-
detection via the Cerenkov effect and as targets for NOVA porosity aerogels, it is necessary to dilute the silica concen-
experiments. Silica aerogels characteristically have a high tration by adding large quantities of solvent to the mixture.
porosity (i.e., the pore-volume fraction of the bulk) because If alcohol is used as the solvent, the backward hydrolysis
their nanometer-size particles are linked together to form a reactions (esterification and alcoholysis) can prevent a gel
gel with an open, three-dimensional structure that survives from forming at all. Even when gelation occurs after high

removal of the liquid phase with minimal collapse. For pro- dilution by this method, the resulting aerogel is no longer
ducing transparent aerogels with porosities greater than transparent for porosities greater than 99% because the
99%, however, conventional silica sol-gel chemistry is lira- pore-size distribution includes too many pores larger than

ited because gelation is either too slow or completely 50 nm in diameter. 1
unachievable, and even when gelation is achieved, the We developed a two-step process that circumvents
large pore sizes result in loss of transparency. We have these limitations and allows us to make very high-porosity
developed a two-step sol-gel process that bypasses the lim- gels. First, we form a partially hydrolyzed, partially con-
itations of the conventional process and forms very high- densed, silica mixture as a gel precursor. Second, we pro-
porosity silica aerogels that are transparent up to the cess the precursor to a gel. Using this process, we make
highest porosities achieved, silica aerogels with porosities as high as 99.86%. A techni-

cally important part of this process is to remove all alcohol

Experimental Method by distillation during the reactions and replace it with a
non-alcohol solvent. Similar two-step sol-gel chemistry

The standard sol-gel chemistry leading to high-porosity was reported by Brinker, et al. 2 for xerogels (i.e., very low-
aerogels involves hydrolyzing and condensing silicon porosity gels), and Schaefer et al. 3 for conventional aero-
alkoxides according to the reactions gels, but alcohol was used as a solvent in those processes.

Although the clearest aerogels have been produced with

catalvst tetramethoxysilane (TMOS) and methanol as the solvent,

nSi(OR)4 + 4nH20 _----+nSi(OH)4 + 4nROH (Hydrolysis) , our procedure works equally well with tetraethoxysilane
(TEOS) and ethanol as the solvent.

and To make the precursor, we first purify the TMOS
catalyst (Dynasil, Inc.) by triple distillation. Next, we mix the

nSi(OH) 4 _---_nSiO 2 + 2nH20 (Condensation) . TMOS with methanol and an amount of water insufficient
for complete hydrolysis (e.g., molar ratios of 1 TMOS: 1.3

Usually,; this is done in a single mixing step in which 5, H20:2.4 MeOH: 10- HC1). Then, we reflux the mixture
tetraalkoxysilane [Si(OR)4], water, catalyst, and excess under acidic conditions for 16 h, distill it, remove all of the
alcohol used to assist mixing are brought together in a alcohol initially added to aid mixing and subsequently
container. Both types of reactions proceed simultaneously, produced by reaction, and collect the remaining con-

densed silica, which has an oily consistency. The oil can be
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either sealed in a container to protect it against moisture, ultraviolet light. Recent measurements of the compressive
or diluted with a nonalcoholic solvent (e.g., acetonitrile modulus, sound velocity, and thermal conductivity* clearly
or acetone) and stored indefinitely for later use. Tile non- show timeeffects of trapped air within these aerogels.

alcoholic solvent inhibits backward reactions and stabi- Figure 2 shows TEM micrographs of aerogels produced
lizes the oligomeric silica mixture against reactions by both the two-step method and the single-step method.
leading to gelation. The silica aerogel with 99.8% porosity exhibits a chainlike

Using the condensed silica oil as the precursor, we microstructure, with many chain lengths as long as 20 nm
produce the gel by generating reactions that complete the between apparent connections. The average width of the
hydrolysis under basic conditions and with a large excess chains is approximately 2 nra. In contrast, timeTEM for a
of nonalcoholic solvent. This is accomplished by mixing single-step, base-catalyzed, TMOS aerogel with a 98.2%
the condensed silica oil with 2.5 moles of water, sufficient porosity shows strings of spheroidal particles. The parti-
nonalcoholic (typically acetonitrile) solvent to achieve the cles have an average diameter of 12 nm and appear to be
targeted porosity, and 2 mL of NH4OH catalyst per liter of connected with minimal necking. The two structures are
solution. The gel typically forms within 72 h. significantly different, the first being polymer-like and the

To obtain a very high-porosity aerogel, we place the latter bead-like.

glass mold containing the gel directly into an autoclave TimeBET surface-area measurements for very high-
to extract the solvent from the gel under conditions that porosity silica aerogels range from 550 to 650 m2/g,
cause the solvent to be a supercritical fluid. (Such fluid anomalously low compared with surface areas of lower-
lacks the surface tension that would tend to collapse the porosity aerogels derived by the two-step method (850 to
tenuous gel structure as the fluid is withdrawn.) We ramp 950 m2/g) and the single-step method (700 to 750 m2/g).
the temperature to 300°C at a rate of 20°C/h while holding Very high-porosity aerogels may have many pores that
the pressure generated by the solvent vapor at approxi- are too small to be probed by nitrogen molecules, thus
mately 136 bar. Finally, we depressurize the autoclave at a giving low BET-measured values for the surface area. In
rate of 20 bar/h and allow the resulting aerogel to cool fact, results from helium pycnometry also suggest such

slowly while the vessel is purged with dry nitrogen gas. microporosity; the measured skeletal density for very
Very high-porosity aerogels produced by direct extrac- high-porosity aerogels is 1.81 g/cm 3 vs 2.09 g/cre 3 for

tion of the solvent are hydrophobic and are stable in air. aerogels derived by the single-step method, but both are
However, very high-porosity aerogels produced by first lower than the normal density of silica.
exchanging the solvent with carbon dioxide and then The transmittance of very high-porosity aerogels is con-
supercritically drying the resultant product are hydrophilic siderably higher than that of aerogels derived by the single-
and shrink badly when exposed to air. step method for ali wavelengths between 200 and 800 nra.

This enhanced transmittance, coupled with improved ther-
Results and Discussion real insulative properties, has renewed commercial interest

in the use of aerogels as thermal-pane windows. Figure 3
Figure 1 shows the transparency of an aerogel with porosity compares transmittances of both types of aerogels. Ali three
greater than 99.8%. We have characterized the microstruc- aerogels compared have the same thickness, but the two
ture of very high-porosity aerogels to determine how they
can remain transparent with such high porosity and to com- Figure 2. TEMs of two-step and single-step aerogels.

pare them with timemicrostructure of conventional, lower- The former(a) is filamentary, and the latter
porosity aerogels. The methods used were transmission (b) is colloidal.

electron microscopy (TEM), nitrogen adsorption porosime-
try (BET), and spectrophotometry using visible through (a) O = 0.008 g/cre 2 (b) p = 0.04 g/cm 3

,¢_'4"-

Figure 1. r,-__:, : ,_;.. _ , _ ::_;_

silica aerogel made by '72,,,,_ _" ! _:_
the two-step process.
The resulting aerogel "t, .' "_

is relatively transpar- _ ,_.ent and strong. .. ' '17 _. t;200 A ..
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aerogels produced by the two-step method have different interlinked chain-like polymer with an average chain
porosities. The enhanced transmittance is surprising because diameter of 2 to 3 nrn and an average chain length greater
increased extinction at ali wavelengths from ultraviolet to than 15 nra. The increased transparency of these new aero-

visible was expected as a result of scattering from the larger gels also indicates that they have very small particles and
pores within the high-porosity silica aerogel. The pores of uniform pores smaller than 50 nm in diameter. The increased
very high-porosity aerogels either are smaller than expected light transmittance and low themlal conductivity of our
or are very unifornl in size. We have not been able to mea- newly developed aerogels have stimulated considerable
sure either accurately, interest in their potential commercial use in thermal-pane

The compressive modulus (E) of aerogels as a function windows and other insulation applications.

of density (p) has been studied for several kinds of low-
porosity aerogels 4 and is represented by the relation E ~ px, This work was funded by R Program and by Weapons-

3 _where 2.8 < x <, .8. However, results for very high-porosity Supporti,g Research.

aerogeis deviate frorn this relation (see Fig. 4). Sound-
velocity data also show similar differences in behavior " Made for us by Prof. J. [:ricke, University of Wurzburg, FR(;.

I:_etween,,very high-porosity and conventional aerogels. 5
The ambient thermal conductMty of very low-density aero- References

ootgels decreases with porosity to a minimurn at about o y,,
porosity but then increases with porosity as radiative trans- 1. C. F. Bohren and D. R. I-luffman, Absorptimz and Scalh'rin,_ qll.i,_cht by

Small Parlich,s (Wiley-lnterscience, New York, 1983), Chapter 5.
port dominates the conductMty through a structure with a 2. C. J. Brinker, K. D. Keefer, I). W. Schaefer, and C. S. Ashley, "Sol-Gel
higher ratio of air to solid material. _>The minimum thermal Transition in Simple Silicates," ]. N(m-Cryst. Solids 48, 47 (1982).
conductivity of very high-porosity silica aerogels is only 3. D. W. Schaefer, K. D. Keefer, C. S. Ashley, R. K. Pearson, and I. M.

0.016 W/m 2, the lowest conductivity measured for any sil- Thomas, "Origin of Porosity in Synthetic Materials," in Physics and

ica aerogel. This property of the silica aerogel is currently Chemistry q[Porous Media II, J. R. Banavar, J. Koplik and K. W.
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Our experimental results suggest a microstructure for the .....................

very high-porosity silica aerogel that differs from the 1Figure4. The compressive modulus of aerogelsasa
bead-like structure typical of single-step, base-catalyzed function of density. The modulus of high-

TMOS aerogels. The suggested n:i,.mstructure is an porosity aerogels (lower left) is less affected by density because of the
larger amount of air trapped within the pores.

Figure 3. Relative transmittance of aerogels. The 103 =
effective clarity of two-step aerogels is higher

than that of single-step aerogels.
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Elimination of Scattering Centers from Cr:LiCaAIF 6

We have determined the morphology and composition of submi-
crometer-sized defects in single crystals of the laser host LiCaAIF 6
(LiCAF). Annealing within 50°C of the melting point eliminates
these defects and reduces passive scattering losses in the crystals
by an order of magnitude. During annealing, these defects dissolve
into the matrix and then diffuse out of the crystal. We hypothesize
a mechanism for the growth and elimination of defects in LiCAF.

Introduction of LiE CaF 2, and AIF3, doped with 2 tool% of Johnson-
Mathey Aesar CrF 3. The mixture was hydrofluorinated

In a series of recent papers, Payne et al. 1-3and Atherton et with pure HF at 8(J0')Cfor 4 h prior to growth in order to
al.4 detailed the properties, performance, and growth of the prevent oxide formation.

laser crystal, Cr3+:LiCaAIF6 (hereafter referred to as LiCAF). We used CZ feedstock to avoid (temporarily) the
As is the case with many other Cr3+ laser crystals, LiCAF is determination of the congruent composition of LiCAF for
both a broadband absorber and a broadband emitter. Its out- our starting material. Subsequent to this initial work, we

put wavelength, which is tunable between 720 and 840 nra, grew single LiCAF crystals from stoichiometric mixtures
exhibits negligible thermal lensing. In addition, it has a and mixtures that were up to 3 (tool)% LiF-rich, 3% LiF-
measured quantum slope efficiency in excess of 0.70. 1The lean, 3% AIF3-rich, and 3% CaF2-1ean. We doped these

strontium and gallium analogs Cr3+:LiSrA1F6 (LiSAF) and crystals with approximately 3 tool% CrF 3 substituted for
CrB+:LiSrGaF6 (LiSGaF) have similarly attractive laser prop- A1F3. We have observed no dependence of defect density
erties. 5,6Unfortunately, the utility of "as-grown" single crys- on starting composition. Table 1 lists some of the samples
tals of LiCAF has been limited by passive scattering losses, in used in the annealing studies, along with the measured
the range of I to 5 x 10-2 cm-1, as a result of submicrometer- scattering losses.
to micrometer-sized defects, which are present in roughly
10 to 100 ppm by volume. We have shown elsewhere 7 that Defect Morphology
these defects are composed of a lithium-rich phase of the
major constituents of LiCAF. Here, we demonstrate that the Figure l(a) shows a section of crystal GF031389 cut perpen-
defects can be eliminated and the scattering losses reduced dicular to the a axis and illuminated from the side. Regions
to less than 2 x 10-3 cm -1 by annealing LiCAF crystals at of strong scattering are clearly visible, and as Table 1

high temperatures.
Figure 1. CrystalGF031389(1B):(a)before annealing

Crystal Growth _nd (b) after annealing. Thebright areasare
regions of strong scattering.Crystaldimension is approximately
4 x 10x 20mm.

We grew the LiCAF crystals for this study by both the
Bridgman and the gradient freeze methods using graphite (a) Before (b) After

ampoules. In the gradient freeze process, we establislled a
temperature gradient in the furnace and grew the crystal
by ramping the furnace temperature (or power) down
with time to advance the melt/crystal interface upward.
Likewise, in the Bridgman method, we advanced the
melt/crystal interface upward through the ampoule but
held the temperature profile constant while lowering the

ampoule from a hot zone to a cold zone. For these experi-
ments, the temperature gradient and growth rate ranged
from 6 to 10'_C/cm and 0.5 to 1.0 mm/h, respectively.

The LiCAF growth was seeded with 0.25- x 1.0-in. crys-
tals oriented along the a axis (i.e., in the direction of
growth). The starting material for these crystals was previ-
ously grown Czochralski (CZ) crystals, also produced in
our laboratory. We grew the CZ crystals from stoichiomet- !
ric quantities of Johnson-Mathey high-purity GFI powders _..... !
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shows, tile measured scattering losses for this crystal are shown in Fig. l(a) prior to annealing. Losses in annealed
about 2 x 10.-.2crn-1. As sh(_wrl irl Fig. 2, these regions con- crystals are less than 2 x l0-3 crn -I, an order-of-magnitude
sist of arrays of discrete, micrometer to submicrometer reduction. We observed no changes in defect concentration

sca ttering centers. Furthermore, these arra vs of d elects or nlorphology for an nea ling below 750°C.
li I _ l,

exhibit three distinct morphologies: curvilinear feathers, We performed a set of l-d annealing runs on a sample
planar nel t.I]ae, and 3-D clouds of randornly distributed from GF051589 to examine the affects of partial annealing
defects or "smoke." When a nebula lies within a region of on the defect structures. The results, shown in Fig. 2, lead
smoke, it is surrounded by a nearly defect-free material to the following observations and conch.lsions:
whose boundary follows that of the nebula. The spatial • The defect arrays undergo dispersal to more-disordered
distribution of these three morphologies appears to be structures with each successive anneal. This indicates
random and displays no consistency from boule to boule, that the defects undergo dissolution followed by diffu-

Both the nebulae and the feathers lie almost exclusively sion during annealing, and regrowth during cool-down.
within the c plane, which is a plane of easy slip in this uni- • The smoke disappears first, thus strengthening our sug-
axial crystal. The feathers are made up of short line seg- gestion that the dislocations provide low-energy nucle-
ments of defects that almost always lie along either the a or ation sites; hence, the smoke particles are the last to

a*axis. Transmission electron microscopy (TEM) studies form and the first to disappear.
show that disk)cation lines exhibit these same orientations. • The maximunl defect size increases by about a factor of
In contrast, the particles of smoke are randomly distributed. 2. Although particle coarsening is the thermodynami-
These observa tions suggest that d isloca tions associa ted ca lly favored mea ns of red ucing the su rface free energy, _
with shear-induced slip in the c plane provide low-energy it als() suggests that the limit on defect size is due to an
nucleation sites for the defects, but in the absence of disloca- increase in strain energy with size. Annealing may
tions, the defects will nucleate randomly, producing regions relieve the strain and increase the maximum defect size.
of smoke. Finally, as-grown crystals of LiCAF always Despite these observations, the cooling rates after
exhibit an approximately 1-mm defect-free region around annealing (20()°C/h) were so much longer than during
the perimeter of the crystal, crystal growth (1 to 3°C/h) that we could not rule out the

possibility that, following dissolution of the defects into the

Annealing matrix, the samples were being quenched into a metastable
state with the defects atomically dispersed. 1i) differentiate

In an effort to reduce the scattering losses, we annealed between a mechanism of quenching and one of diffusion,
small (4- x 10- x 20-mm) crystals of LiCAF from boules we carried out the following experiment.
GF031389 and GF051589 within a graphite crucible open We cut two, 4- x 10- x 20-mm, defect-rich crystals from
to a flowing argon atmosphere inside a platinum tube fur- adjacent positions in boule GF031389. We annealed one for
nace. We annealed the samples at 690 to 804°C for I to 14 d, 4 days at 796°C and then cooled it at 200°C/h, producing a
after which they cooled at a rate of 200°C/h. For times >4 d defect-ft'ce crystal. We then annealed both samples for 4 d
and temperatures >75()°C, annealing removed defects and at 796'_Cand then cooled thern at 3°C/h from 796 to 580°C
reduced scattering (see Table 1). Figure l(b) shows the ........................................................................................
effect of annealing on a crystal of LiCAF--the sarne crystal Figure 2. Examplesof the threecommon defectinor-
..................................................................................... phologies and effect of annealing. Top

Table 1. Samples used in the annealing studies and sequence: curvilinear feathers. Bottom sequence: planar nebula and

their measured scattering losses, nearby smoke. Note that after one day, the smoke particles have dis-
appeared. During annealing, the other defect structures become

Measured scattering losses increasingly dispersed.

Annealing history (10-2cm -1) I st annual 2hd anneal

Time Temp. Cool rate As grmvn (24 h al 80(Y_C) (24 h at 8()(YC)

Sample lD (d) frC) (_C/h) Before After __ ....i;__GI::U3I389 lIB) 1 75(I 200 2-4 1-2 iiii_

i

15 785 211(I 1-2 <0.3 ":: : _,_
4 796 3 <0.3 <0.3 IGF031389 (2B) 4 780 200 2-4 a,l,

GF()3138 c)(3B) l 805 200 2--5 2-.,5

........

4 796 3 2-5 <0.5

GF{}51589 1 790 200 2-5 2-:3

1 8{11 2ft{) 2-5 a

a Sample t.o small for accurate l._,s nleasuremerHs.

t, Visual observation clearly sh(weed that sample v,,as nearly defect free.
Ill() Dm a axis _-- (growth axis) (_) { axis
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and at 20°C/h from 580 to 20°C. Both crystals were defect for x/l < 0.90 and falls below 0.1 only for x/l < 0.95. This
free. Hence, we conclude that, after dissolution, atomically value accounts for the presence of a defect-free region

dispersed defects diffuse out of the sample because of a around the perimeter of as-grown crystals of LiCAE We
concentration gradient between the sample and the sur- have shown elsewhere 7 that, by growing crystals slowly
rounding atmosphere, enough in a sufficiently shallow gradient, !t is possible to

grow LiCAF that is defect free throughout its volume.
Discussion Ba_ed on the above observations we propose the fol-

lowing framework for understanding the formation,

From these annealing experiments, we can estimate a growth, and elimination of defects in LiCAF. As the grow-
diffusion constant for the atomically dispersed defects near ing crystal moves away from the melt/solid interface, it
800°C. We assume that, following dissolution, the annealing reaches a critical temperature, Tc, of about 750°C, below

process can be approximated by the diffusion of a mobile which LiCAF becomes supersaturated in either an extrin-
species with initial concentration, C0, from a semi-infinite sic impurity species or an excess of an intrinsic major con-
slab between x = -1 and +1 into an infinite medium with con- stituent. At some temperature below Tc, nucleation of the
centration C(x,t) = 0 for all time t. The solution is given by 9 defects occurs both randomly and along dislocations.

Initially, surhce-energy reduction favors the growth of
C(x,t) = Co - defects, but eventually, increasing strain energy imposes a

f _ f(an+l)l-Xl+erfc I(2,,+1)1+ xl" _ limiting size on the defects. During annealing, the defects
c°_(-1)"lerrcL 2--_ J L 2_D_t JJ' (1) dissolve back into the CiCAP matrix and then diffuse out, of the sample along a concentration gradient.

This solution is shown graphically in Fig. 3. Acknowledgments
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Preparation and Properties of
Brominated Plasma Polymer Coatings

We have developed a plasma polymerization process for deposit-
ing brominated polymer coatings for laser experiments. We used
an x-ray radiographic gauging technique and x-ray microfluores-
cence to measure composition and used atomic force microscopy
to measure the surface finish of the coatings. We found that the
surface finish improved to better than 50 nm peak-to-valley with
increased total gas flow rates.

Introduction Experimental Method

Hydrodynamic instability experiments related to inertial Tile plasma coating process and system have been
confinement fusion have recently required polymer films described in previous reports. 2-4 Briefly, the coating system
seeded with bromine. 1To prepare these films, we devel- consists of four main components: a gas supply manifold,
oped a process for producing a polymer with atomically an rf-discharge generator, a coating chamber, and a vac-
dispersed bromine in the range of 1 to 5 at.% and with uum pump. Electrically actuated valves control the flow
excellent uniformity and surface finish. Previous work in rate of the various reactant gases. The valves are feedback
our laboratory had produced coatings with silicon or sulfur controlled by pressure-drop measurements. For bromine-
atomically dispersed in a hydrocarbon polymer. 2 We used seeded coatings, we use a combination of three gases:

the established plasma polymerization apparatus and ethylbromide, trans-2-butene, and hydrogen. We measure
introduced a brominated feed gas. the pressure in the coating chamber with a capacitance

Quantitative analysis of the films, which usually had a manometer and control it at a constant 75 mTorr with a

mass of less than 50 lug, presented an additional challenge, variable-conductance throttle valve that separates the coat-
We developed several methods for measuring bromine com- ing chamber and the vacuum-pumping section. Polymer
position, including combustion chemical analysis, density deposition occurs in a region of glow discharge driven by
measurement, radiographic analysis, and x-ray microfluo- an rf helical resonator. In this region, electrons collide with
rescence. The analysis revealed compositional variations the gas molecules, causing fragmentation and ionization.
within our coating apparatus and irregularities in flow con- The reactive fragments chemically recombine in the gas

trol. We are now able to deposit coatings with predictable phase and on nearby surfaces to form a polymer coating.
thickness and uniform composition up to 100 lure thick.

........................................................................................Composition Analysis
Figure 1. 6O

_: We used combustion chemical analysis to measure bromine
Hydrogen and bromine :• _ concentration of our samples to an accuracy of 0.1%, cali-

concentrations in _ _5 "-a,..C ,,A,_- A AA brated by known standards. We separated and analyzed
plasma polymers, mea- "= _ "_.
sured by chemical anal- _ 0 polymer collected from the discharge tube from the center
),sis, show thaibromine _ 5(I _ O_ of the substrate area and from the outer edge of our sub-
concentration is lowest _ A Discharge tube strate (3 cm from the center of the coating chamber). The
in the discharge tube = 0 Substrate center bromine content increased as the sample was collected far-_"r.4_ --
and highest at the edge _ • Substrate edge ther from the discharge. Figure 1 shows hydrogen concen-of the substrate. The "_;-. tration as a function of bromine concentration for various
-1 slope of the line _ [ ] [ ]
through the data indi- 40 bromine-seeded polymers. The line through the data has a

0 1 2 3 4 5 slope of -1, indicating that the addition of one bromine
cales that one hydrogen Bromine concentration (at.'!,,)
atom is removed for atom results in the loss or displacement of one hydrogen
eachbromineaiom atom. The bromine-carbon bond is weaker than the carbon-

added to lhc hydrogen bond, and continual electron bombardment may
polymer structure, break it in the immediate area of the discharge, resulting in
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bromine depletion. Farther downstrearn, away from the gas species in the discharge zone. Ill this study we again
discharge, tile material receives less electron bombardment found that the size of particles in the coating decreased with
and therefore has a higher bromine content, increased gas flow rate. We also found the bromine compo-

Although we ultimately controlled bromine composition sition to decrease with increased flow and, hence, the pro-
in the polymer by controlling the flow rate of the bromi- portion of bromoethane had to be increased to maintain a
hated feed gas, we found that other process parameters also constant 2-at.% bromine composition.
influenced the composition, including the trans.-2-butene

and hydrogen flow rates, the discharge power, and the sys- Radiography
tem pressure. These variables may ultimately provide the
means to further improve the plasma polymer coatings by We use x-ray radiography to measure the thickness and
controlling oxidation, stress, and surface finish, uniformity of coatings. Because radiographs of coatings

deposited with irregular gas flow control reveal density
Density Analysis and composition variations, radiography is an important

tool in diagnosing deposition conditions. In particular,
Densities of the bromocarbon polymers accurately reflect radiographic density of the coatings varies with the
the bromine concentration of the polymers. We used a bromine content. To use the radiographs to quantitatively
density gradient column (a mixture of two liquids) to mea- measure bromine content, we constructed a calibration step

sure polymer density. The measurements of density and wedge consisting of 30 layers of polymer film and precision-
composition of matching samples are plotted in Fig. 2. The machined a brominated polystyrene 5 step wedge. We then
samples for the density measurements came from the dis- matched the optical density of the brorninated film to a

charge tube, the center of the substrate, and 25 mm from thickness within the step wedge.
the center; the concentration of bromine increased in the

same order. Density and composition appear to bc linearly X-Ray Microfluorescence
related in the range of 0 to 5 at.%. The zero-intercept den-
sity is 1.06 g/cm 3, the value for pure hydrocarbon poly- To more accurately and more rapidly measure bromine con-
mer on this coater, centrations, we set up an x-ray microfluorescence (XRMF)

apparatus, which consists of a movable stage and an x-ray
Surface Finish Analysis beam collimated to a diameter as small as 50 p.m. We mea-

sured fluorescence in the brominated films with an energy
Scanning electron microscopy has been our primary means dispersive detector. Figure 4 is a 50-p.m-aperture scan across

of characterizing surface finish. Recently we used atomic the precision-machined brominated polystyrene step wedge.
force microscopy (AFM) to more quantitatively measure the We found the counting rate to be a linear function of thick-
microstructure of the plasma polymer films. Figure 3, an hess to at least a thickness of 140 p.m.
AFM scan of one of our films, shows surface roughness to
be about 50 nm peak-to-valley. The film appears to be com- Figure 3. AFM scans of bromine-seeded plasma

posed of an aggregate of smaller particles 50 nm in diame- polymers revealeda structure composed of an
ter. Previous work on hydrocarbon films showed that the aggregate of particles 50 nm in diameter.
surface finish improves with increased total gas flow rate. 4
The improved surface finish appears to result from less gas-
phase nucleation because of the short residence time of the

Figure 2. 1.6 6()

A Dischargetube
Thedensityof O Substrate center

bromine-seeded _-," _Q_plasmapolymers,as _ 1.4 -- • Substrateedge • 30

-
measured ina density _
gradientcolumn,is lin-
ear in bromineconcen- ._' 400
trationbelow5 at.%. _ 1.2

0 __000
20(}

400
I.o I I ) I nm 6oo
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Bromineconcentration (at.%)
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Summary higher gas flow rates. We have developed a radiographic
technique to quantitatively measure bromine concentra-

We have developed a plasma polymerization process for tion and have found x-ray microfluorescence to be both
deposition of bromine-seeded coatings with controlled rapid and quantitatively accurate.
composition tlp to 5 at.%. Surface firlish was improved at
......................................................................... This work was.funded by the ICF Project in Y Program.

Figure 4. A precision-machined brominated polystyrene
(2.05 at.",",,bromine) was scanned in 25-tJm *Mechanical Engineering Department, I.I.NI.

increments by using a 50-I.lm collimated x-ray beam to calibrate the

XRMF apparatus. References
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Epoxy Adhesive with High Fracture Toughness

We have developed a structural epoxy adhesive that has a fracture
toughness of 1.3 MPa_ and cures completely at 75°C. Originally
developed to bond BeO components in an LLNL weapon system,
this adhesive has proven effective as a general-purpose structural
adhesive for a variety of high-surface-energy substrates, including
metals, metal-oxide ceramics, and glasses. The low surface tension
of the liquid adhesive, 32 mJ/m 2, promotes wetting of low-surface-
energy solids (such as plastics and fiber-reinforced polymer
composites) for high bond strength.

Introduction Technical Approach

The LLNL Weapons Program requested us to develop an Our approach was to develop a two-phase structural adhe-
improved structural adhesive for BeO/BeO bonded joints sive based on epoxide/amine (epoxy) reaction chemistry.

to replace an epoxy adhesive that had failed in component We selected epoxy adhesives because they can form high-
vibration tests and had exhibited wide variability in static strength bonds with ceramic substrates and can be formu-
bond-strength tests. The improved adhesive was to have a lated to cure at moderate temperature (50 to 100°C) without

high degree of reliability, high bond strength, and good frac- generating volatile by-products. In addition, we believed
ture toughness over both the entire weapon lifetime and the that an epoxy adhesive could be developed in which the
stockpile-to-target sequence (STS) temperature range of-50 chemical reaction would go to completion at the 75°C vac-
to +75°C. Moreover, the bond between the adhesive and the uum bake-out temperature used in production. However,
BeO substrates would have to be formed in the existing com- pure epoxies such as the one that failed in the component
ponent production cycle, which involves fixturing the assem- tests have notoriously poor fracture properties, with fracture

bly and heating to a temperature of 75°C under vacuum, energies (Glc) of about 120 J/m 2 and fracture toughnesses
To completely cure at 75°C and maintain mechanical (Klc) of about 0.6 MPa ,,/_i-. The relationship between these

properties at the upper STS temperature, the adhesive two measures of fracture resistance is (for plane stress)
should have an equilibrium glass transition (softening)

temperature in the range of 85 to 95°C. Desirable process- K12c= EGlc, (1)
ing characteristics included low viscosity in the liquid
state for easy mixing and a pot-life (working time at room where E is the Young's modulus or stiffness of the material.

temperature) of 2 to 4 h prior to solidification in order to The relationship of Glc and Klc in Eq. (1) shows the impor-
allow sufficient time for assembly. Wetting of the BeO sur- tance of the elastic properties of the material in determining

faces by the adhesive in the liquid state was also required the intensity of the stresses at a crack tip. For example, a
to achieve a high-quality bonded joint. Wetting ensures brittle, high-modulus ceramic such as BeO, which exhibits

intimate contact and a continuous interface between the no plastic deformation at a crack tip, can have a low frac-
two phases because the liquid adhesive fills microcracks ture energy (=40 J/m 2) but a high fracture toughness (=1 to
and crevices in the BeO surfaces to provide mechanical 2 MPa x/_r[) relative to epoxy. Given the lower fracture
interlocking and to displace air pockets that could act as toughness for the epoxy, we would expect a bondline crack
fracture-initiation sites, to form more easily and propagate more readily through a

The 75°C temperature of the processing cycle precludes pure epoxy adhesive layer than through the adjacent BeO.
the use of commercially available, high-fracture-tough- Therefore, assuming perfect interface bonding, the fracture

hess, organic adhesives, which typically require a tempera- resistance of a BeO/epoxy/BeO joint can only be improved
ture greater than 120°C and moderate pressure to form a by increasing the fracture toughness of the epoxy layer to
structural bond. These processing constraints also prohibit equal that of the BeO. From Eq. (1), using a typical Young's
the use of ali of the conventional ceramic joining methods
such as inorganic cements, glass solders, and metallization_

which require temperatures above 800°C.
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modulus for the epoxy (3 Gl'a), we can calculate the mini- Results and Discussion
natam fracture energy for the epoxL 600 to 800.1/rn 2, needed
to approach the fracture toughness of the Bee. (9f several epoxies containing only an epoxide resin and

To achieve the required factor-of-6 increase in fracture ata amine hardener, we found only one that had low toxic-
energy of the epoxy, we decided to incorporate rubber par- ity, consistently high bond strengths, and good processing
ticles in the epoxy matrix, l'hlbber-tougtaening of epoxies, a characteristics. The resin component of the selected epoxy
well-established way to increase fracture toughness, is is the diglycidyl ether of bisphenol-A, (DER 332, Dow
thought to result from localized shear banding and Chemical). The hardener is an anaidoamine (HY-955, Ciba-

cavitation mechanisms that nucleate at rubber particles to Geigy), which is a reaction product of a Cls fatty acid with
dissipate strain energy. 1 We examined a variety of liquid- triethvlenetetramine. This epoxy had a high static shear
rubber additives that were initially soluble in the liquid strength of 47 MPa and a ductile failure mode with homo-
epoxy but phase-separated during cure to form discrete geneous yielding and ultimate shear strain approaching
rubber particles. We evaluated amine-terminated ,._'_S",,,.Despite the inherent ductility of this single-phase
poly(tetranaethylene oxide) rubbers, carboxv-terrninated polymeric glass, its fracture energy was only 130 J/m 2, far
butadiene-acrylonitrile (CTBN) copolymer rubbers hay- below the target value of 600 to 800 J/rh 2.
ing various acrylonitrile content, and epoxide- and Adding the amine-terminated poly(tetramethylene
amine-terminated CTBNs. oxide) rubber, the CTBN copolymer rubber, or the arnine-

terminated CTBN at the 10-wt",;, level produced no signifi-

Experimental Procedures cant increase in fracture toughness of the epoxy, although
SEM rnicrographs showed evidence of a phase-separated

We used differential scanning calorimetry (DSC) to deter- morphology with rubber particles dispersed in the epoxy
mine the glass transition temperature and completeness of matrix. In contrast, the epoxide-terminated CTBN pro-
reaction 2 for candidate adhesives after a cure cycle of 24 h duced a rnarked improvement in fracture energy. Figure 1
at 75:C. Using molded epoxy specimens, we measured shows the chemical structures of the epoxy-terminated
torsional shear strength and rnodulus at a strain rate of CTBN (Epi-Rez 58006, Rhone-Poulenc), the diglycidyl
0.05/rain at temperatures of 22 and 75°C. 3 Using the pen- ether of bisphenoI-A epoxide resin, and the amidoarnine
dant drop techrlique, we rneasured surface tensions of hardener of the selected epoxy adhesive.

epoxies in the liquid state 4 to identify adhesives with low Figure 2 shows the softening temperature, shear rnodu-
surface tensions that would provide good wetting of the Ius, shear strength, and fracture energy of the epoxy adhe-
Bee surfaces. Using a double torsion fracture test,- we sire as functions of rubber concentration. The softening
determined the G lc values of candidate epoxies as a func- temperature is independent of rubber concentration over the
tion of composition and bond thickness. We obtained ali range tested, indicating complete separation of the rubber
G 1cvalues reported in this work at 22°C and at a deforrna- phase from the epoxy matrix. The shear modulus and shear
tion rate of 0.013 mm/rain by using teel steel adherends strength at both 22 and 75°C decrease monotonically with
measuring 150 × 40 x 6 mm. We exarnined adhesive increasing rubber concentration. The shear strength falls to
microstructure by using scanning electron microscopy the mirlimurn acceptable values [represented by the dashed
(SEM) and determined the shear strength of Bee adhesive lines in Fig. 2(b)] in the range of 10 tc) 13'7, rubber. The

joints by using a tubular-butt torsion testP decrease in modulus with increasing rubber concentration

Figure 1. Chemicalstructuresof 89-15adhesivecomponents.

CH_ C) 1-1 II

" ' ' "CH:-_CHCtlX) OCI-t2C_CH 2 Ct-I_(CH2)I.CNHC:H_CI-I_N CIt_CI--I_N CIt_CII_ N" \Ho c I I., o• Amidoarnint,harderler

Diglycidylether of bisphenol-.\ epoxide resin (reactionproduct ofC 18fatty acid with tricthvlenetetramine

CI-I._ O Cl--ta O CHs
I II I II I

O CtI._ Ot1 C=N OH CI-I._ O
lipoxide functit.lal C_"II:/Nrubber containing 18wt'_,,acrylonitrile
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is a property of tilt two-phase morphology, which is pre- Figure 3 shows the microstructure of the 8t)-I 5 rubber-
dieted from nficromechanics by a role-of-mixtures caicula- tougherwd epoxy adhesive. The liquid copolymer rubber

tion that takes into account the volume fractions and additive is initially soluble in the liquid parent epoxy, form-

elastic properties of the separate epoxy and rubber ing a clear solution on mixing. At the gel point of the epoxy

phases. Figure 2(a) shows fracture energies obtained at the rubber phase precipitates from solution to form rubber-

room temperature in 100-1am-thick bondlines. A plateau in rich spherical domains, which are I to 2 I.tm in diameter.

the fracture energy at 900 J/m 2 occurs in the range of 10 to Because the rubber particles are larger than the wavelength

13% rubber in the epoxy matrix. This value translates into a of visible light, they scatter the light, making the adhesive

fracture toughness of 1.3 MPa \ m for the rubber-modified appear opaque. The relative solubility parameters of the

epoxy, which is the target value for BeO. rubber and epox); the interfacial tension, and the chemorhe-

The optimum adhesive formulation occurred at a rubber ology of the system ali determine the final size of the rubber

concentration of about 10 wt%, where we obtained high particles. Typical rubber particles range from I to 10 p.m in

fracture toughness without significantly compromising rubber-toughened epoxies. Particle size is independent of

shear strength, modulus, or glass transition temperature, rubber concentration in the 89-15 adhesive, but the number

We designated the optimum adhesive formulation of 10% of particles increases with the concentration of rubber.

rubber in the 1:1 stoichiometric ratio of diglycidyl ether of

bisphenol-A with the arnidoamine hardener as 89-15. Table I Table 1. Adhesive 89-15 properties.
summarizes its properties.

Property Value

Figure 2. The effects of rubber concentration on
adhesive fracture energy, shear modulus, Softening temperature, T_ (C) 8(_

shear strength, and softening temperature of adhesive 89-15. Fracture energy, GI_(J/m 2) 800 _ li)0
Fracture toughness, Kk ( MPa xrn) 1.3+ 0. I

1000 I ftI Shear modulus (GPa) (I.76

r?" [(a) [ Shearstrength(MPa) 3eJ

"-- Surface tension (ml /m 2) 32
"" 500 "- Initial viscosity(Pa.s) 5

O 75_ Geltime (rain) 180
Density, liquid (g/cre 3) 1.08

: o¥ I I I .lointshearst,'engtl_(Ml'a)
BeO 43

60 Toolsteel 43
(b) Alumina 40

40[_..., ,e,.- .........

,5.._
'" 20(',- Figure 3.

o, I I I 1 I I SEMmicrographof
adhesive 89-15 fracture
surface, showing

1.2 _J_C) _: :_.:.: -:. phase-separated
_:_;_I'.i_ _._ rubberparticles.

!_.._.0.8 :_ ,_ , , : ._ ;

0.4 ---O

0 I
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Conclusions References

We obtained ,1consistent joint she,lr strength of 43 Ml_a I.A.I. Kinh,ch ,uld R. I. '_otmg, Ir,_l,tc I¢,'lt,wt,,r ,,_ I',,hlm,'r_ (l:l,t, vit'r,
for adhesive St)- 15with Bee, teel steel, ,-uld altmlinttm oxide Iol_tlt,n,I'_$5).Lh. II.

2. I,LI'_.I'rimt,, in Ihcr,t:fl L'lhlr,ltlcri2tllioH Of I'l_/llltlt'l'tt',_,httcrml',, t!..'\.
substrates. Cohesive f,ailure of the epoxy occurred in each luri, lid. (z\c,lttt'lllJc ]'rt,_,.,,,Nt'w York, ItlSl ), Cb. 5.

case. The measured surface tension of 89-15 in the liquid 3. R.I.,.[von, "Sht,,lrStrt'n,e, th oi ,1[)uctilt,.kl,ltt'ri,llfrom lor.',i_nof
state is slightl.v Iowel, becau.'.,e of added liquid rubber, th,an .":,olidLvlil_der,,." I. li'_.t, t;_',fl, lq(3), 24U (lt_t_l).

th,lt of the I:_arentepoxy, lt is ,'dso significardly lower th,an the 4. A. :\..,\d,ula_,on,I'hl!.,tt,flLhcmt_,trt/of_qttrfizc,'>(\Vilerhltt,rsclt'nct.,
surface tension of the epoxy that failed in the conlponent New '_ork,Itt(_O),Pl:'.3_,--,_7.
tests, thus promoting better wetting of the Bee surf,ices. The _. A. C..kit,lent, v, II. I-I. K,lusch, ,uad II. R. Slit,gcr, "Thf Ust' t,f thfl)oublt, It_l'_ioll ]t'.'.,t(.,t'ol]lt'trv to .qt,ldv thf I:rdciurt' tri ,.\dht,.,,ivt,

F,t,_-15adhesive ha,,;ata initi,fl viscosity ,lfter mixing of 5 Pa.s, Ioint,." ].,\ 1,_t,'r 5c/. l,'tt 3, 77(_ (It_S4).
a liquid densit\' of 1.08 g/cre 3, mad a gel time ,atroom tem- _,.w. I..McCarvillmad1.I'.Bell,"lorsiota,lllest .Mt,tht_dforAdht,._ivt'
per,atttre of 180 min. Ioint.,.," I...hthc.,t_,t 6, 1,_5(lt_74).

7"hiswork was t't_Mt'd by the Nl,'lcm" Wcapo_ts lh'oqram.
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Overview

Surfaces and interfaces have long dominated the devel- The theoretical basis for RSMSTand for its application
opment and use of new materials. For example, much that to the niobium twist boundary studied experimentally is
is important in controlling the course of a chemical reaction presented in the form of the density of electronic states at
is thought to occur at a surface. Adhesion, though long the grain boundary. Detailed comparison with experimen-
studied and perhaps understood phenomenologicall_ can- tal data is not yet possible.
not be described on a molecular basis, and no theory of The interaction of laser radiation with surfaces is a mat-
adhesion exists that has a predictive capability, ter of great practical interest, particularly at or near the

The Department faces short-term programmatic chal- threshold of intensity and wavelength at which observable
lenges to solve surface and interface problems and has damage occurs. In an experiment reported here, laser radia-
long-term opportunities to develop a basic understanding tion incident on a sapphire surface at two frequencies--the
of them. Both experimental and theoretical approaches are higher corresponding to 3.5 eVmhas been found to produce
in use, so. , of which are described in this Report. aluminum ions with kinetic energies averaging 7 eV,a

High-resolution methods of characterizing surfaces result difficult to understand without a mechanism that
have been known for some time, among them low-energy includes electronic desorption.
electron diffraction (LEED). When applied to surfaces of The preparation of multilayer structures for use in x-ray
high Miller index, such as stepped or kinked surfaces, optics has been described previously. A particularly useful
LEEDexperimental data have not been amenable to quan- multilayer irt lithography consists of alternating layers of
titative interpretation. A new theoretical approach, based molybdenum and silicon. Interdiffusion at the interface
on a first-principles formalism called real-space multiple can alter its optical performance. High-resolution electron
scattering theory (RSMST),has been used to determine microscopy of the interfacial region of samples annealed at
atomic relaxations in stepped platinum surfaces, various temperatures indicates that reflectivity and wave-

The question of what occurs at an interface might be length dependence of the Mo/Si multilayer were unlikely
addressed most sLmplyif the substances on both sides of to be affected at operating temperatures near ambient.
the interface are the same chemically and crystallographi- Our diffusion bonding of niobium samples was done in
cally and differ only in crystal or'.'entation. Such a system Germany because no U.S. facility can carry out the bond-
is described in which two single crystals of niobium are ing under ultrahigh-vacuum (UHV) conditions. Such a
cleaned, polished flat in particular crystal planes, oriented diffusion-bonding facility has been under design and con-
to form a particular twin boundary, and then diffusion- struction in the Department since 1988and is scheduled to
bonded. The results of a subsequent analysis by high- go into operation early in fiscal year 1993.
resolution electron microscopy of the grain boundary
were compared with model predictions.
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LEED Determination of Multilayer
Relaxation in Stepped Surfaces

The real-space multiple scattering theory (RSMST), combined
with an automated tensor low-energy electron diffraction (LEED)
method, is used to determine atomic relaxations in the stepped
platinum(210) surface for which conventional mechanisms fail.
These relaxations arefound to be primarily perpendicular to the sur-
face and nonalternating in sign. Also, they are in good qualitative
agreement with new results from using the embedded-atom method.

Introduction energy scales roughly as A/d, so that it soon becomes pro-
hibitively large for a stepped surface. Second, a traditional

The study of systems with reduced symmetry, such as sur- LEED approach relies on a layer-doubling method for
faces and interfaces, is of great importance to science and obtaining the reflectivity of a surface, a process that can fail
technology. However, the lack of translational invariance to converge for small interplanar spacings. Some improve-
characterizing these systems has hampered the study of ments may result for the use of stacks of planes 2-5 rather
such systems by means of first-principles, quantum than a single plane in the layer-doubling method, but this
mechanical methods. Only recently have theoretical/com- technique only delays the onset of divergent behavior and
putational developments allowed an essentially unified does not cure it. Thus, conventional LEED theory has
treatment of bulk, translationally invariant materials and been applied only sparingly to the analysis of stepped
of systems containing extended, two-dimensional defects surfaces. An application to the Cu(410) surface has been
such as surfaces and interfaces. We have applied these reported, 6 but that study did not provide reliable details
new methods to the study of the multilayer relaxation of a on multilayer relaxation.
stepped surface, that of platinum in the (210) direction. The Al(210) surface structure, very similar to that of

7
High-Miller-index surfaces, also called stepped or Pt(210), was analyzed some years ago using LEED in con-

kinked surfaces, are of great importance in fields as diverse nection with the layer-doubling method. This analysis was

as catalysis, crystal growth, crack propagation, and tribol- possible only because of the unusually weak multiple scat-
ogy. Yet very few structures of stepped surfaces, such as tering of electrons by aluminum atoms, which permitted the
multilayer relaxations and adsorption geometries, have method to converge better than in almost any other metal.
been determined on the sub-angstrom scale. Structural By contrast, platinum causes particularly strong multiple
determination has so far been confined almost exclusively scattering and thus serves as a severe test case for a LEED
to low-Miller-index surfaces for which conventional meth- theory. The failure of conventional LEED methods (i.e., layer
ods yield reliable results, doubling) to converge, thus precluding the analysis of exper-

The primary technique used to analyze stepped sur- imental data, motivated us to choose platinum. The struc-
faces has been low-energy electron diffraction (LEED). 1 ture could be solved, 8however, by applying the RSMST
However, the application of LEED has been hampered by method 9 coupled with an automated tensor LEED

difficulties in dealing with the small interlayer spacings search 1°-13for the many unknown structural parameters.
that usually characterize high-Miller-index surfaces. Small
spacings result from wide terraces and from kinks in the General Theory
steps (i.e., nonalignments of the atoms in the steps, result-
ing in jagged step edges). The RSMST9 allows us to determine the scattering proper-

A stepped surface is characterized by the relatively ties of materials with reduced symmetry and is ideally
large area, A, of its two-dimensional unit cell and by the suited for the treatment of two-dimensional extended
small interplanar spacing, d, between atomic layers paral- defects such as surfaces, interfaces, and grain boundaries. 14
lel to the surface. These factors cause two major difficulties In our application of the RSMST method to LEED, we use
in LEED theory. 1 First, the size of the plane-wave basis set the two-dimensional surface periodicity and a Fourier
necessary to represent electronic wave-functions at a given transform to convert the surface problem into a one-

dimensional problem. Then, we apply the concept of
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removal invariance, which states that removing one layer, surface mirror plane, causing tile (k,h) and (h,k) spots to be
or a repeating unit, from a semi-infinite periodic stack of symmetrically equivalent. We then averaged timeintensity
layers does not change the properties of the surface. Within spectra of such spot pairs to increase the quality of the data.
multiple-scattering theory, this process leads to a self-
consistent equation from which the scattering matrix of tile Calculational Details
surface for each vector in the two-dimensional Brillouin

zone of the surface and in the angular momentum repre- The nonstructural parameters for the LEED calculation

sentation can be determined. This self-consistent equation were as follows: phase shifts up to/max = 6 were included,
replaces the layer-doubling process and alleviates the diffi- based on a relativistic potential j8 for platinum. Tile muf-
culties of convergence caused by small interlayer spacing, fin-tin zero (the zero of potential in the solid) was set at

From the surface-scattering matrix, tile amplitudes of 10 eV below vacuum and later adjusted during the tensor

the reflected electron beams can be calculated by a straight- LEED search to an optimum 14 eV. Tile mean free path
forward transformation to a plane-wave basis. Once the was simulated by an imaginary part of the muffin-tin con-
scattering matrix for the unrelaxed substrate is known, stant that was made proportional to the cube root of the
the intensities for a given relaxed configuration can be energy. 18A Debye temperature of 230 K was used, and the
obtained in at least two ways. The first approach is to cal- temperature was set at 100 K.
culate the scattering matrix for each relaxed configuration
by adding the relaxed planes onto the substrate. The sec- Results
ond approach is to use the tensor LEED technique, 1°-13
which is essentially a perturbation expansion of the scatter- The resulting structure of the Pt(210) surface is illustrated
ing matrix in terms of the displacement of timeatoms in the in Fig. 1, which shows both a side view (a) and a top view
surface region with respect to the unrelaxed reference (b) of the surface, along with the interlayer relaxation in
structure (the substrate). We chose the latter approach, cou- terms of the unrelaxed (bulk) interplanar values. Negative

pled with an automated structural search 13as being by far numbers indicate a contraction, and positive numbers
the more efficient of the two methods. This method is valid indicate an expansion of the interlayer spacing. The first
for relaxations less than about 0.4 _ and is particularly effi- interlayer spacing contracts by 23%, the second contracts
cient when it is necessary to fit many unknown parame- by 12'7,,,the third expands by 4%, and the fourth contracts
ters. The former approach (layer addition), which should by 3%. These results agree reasonably well with those pre-
ideally be combined with the tensor LEED method, would dicted by the EAM calculations, which yielded the relax-
be used for reconstruction, overlayers of adsorbates, etc. ations -31'7`,,-10%, +10%, and -7%, respectively. Lateral

For comparison, we also calculated the Pt(210) surface relaxations, as predicted by both methods, were virtually
relaxation using the embedded-atom method (EAM). 15,16 nonexistent. Similar agreement between timetwo methods
As discussed below, these two very different methods occurred in the case of the A1(210) surface, thus increasing
gave quite similar results, thus increasing our confidence
in both of them. Figure 1. Side view (a) and top view (bl of the

reconstructed Pt (210) surface.

Experimental Details
111oi llOOl

We measured the LEED spectra on a sample cut from a I__ _ p_

high-purity (99.999%) single-crystal rod and oriented this _ _'_ [iii -'23'_''-12%
............. +4%

sample within +0.5 ° using the Laue method. After polish- ._ --iii
.... -3%

ing the sample with diamond paste (0.25 _tm), we cleaned O%

it in situ by a combination of argon-ion sputtering, anneal- ,.- ._ .-. (0.8765 A)

ing, and oxygen treatment. From this process, we obtained
an impurity-free surface, as judged by Auger electron
spectroscopy displaying a sharp LEED pattern.

We took LEED intensities near liquid-air temperature
using a video camera operated under computer control. 17
Between the measurements of different beams, we flashed

the surface to avoid residual gas absorption, which could

easily affect the surface multilayer relaxation. Experimental
spectra extend up to 300 eV, while timetheory-experiment
fit used only the data between 15 and 120 eV. Our purpose
here was to reduce (1) the dimensions of the various matri-

ces used in the calculation and (2) timecomputational times. Pt (21{))
We were able to make the incident beam fall into the (001)
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Experimenta| and Theoretical Determination of
the Atomic Structure of. the (310) Twin in Niobium

We fabricated a (310) twin boundary in niobium by diffusion-
bonding oriented single crystals, characterized it using high-
resolution electron microscopy, and predicted the atomic structures
for the boundary using different interatomic potentials. After
comparing the theoretical models to the high-resolution images
by image simulation, we have ruled out one of the low-energy
structures predicted by theory.

Introduction Experiment

The predictive power of the embedded-atom method We oriented two single crystals of high-purity niobium
(EAM) and other interatomic-potential methods for deter- using Laue backscatter x-ray diffraction and flat surfaces
mining the atomic structure of defects in face-centered corresponding to (310) planes and polished them using
cubic (fcc) metals is well established. 1,2However, it is specialized optical polishing techniques. We then cleaned
desirable for models of large assemblies of atoms to be them by sputtering, oriented them to form a (310) twin,
more generally applicable to other crystal systems. Defect and diffusion-bonded thern under ultrahigh vacuum

structures in body-centered cubic (bcc) metals are assumed (UHV). Finally, we prepared specimens of this grain
to be cnore difficult to predict because their atoms are less boundary for observation by high-resolution transmission

isotropic. That is, an atom in a bcc structure has 8 nearest electron microscopy (HREM).
neighbors vs 12 in fcc. Comparison of experimentally
determined defect structures in a bcc metal with theoreti- Results
cally predicted structures should provide information on
the relative strengths of the interatomic potentials. Figure 1 shows the model grain-boundary structures pre-

We chose the (310) twin boundary in the bcc structure for dicted using the Finnis-Sinclair interatomic potential, along
this study because calculations of the energy of symmetric with the calculated values of the grain-boundary energy.
tilt grain boundaries in bcc metals on planes perpendicular The first structure shown, labeled "Relaxed CSL," has strict
to the [001] direction show a cusp at the position of the mirror symmetry at the interface and is very close to a
(310) plane. 3 Because grain boundaries tend to facet, lower- purely geometric model, where a reflection operation is
energy structures are easier to fabricate with segments of performed at a (310) plane of the perfect bulk bcc stcucture.
atomically flat grain boundary suitable for study. Finally, The other models shown are the two lowest-energy config-

we chose niobium as the model bcc metal because it is urations determined by the calculation. These models dif-
available in high purity and large single crystals, fer from the Relaxed CSL, in that relative translations occur

between the adjacent crystals. In Model 1, the crystal posi-
Model Structure Calculations tions undergo a relative translation of 0.078 nm in the [001]

direction. In Model 2 a 0.083-nra component of the crystal
The structure of the (310) twin has been simulated by using translation occurs in the [001] direction, and a 0.052-nra
several interatomic potentials for niobium: EAM, 4 Finnis.- component occurs in the [130] direction. The difference in
Sinclair, 5 and the model-generalized pseudopotential grain-boundary energies between Model 1 and Model 2 is
.heory (MGPT)/_ Different translational states of the adja- within the error range of the interaction model, but they

cent crystals were used as initial conditions for the energy are both significantly lower than the energy of the
minimization calculation, but the presence of periodic Relaxed CSL model.
vacancies or interstitials was not considered. We consider In the high-resolution micrograph of Fig. 2, both crys-
here those structures predicted using the Finnis-Sinclair tals are viewed in the [001] direction, the same direction as
potential, which are essentially the same as those predicted that shown in the top row of model structures in Fig. 1.
by using the EAM.

81



Section 5 • Bonding and Reactions at Sutltiwes and lntepfaces

Crystallographically flat, straight sections of tile boundary Figure 4 compares the simulated image obtained by

on (310) planes in both crystals are separated by small using the Relaxed CSL model or Model I to the experimen-
regions of severe mismatch. The important experimental tai image for the determined values of focus and thickness.

parameters to know are rnicroscope focus and specimen (Clearly, we can discard the simulation of Model 2, based

thickness. From a combination of image simulation in the on the mirror symmetry of the experimental image.) Not

bulk crystal 7 and a record of the focus setting of the micro- only was the match good for the value of focus in Fig. 4,

scope during operation, we determined a focus value of but also for the other focus values investigated.
-30 nrn for this micrograph. The contrast in the simulated

images is relatively insensitive to thickness in the thin Discussion
areas of the specimen. Under these conditions, maxima in

projected atomic potential correspond to minima in image By comparing the experimental and simulated images, we

intensity ("black atom contrast"), concluded that the interface, when viewed in this projec-

Using image simulation, we compared the predictions of tion, possesses mirror syrnmetry. Because no relative shift

theoretical grain-boundary-structtlre models to the experi- of the crystals occurs in the [130] direction, Model 2 deft-

mental high..resolution images. In Fig. 3 (simulated images nitely does not represent the structure of this interface.

of the structures in Fig. 1), the images from the Relaxed CSL However, the statistical significance of an HREM observa-

model and Model 1 appear to be identical. Indeed, the tion is always questionable because of the extremely small

intensities differ by less than 1% for ali values of thickness area examined. Boundary-structure multiplicity cannot be

and defocus investigated. When viewed in the [001] direc- ruled out, especially when the theory predicts multiple

tion, crystal shifts in that direction are indiscernible, but structures with similar energies, a,_

when a shift occurs in the [130] direction, ,,s in Model 2, the A complete structural determination of the interface

contrast in the boundary is changed considerably, would allow us to choose just one model structure as the

Figure 1.
Relaxed CSL Model 1 Model 2

10II11*
Ball models of the (310)

twin in niobium pre- 0000000000%000 000( '06_0 ( 0 0 _ }0 O0

dicted 0000 0_0( "0 ( _QO_ 2

byFinnis-Sinclair o_Offo0000_O0_O (_ ?000 _0000 000_ Ot,_OC(),

interatomic-potential
calculations. Their Ors Ot's O O e'sO f'_O oo, o;o,, oOenergies, thelowestof sJO kdO O _ O s'I OC
ali structures predicted,

are shown as values of Y(;I',= 1.20J/m 2 Y(.;I?.= 1.03J/m 2 Y(;B= 0.98J/ni 2
"[ClPThe structures dif-

fer by the respective __________
translational states of

the adjoining crystals.

Figure 2. High-resolution micrograph of the (310) twin Figure 3. Comparison of the computer-simulated
in niobium. The electron beam is parallel to images obtained by slicing the model atomic

[001]in both crystals, and crossed (110)are imaged (d = 0.23nm). Flat structure from Fig.1 and using the microscope parameters from Fig. 2.
regions of the interface indicate faceting into ametastable structure. Note the different appearances of the interface in Model 1and Model 2.

:: [0011 * p
Af= -30 nm

' The focus deviation from Gaussian, Al, and crystal thickness, t, areshown.
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The Real-Space Multiple-Scattering Theory and
the Electronic Structure of Grain Boundaries

We have used the real-space multiple-scattering theory (RSMST)
to perform non-charge-self-consistent electronic-charge calcula-
tions on the F_5(310) tilt grain boundary in copper and on the F_.5
(100) 36.9° twist grain boundary in copper and niobium. These
calculations show the effect of the atomic environment on the
local density of electronic states near the grain boundary. We
have begun work on a charge-self-consistent version of the
method that will be able to calculate total energies.

Introduction way to approximate the interface system is to forgo the use
of Bloch's theorem and consider a free cluster of atoms with

Interfaces often dominate the properties of a technologi- the geometry of the interface at the center of the cluster.
cally interesting material by either enhancing or limiting Once again, howeveb a cluster large enough to eliminate
its desirable characteristics. To design new materials at the the effect of its free surfaces on the interface at its center is

atomic level and characterize existing materials, we need too large to fit into current computers.
to understand structure-property relationships in materi- Many of the techniques developed for perfect crystals
als with interfaces. This can be achieved only by means of assume translational invariance from the start. However,

an interdisciplinary approach in which experimentalists the Green-function method, as developed by Korringa 4
and theorists work together on the same systems, and Kohn and Rostoker 5 (KKR), is more flexible for sys-

An interface system is not as symmetric as a perfect terns with reduced symmetry. When cast in the language
crystal, which is what current state-of-the-art electronic- of multiple-scattering theory (MST), the Green-function

structure techniques are designed to treat. Thus, interfaces method does not require translational invariance explicitly,
pose an important conceptual and technical challenge to although Bloch's theorem may still be used in calculations
researchers in theoretical solid-state physics. This chal- when it is appropriate. Howeveb one still must find a way
lenge is more serious for fully quantum-mechanical treat- to reduce the electronic-structure problem for systems
ments of the electronic structure at interfaces than for the with extended defects to a tractable size without making
atomistic simulations of interface systems 1-3 that have unwarranted approximations such as artificial periodic
been so successful recently. Besides providing information boundary conditions.
about electronic states that is not accessible with atomistic The answer to this challenge lies in replacing transla-

simulations, electronic-structure calculations can also tional invariance with semi-infinite periodicity (SIP),
serve as benchmarks for atomistic simulations and pro- which is defined by the regular repetition along a given
vide information for deriving or fitting interatomic poten- direction of a scattering unit (e.g., an atom or plane of
tials. However, such information may not be available atoms), starting from a given point. A bicrystal, for exam-
from experiments on buried interface systems, pie, has the SIP property because, far away from the inter-

face itself, the system becomes bulk-like. Clearly, SIP is a
Real-Space Multiple-Scattering Theory property of a more general class of systems than is full

translational invariance.

The use of Bloch's theorem makes the theoretical treatment The symmetry principle that we shall apply to such sys-
of pure, periodic crystals practical. Unfortunately; the pres- terns is removal im,ariance, which states simply that the scat-
ence of an interface breaks the required translational invari- tering properties of a system with SIP will not be changed
ance. This issue can be sidestepped, but not completely by adding to or removing from its fi'ee end an integral num-
avoided, by approximating the isolated interface as a peri- ber of scattering units. By using this principle in conjunction
odic array of repeating slabs of finite thickness (i.e., a super- with MST, we can solve the Schr6dinger equation to obtain
cell). Large repeat distances in the interface plane, combined the Green function of the extended system directly in real
with slabs thick enough to avoid interference between adja- space. Then, we can use the (;reen function to determine
cent interfaces, can result in a unit cell with too many atoms the charge density and the loca! elec.tronic density of states
for current techniques and computers to handle. Another (DOS). The key idea is to treat the interface system as a

finite cluster in real space but use removal invariance to

84



Section 5 ,, Bonding and Reactio,s at Su(_wes and l,h@_ces

renormalize the boundary sites of the cluster to represent undergoes considerably more smearing and loss of structure
the scattering properties of the infinite medium surround- than does the bulk (dashed lines). This is associated with
ing the cluster. This real-space MST (RSMST)6,7converges the lowered symmetry and consequent destruction of the
much more rapidly with respect to cluster size than does a associated Van Hove singularities. One peak in particulab
free cluster. Unlike Bloch's theorem, we cannot use removal the second from the right, has essentially disappeared--it is
invariance to construct the wave function of the extended associated with the periodicity of the (100) plane and is, of
system directly. Replacing reciprocal-space methods with course, present in the (100) twist boundary that we have cal-
real-space methods represents a trading of formal power in culated. Upon relaxation, some of the peaks recover some
a restricted domain for wider applicability, amplitude [see Fig. 2(b)]. The local DOS at the moving

(white) atom (the unrelaxed case is shown in Fig. 1) exhibits
Current Results similar features.

We have also performed this calculation for the Z5
We have implemented the RSMST as a computer code that (100) 36.9 ° twist grain boundaries in niobium and copper.
solves the Schrddinger equation and determines the local Niobium represents a significant extension of the method

DOS at any atom of interest in a cluster. At its present because its bcc structure is more open than copper's fcc
stage, we can apply this code to known atomistic configu- structure, and the Fermi level lies in the middle of the d-
rations with known electronic one-particle potentials. We band. The qualitative features are similar to the cases
use the self-consistent potentials for bulk copper and nio- described above.
bium given by Moruzzi, Janak, and Williams (MJW). 8 The .........................................................................................................................
atomic coordinates of the unrelaxed grain boundaries are Figure 1. Thegeometry of the Z5 (310)tiltgrain bound-
easily found by appropriately twisting or tilting one half of dry in copper. The shading of the atoms repre-

the underlying lattice. In particular, we have used the code serifs location perpendicular to the plane of the figure. The small arrow
on the atom at the center of the interface region indicates the direction in

on copper twist and tilt grain boundaries and on a niobium which it moves upon relaxation. Two local DOS curves are shown for this

twist grain boundary to obtain DOSs at sites in the inter- structure---the solid line is the DOS at a site in the interface region, while
face regions for both relaxed and unrelaxed interfaces. For the dashed line is the DOS at a site far enough away from the interface to

example, we took relaxed coordinates from the results of be bulk-like. Both curves are computed with the RSMST method.

simulations that use the embedded-atom method 9-11 and

compared these DOSB to those at bulk-like sites far from Ii O O 1_ O _the interface. O
We consider here the case of the X5 (310) tilt grain 10 10

boundary in copper, which is formed by cutting a copper O tO

crystal to expose its (310) faces, rotating one half with _
respect to the other by 180° about the normal to the inter-

face plane, and joining them. (The choice of their relative
alignment, or the three microscopic degrees of freedom in
the interface, is somewhat arbitrary for the unrelaxed con- O O

figuration, which is not mirror-symmetric.) The primary 10 et
effect of the relaxation predicted by the embedded atom

method is that the interface becomes mirror-symmetric. In i_ i_
the RSMST calculation, we included relaxations to six lay-
ers on either side of the boundary. O O

Figure 1, which shows the Z5 (310)tilt grain boundary i_ O I_ 1_
structure in coppe_; reveals how we interpret the DOS corri-
parison. We compare the DOS at the interface atom that 100

moves the most upon relaxation to the bulk-copper DOS

computed by using the same method. The clusters used for "_ 80 - _/I rf'
all the calculations shown here contain approximately 120
atoms; for clusters of this size, we need a supercomputer 60 --

with large memory such as a Cray-2. The integral of the _ _._'/_[_h' _ Bulk
DOS yields the charge density, and the integral of the _ 40 -- l'_ , I I ._ t ._ ! Fermi

energy-weighted DOS yields the band energy, an impor- _ ;_1¢ _/ _"'ki
energ),tt

taut contribution to the total energy of the system. _"

In Fig. 2, the solid line_ show the local DOS at the black _ 20 - _ "
atom in the interface plane, which happens to be a coinci- 0 --'t'"" [ [ I __ r,_-.-,
deuce site (a site common to the lattices on both sides of the 0.1 0.2 0.3 0.4 (1.5 0._ 0.7

interface). In the unrelaxed configuration, Fig. 2(a), the DOS E (ry)

85



Section 5 * Bondin,_,,and Reactions at Sm_/iwesand lnteJ_ti_ces

As these calculations illustrate, the RSMST method By restricting our attention to systems that are two-
allows us to solve the Schr6dinger equation for materials dimensionally periodic in the plane of the interface, we can
with extended defects, such as surfaces and interfaces, take advantage of a total-energy code for layered systems
without using inappropriate boundary conditions. From that ah'eady exists. This code, 12the Layer KKR (LKKR), uses
these calculations, we can see that DOS changes that result Bloch's theorem within each layer and uses layer doubling
only from local geometry are significant, although not as to stack layers to form a bicrystal. The LKKR has been used
large as those seen in similar calculations on free surfaces, to treat a (210) grain boundary in nickel. 13This version of
However, the solution of the Schr6dinger equation is only the LKKR cannot handle ali interesting grain boundaries
part of a complete electronic-structure calculation, because layer doubling does not converge for closely

spaced layers (e.g., high-Miller-index planes). However,

Total-Energy Calculations because the removal invariance algorithm of the RSMST
can handle closely spaced layers, we have substituted it for

One of the primary goals of a complete electronic-structure the layer-doubling algorithm. As a test of this hybrid code,
calculation is to calculate energy differences, which are useful the LKKR-RSMST, we can show that an interface formed
both for finding the ground state of the system and for pre- by cleaving bulk copper and rigidly pulling the halves
dicting mechanical properties such as elastic constants. The apart (or pushing them together) does indeed have a
standard procedure for calculating total energies is to solve higher energy than the pure crystal. We are now prepar-
the Hohenberg-Kohn-Sham equations of density-functional ing an application to a grain-boundary system.
theory self-consistently in the local-density approximation.
Briefly, for each structure considered, we use the output Acknowledgment
charge density from the solution of the Schr6dfl'lger equation
to determfl'm a new input potential by solvh"G the Poisson Computations were performed at the National Energy

equation, and we repeat the whole cycle until the h'tput and Research Supercomputing Center.
output charge densities no longer change sigTlificantly. We

then evaluate the energy ftulctional, which includes both This work was funded by the Division of Materials Science,
band-energy (the energy-weighted integral of the density of DOE Office of Basic E,ergy Sciences.
states described previously) and electrostatic contributions.
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Laser-Induced Desorption of
Aluminum from A1203(1120)

We investigated the laser-induced desorption of particles from a
well-characterized sapphire (11Z0_surface at laser wavelengths of
1064 nm (1.17 eV) and 355 nm (3.51 eV). Below the laser ablation
threshold, only aluminum ions desorbed, with average kinetic
energies of 7.0 +_0.7 eV at both photon energies. These high kinetic
energies indicate an electronic desorption mechanism. Upon heat-
ing to over 1600 K, the surface reconstructed, exhibiting a (12 × 4)
low-energy electron diffraction pattern. The electron energy-loss
spectrum for this surface, with a broad (~2 eV FWHM) loss fea-
ture centered at 3.6 eV, revealed surface electronic states in the
bulk band gap of sapphire. We believe that the surface electronic
states participate in the photon absorption process.

Introduction Experiment

Recently, multiphoton absorption by wide band gap mate- The experimental apparatus was an ultrahigh vacuum

rials has been proposed as an important mechanism for chamber, with base pressure of 2 x 10-1° Torr, equipped
energy absorption on surfaces ultimately leading to laser- with reverse-view low-energy electron diffraction (LEED)
induced surface damage. Many authors have observed optics and a double-pass cylindrical mirror analyzer (CMA)
nonthermal, photon-stimulated desorption of particles for surface-structure and composition determination. We
with radiation at energies less than the band gap of the focused the 1064-nm, 8-ns and 355-nm, 6-ns output of a
solid material sample. 1The multiphoton nature of the pro- Nd:YAG laser to a 0.5-mm-diameter spot at approximately
cess is gleaned from the dependence of the particle yield 15° to the surface normal. We measured time of flight (TOF)
on photon fluence. In cases where the number of photons for laser-induced desorption with a differentially pumped
required in the process is large (>3), the assistance of sur- quadrupole mass spectrometer using the laser pulse to trig-

face or defect states in the band gap has been proposed, ger a transient digitizer with a resolution of 1 _ts/channel.
These states may be the origin of photon absorption or The distance from the sample to the multiplier was 45.8 cm.
may resonantly enhance the multiphoton absorption. The quadrupole was oriented such that the desorbing flux
Howevel, the surfaces studied have not been sufficiently passed down the centerline of the mass filter.

well characterized to confirm the proposed mechanism. A1203(1120 ) samples were 12 x 12 x I mm. Tantalum
We have attempted to identify the mechanism by strips mounted between two samples served as resistive

which the surfaces of transparent materials absorb pho- heaters, as described in Refs. 2 and 3. A chromel-alumel
tons with energies significantly less than the band gap. thermocouple, held in contact with the surface by a high-
We chose sapphire surfaces for study because of their temperature ceramic adhesive, monitored the surface tem-
importance in laser and optics technology, their large perature. The only significant surface impurity on the

bulk-projected band gap, and their low threshold for samples, as received, was carbon. We cleaned the surface
secondary electron emission, which allows the use of by heating it to _1100 K and then sputtering it with Ar +
electron spectroscopies to characterize the surfaces. Our ions to remove the residual carbon contaminant. After
results for A1203(1120) irradiated with 1064- and 355-nm sputtering, annealing to 1700 K produced the equilibrium
photons show that absorption by the surface may be (12 x 4) pattern. Auger electron spectra for the equilibrium
multiphoton in nature and that surface states are pres- surface showed no contaminants and a surface stoichome-
ent in the band gap that may participate in the try of two aluminum atoms to three oxygen atoms.
photon absorption.
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Results and Discussion and 14 eV. The 22-eV loss, which is assigned to the excita-
tion of the sapphire bulk plasmon, agrees well with

After we exposed the (12 x 4) surface to a series of 50,000 previous ELS measurements. 3,4The 14-eV loss feature is
laser pulses at -3.5 J/cre 2, the LEED pattern had gradually assigned to interband transitions from the valence band
degraded to the point that we could no longer detect maximum (VBM) to empty states in the conduction band
fractional-order diffraction beams at any incident electron formed frorn empty aluminum 3s and 3p orbitals (based on
energy. We also observed changes in the electronic proper- calculations by Ciraci and BatraS). The erdargernent of the
ties of the surface after photon exposure. The clean and bulk-projected band gap region reveals the presence of a
well-annealed surface exhibited stable LEED patterns broad loss feature in the band gap centered at 3.6 eV. This
down to incident electron energies of 80 eV (i.e., surface loss feature relates to either a transition from an occupied
charging was negligible). With increasing exposure to surface electronic state 3.6 eV below the conduction band
1064-nm photons, the threshold electron energy for stable minimum (CBM) to the CBM or a transition from the VBM

LEED patterns increased. After 50,000 pulses, we could to an unoccupied surface electronic state 3.6 eV above the
observe stable patterns only at incident electron energies VBM. Ciraci and Batra 5 also predicted the presence of a
above 115 eV. Annealing the laser-degraded surface to surface electronic state 3 eV above the VBM in the bulk-
1700 K restored the original (12 x 4) LEED pattern, projected band gap for the A1203(0001) surface as a result

The exposure of the surface to 1.17-eV photons revealed of the s + p: dangling bonds from the surface aluminum
the intimate relationship between the atomic and elec- atoms. The surface state observed here may be derived
tronic structures of the surface. The surface electric con- from these same dangling bonds because aluminum atoms
ductMty increases as the surface structure nears its on the (1120)-(12 x 4) surface also may not be fully coordi-
equilibrium structure. Thus, a plausible explanation for hated. However, because the loss feature is present in the

the increased conductMty of the (12 x 4) surface may be absolute bulk band gap, surface electronic states are avail-
surface electronic states that facilitate the removal of sur- able to participate in a multiphoton absorption and in the
face charge. Gignac et al. 3 observed a surface electronic conduction of electrons on the surface.
state in the bulk band gap at _4 eV below the conduction Aluminum ions desorbed at laser fluences of 5 to
band minimum for A1203(1102) and suggested that the 10 J/cre 2, which are below the visible damage threshold
presence of this state may enable impinging electrons to of 12 J/cre 2. Below the visible damage threshold, we
flow rapidly away from the point of impact, thereby observed no other desorbing species.
reducing the charging of the surface. We used TOF to measure velocity distributions for the

We used reflection electron-energy-loss spectroscopy desorbing aluminum ions during the pre-damage events.
(ELS) to probe the surface for electronic states in the band The most striking feature of the TOF distributions is the

gap. Figure 1 shows the EL spectrum for the A1203(1120 )- high kinetic energy of the desorbing aluminum. Also note-
(12 x 4) surface. The prominent loss features appear at 22 worthy is the shot-to-shot stability of the TOF distribution.
............................................................................................................ The average kinetic energy of the desorbing aluminum

Figure 1. ELSspectrum for A1203{1120}-(12 x 4). The is 7.0 + 0.7 eV for both the single-shot and the 10-shot-
201.5eV elastic peak registered 1.6 x 106 averaged distributions at both laser wavelengths. The high

counts with an FWHM of 0.8 eV. CMA pass energy was 50 eV. average kinetic energy indicates a nonthermal desorption
1 mechanism. Because incident photon energies as low as

- :. Sapphire (1120)-(12 x 4) 1.17 eV produce these high kinetic energies, a multiphoton
- • absorption process may also be occurring.

- ' | Desorption of particles with energy of -7 eV requires
- i .: x 45 _ a surface excitation of at least 7 eV. Sapphire exhibits an

-7" T :.: .-'""_ exciton that is bound by approximately 1 eV,_,7and
tr._ .r' .:_

,_'-_ - ;.'J""._...," 7-" Volume %-% because the band gap of sapphire is -9 eV, the exciton
'a ,' Surface plasmon _'---. lies -8 eV above the VBM. Decay of this exciton would
= ' states yield energy up to 8 eV. In addition, the exciton is local-

_ j'" Conducti_n ized on the aluminum atom, and no oxygen-centered exci-
_ ..,_ band states tons have been observed for sapphire. 4'° This is consistent

/ with the desorption of predominantly aluminun'l particles.
f

,, Thus, exciton deca), at surface aluminum atorns could lead

::.,.,.__q__j/ to the observed desorption energies of _7 eV. Because the0 I I I I unaided absorption of seven 1.17-eV photons to excite the
0 5 1() 15 20 25 30 exciton is unlikely, the presence of surface electronic states

Electron energy loss (eV)
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Thermal Stability of Mo/Si Multilayers

By means of annealing studies at relatively low temperatures for
various times, zoe investigated the thermal stability of MoSi
multilayers. We found two distinct stages of thermally activated
interlayer growth: a primary "surge," followed by a (slower)sec-
ondary "steady-state" growth where the interdiffusion coefficient
is constant. The interdiffusion coefficients for the interlayer
formed by deposition of Mo on Si are 200 times greater than those
of the interlayer formed by deposition of Si on Mo. The interdiffu-
sion coefficient and apparent activation energy for the secondary
stage of Mo-on-Si interlayer growth are comparable to values for
diffusion of silicon in hexagonal MoSi 2.

Introduction perform a series of annealing treatments of Mo/Si multi-

layers at relatively low temperatures over long times in
Mo/Si multilayer coatings have demonstrated the highest order to reliably assess stability during multilayer mirror
normal-incidence reflectivity at soft x-ray wavelengths to service at ambient and near-ambient temperatures.
date 1 and are used in x-ray optical applications such as
soft x-ray projection lithography (SXPL). The operational Experimental Methods
wavelength of SXPL is chosen to be 13.0 nm in order to
optimize the normal incidence reflectMty of the Mo/Si The multilayers in this study consisted of 40 bilayers of
multilayer coatings. Under these conditions, the multi- molybdenum and silicon sputter-deposited onto polished
layer structure is required to have a period (bilayer spac- single-crystal silicon wafers. The nominal bilayer spacing
ing) of ~6.7 nra, where the ratio of the Mo laver thickness was 7.0 nra, and the ratio of molybdenum thickness to
to the period is in the range of 0.3 to 0.4. The fundamental bilayer thkkness was ~0.4. Reference 1 describes in detail
requirements for precision-imaging multilayer mirrors in the vacuum system and deposition procedures. First, we
SXPL include high reflectivity and long-term stability at annealed the coated silicon substrates at 260 to 342°C for
the operating temperature, which is estimated to be at or 0.5 to 2000 h. Next, we examined the structure of the as-

very near ambient temperature. However, the reflectMty deposited (unannealed) and annealed multilayers using
is known to decrease with the formation of interlayer large-angle x-ray diffraction (LAXS), selected-area electron
regions of mixed composition resulting from interdiffusion diffraction (SAED), and high-resolution electron micros-
at the Mo/Si interfaces. 2.3The objective of this study is to copy (HREM). Finally, we assessed the thermal stability
........................................................................................................... from HREM measurements of the silicide interlayer thick-

Figure 1. HREM micrographs of Mo/Si multilayers nesses and from normal-incidence reflectivity (NIR) mea-
(a)unannealed and (b) annealed for I h at surements using synchrotron radiation.

3!6c (substrateoriented below the layers).These micrographsshow

growthof the (substantially}amorphous Mo/Siinterlayer regions. Results and Discussion

The unannealed mul_ilayer consists of amorphous silicon

layers and crystalline molybdenum layers separated by thin,
amorphous, Mo/Si interlayer regions. SAXS measurements
of the bilaver spacing indicated that the multilayer struc-
tures had contracted during annealing, co_asistent with the
formation of higher-density silicides from the pure layers.

si si HREM confirmed that the Mo/Si interlayer regions thicken
with annealing, as shown in Fig. 1. Although not shown in
this figure, the structure after 100 h at 316°C consists of rela-

tively thick layers of hexagonal MoSi2 (as identified by
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LAXS and SAED) separated by thin layers of "unreacted" the interlayer formed by deposition of silicon on molybde-
crystalline molybdenum. The pure silicon layers were com- num. The apparent activation energy; Ea = 2.5 eV and inter-
pletely consulned by the formation of MoSi2. We reduced diffusion coefficient, D0 = 100 cm2/s, for the secondary stage
the NIR of specimens annealed at 316°C for 1, 10, and 40 h of thick interlayer growth are comparable to values for diffu-
to 54, 50, and 44%, respectivel); from the unannealed value sion of silicon in hexagonal MoSi2. The increased growth
of J,='7°',o.After 80 h at 316°C, the NIR was less than 10% of the rate during the primary stage may result from a decrease in

original value, free energy associated with the relaxation of residual interfa-
We determined the secondary-stage growth kinetics of cial stresses that are present in the as-deposited multilayer. A

the Mo/Si interlayers by assuming that the interlayer decrease in multilayer x-ray reflectance occurs as a result of
growth is diffusion limited with constant concentrations at interdiffusion (believed '.obe predominantly silicon) in the
the interfaces between the Mo/Si interlayer and elemental (principally) amorphous Mo/Si interlayer region, causing
layers, and that the concentration gradient across the inter- growth of this interlayer region that eventually crystallizes
layer is linear. We then related the interlayer width w(t) to hexagonal MoSi2. If we assume a constant Eaat tempera-
after annealing time t to the interdiffusion coefficient D by tures below 200°C, our data suggest, however, that changes

in peak reflectivity and peak wavelength of Mo/Si multi-
D = [w2(t) - w2(O)]/2t , (1) layer mirrors at ambient temperature are negligible over the

time scale relevant to SXPL.

where w(0) is the initial interlayer width. Empirically, D, the

interdiffusion coefficient of the Mo/Si couple as a function Acknowledgments
of temperature, can be described by relating it to a pre-
exponential coefficient, D0, which is independent of temper- Y. Cheng prepared and viewed the HREM samples at the
ature, and an effective activation energy of interdiffusion, Ea: Facility for High-Resolution Electron Microscopy within the

Center for Solid State Science at Arizona State University.

D = DOexp(-E a/kT) . (2) The normal-incidence x-ray reflectance measurements were
accomplished through a collaborative association with the

Figure 2 shows an Arrhenius plot of logD vs 1/T for the
thick and thin Mo/Si interlayers (evaluated from secondary- Figure 2. Arrhenius plot for the thick and thin Mo/Si
stage growth rates) and, for comparison, interdiffusion interlayers, evaluated from secondary-stage

results of other studies. 2,4-8The interdiffusion coefficients growth rates, compared with interdiffusion results from other stud-
ies. 2,4-8 The apparent activation energy, E a = 2.5 eV, and interdiffusion

for the thick (Mo-on-Si) interlayer are ~200 times greater coefficient, Do = 100 cm2/s, for the secondary stage of thick interlayer

than those of the thin (Si-on-Mo) interlayer, despite the growth are comparable to diffusion values for silicon in hexagonal MoSi 2.

fact that the apparent activation energies are nearly identi- -5
cal over the temperature range studied. The apparent acti- - O This study (thick)

ration energy, Ea -- 2.5 eV, and interdiffusion coefficient, . • Thisstudy(thin)

Do = 100 cm2"/s, for the secondary stage of thick interlayer rico a nolloway(thick) 7• Holloway (thin) 7

growth are comparable to interdiffusion values for Mo/Si oo [] Stearns(,,ick)_
multilayers at temperatures of 400 to 500°C, 2'7 and to dif- -10 - Siin h--MoSi 2

fusion values for silicon in hexagonal MoSi2 evaluated o O Gag e4
[] Nechiporenko s

from Mo/Si couples at temperatures of 475 to 1200°C. 4-6,8 ._ _zx I Chen_"
Previous studies have shown that silicon is the principal eh zxa A Guivarc,hs
diffusing species in hexage,.nal MoSi 2 for specimens _ -15 - a
annealed at 560 to 580°C 4 _ • •

..a []

Conclusions o

Annealing experiments performed on Mo/Si multilayers at -2o - oE = 2.5 eV •

temperatures of 260 to 342°C for 0.5 to 1000 h indicate two ' • o
distinct stages of thermally activated silicide growth: a pri- •
mary "surge" of ~0.3 nm, followed by a (slower) secondary •
"steady-state" growth with constantD. Theinterdiffusion -25 _ i i _ ] J l i i ] f i m a
coefficients for the interlayer formed by deposition of 0.5 1.0 1.5 2.0

molybdenum on silicon are 200 times greater than those of I°_/T IK-_I
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Overview

The discovery in 1986 of perovskite superconductors with The electronic structure of un_,inned single crystals of
transition temperatures much higher than those of previ- the yttrium-barium-copper-oxide (YBCO) superconductor
ously known substances led many organizations to study was investigated by photoemission studies with synchrotron
the new phenomenon and attempt to synthesize compounds radiation. No large superconduc_ng gap was observed.
of still higher transition temperature. The C&MS effort, X-ray and ultraviolet photoelectron spectroscopy of

which later became the LLNL program, was directed to YBCO single crystals that had been freshly cleaved in an
address substantive fundamental questions, synthesize ultrahigh vacuum showed that the surfaces are stable for
high-quality, well-characterized samples, and combine several days at ambient temperature. Exposure to air
experiment and theory in complementary ways. causes a variety of oxides and possibly hydroxides and

This superconductivity program started from scratch carbonates to form.
because there was little base in condensed matter physics to A theoretical analysis of the electronic structure of
draw on at the Laboratory. We began a fruitful collaboration La2CuO 4 (or LSCO when doped with strontium) has been
with the University of California at Davis and other aca- made. With a chemically realistic, eight-band effective
demic institutions (see Section 10of this Report) and hired a Hamiltonian, the quasiparticle dispersion curves agree
number of condensed-matter physicists. By 1991, the pro- with experimental data.
gram had an operating budget of about $2 million. Since A nearly unique experimental capability of the C&MS
then, the search for sustained funding has been unsuccess- group is the ability to acquire high-precision electron-

ful, and the program is being phased out in 1992. positron momentum distributions by angular correlation
Among the papers in th_ section is one dealing with the of annihilation radiation. The application of this technique

magnetic and transport properties of several copper-oxide to LSCO showed sharp features that indicated the pres-
superconductors. The key to these measurements is the ence of a Fermi surface and that agreed with calculations
ability to synthesize single crystals of these compounds, of the copper-oxygen plane bands.
Thermodynamic properties such as upper critical field and
coherence length were deduced from the data.
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Magnetic and Transport Properties of
Some High-Temperature Superconductors

We measured magnetic and transport properties of single
crystals of Bi17Pbo 3Sr2CaCu208 (F,PSCCO) and Yl_xPrxBa2Cu307
(YBCO-Pr) over wi_le temperature and field ranges. We determined
important thermodynamic properties, such as the Ginzburg-Landau
parameter _, orbital critical field Hc2,and coherence length _.

Introduction Results and Discussion

"File basic superconducting parameters, such as the We measurect the reversible magnetization at applied fieh.ts
Ginzburg-Landau constant _c,upper critical field Hc2, up to 5 Tesla and temperatures between 60 and 100 K.
superconducting coherence length _, magnetic penetration Figure 1 shows the resultant magnetization curves in the
depth _.,and pinning energy Uo, are important to under- reversible region for different fields applied parallel to the
standing the mechanism of various newly discovered high- c axis. The magnetization curves are nearly linear functions
temperature superconductors. Unfortunately, because of of temperature from a point about 10 K below Tcdown to
the high transition temperatures, fluctuations near the crit- 60 K. By using a computer program to fit these magnetiza-

ical temperature Tcare quite strong. This effect hinders the tion curves with an analytical equation of the reversible
use of the classic London or Abrikosov models in deter- magnetization, in which tc is taken to be an adjustable
mining these basic parameters. Recently, Hao et al. 1 devel- parameter, we determined the thermodynamic parameters

oped a variation model to calculate the total free energy such as Hc, _., and _csimultaneously. In Fig. 1, the experi-
and obtained an analytical expression for the reversible mental measurements agree very well with the model,

magnetization in the range/-Icl << H << Ht2. The basic which yields _c= 94 + 4 for sample No.1 and tc= 92 + 5 for
parameters of single crystals of YBa2Cu30 7 (YBCO) were sample No. 2.
determined by fitting the reversible magnetization curves We calculated the upper critical field by
with this rno_tel. 1,2 In this article, we present our results 3
for high-quality single crystals of Bil.7Pbi}.3Sr2CaCu20 s Ht2 = _c,,2 Hc(T ) . (1)

(BPSCCO) witil Tc = q4 K and ATc= 2 K and our results on
transport measurement in YBCO-Pr crystals. For the critical fields Hc2(T) shown in Fig. 2, the slopes of
.............................................................................................................................................................dHc2(T)/dT near Tcare -1.5T K-1 and -1.3T K-1 for sam-

Figure 1. Magnetization vs temperature for fields pies 1 and 2, respectively. The orbital critical fields, extrap-
parallel to the caxis of BiLTPb0.3SrxCaCu20 _ olated tc) T = 0 K using the Werthamer, Helfand, and

crystal. Solid lines indicate fit to theory. Hohenberg (WHH) formula, 4

{1 _ .........................................................................................['ppercriticaiFigure2. dtlc2/dTl_ ll =-1.47 1/_-Iri -- field 10 -- _ N
_trt.n'gths (T) vs field for H _ 8 --

- -2fl -- _ [] 1.() parallel to c in a 25 N N_ ,i.
_ • 1..-5 Bil.7Pbo.3Sr2CaCu208 '_ 6 -- 'I'

-.<. _ 0 Zfi crystal. "-;,x 4 --
"_" [] li 2

•-r --3{} F _ @ 2.'_ _ 2 -- • lift)} from _A
£, 3.0 {} --

--411I "_- • 411 t l I 1 }

,V__.,_ -.-2-2{} {} 2{} 4{} _,{} 8{} l{}c}

-B{} I I I I F(K}
50 8{} 7(} 8{} _J{} 10ft l i{)

T (K}
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Tile scaling function g(x) should be tile same for ali fields.

Hc-_(0)=0.69 dHc2(T) Tc , (2) Equation (4) is valid ill the immediate neighborhood of
" dT "r Tc(H ) and at high fields. Welp et al. tJsuccessfully used this

scaling law to obtain the Hc2(T) phase diagram of YBCO
are Hc2(0 ) = 95 and 83 T for the two samples. To find crystals. We extended this analysis to our single-crystal
the coherence length at zero temperature, we used data across the entire series YBCO-Pr to obtain the temper-
the expression ature dependence of Ht2. Figure 4(a) presents the results of

Ht2 vs T for H parallel to the c axis. Figure 4(b) showsrb,,

Hc2(0)- 2/t¢_'_u-;/(0)' (3) Hc2(T ) for the same praseodymium compositions (except x., = 0.28) with the field perpendicular to the c axis. In both (a)

and (b), Hc2 vs T follows approximately a Ginsburg-
where _0 = 2.07 x 10-7 Gcm 2 is the flux quantum. We then Landau linear variation.
calculated the _%_l,(0)values of 1.9 and 2.0 nra, assuming a By using tho WHH formula, we calculated the zero-
clean limit. For both crystals, the London penetration depth temperature upper critical field Ht2(0). We obtained the
kal, is estimated to be 178 nm, in good agreement with the coherence length ¢ by using mean-field Ginsberg-Laundau
result of 172 nm obtained from a direct-penetration depth ................................................................................................
measurement in a muon-spin rotation experiment. 5 Figure 3. Temperature dependence of the resistivity

Although the reversible magnetization calculation under several applied fields on the transition

developed by Hao et al. has been used successfully with region for YBCO-Pr. In (a), H is parallel to c and perpendicular to 1. In

YBCO and BPSCCO crystals, it is difficult to use for deter- fbi, H is perpendicular to both c and !.

mining the basic superconducting parameters of single 0.25
crystals of YBCO-Pr because of the difficulty in separating (a) Yo.sPro.2BaeCu307_a

the perfect diamagnetization from the paramagnetic con- H II c

tribution. Therefore, we used electrical transport measure- 0.20 -- H_L l /
ments for these compounds. 6

Using a self-flux method, we prepared single crystals of
YBCO-Pr with x = 0, 0.1, 0.2, 0.28, 0.44, and 0.56 and mea- 0.15 -- [] 0T

sured the electrical resistMty with a standard dc four- [] 0 0.5T
probe ohmmeter with a current of 5 rnA. Figure 3 shows 0.10 -- [] II lT

the typical temperature dependence of the resistive transi- [] o 2T

tion for x = 0.2 crystals under different magnetic fields [] Q 3T

applied parallel (a) and perpendicular (b) to the c axis. The 0.05 - []

broadening of the resistive transition is very similar to that A'L • I10 _ A 4T,-- - II(> _D A51'
seen in YBCO crystals. The dominant contribution to this _ 0 _ [
broadening is from fluctuation effects at high temperature
and flux flow at low temperature. The transition width g 0.25
with H parallel to c is much broader than that with H per- ¢_ (b) Yu.sPrcj.eBa2Ct@)7_6

pendicular to c for equal magnitudes of the applied field. H_L c
Ali of the samples with 0 < x < 0.56 have a metallic-like 0.2o - H_L /
behavior when T > 100 K. To determine the upper critical _;:11_ {_

field, we used a scaling formula, 7,8 (I.15 - gx(.,.)Atr-rc(.)]
(TH)2/3 , (4) O.lO -

which describes the effect of fluctuation on conductMty in °'°5b_
the high field limit, to analyze our data. Here, r_fis the fluc-

tuation conductMty, H is the applied magnetic field, and o I
Tc(H ) is the mean field transition temperature. Tc(H), the 5o 6(1 70 80 90

only free parameter in this scaling relation, is field depen- T (K)
dent. A is a field- and temperature-independent coefficient.
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predictions in the clean limit Hc2(0) = _0/2rt¢(0)2, and we References
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Table 1. Upper critical field parameters for

"_ I -- .,=0.55;.0. _ _ [ x Y1-xPrxBa2Cu307-8(0<-x-<0'56)'a

0 0 0.1 0.2 0.28 0.44 0.56,._.,

/ .....:z: b) H _J_c 1 I Tc (K) q2 86 73 60 36 11
]. -ldH_/dTI'I'c(T/K ), 1.7 1.3 1.1 0.79 0.53 0.25

6 ] -I,mh/,t7"lr_.(T/K) 9.9 4.2 3.4 -- 3.3 1.3

}'c=0 HI._(0)(T) 112 79.3 56.2 33.2 13.4 1.93

5 _0.54 _ 0.2 0.li , Hcl2(0, (T, 639 252 174 -- 83.2 10.0
4 0.44 _ _c(0) (ram) 0.30 0.64 0.78 -- 0.80 2.5

_at,(0) (nra) 1.7 2.0 2.4 3.2 5.0 13
3_ II

3 ] . c = (dHc2/dT)/(dHc2/dT) 5.7 3.2 3.1 -- 6.2 5.2

t .2./ 10.1 9.5 38.8 27.0

_?lilb/HI ( 3 _ --

2 _: I a Here, Hilt2stands for/-t parallel to c, Hc-t2,stands for H perpendicular to c,

1 ] -- and qal, and ¢. are the coherence lengths ira the ,lh plane and along the c[ [ taxis, respectively.0 / I li I I
0 20 40 60 80 100

T (K)
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Quasiparticles in Doped La2CuO 4

We have carried out limited-configuration interaction calcula-
tions for a chemically realistic, eight-band, effective Hamiltonian
for La2CuO4. The resultant quasiparticle dispersion curves agree
with available experimental data. These results suggest that the
first holes doped into La2CuO 4 are of predominant oxygen 2pa
character, have momentum k = ( ½,½, O)Jr/aand have spins that
are continually flipping as a result of spin exchange u' ith the
intrinsic copper spins, at a rate characterized by J. _ = 0.33 eV. Thepu
copper 3d3z2 r2 and apical oxygen 2pz states are crucial to the
quasiparticle dispersion.

K'N+I _ EN,Introduction The quasihole energies are defined by ek = _'k
where E_ is the ground-state energy of the antiferro-

High-temperature superconductMty occurs in compounds magnetic insulator with N holes, and =krN+lis the lowest
that exhibit both strong electron-electron correlation and sig- total energy of the system with one added hole and total
nificant electron dispersion. Traditional electronic-structure momentum k. We have evaluated these total energies by

techniques are suited to one or the other of these characteris- means of a combined unrestricted Hartree-Fock (HF) and
tics, but not both. The combination present in the cuprates limited configuration-interaction (C1) treatment of the
has made it exceedingly difficult to provide a realistic theo- effective Hamiltonian, as described in more complete

retical description of these materials. One strategy used to accounts of this work. 2-4 For the present lightly doped
confront this problem has been to remove extraneous charge-transfer insulators, the important correlations
degrees of freedom, creating effective Hamiltonians more omitted by HF are spin fluctuations of two kinds:
amenable to rigorous solution. The danger here, typified by ° The correct antiferromagnetic ground state involves
the one-band Hubbard model, is that such Hamiltonians zero-point spin fluctuations away from the N6el order
may become too simplified to be chemically realistic. The (up-down-up-down) obtained in HE
purpose of this work is to generate and approximately solve • The extra hole present in the N+I system can disrupt

a more realistic effective Hamiltonian for La2CuO 4 to iden- the local spin order.
tify those quasiparticle states that are occupied by the addi- We generate these additional, metastable spin configura-
tional holes introduced into this insulator by doping, tions by means of HF calculations with initial occupations

imposed on the copper sites. The number of configurations,
Theoretical Basis therefore, scales with the number of holes and not the num-

ber of orbitals. This important distinction enables the pres-

Although local-density functional theory fails to describe ent calculations for an eight-band effective Hamiltonian.

LaeCuO 4 completely--it incorrectly yields metallic behav-
ior for this material--there is growing evidence that it does Results
provide reasonable values for one- and two-body interac-
tions, which can be used to define the desired effective Table 1 presents our results for EN+I and ex- cre, where X
Hamiltonians. The specific approach used here has been and M signify k = ( _, ',4.,O)rc/a and (1,0,0)Tr/a, respectively.

described in detail elsewhere. 1In the present application, The HF solution for the N-hole insulator provides excited-
we have obtained parameters describing ali states that state eigenvalues Ck,which correspond to placing an addi-
appear with any significant weight at and near the local- tional N+lst hole into one or another of the various empty
density functional Fermi energy. These are primarily orbitals (the lowest of which is predominantly oxygen in

3dx2_1/2and 3d3:e_r2states on the copper atoms, 2p_ states on character), without altering the disposition of the pre-
the if>plane oxygens, and 2p: states on the apical oxygen existing N holes. The eigem alue difference (and Koopman s
atoms. We have also included the less-important (but not theorem total energy EN+I) in the first line of Table 1

negligible) 2prt states on the oxygens lying in the CuO 2 lay- corresponds to such a "doped N6el" configuration.
ers, leading in total to an eight-band effective Hamiltonian.
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This HF configuration is indicated schematically in these materials--those that introduce metallic conductiv-
Fig. l(a), where the arrows designate spins, tile circled ity and enable superconductivity--are primarily of oxygen
"down spin" is the oxygen hole moving in a state of character. The resu!ts in Table 1 provide two important
well-defined crystal momentum, k, along the oxygen quantitative details about the nature of these oxygen
plaquettes (shaded regions), and the remaining arrows quasiparticles in La2CuO4:
signify the predominantly copper holes of the N6el state. • They have momentum k = ( _, _, O)=/a.
If, on the other hand, an HF calculation is carried out for • Their motion throughout the crystal is described by an

N+I holes, it is possible to obtain a self-consistent solution intrinsically multiconfigurational wave function that

(not necessarily the lowest energy HF solution in the case of represents continual, high-frequency (/pd = 0.33 eV)
the multiband Hamiltonians) of the character sketched in spin exchange with copper holes of the opposite spin in

Fig. l(b). Here, the spins of the central copper hole and the the antiferromagnetic background.
circled oxygen hole are exchanged relative to the doped On the basis of Table l, we suggest that the essential
N6el state in Fig. l(a), with the important consequence aspects of these quasiparticles are contained in the combi-
that the oxygen hole is localized, bound to the local nation of doped N6el and spin-exchanged configurations,
region of antiparallel copper holes by the strong antiferro- and that the additional double and quadruple spin-flip
magnetic copper-oxygen exchange interaction in these configurations serve to introduce the appropriate zero-
materials. This localized configuration in Fig. l(b) may be point fluctuations in the host spin background but are not
translated to other sites, and the set of such translated con- crucial to the quasiparticle dispersion.

figurations provides multiconfigurational wave functions lt is generally believed that the doped holes must go at
for the N+I system of well-characterized momentum and the X point in the Brillouin zone because only there does
the results labeled "spin exchanged" in Table 1. symmetry constrain the oxygen states to be fully polarized

The row labeled "both" in Table I is the result of limited in the x,y plane, in apparent consistency with polarized

CI calculations in which both the doped N6el configura- spectroscopic data. Quantitative theoretical calculations
tions and the spin-exchanged configurations are included, have persistently shown the M point to be competitive. 2,3
Note that the X- and M-point quasihole energies are nearly Moreover, as shown in Table 1, the pure HF calculations
degenerate in this more complete C! calculation, in con- suggest that the M point, which is dominated by apical
trast to the conflicting results of the first two entries, oxygen 2pz states hybridized with copper 3dDz_r2 states, is
Finally, the results labeled "+SF2" and "+SF4" add config- favored by 0.23 eV.
urations in which spins are flipped on two and four sites, The configurations in Fig. 1 derive their stability from

respectively. These additional configurations are seen to strong overlap of copper 3d_., I/2 and oxygen 2po states
significantly improve the total energy for the system of within the CuD 2 layers. The spin-exchanged configuration,
N+I holes, yet leave the quasihole dispersion ¢x - ¢M rela-
tively unaffected. Figure 1. Doped (N+I hole) configurations obtained

from unrestricted Hartree-Fock (HF) calcula-

Discussion tions. In each configuration, the circled arrow represents the pre-
dominantly oxygen hole, while the remaining arrows indicate the
predominantly copper holes with N6el order. In the "doped N6el" HF

lt is well accepted that the preexisting holes in the insulat- configuration (a),the oxygenhole has well-defined crystal momentum

ing parent compounds of the high-T c cuprates are of pre- along the oxygenplaquettes (shaded region). In the spin-exchanged

dominantly copper character, and that holes doped into HF configuration (b), the oxygen hole is bound to a copper hole of
opposite spin by the strong antiferromagnetic copper-oxygen

exchange interaction.
Table 1. Results for the elght-band Hamiltonian of

La2CuO4, obtained for a periodic cluster of (a) (b)
16 formula units. Energies are in eV.

Configurations EN+I t ; t t t
Doped N6el -31.58 +0.23 ___ ___Spin excilanged -31.98 -0.24

Both -32.10 -0.02

+SF2 -32.40 -0.04 t _ t l _ l
+SF4 -32.50 -0.03
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Fig. 1(b), is further stabilized by hopping with its neigh- their spins because of spin exchange with antiparallel cop-
bors, a condition not allowed in tile doped Ndel configura- per spills in the host background. The copper 3d3:2_r2and
tion because of tile Pauli exclusion principle. As noted apical oxygen 2p_ states are crucial to the quasiparticle dis-

previously, we believe that the true multiconfigurational persion between X and M.
wave function includes admixtures of both the doped Ndel

configurations and the spin-exchanged configurations. This work was funded by Laboratory Directed Research
Furthermore, the dispersion between X and M is relatively and Development.
flat because of the influence of the copper 3d3z2_r2and api-
cal oxygen 2p= states on the configurations at M. There is, *ElectronicsEngineering Department, LLNL
in fact, evidence in some transport data that the dispersion tPhysics Department, LLNL

is indeed relatively flat, notably that the spectroscopic data
requires only that the X point be at least slightly lower than References
the M point.
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Fermi-Surface Measurements and Planar

Orthorhombic Order in Laa_¥Sr¥CuO 4

We have made new, highly precise measurements of the
room-temperature electron-positron momentum spectra of
LaI 7Sr CuO4 and corresponding calculations based on the local-.8 0.13

density approximation. The data show sharp features indicative

of a Fermi surface, in remarkable agreement with calculations of the
copper-oxygen plane bands. Strong planar orthorhombic_ty is
revealed in the electronic structure above the tetragonal-
orthorhombic transition temperature.

Introduction phase transition from tetragonal to orthorhombic symmetry
occurs at 210 K, as determined from neutron diffraction.

The existence and shape of the Fermi surface of supercon- We mounted the sample in a ring goniometer, attached by

ducting oxides is a subject of intense investigation. The epoxy to two 50-p.m wires and aligned the crystal to within
experimental observation of the Fermi surface puts severe 0.5° by Laue x-ray photography so that the c axis of the sam-
constraints on the theory of high-temperature supercon- pie was along the line connecting the detector centers, and
ductMty. Recent experiments using angle-resolved photo- the a and b sample axes were along the x and y data axes,
emission, 1,2the de Haas-van Alphen effect, 3 and angular respectively. The angular resolution of the ACAR spectrome-
correlation of annihilation radiation (ACAR) 4 have all pro- ter was 0.5 mrad (3.86 mrad = 1._q). The data were collected
vided evidence for the existence of a Fermi surface in in a 256 x 256 matrix with bins 0.167 mrad wide and were

YBa2Cu3OT_x (YBCO) and Bi2Sr2CaCu20 8 (BSCCO). In stored every 2 x 107 counts. Later we summed these data
spite of this success, little detailed information exists about into one total distribution of 4.3 x 108 counts and corrected
the Fermi surface of the Cu-O planes. In ACAR, the recent for the efficiency function of the detector after individual
model-independent demonstration of a Fermi surface in analyses to ensure the stability of the detection system.
YBCO was restricted to the electron ridge associated with To guide our interpretation of the data, we performed

the Cu-O chains. 4 lb date, no observations of a Fermi sur- theoretical calculations of the full EPM density using the
face in La2_xSrxCuO 4 (LSCO) have been reported, linear muffin-tin orbital (LMTO) method and LDA for both

We have made a new, highly precise measurement of the electron-electron and electron-positron interactions. In the
electron-positron momentum (EPM) distribution performed LMTO method, the electron-charge density is calculated
on LSCO, with x = 0.13, and associated calculations of the self-consistently, and the positron wavefunction is deter-
EPM using the local-density approximation (LDA). LSCO mined as described in Ref. 5. The electron and positron
is an excellent system for studying the Fermi surface of the wavefunctions are used to calculate the theoretical EPM
Cu-O planes because the other planes in the system are not densities, which are then manipulated in a manner identi-

expected to contribute to the electronic states in the region cal to that used to analyze the experimental data.
of the Fermi energy. In addition, the positron wavefunction To identify Fermi-surface-related effects, we performed

and the plane region of the unit cell overlap quite a bit, in calculations for both insulating and metallic cases. We did
contrast to YBCO and BSCCO, where the positron primarily metallic calculations with a range of rigid band shifts to
samples the Cu-O chains and the Bi-O layers, respectively, represent strontium doping. We formed the model insula-

tor by constraining the occupancy of electron states in a
Experiment self-consistent antiferromagnetic calculation to stabilize an

insulato{ _and performed calculations for both the high-
We performed the ACAR measurements on a single crystal temperature body-centered-tetragonal (bct) phase and the
of LSCO with great statistical precision, collecting the data low-temperature orthorhombic structure.

at room temperature in the LLNL spectrometer. Single-
crystal samples were prepared bv the traveling solvent Results and Discussion
floating-zone technique at Kofu and Tokyo. Measurements

of the dc magnetic susceptibility showed that the crystal had The experimental EPM distribution is an extended "_attern
an onset of superconductMty above 33 K. A second-order in momentum space of the electronic distribution i._ the

Brillouin zone. We can sum ali the data back into ;, single
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zone by using the Lock-Crisp-West (LCW) theorem, which is notably similar to the experimental LCW, whereas the
enhances the contribution of the Fermi break to the data insulator calculation performed using the procedure

and partially averages the wa'`,efunction effects, which described in Ref. 6 slowly ,,,aries throughout the zone and
then appear as a more slowly varying background. A shares no obvious features with the experimental data. The
Fermi surface then appears as a sharp break in the comparison of the shape and position of the Fermi edge
momentum density, and hence metallic and insulating near the zone boundary in the calculation and the continu-

data look very different in this representation, ously connected sharp break near the same momenta in the
Sharp breaks ii1the LCW experimental spectrum can be data strongly suggest the existence of a Fermi surface in the

ascribed to a Fermi surface. However, it is difficult to use Cu-O planes. The sharpness of the measured Fermi surface

such a feature alone to identify the Fermi surface without is also close to that calculated, as seen in Fig. 2, where we
supporting evidence. For LSCO, the LMTO calculations have summed both the theory and the data in the LCW
show the Fermi surface as a feature clearly distinguishable along the (010) direction. Figures 1 and 2 both show a rise
from the wavefunction effects when the electron momen- in the experimental spectrum around F that is not present
turn density is displayed in the reduced zone. Also, the in the theory. This may be due either to background contri-
calculations for the insulating states are distinctly different butions for which we have not corrected or to positron
from the metallic cases, trapping in defects.

Figure 1 shows the results of the LCW operation based When we used the LCW on the low-temperature
on the low-temperature orthorhombic structure. The metal- orthorhombic lattice, a simple picture of the Fermiology
lic calculation obtained by rigidly shifting the Fermi energy emerged. If we had used the LCW procedure on the high-

temperature tetragonal lattice, we would have obtained a

Figure 1. LCW data .olded onto the projected much more complicated picture, with apparent closed
orthorhombicBrillouinzoneforexperiment Fermi surfaces around both the F and X points of the

(top), metal!_.ccalculation(middle),andantiferromagnetic insulator tetragonal zone. Rigid band calculations suggest that the
calculation (bottom). Fermi surface in this case should consist of a single closed

0.5 section around either the F point or the X point, depending
on the amount of doping. When the data are analyzed on
the orthorhombic lattice, the X point of the tetragonal zone

maps onto the F point of the orthorhombic zone, and the
two closed Fermi surface sections then coincide. In addi-

0 tion, other features with no obvious correspondence with

Figure 2. Experimental la) and theoretical (b) LCW
spectrum integrated along the (010) direction

-4}.5 in the orthorhombic lattice.
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the Fermi surface become less prominent in the orthorhom- nature of this system produces large planar regions of

bic analysis. The appearance of two distinct Fermi surface orthorhombic symmetry, which persist above tile O-T

sheets in the tetragonal LCW and the simplicity of the pic- phase-transition temperature. Tile positron provides a

ture ha the orthorhombic structure ali indicate a planar potentially powerful probe of these domains through its

orthorhombic symmetry in the electronic structure, influence on the observed Fermi surface.

Orthorhombic symmetry in the positron measurement

might be expected from a careful analysis of the character- This work was timded at LLNL by Weapons-Supporting

istics of the orthorhombic-tetragonal (O-T) phase transi- Research and Laboratortl Directed Research and Develop,tent

tion. A tilting of the oxygen octahedra around each copper and at the University qflTexas at Arlington by the Robert A.

atom.produce local orthorhombic distortions. LDA calcula- Welch Foundation and the Texas Advanced Research Progrant.
tions 7 suggest that this local order is stable at temperatures
above the observed O-T transition and that the transition *Physics Department, LLNL

results from long-range ordering. The oxygen octahedra tUniversity of Texas at ArlingtonSYamanashi Universit); Kofu, Japan
share a common oxygen atom, are strongly coupled within §University of Tokyo, Tokyo, Japan
the a-b planes, and are only weakly coupled along the c
axis. Orthorhombic domains, exte_ded in two dimensions,

would consequently exist above the O-T transition. References
This description of the phase characteristics is consistent

with several other experimental observations. Diffraction 1.J.G. Tobin, C. G. Olsen, C. Gu, D. W. Lynch, J. Z. Liu, F. R.Selal,

data on the orthorhombic superlattice peak result from a M.J. Fluss, R. H. Howell, J. C. O'Brien, H. B.Radousky, and P.A.
Sterne, "The Valence Bands and Fermiology of Untwinned Single-

coherent average over the c-axis direction. As ordering Crystal YBa2Cu306.,_,"Phys. Rev. B 45, 5563 (1992).
along the c axis is lost, the peak becomes less intense and is 2. c. G. Olsen, R. Liu, D. W. Lynch, R.S. List, A. J. Arko, B. W.Veal,
broadened. In our geometry, positron angular-correlation Y.c. Chang, P. Z. Jiang, and A. P.Paulikas, "High-Resolution,

measurements sample electrons individually and then Angle-Resolved Photoemission Study of the Fermi Surface and the
Normal-State Electronic Structure of Bi2Sr2CaCu208," Phys. Rev. Bsum the distribution for electron momenta along the c 42, 381 (1990).

axis, leading to the twinned orthorhombic symmetry we 3. E M. Mueller, C. M. Fowler, B.L. Freeman, W. L. Hults, J. C. King,
observe. Additionally, resistivity measurements done along and J. L. Smith, "Measurement of the de Haas-van Alphen Effect in

specified crystalline directions show a clear change in the YBa2Cu306.,_7Using Megagauss Fields," PhysicaB 172, 253 (1991).

c-axis resistMty at the O-T transition and no change in the 4. H. Haghighi, J. H. Kaiser. S. Rayner, R. N. West, J. Z. Liu, R. Shelton,

a-b plane. 8 Also, neutron-diffraction determinations of the R.H. Howell, F.Solal, and M. J.Fluss, "Direct Observation of Fermi
Surface in YBa2Cu3OT_6,'' Phys. Rev. Left. 67,382 (1991).

interatomic distances are unchanged by the O-T transition 5. p.A. Sterne and J. Kaiser, "First-Principles Calculation of Positron
and have orthorhombic values in the tetragonal region. 9 Lifetimes in Solids," Phys. Rev. B 43, 13892(1991).

6. P.A. Sterne and C. S. Wang, "Oxygen Vacancies and

Summary Antiferromagnetism in La2CuO4," Phys. Rev. B 37, 7472 (1988).
7. R. E. Cohen, W. E. Pickett, and H. Krakauer, "First Principles

Phonon Calculations for La_Ct,Ol," Phys. Rev. l.ett. 62,831, (1989).
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Photoelectron Studies of In Situ

Cleaved Crystals of YBa2Cu307

We have used x-ray and ultraviolet photoelectron spectroscopies
(XPS and UPS) to study the near-surface chemistry of YBa2Cu307_ x
(YBCO) single crystal_ cleaved in ultrahigh vacuum (UHV) at
300 K. Oxygen loss from this material was not detectable under
these conditions with the instrumentation used. Core-level and

valence-band measurements showed that YBCO decomposed
rapidly when irradiated by x rays and ultraviolet light. Also, expo-
sure of freshly cleaved YBCO surfaces to atmospheric air reduced the
oxidation state of copper from Cu+2to Cu+1,while the yttrium and
barium components formed oxides, hydroxides, and carbonates.

Introduction Experiment

Recent work by Fowler et al.1has shown that very high- We studied small (2- x 2-mm) single crystals of YBCO with

quality single crystals of YBa2Cu307_x (YBCO) do not lose sharp superconducting transitions from 80 to 92 K (1 < AT
oxygen under vacuum at 300 K, contrary to many reports in < 15 K) using XPS with HeI (21.2-eV) and Hell (40.8-eV)
recent literature. They also defined the core-level spectra of radiations. We examined cleaved surfaces for carbon by

yttrium, barium, copper, and oxygen for these high-purity Auger electron spectroscopy (AES) using an Auger micro-
crystals, which were reported to have a nearly undetectable probe. We cleaved the crystals in UHV (~1 x 10-1° Torr) at
level of carbon. We initiated the present program to test the 300 K to produce clean surfaces and also used air-cleaved
purity and quality of YBCO single crystals used for many surfaces to study the effect of air contamination on the core
measurements at LLNL. We had the following goals: levels and the valence band. To detect the possible oxygen
• To measure the carbon and gold content of our crystals: loss by the cleaved samples, we monitored the oxygen par-

carbon because of the use of carbonates in synthesizing tial pressure in the vacuum chamber with a residual gas
the crystals, and gold because gold crucibles were used analyzer (RGA), operated at very high sensitivity.
in preparing single crystals.

• To verify that high-quality YBCO crystals do not lose Results and Discussions
oxygen in ultrahigh vacuum (UHV) at 300 K.

• To determine the superconducting quality of our crys- In the XPS and UPS study of crystals fractured in vacuum,
tals by comparing their core levels and valence band we often detected strong signals from carbon, which is not

spectra to those of Fowler et al.1,2 supposeci to be in these samples. To determine the origin of
• To study the transformation that a clean, freshly cleaved this carbon, we examined several of the fracture surfaces in

surface of YBCO undergoes when exposed to air. the Auger microprobe. Some of the samples showed the
The last goal is of particular importance to many physi- surface to be covered with inclusions varying in size from 1

cal probe techniques and to technological applications in to 30 gin, the largest of which were usually conical. Auger
electronics and high-frequency devices, analysis of these inclusions disclosed that they were pre-

X-ray and ultraviolet photoelectron spectroscopies (XPS dominantly graphitic carbon with traces of chlorine and
and UPS) are particularly well suited for our study. The nitrogen. To avoid these carbon inclusions in our fractured
valence band in XPS is dominated by copper 3d-derived samples, we grew YBCO single crystals using oxides rather
states, and the electronic core levels of yttrium, barium, than carbonates as the starting materials.

copper, and oxygen can yield the chemical state data that We used XPS to look for gold in several samples, and
we seek. In UPS, on the other hand, the HeI oxygen 2p- we found concentrations varying from 0.1 to 0.5 at.%.
derived features of the valence band predominate. For We did not detect any measurable oxygen loss when

HeII, the cross sections for the copper 3d and the oxygen cleaving single crystals under UHV at 300 K or during
2p shells are nearly equal. Thus, these spectra should prolonged storage under these conditions (~1 week). The
reflect the total density of states of the valence band. partial pressure of oxygen measured with the RGA was -3

13 _ _ 1(I ,X 10- 1brr at a total pressure of 1 x 10- Torr for _acuum-
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cleaved crystals; we believe this to be part of the residual- Fowler et al. This spectrum is practically identical to that

gas contribution to the base pressure of the system, of a sample of CuO. In air-cleaved crystals, the Cu 2P3/2 is
Yttrium, barium, copper, oxygen, and traces of carbon narrower and shifts to lower binding energy (932.5 eV),

and gold were the only elements detected. The core levels indicating a change in oxidation state.
for these elements, obtained by XPS, agree with those of From these data and the x-ray-generated Auger peak

Fowler et al. 1 I_ the measurements taken in ~1 h, no at -335 eV (L3VV transition), we have concluded that this
change was measurable in the core levels. However, x-ray peak consists of CuO and Ctl20 and/or metallic copper.
exposures exceeding 3 h resulted in complete reduction of The oxygen ls level of the vacuum-cleaved superconduc-
Cu +2 to Cu+(Cu2 O) and/or metallic copper, lt is also possi- tor (see Fig. 2) is clearly at 528 eV, in agreement with
ble that the "green phase" of orthorhombic Y2BaCuO5 Fowler's data. Exposure of the sample to air removes this
formed. 2 The yttrium and bariurn spectra did not change, peak, and a very broad peak appears that can be deconvo-
Crystals cleaved under UHV conditions have a relatively luted into four components. These probably correspond to

broad Cu 2p3/2 (933.5-eV) core peak and a satellite on the yttrium, barium, and copper oxides, hydroxides, and car-
high-binding-energy sic'e with an area of ~0.46 of the bonates. Fhe XPS core levels of these elements also show
main peak (see Fig. 1), in agreement with the data of this behavior.

Figure 1. 10
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Conclusions This work was funded by Weapons-Supporting Research.

• Freshly cleaved YBCO surfaces are stable under UHV con- *University of California, Davis

ditions for several days at 300 K. If decomposition occurs, tMechanical Engineering Department, LLNL

the oxygen partial pressure is below -3 x 10-13 Torr.

• Exposure of freshly cleaved YBCO surfaces to air results References
in the formation of Cu20/Cu, BaO, Y203 , and possibly
some yttrium hydroxides and carbonates, as shown by 1. D. E. Fowler, C. R. Brundle, J. Le_czak, and F. Holtzberg, "Core
the behavior of core and valence-band levels, and Valence XPSSpectra of Clean, Cleaved, Single Crystals of

YBa2Cu307," Tratls.Elect. Spect. RelatedPhenom. 52, 323 (1990) and
• Exposure of freshly cleaved YBCO surfaces to x-ray or references therein.

ultraviolet radiation reduces Cu +2 completely to 2. R. M. Hazen, L. W. Finger, R.J. Angel, C. T. Prewitt, N. L. Ross, H. K.
Cu +1/Cu in ~3 h. The yttrium and barium core levels Mao, and C. G. Hadidiacos, "Crystallographic Description of Phases

do not change, in the Y-Ba-Cu-OSuperconductor," Phys.Rev. B 35, 7238 (1987).
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The Valence Bands and Fermiology of
Untwinned, Single-Crystal YBa2Cu306. 9

We probed the cleaved surfaces of untwinned, single-crystal
YBa_Cu_Oa o (YBCO) with photoemission induced by synchrotron
radiation, using high-energy and high-angular reso.ution. We
observed acute spectral structure, both at the Fermi energy and at
higher binding energies, particularly near the _gh-symme*ry points
of the two-dimensional Brillouin zone (e.g., F, X, Y, and S ). Our
data are consistent with a superconducting gap of less than 10 meV.

Introduct;.on The success of this approach with BSCCO encouraged us to
apply photoelectron spectroscopy to a more complicated

The utility of probing the electronic structure of high- system, YBa2Cu307_8 (YBCO).
temperature superconductors with photoemission has been In our photoemission study of YBCO, we used the high-
well established. 1 Using high-angular resolution (+1°) and est resolution and best samples available. Figure 1 is ata

high-energy resolution (FWHM = 32 meV) photoelectron example of our data. Note the acute spectral structure at
spectroscopy Olson et al. 1 directly observed and mea- both BF = 1 eV and BF= 0 eV. (BF is the binding energy with
sured the superconducting gap (A = 24 meV) of cleaved respect to the Fermi energy.) The combination of improved
Bi2Sr2CaCu208 (BSCCO) at various specific points in recip- samples--in particular, high-quality, untwinned, single
focal space. Their photoemission results provided a fairly crystals of YBCO and high-resolution, angle-resolved pho-
stringent test for theoretical models of the electronic struc- toemission---can provide the type of detail that was previ-
ture. That is, the experimental Fermi surface preserved not ously missing in earlier investigations. Using this detailed
only the volume, but also the essence of the Fermi surface information, we mapped the valence bands and investi-
calculated bv the local-density approximation (LDA). 1The gated Fermi crossings and superconducting gaps through-

experimental bands near the Fermi level strongly resembled out the two-dimensional Brillouin zone, with emphasis on
the LDA bands, but with a moderate mass enhancement, differentiating the nature and contributions of chain (l-D)

..........................................................................................................................and plane (2-D) states. The Fermiology of the cleaved sur-
Figure 1. Angle-resolvedphotoelectronspectrumof faces of untwinned, single-crystal YBCO can be summa-

untwinned YBCO. The Brillouin zone near X rized as follows:

was sampled, using hv = 24 eV. Note the acute special structure at • Crossings are seen throughout the two-dimensional
B I:= 1 eV and BF = 0. Brillouin zone and are identified with plane- and

chain-derived states.

• The electronic structures at nondegenerate corners of the
Brillouin zone (e.g., 3_and Y) are distinctly different.

• The measured gap is zero or small throughout the two-.'2.
•-; dimensional Brillouin zone for all observed bands

_. _ (including bands of both chain and plane origin),

._ _.,,o,_ ] contrary to the preliminary reports of others.]

___.._" X_k] In this study, we concentrate on the gap measurements.
_- Experiment

We performed photoemission measurements on the I GeV

[k_ storage ring, Aladdin, at the University of Wisconsin
Synchrotron Radiation Center (UWSRC) and on the Iowa

l J [ i I J I _ State University/Montana State University ERG/SEYA
8 6 4 2 0 Beamline, using an angle-resolved photoelectron spec-

/3_:(eV) trometer from Vacuum Science Workshop. We optimized
the electron and x-ray optics of the instrument for small
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(typically ~1- x -1-mm) YBCO samples. The total-energy c relate to gaps parallel (a,b)and perpendicular (c) to tile
and electron-momentum resolutiorls are quite high; plane of the a and b axes. Similarly, nuclear magnetic res{}-

energy bandpasses of 30 meV or less are typical, and the nance (NMR) experiments indicate a two-gap structure
electron angular acceptance is +1°. The single crystals assigned to the CuO plane states (2zX= 3.8 to 6.2 kBTc or 29 to

were grown and detwinned at the University of 48 meV) and the CuO chain states (2zX= 3.52 kBTc = 27 meV).
California at Davis under the direction of J. Z. Liu. 1 Other measurements suggest tl lt electronic density exists

Prior to the photoemission experiments, measure- inside the superconducting gap.
ments of the Meissner effect confirmed the superconduct- Angle-resolved photoelectron spectroscopy is an

ing nature of the crystals. Before and after cleaving, we attractive means of unraveling this problem because it
used Laue backscattering measurements to orient the can directly probe the occupied electronic states in a
samples. The sample normal and other high-symmetry momentum-resolving mode. Because of inferior samples
directions such as F-X, F-Y, and F-S, determined in situ (e.g., twirming) and poorer resolution (100 mev or more),
by the symmetry of the photoemission measurements, no previous photoemission measurements have properly
were consistent with the crystal orientation, as determined addressed these issues. Although other researchers reported
by the Laue measurements, a large gap (25 meV), we can find a gap no greater than

Typically, the sample temperature was 20 K during 10 meV (A < 5 + 5 meV) using imtwimu'd, single-crystal
ali operations, including cleaving and photoemission mea- YBCO with an energy resolution (FWIqM) of 30 meV and
surements, and base pressures in the experimental chamber an angular resolution of +1°. Mante et al.t recently reached

were 3 to 6 x 10-11Torr. Optical-microscopic observation the same conclusion as we, using higher angular resolution,
complemented all spectroscopic characterization in situ, lower energy resolu'&,a, and twinned crystals of slightly
especially when the samples were removed from the lower oxygen concentration.
vacuum chamber. In Figs. 2 and 3, a shoulder or peak occurs near the Fermi

e,Jergy, which is well up the slope on the low-energy side.
The Superconducting Gap This peak suggests a small or zero gap. In Fig. 4, which

An important property of a high-temperature superconduc- Figure 3. Spectra collectednear ,_ using 17-eV photons.

tor is the width of the superconducting gap. 1 Unfortunately, Therotation was approximately along S-X-S.

substantial confusion exists concerning this property in The emission direction and light polarization were fairly well aligned.
The ratio of the effective mass to the reduced mass for the data shown

YBCO. Infrared spectroscopy measurements of the CuO
here is approximately 1.6.

planes indicate gaps of 2Aa,l,= 8 kBTc (53 to 60 meV) and 2Ac
= 3 kBTc (24 meV). Tunneling measurements also suggest a

double-gap structure, 2Aa,b = 39 meV and 2Ac = 8 meV, with hv= 17eV
both a nonzero conductance at zero bias and a linear back-

ground conductance near zero bias. The subscripts a, b, and lOO

Figure 2. Spectrum taken from untwinned, single-

crystal YBCO near the high symmetry point 8°
Y. The sharp, intense peak near the Fermi energy is not observed at X.
The FWHM of the peak is about 40 meV, including an instrumental "_

broadening of about 30 meV. The photon energy was 17 eV. '= 6°
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confirms this interpretation, we obtained these spectra in chain- and plane-derived) and (2) assignment of tile elec-
sequence: (a) YBCO at 100 K (above Tc), (b) YBCO at 20 K tronic density to specific electronic structure must await

(below Tc), and (c) platinum at 20 K, with no adjustments to further analysis, we can make the following observations.
the apparatus except to cool the samples between (a) and The apparent discrepancy between the results for
(b) and to move the sample holder between (b) and (c). lA cleaved BSCCO 1and cleaved YBCO really is not surpris-
spectrum taken before warming agrees with spectrum (b) ing. In two ways, BSCCO's lattice structure is noticeably
taken after warming.] The Fermi energy runs through the simpler than YBCO's: (1) it lacks chains, and (2) it has mir-
middle of the rise in spectra (a) and (c) but is adjacent to the ror plane symmetry between the two weakly bonded cleav-
peak in spectrum (b). The differences between these spectra age layers, so that intact unit cells survive cleavage and
and those of BSCCO are startling. For BSCCO at 20 K, the thus exist on the surface for photoemission measurements.

peak is approximately 40 meV from the Fermi energy, Because such mirror cleavage planes do not exist in YBCO,
which crosses at the L-ottom of the rise, whereas YBCO at cleaving implies some sort of asymmetry or a rupturing of

20 K has a peak within approximately 10 meV of the Fermi the topmost unit cell.
energy, which crosses near the top. Further, the chain states may be masking a gap in the

Therefore, if a gap does exist, its width should be A < 5 plane state. 1Our estimate of the apparent gap comes from
+ 5 meV. The presence of electronic density near the Fermi what are believed to be chain states, and ali of our crossiI_gs,
energy is consistent with several other seemingly anoma- including those of the plane-derived bands, h:we nearby
lous observations about YBCO. For example, ttmneling chain bands. Perhaps the small gap is only a chain property,
measurements exhibit bo..n a nonzero conductance at zero and the CuO plane gaps are hidden by the chain intensity
bias and a linear background conductance in the gap. 1 near the Fermi energy. This possibility is appealing in light
Specific-heat, Raman-scattering, and inicrowave-resistMty of other nmasurements of a large CuO plane gap and two

measurements I suggest that electronic density exists gap stn._ctures, of which the smaller is for the chains, l
inside a large gap. Although (1) our rough estimate of the Another possibility is the combination of cleavage-
apparent gap width applies to all observed crossings (both induced surface reconstruction and a proximity effect.

Perhaps the process of cleaving produces a subtle but
Figure 4. High-resolution spectra, wh,_re nothing has telling shift of atoms. Despite the rupturing of unit cells,

beenchangedexcepttocooltheYBCOsample the two-dimensional periodicity would necessarily remain
(a tob)andmovethesamples(b toc).Seetextfor discussion, intact, based on our observation of such detailed spectral

structure around F, X, Y, and S. Perhaps a slight vertical
hv = 17 eV expansion or contraction of the lattice is occurring. For

example, a reduced volume could give rise to the increased

orthorhombicity and decreased critical temperature pro-

_o posed by Hayashi et al. 1If the critical temperature dropped

below 20 K, the surface of the material would be normal.

(Perhaps then the changes that are seen in Fig. 4 are solely
•_= @100K due to thermal broadening.) Alternatively, as suggested by

] _,,r-_ __ _ resistMty measurements, chain imperfections (oxygen

___j..r_" _klVN ____ depletion) may give rise to a metallic band. Perhaps cleav-

--_ age causes oxygen loss in the chain bands. To address the
"_' issue of surface obfuscation of bulk gaps, we performed a
',7, , )

BCC@20K series of gas-adsorption studies with argon and O_, either of
: - "'_z'-_ which might have changed the reconstruction and"opened a

These effects did not but it is unclear
large gap. occur,

whether gas adsorption is sufficiently severe to perturb a

reconstruction that may be half a unit cell deep (_6 _).20K Therefore, although it is not possible to uniquely assign

_ J [ _ i i the origin of the small gap, it seems fairly likely_that it is
o.4 o.2 0 strongly chain-related. The observation of the Y Fermi-

B_ (ev) energy peak and the differences with BSCCO both point
toward strong participation by the chain-derived states.
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Overview

The Chemical & Materials Science organization is tech- The first four papers in this section report on research

nically active in a number of Laboratory programs related directed toward converting methane from our abundant
to energy production both to meet future energy needs and natural-gas resources into hydrocarbon liquids. The objec-
to provide alternate solutions to environmental problems tives of the research are to develop a biomimetic catalyst
associated with energy production. Among these are con- that will partially oxidize methane to methanol at moderate
trolled thermonuclear energy (inertial confinement fusion), temperatures and at pressures near atmospheric. This work
laser isotope separation of uranium, disposal of nuclear is in collaboration with biomedical researchers at LLNL and
waste, and a number of fossil energy projects. In this sec- is jointly funded by DOE and the Gas Research Institute.
tion, we highlight projects related to liquid-fuel production The last paper in this section reports on work that is
in which C&MS is actively involved, part of our continuing research to understand the kinetics

Inexpensive and abundant energy supplies are vital to of oil-shale retorting. This research provides the technical
the U.S. economy. Although our resources in nuclear fuels, base for developing economical commercial production of
natural gas, oil shale, and coal are abundant, domestic sup- oil from shale. The LLNL oil-shale program represents the

plies of fuel for transportation are inadequate. Because our only remaining substantial U.S. effortMeither government
petroleum production has peaked and is in decline, we are or commercialnto develop the technology for recovering
faced with the continuing need to import significant quan- oil from shale. The focus of this effort is a pilot-scale retort
tities of oil. The present surplus of oil on the world market based on the LLNL-developed hot-recycled-solid process.
has held prices at a level that both discourages conserva- The overall technology development includes research in
t_on and inhibits commercial development of alternate chemical processes that occur during pyrolysis and com-
energy sources. Our reliance on imp .,'ted oil also lessens bustion of oil shale, processes of heat and material trans-
our security in energy supplies. Consequently, it is in our fer, and the flow of solid materials.

long-term national interest to actively pursue teclmologies
that have the potential to provide alternate sources of liq-

uid fuels to power our transportation infrastructure.
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Biomimetic Methane Oxidation:

Synthesis and Kinetics

We have designed and prepared a binuclear, unsymmetric, coordi-
nating ligand that is an effective metal chelator. The new ligand
reacts rapidly with copper(II) to form a variety of copper coordi-
nation complexes. We have synthesized and characterized a binu-
clear copper complex, including a single-crystal, x-ray structure
analysis. This complex is of significant interest because it repre-
sents proof of principle for developing coordinatively asymmetric,
binuclear, metal-chelate complexes. Although this structural type
of chelator now appe _rs to be common in biological systems, it
has not been previously described for inorganic synthetic
coordination complexes.

T. _, R. We,akeLy* " :! : :.

Introduction Spectroscopic and thermodynamic studies have postu-
lated that the metals in Protein A occur in a binuclear iron

Catalytic oxidation of light hydrocarbons, especially center and function as the active site for methane oxida-
methane derived from natural gas, is an important research tion. 5-8 Although some of the details vary, the general
area that is attracting considerable attention. The potential description of the iron site in Protein A is a binuclear clus-
for natural-gas (methane) processing will depend on the ter that contains some type of ,u-oxo ligand between the
development of catalyzed routes that directly convert iron atoms. The remaining ligands (derived from amino
methane into higher-valued products (heavier hydrocar- acid residues) are either nitrogen- or oxygen-containing,
bons, olefins, and alcohols). However, methane is chemi- and the Fe-Fe distance is between 3.0 and 3.5 fk. On the

cally quite inert and so far has not been easy to convert to other hand, the particulate form of MMO is poorly charac-
liquid hydrocarbons. As a result, no technologies are cur- terized and is thought to contain copper ions at the active
rently available to process methane economically, site. This form also is active in methane oxidation in the

lt is well known that a select group of aerobic soil/water biological system. 9,1°
bacteria called methanotrophs can efficiently and selectively Our work centers on the synthesis and characterization
use methane as their sole source of energy and carbon for of inorganic/organic chemical models of the active site of
cellular growth. 1The enzyme methane monooxygenase MMO (both particulate and soluble). We have focused on
(MMO) catalyzes the first reaction in this metabolic path- the synthesis of an unsymmetric, binuclear chelating ligand
way to form methanol: with an alkoxo group that can serve as a bridging 12-oxolig-

and. The advantage of such a ligand system is twofold: (a)
25-50°C metal complexes of an unsyrnmetric binucleating ligand

CH 4 + 02 + NADH + H . -o CH3OH + H20 + NAD + will provide coordinative unsaturation at only one metal,
MMO resulting in focused substrate reactivity at that site, and

(b) a single ligand with binuclear coordination will provide
The technical challenge is to selectively oxidize the rela- a more robust environment for metal oxidation-state
tively inert methane but not to oxidize the relatively reac- changes and accompanying chemical reactMty.
tire methanol to carbon oxides. We report hf re the synthesis of a prototype unsymmet-

Microorganisms can produce MMO in two distinct ric binuclear c__elating ligand, its reactivity with copper
forms: a membrane-bound particulate form or a discrete ion, and the c' _aracterization of two new copper chelate

soluble form. The soluble form consists of three main pro- complexes. T _is work provides the first proof of concept
teins: A, B, and C. Protein A is an iron-containing oxygen- for the forml.tion of a binuclear complex with a different
ase that reacts with methane to produce methanol. 2-4 coordinatiol_ at each metal ion. Such complexes are rele-

vant to the development of model systems for the active
site of MMO.
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Results and Dis,cussion With a metal-to-ligand ratio of 2:1 and in the presence
of two equivalents of sodium acetate, a binuclear complex

Figure 1 shows the synthetic route for the prototype binu- forms (see Fig. 3). The structure shows that the ligand has
clear chelating ligand HMeL. Elemental analysis and chelated two copper ions, that the copper ions share the
nuclear magnetic resonance (NMR) studies confirm the alkoxo oxygen (bridging I_-oxo), and that a coordinated
composition and structure of the ligand. It has a hydroxo acetate ion bridges the two metals. As a result, one copper
functionality that could serve as a bridging a!koxo group ion is coordinatively saturated (five-coordinate, distorted,
and aliphatic and aromatic nitrogen coordination groups trigonal pyramid), while the other copper ion is only four-
(benzimidazole). With the C-OH bond as a bisecting line coordinate (distorted, square pyramid). The mixed oxy-
in this molecule, it is clear that the ligand could coordinate gen-nitrogen ligation has average Cu-N(O) distances of
two metal ions in different environments. One half of the -2 A, typical of Cu(II) coordination complexes. In this

ligand l: rovides three coordination sites (two nitrogens reaction, acetate serves both as a coordinating bridge
and one bridging oxygen), while the other half provides between the two copper sites and as a general base that
four coordination sites (three nitrogens and one bridging assists in deprotonation of the organic hydroxo group
oxygen). Reactions with copper ion demonstrate that the forming the charged alkoxo bridging species. Interestingly,
ligand is a potent chelating agent. Blue or blue-green the crystal structure shows that, in the solid state, an oxy-
complexes form rapidly in the presence of copper(II), gen from one of the CIO 4- counterions binds weakly to the
Stoichiometric reactions in methanol synthesize the com- four-coordinate copper ion (about 2.6 ,_ away). This sug-
plexes using hydrated metal salts. Characterization by ele- gests that this copper ion is coordinatively unsaturated
mental analysis and single crystal x-ray crystallography and that there is a potential fifth site for binding. Initial
show that either mononuclear or binuclear complexes attempts to demonstrate this binding site have been suc-
form. For a metal-to-ligand ratio of 1:1, a mononuclear cessful, and an azido-bridged binuclear copper complex
complex forms (see Fig. 2). The structure of the complex has been prepared and isolated. 11It appears that com-

shows a distorted, trigonal, bipyramidal coordination plexes of this type can show selective reactivity at one
environment around copper with five Cu-N bonds (aver- metal site. Such behavior is a key requirement for bio-
age Cu-N distance -2 _). In this case, the hydroxo func- inorganic mimics of the MMO active site.
tionality does not coordinate to the metal and is located far We explored catalytic activity under atmospheric
from the metal in the structure, pressure in acetonitrile in a Fisher-Porter bottle, with

cyclohexane as the hydrocarbon substrate, with hydro-
Figure 1, Reactionpathway that produces the chelating gen peroxide as the oxidant, and with a metal complex;

ligand HMeL. the ratio was 1000:100:1. When the mononuclear copper

% oCH=O + N}-la + _/x'Cl Figure 2. Stucture of mononuclear Cu(ll) complex.
Open circles represent carbon atoms. For

clarity, hydrogen atoms are not shown.
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complex or copper(II)tetrafluoroborate acted as the of copper coordination complexes. Tile binuclear complex

catalyst species, cyclohexane was not converted to cyclo- is of significant interest because it represents proof of

hexanol and/or cyclohexanone, according to our gas- principle for developing coordinatively unsymmetric,

chromatography/mass-spectrometry (GC/MS) analysis binuclear metal-chelate complexes. Although this struc-

of the reaction media sampled over a 48-h period. We also tural type of chelator now appears to be common in biolog-
found hydrogen-peroxide decomposition, as monitored ical systems, this is the first time a synthetic organometallic

by titration with potassium permanganate, to be zero dur- complex has been prepared with these structural features.

ing this period. In contrast, the binuclear copper complex We expect this ligand and its derivatives to play an impor-

as a catalyst consumed 40% of the hydrogen peroxide over tant role in the development of bioinorganic complexes

a 48-h period and produced cyclohexanol and cyclohex- that aim to mimic enzymes whose active site contains a

anone in a 1:1 molar ratio. The alcohol and ketone produced multimetal complex (such as MMO).
represents a 10% yield based on oxidizing equivalents con-

sumed, and there is a turnover ratio of three moles of oxi- This work was.funded bl/the DOE Morgantown Energy

dized product to one mole of catalyst. Although this is a Technology Centeb Gas Research Institute, and LLNL's

modest conversion of a selected hydrocarbon to oxidized Laboratoly Directed Research and Development.

species, it demonstrates the utility of the asymmetric-

coordination/directed-reactivity concept. From this type of * Department of Chemistr); Tile University of Oregon, Eugene

information, we may obtain kinetic parameters for the reac-

tion and can postulate a mechanism of reaction. A change in References
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Theoretical Description of Biomimetic Complexes

In support of the development of new types of inorganic catalysts
for converting methane to liquid fuels, we are investigating com-
putational models to study intermediate reaction complexes that
occur during the selective partial oxidation of methane. We have
carried out first-principles calculations of the electronic structure
at the active transition-metal sites in the catalysts to understand
the relationship between structure, functionality, and catalytic
activity and to guide the development of new materials.

Introduction Cu(N8C31 H360 ), with simpler imidazole ligands. Til(:
resulting 50-atom model complex, Cu(NsC]0H_40), is

Catalytic oxidation of light hydrocarbons, such as methane shown in Fig. 1. We replaced the ls22s22p63s23"p6 core
derived from natural gas, is an economicalh/important electrons on the copper ion and the ls 2 inner-shell elec-
industrial research area. Biocatalytic enzymatic processes trons on carbon, nitrogen, and oxygen atoms with relatMs-
known to perferm partial oxidation of alkanes 1,2provide a tic effective core potentials 4 to further reduce the number
model for developing biomimetic chemical catalysts that of electrons explicitly considered in the calculations. We
can convert methane to higher-valued products, in sup- used a Gaussian atomic orbital basis set5,6on each atom to
port of the experimental study of biomimetic materials, we describe the valence electrons and fixed the atomic post-
are developing computational models for the enzymatic tions at the experimental x-ray structure values.
system methane monooxygenase (MMO) and newly svn- The calculated atomic charges characterize the Hartree-

thesized chemical complexes designed to mimic the active Fock charge distribution and provide an important compar-
site in this enzyme, ison between first-principles and semiempirical molecular

The major difficulty in the theoretical characterization of

these materials is that energy-minimization and molecular Figure 1. The structure of the Cu(NsC16H240)

dynamics (MD) models based on parameterized valence model complex.

force fields cannot adequately treat the transition metals that H4

are an integral part of the active site. Our emphasis in this !-]16 l'-ll

work is to calculate, using first principles, the electronic H21

structure of the transition metal sites by using cluster meth- Hl7 H24
ods developed to study transition-metal impurities in cr3,s-

tals.3 Our calculations characterize the biomimetic materials, H3
but more importantly, they are designed to assist in develop- NS
ing semiernpirical models that will allow us to predict

important parameters such as type of metal ion, rt_ox prop-
erties, ligand composition, and geometry. These parameters HI4
are needed to describe the catah'tic reaction for methane

conversion. Based on these parameters, new catalyst materi- )t18 H23
als can be experimentally prepared and testt_l.

Theory HI'_ I-122 Hl2
Hl Il I18

The biomimetic transition metal complexes include mono-
and binuclear copper and tetranuclear iron sites that pro-
mote the catah,'tic reaction. The metals are coordinated by

benzimidazole ligands and are linked by. aceto- and
hydroxo-bridges. We have carried out first-principles
Hartree-Fock calculation.,, of the electronic structure for

both the mono- and binuclear copper and the iron sites. To ttlo 0 ttt_

reduce the computational effort, we replaced the benzimid-
azole ligands of the mononuclear copper complex,
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orbital methods. Table 1 sununarizes the atomic orbital pop- and a charge of +1.5. The open-shell 3d orbital is atomic-

ulations and total atomic charges as determined from tile like, with essentially no admixture of ligand orbitals. The

molecular orbital wavefunctiorl for the rnononuclear com- significant participation of the empty 4s and 4p orbitals in

plex. The labeling of the atomic sites is keyed to Fig. 1. the metal-ligand interaction demonstrates the importance of

Formall}; copper is 3d 9 with a charge of +2. The calculations these orbitals in describing reaction intermediates that

indicate a valence electron configuration of 3d9°24s°'344p °16 involve the transition-metal site and indicates that semiem-

.......................................................................................................... pirical models cannot be parameter(zed solely on the basis

Table 1. Calculated charges from the Hartree-Fock of the 3d orbitals. Similar results were obtained for the binu-

wavefunctions for the Cu(NsC16H24 O) clear copper complex.

model complex. The one-electron energy levels for the mononuclear cop-

Atom s p d Total Charge per complex have been charted in a histogram with 2 eV
bins to give an approximate density of states. The results

Ct, 0.34 0.16 q.02 9.52 1.48 are compared to the experimental Cu(N8C31H36 O) x-ray
O 1.82 4.73 6.55 -0.55 absorption spectra for the 1 s_nl transitions in Fig, 2. The

N l 1.50 3.86 5.45 -4).45 theoretical energy scale has been adjusted to match the
N, 1.57 3.87 5.45 -4).45

N._ 1.67 3.85 5.52 -4).52 observed ls_3d pre-edge feature. No absorption was cai-

N 4 1.58 3.90 5.48 -0.48 culated in the near-edge region, but the calculated Cu(4s,

N s 1.58 3.89 5.47 -0.47 4p) and ligand energy levels qualitatively reproduce the

No, 1.67 3.84 5.51 -0.51 shape of the main absorption peak, The binuclear copper

N- 1.67 3.86 5.53 -0.53 complex showed similar agreement. This comparison veri-
N s 1.58 3.89 5.48 -0..18

C 1 1.22 2.88 4.11 -0.11 ties that the model calculations accurately reproduce the
c_ 1.28 3.07 4.36 -0.36 copper environment and should be adequate for further

c 3 1.28 3.08 4.36 -o.36 study of reaction intermediates at the metal site, .

c 4 1.28 3.12 4.40 -0.40

C:_ 1.19 2.62 3.82 0.18 Figure 2. Comparison of the calculated Hartree-
C_, 1.26 2.96 4.22 -4).22 Fock one-electron density of states for

C- 1.27 2.96 4,22 -0.22 Cu(N8C16H240) to the experimental x-ray absorption of the
Cs 1.35 3.27 4.62 -4).62
C, 1.28 3.11 4.39 -0.39 Cu(NsC31 H360) complex.

C I0 1.18 2.66 3.84 0.16 1.5

CII 1.2(_ 2.96 4.22 -4).22

CI2 1.26 2.94 4,20 -0.20 - _ Experimental x-ray absorption
CI_ 1.27 3.13 4.4(1 -0.40 _ _ Calculated orbital energies
C14 1.1,4 2.64 3.83 0.17

Cl_ 1.26 2.95 4.21 -4).21 - _

C I_, 1.26 2.95 4.22 -41.22 , Z 7_]Hl 0.63 0.63 (!.37

tl_ 0.73 0.73 0.27 1.0 ¢ _ii i{ '%_-i

It-_ ik70 i1.70 (I.30 :!
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Subunit Resolution for Active Site Identification

of Methylosinus trichosporium OB3b Soluble
Methane Monooxygenase

We have developed a procedure for the dissociation and resolution
of the three distinct subunits of the soluble methane monooxygen-
ase protein A. Using the net charge differences between the sub-
units to effect a separation by ion exchange chromatography, the
individual subunits are isolated under denaturing conditions.

Introduction MMO (sMMO) produces methanol at the rate of approxi-
mately four molecules per molecule of enzyme per sec-

Information concerning the selective transformation of ond*; the cell then uses methanol as a source of carbon for
methane to methanol, which occurs in a special group of biomass generation and for energy storage. 1 The produc-

microorganisms, would be of great value for several reasons, tion of methanol (CH3OH) by sMMO req_res stoichiomet-
First, economic factors motivate the production of methanol ric amounts of methane (CH4), molecular oxygen (O2), and
from methane. Second, the ability to produce methanol a source of intracellular electrons that are supplied by
selectively from methane is unique from a chemical perspec- reduced nicotinamide adenine dinucleotide (NADH):
tire, as little selectivity for the alcohol is observed in the

known oxidation reactions of methane. One way to design CH 4 + 02 + NADH + H + -4 CH3OH + H20 + NAD +
and synthesize catalysts that produce methanol on an indus-

trial scale is to carefully study enzyme systems that can con- Three proteins (A, B, and C) facilitate this complex inter-
vert methane to methanol. Identification of unique chemical action, which results in a controlled partial oxidation of
features in these systems should facilitate a more rational methane. Figure 1 shows these three proteins that comprise
approach to the synthesis of biomimetic industrial catalysts, the soluble enzyme system. According to current under-
Wehave therefore chosen to examine the active site structure standing, methane oxidation occurs at a hydroxo-bridged
of the cytoplasmic methane-oxidizing enzyme produced by dinuclear iron center in protein A, while proteins B and C
the bacterium Methylosinus trichosporium OB3b. participate in the transfer of electrons from NADH to the

Within this bacterium, methane monooxygenase (MMO) iron center in protein A.
is the specific enzyme complex that converts methane to Our investigation focuses on protein A because it

methanol. Under ambient conditions, the soluble form of appears to have the key features necessary for CH 4 activa-
tion. lt is an oligomeric protein, composed of three distinct

Figure 1. subunits in an ot2 _2_'2configuration, with a molecular

_ _ weight of 245,000 daltons. Currently, the location of the

Proteincomponents iron center in protein A is not known, lt is also not known
of the soluble methane whether this cofactor links with the amino-acid side chains

monooxygenase system, of only one type of subunit, or whether it bridges an inter-
face between two unlike polypeptide subunits. Our project
aims to identify portions of the amino-acid sequence
within protein A that surround the iron center. To do this,

A C it was necessary to first deter'mine conditions for separat-
ing and resolving the R, _, and y subunits of protein A.

°_2I_2"h This will allow us to define more accurately the location of

the enzyme's active site, to understand the subunit inter-

actions and their impact on CH 4 activation, and to sim-
plify the purification of polypeptide fragments derived
from the active site.
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Experimental Methods hydrochloride, and urea, coupled with variations in the salt
concentration, temperature, and pH. For an oligomeric pro-

We obtained purified protein A by modifying published tein in a denaturing medium, dissociation followed by sub-
procedures. 2,3 Initially, we guided enzyme purification at unit unfolding is thought to occur in a stepwise manner.
each step by correlating the enzymatic activity with the One of the most difficult problems was to define conditions
ultraviolet (UV) absorption profile (280 nra) and deter- that maintained the solubility of the dissociated subunits.
mined purity by sodium dodecyl sulfate polyacrylamide This problem is common in protein unfolding because the
gel electrophoresis (SDS-PAGE). Later purifications relied hydrophobic interactions that stabilized the globular protein
solely on the UV profile and the protein subunit composi- now drive the interchain association of the unfolded strands
tion indicated by gel electrophoresis, and result in aggregation and precipitation. 5 Using a combi-

We grew M. trichosporium OB3b according to the method nation of the factors listed above, we obtained the only satis-

of Park et al.4 A typical purification used 12 to 16 g of dry factory results with the reversible denaturant urea. Treating
cell weight equivalent, which was suspended in 25 mM the protein with urea in the presence of DTT prevented
3-(N-morpholino)propanesulfonic acid (MOPS), 5 mM disulfide formation. Initially, we tried gel filtration chro-

MgCI 2, and 5 mM dithiothreitol (DTT). Two passages matography to resolve the individual subunits and to pro-
through a Manton-Gaulin homogenizer ruptured the cells, vide information regarding the extent of dissociation.
which we then stirred at 4°C with DNase. Centrifuging at A precipitate formed on our first effort to dissociate
40,000 x gravity for I h produced the cell-breakage super- protein A in urea (pH 7). Analysis of the supernatant indi-
natant fluid. We then transferred this cytoplasmic material cated that most of the I subunit remained in solution. We
into an Amicon ultrafiltration cell under nitrogen (this and dissolved the precipitated protein under alkaline condi-
all subsequent steps were carried out at 4°C). Passage tions and then subjected the solution to gel filtration chro-
across an XM 300 membrane concentrated the supernatant matography. The elution profile (see Fig. 2) showed three
fluid and provided a bulk discrimination between the high- major peaks, which we analyzed using SDS-PAGE. The
and low-molecular-weight protein components. Next, we earliest eluting peak, corresponding to material with the
loaded the high-molecular-weight XM 300 retentate onto a highest molecular weight, was identified as a complex

diethylaminoethyl (DEAE) Sepharose Fast Flow anion- containing both 0_and ]3.This indicated that the subunits
exchange column, equilibrated with 25 mM MOPS and of protein A had not been completely dissociated. The sec-
5 mM DTT, and eluted with a linear salt gradient from 0 to ond peak corresponded to the sequential elution of 0tand
0.25 M NAC1.We pooled and concentrated the peak that [3_ot eluting on the front half and ]3eluting on the back
eluted at approximately 0.14 M NaC1 and took it onto a sec- half--and the last peak contained only the I fraction.
or_d anion-exchange column. Gel filtration chromatography Observation of the I subunit in solution following
in the same buffer completed the final purification of pro- precipitation of the otand [_subunits, coupled with the
tein A. We obtained approximately 240 to 480 mg of pro-
tein, which we judged to be ~95% pure using SDS-PAGE. Figure 2. Gel filtration profile in 50 mM MOPS (pH 7),

To generate subunits, we denatured protein A by incubat- 6 M urea, and 5 mM DTT, followinga 1-h

ing the protein in buffered urea solutions for I h at 21°C. Gel incubation at 21°C in the samebuffer.
filtration chromatography was carried out at room tempera- 3
ture in an attempt to improve the flow rate and resolution Sephacryl S-300-HR (2.5 x 90 cre)
by this technique. Later, we obtained subunit separations
more successfully by denaturing anion-exchange chro-
matography at pH 8 in tris(hydroxymethyl)aminomethane

buffer (Tris), which was performed at 4°C. _ 2 tj.

Results and Discussion

SDS-PAGE of purified protein A showed three distinct _ / 1_

bands, indicating the expected subunit composition and

molecular weights: ot (54,000), [3(43,000), _,(23,000). Other ._ 1 [ [M_)] ,?_]:9

than the electrophoretic separation of microgram quantities <
of the subunits achieved in the polyacrylamide gel matrix,
the individual properties of the subunits have not been

reported or explored. To carry out studies such as these, ] (cJ.[_) _,
milligram quantities of each subunit are required. 0 [

To dissociate protein A in an aqueous solution, we 0 100 '.00 3oo 4o0 5oo
attempted a number of denaturing conditions. The chemical Elution v(:)lume (ml_.)

denaturants included sodium dodecyl sulfate, guanidine
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partial retention of an (o{[3)complex under alkaline condi- we determined that protein A was very easily heat-
tions, indicates that tile ct and l_subunits have higher denatured with precipitation, even at 40°C. Consequently,
affinities for each other than for 1. temperatures above 21°C cannot be used to enhance subunit

To determine the effect on dissociation of the subunits dissociation. Finally, we found that adjusting the pH to 8 or

and their chromatographic separation, we then probed other higher would optimize the dissociation of the subunits, pre-
factors. We examined the salt concentration by adding 0.3 M sumably because of electrostatic repulsion between the
sodium chloride to a 6 M urea solution at pH 7. Analysis of negatively charged side chains. In addition, we raised the
the solution by gel filtration chromatograph}; followed by urea concentration to 7 M to maintain the solubility of the
electrophoresis, again indicated that incomplete dissociation polypeptides. Gel-filtration chromatography of protein A in
had occurred, as the (o0) complex remained the major com- glycine buffer at pH 9.3 (see Fig. 3) showed that very little of
ponent in solution. Protein unfolding and denaturation is the (u.]3)complex was present. However, as the profile indi-
known to be a very sensitive function of temperature, 6 and cates, very little resolution of the dissociated subunits was

achieved with this chromatographic technique.
Figure 3. Gel filtration profile in 50 mM glycine (pH Anion-exchange chromatography provided much

9.3), 7 M urea, 5 mM DTT, following a 1-h higher resolution of the dissociated subunits under the
incubation at 21:C in the same buffer, window of conditions discussed here. Chromatography of

5 denatured protein A on DEAE Sepharose CL-6B resulted in

Sephacryl S-300-HR(2.5× 90 cre) three distinct peaks, corresponding to each of the subunits

/ p (see Fig. 4). Because ion-exchange chromatography doesnot discriminate on the basis of size, but rather on charge,

,-- 4 - the elution profile provides some measure of the subunit
net-charge properties. The I subunit is not bound by the
anion-exchange resin under these conditions, which sug-

, gests that it is positively charged at pH 8. The o_and [3sub-

,_,3 - u. , units bind to the column, indicating that they both possess
a negative charge at this pH. We again detected a small

amount of the (o0) complex in this mixture and found it to
._ elute as a shoulder on the trailing edge of the _ subunit.

2 SDS-PAGE of the peak fractions (see Fig. 5) clearly indi-

cates a high degree of subunit resolution.Figure 5.....

1 I I 1
0 100 200 300 400 SDS-PAGE of the

Elution volume (mL) individual subunits
obtained by denaturing

anion-exchange chro-
Figure 4. Anion exchange profile in 25 mM Tris (pH 8), matography (fraction _

7 M urea, 5 mM DTT, following a 1-h incuba- number corresponds to _ _ _ -.,.
tion at 21_C in the same buffer, elution volume in Fig. 4). ,u_

12

DEAESepharose CL-6B(1× 10cre) 8
10 _

6
.3

4- _{
.a 1 2 3 4 5

Lanes:

{} I. M{}lucular-weight standards
(} 20 40 60 80 2. C{}lLinln load

Elution volume (ml.} 3. Fracti(}n 12
4. Fraction 38

5. Fraction 48
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Bioreactor Cultivation of Methylosinus
trichosporium OB3b for the Production of
Particulate Methane Monooxygenase

Methane monooxygenases (MMOs) are enzymes that oxidize a wide
variety of saturated hydrocarbons to alcohols and alkenes to epox-
ides. We studied the effects of two important medium components,
copper and nitrate, on the production of a membrane-bound, partic-
ulate form of the enzyme (pMMO) in Methylosinus trichosporium
OB3b for batch and continuous bioreactor culturing of this bac-
terium. Studies of pMMO-vs-soluble MMO structure-function
relationships will provide useful information for the synthesis of
catalytic materials needed to convert methane to liquid fuels.

Introduction biomass. Previously, we optimized the growth conditions
for sMMO biosynthesis by M. trichosporiunz OB3b.2 As a

We are developing new materials that can catalyze the par- result, the purification and further characterization of this
tial oxidation of methane to a liquid fuel such as methanol, enzyme system is in progress. 4
Current oxidative processes that transform methane to a More recently, we have focused our attention on the
mixture of methanol plus some higher hydrocarbons require bioreactor cultivation of M. trichosporium OB3b containing

high operating temperatures (700 to 800°C) and have unac- exclusively pMMO. Our objective was to obtain a repro-
ceptably low product yields because of overoxidation of the ducible growth of cells containing a maximal level of

gas to CO and CO 2. An ideal catalyst should control the acti- expressed pMMO activity for comparative structure-
vation of the oxygen and methane C-H bond and yield a function studies of the pMMO (copper-dependent enzyme)
specific desired product. Efforts to synthesize such catalysts vs the sMMO (copper-independent enzyme) system within
chemically can benefit from a structure-function study of a single strain of methanotroph. We first examined the
biological catalysts that can partially and very efficiently oxi- effects of two important medium components, copper
dize methane to methanol under ambient conditions, and nitrate, on cell growth and whole-cell specific pMMO

The only known biological catalysts that can selectively under fixed-batch culturing conditions. Subsequently, we
convert methane to methanol are methane monooxygenases established the conditions for maximally expressing whole-
(MMOs). In nature, they exist exclusively in a group of bac- cell pMMO activity under continuous culturing conditions.
teria called methanotrophs. 1 In some methanotrophs, such

as Methylosinus trichosporium OB3b and Methylococcus capsu- Experimental Methods
latus (bath), two distinct forms of MMO--one soluble

(sMMO) and the other particulate (pMMO)--occur, depend- We grew M. trichosporium OB3b in a modified Higgin's
ing on the availabili_ of copper in the culture medium. 2,3A nitrate minimal salts medium 2,3 and performed fermentor-
membrane-bound pMMO forms when copper is sufficient, scale experiments in a 5-L bioreactor (Bioflo II, New
while an sMMO forms when copper availability is very low. Brunswick) at pH 6.8 to 7.2 and a 30°C incubation temper-

These two intracellular forms of MMO exhibit some ature. Gaseous substrates, 10% CO2-containing air and
remarkable differences in their catalytic activities for vari- methane (3:1 v/v), were sparged continuously. Bioreactor
ous substrates (e.g., n-alkanes, n-alkenes, aromatic and ali- inocula were cultured under an air/methane gas mixture
cyclic compounds). The sMMO displays a much broader (1:1 v/v) in 2-L shake-flasks with 200 mL of Higgin's
substrate specificity, but the pMMO is more active with medium containing 10 t_M CuSO4 .3 We operated the biore-
methane and propene. Isolation of MMOs for structure- actor either in a batch mode or switched it to a continuous
function studies requires a bulk production of the bacterial feed mode after about 50 h of batch growth. Occasionally,

we adjusted the impeller speeds and gas-flow rates to
maintain dissolved oxygen levels above 5% during the

124



Section 7 • Energy Research and Development

batch operations. However, we maintained the impeller We next studied bacterial growth under continuous cul-
speed and dilution rate at 500 rpm and 0.06 h-1, respec- turing conditions for the effects of copper and nitrate. The

tively, during the continuous cultivations. To maintain a advantage of continuous culturing is that much larger
constant volume of bioreactor liquid, we used a peristaltic amounts of biomass can be generated in a given time with
pump to continuously feed filter-sterilized medium to the a small 5-L bioreactor. Figure 2 shows the effects of copper
bioreactor. We observed a steady state after maintaining concentration on the steady-state cell density, whole-cell
the bioreactor under a desired set of culture conditions for sMMO, total MMO activity, and percentage of pMMO.
rnore than three times the inverse of the dilution rate. (We We raised the feed medium nitrate concentration in

assumed a steady state when two consecutive measure- standard Higgin's medium to 20 mM to avoid nitrate limi-
ments of cell density and pMMO activity yielded approxi- tation, which we had observed during batch cultivation
mately the same values.) with the standard 10 mM level. The cell density increased

We determined cell densities from spectrophotometric sharply when we added 1 _M copper to a medium con-
measurements of the absorbance at 660 nm and determined taining no copper and then increased gradually up to 10
nitrate concentrations with an ion-specific nitrate electrode ...........................................................................................................................................................................................
and a double-junction reference electrode connected to a Figure 1. Bioreactorbatch-cultureprofiles of whole-

pH/ion meter. Using inductively coupled plasma-atomic cell specific pMl_ ; activity {al, volumetric
emission spectroscopy (ICP-AES),* we determined the cop- pMMO activity (b), and cell growth and nitrate concentration (c). The

cells were grown in Higgin's medium containing 10 _tM CuSO 4 and
per content of the washed and freeze-dried cell samples. We 80_M Fe under otherwisestandardconditions.
measured the epoxidation rate of propene to determine the
total MMO actMty (sMMO plus pMMO) of the intact cells. _ 250 t
Propene is a convenient surrogate substitute for methane -_ '_ _(a) jR
because the whole-cell MMO-catalyzed product, propene ._._ _ 200_
oxide, cannot be further metabolized. In contrast, the natu- ._- _ 8 150k-- -

o.'_
ral initial intracellular product of methane conversion, _ K _100 _ -

methanol, can De oxidized to formaldehyde, formate, and _._ _carbon dioxide. To determine sMMO actMty alone, we 50
assayed the disappearance rate of chloroform because the "-" '_ 0 [ ] I I ] -
pMMO of M. trichosporium OB3b cannot degrade chloro- >_ .o
form. 2'5We used a gas chromatograph equipped with a .._ _ 500

'_ "_ __ (b) I
flame ionization detector to analyze propene oxide forma- _ _ ._ 400 -- A -

tion and chloroform disappearance. 0 _ ,_

Results and Discussion _ _ _ 200-
'5-_ E

Figure 1 shows profiles of cell growth and whole-cell spe- = = _- 0
cific MMO actMty (exclusively resulting from the particu- >
late form of the enzyme), as well as the variations in nitrate 100 12

concentration and volumetric MMO activity for a batch cul- (c)

ture experiment. We observed rapid exponential growth -- lo

(_t= 0.12 h-1) and high whole-cell pMMO actMty during _ 10

the first 40 h after inoculation, after which time the pMMO _ _ 8
actMty began to decrease as nitrate depleted, yet well before ,£ ---
the cell growth slowed. In a second experiment, addition of _ 73

supplemental nitrate (30 mM) at 40 h (i.e., after depletion of _ _ I 6 Z
the initial feed nitrate) restored the deteriorating whole-cell "_ _ _=
specific actMty up to an absorbance (660 nra) of 11 (3 g dry -_
cell wt/L) at about 54 h. This corresponded to a cell density < -_ 0.1 4

3.5 times higher than that in Fig. 1 at 40 h. To our surprise, = 2
simply raising the standard initial nitrate concentration of

Higgin's medium (10 nqV/to 40 mM) failed to prevent the 0.01 0
decline of pMMO activity and also resulted in a lower () 2o 4o 6o 80 100
growth rate. Time (h)
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before decreasing somewhat between 10 and 20 BM. From the same continuous culture experiment depicted

Because we did not change the bioreactor operating condi- in Fig. 2, we used ICP-AES to determine the correspond-

tions that affect the oxygen transfer rate (e.g., agitation ing copper contents in freeze-dried cell masses. Figure 3

speed, air flow rate, and dissolved oxygen level), this shows these results and the volumetric whole-cell pMMO

trend suggests a correlation between the cell yield on oxy- actMty as functions of the ,,,cd copper concentration. Both

gen (Yx/o) or oxygen-utilization efficiency and copper the volumetric pMMO activity and the copper content of
availability at lower CuSO 4 concentrations (i.e., <10 laM). the cell mass increased linearly as the culture medium

However, at CuSO 4 concentrations well above 10 MM, we copper concentration was elevated to 10 gM. At higher

observed that copper slightly inhibited both biomass pro- copper concentrations, the former gradually declined,

duction and total MMO actMty, while the latter became nonlinear. Based on the volumetric

Figure 2(a) depicts the whole-cell MMO activities mea- pMMO data (0 to 10 bLM CuSO 4 range), we calculated

sured with two separate substrates, propene and chloro- Yx/cu (the quantitative amount of copper required to
form. The MMO activities with these two substrates show produce a certain cell mass containing 100% pMMO) to

opposite trends: epoxidation increases and chloroform be 3.9 x 103 g dry cell wt/g Cu, which is equivalent to

degradation decreases with increasing copper concentra- 4.0 x 10 -6 tool Cu/g dry cell wt (copper requirement or

tions up to 7 btM. Because chloroform is an sMMO-specific copper content). The latter value agrees very well with

substrate, these catalysis profiles indicate that, over the the ICP-AES copper analyses of the freeze-dried cells.

CtlSO 4 range of 0 to 7 laM, the intracellular form of MMO The second medium component studied in continuous
switches from 100% soluble to 100% particulate. Figure 2(b) culture was nitrate. Figure 4 shows the effects of the feed

demonstrates this switch more clearly [percentage of nitrate concentration on steady-state cell density and activ-

pMMO actMty relative to total whole-cell propene epoxi- ity of the pMMO enzyme. We maintained the feed

dation activity (pMMO plus sMMO)] ...............................
Figure 3. Effect of feed medium copper concentration

Figure 2. Effect of copper concentration on whole-cell on volumetric pMMO activity (a) and copper

sMMO activity and total MMO activity (a), content of the biomass (b) during the continuous culturing experiment

and cell density and percentage of pMMO activity (b) in a 5-L bioreac- shown in Fig. 2.

tor during oxygen-limited, continuous culturing conditions. Cells were 600

grown in Higgin's medium containing 80 MMFe and 20mM nitrate ._ [(a)
under standard conditions. L>, ..5 500
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medium copper concentration at 10 BM to exclusively pro- provide a maximal whole-cell pMMO activity and optimal
duce pMMO. When we raised the feed nitrate level from 5 biomass generation under continuous culture conditions.
to 40 mM, both the steady-state cell density and pMMO
actMty increased. Moreover, at feed concentrations from 5 Conclusions
to 20 mM, most of the available medium nitrate was con-

sumed (90 to 100"/,). Howeveb when we raised the incom- We studied the effects of the medium copper and nitrate
ing nitrate concentration to 40 mM, only 30 to 35% of it concentrations ota the cell growth and whole-cell pMMO
was used, and the cells derived their remaining nitrogen activity of an obligatory methanotroph, M. trichosporiunt

by fixing gaseous N2. When we further increased the feed OB3b, during bioreactor cultivation. Supplemental addi-
nitrate concentration to 50 mM, steady-state cell density tion of nitrate during batch cultivation allowed a cell den-
increased slightly, but pMMO actMty declined sharply, sity of 3 g dry cell wt/L to be reached, and it elicited a high
These changes were accompanied by a much-reduced pMMO actMty in Higgin's medium containing 10 !aM Cu
nitrate utilization to about _q"/.,, ,,, suggesting an inhibitory and 80 !uM Fe. During continuous culturing, we detected
effect of nitrate at this concentration. These data estab- both soluble and particulate forms of the MMO at copper

lished that feed nitrate concentrations of 30 to 40 mM concentrations up to 7 luM. Maximal cell density and
........................................................................... whole-cell specific pMMO activity was elicited with 10 laM

Figure 4. Effect of feed medium nitrate concentration copper in the feed medium. M. trichosporium OB3b requires
on whole-cellspecific pMMO la}and cell 2.6 X 10 -4 g Cu/g dr}, cell wt for the exclusive production

density and residua! steady-state nitrate concentration (bl. The cells of pMMO. The optimal feed nitrate concentration for
were grown in Higgin's medium containing 80 btM Fe and 10 I.tM Cu
under standard continuous culture conditions, pMMO production is 30 to 40 mM under continuous culti-

vation conditions.
23O

,,,_".=,_ (al This work was funded btt_Laboratory Directed Research

c,.__z_ 210 - _.m---"'" attd Develop,tent.
•-_ ,.a

E _.' " ICP-AES analyses for tile cellular copper contents were performed
_, ",z bv Theresa 1.Duewer in the L,LNL Chemistry and Materials

.= r- Science Department.

',--. "3

= r-
O .; 17o- References

_" _, 1. C. Anthony, Tit,, Biochemislrl/. of.Methl/Iotrophs. (Academic Press, New
" 15. I I I I York, 1'_82).

2. S. Park, M. L. Hanna, R. T. Taylor, and M. W. Droege, "Batch

3 [ "_45 Cultivation of Methtflosim4s triclmsporilmt OB3b. I: Production of

[ (b) _ St, luble Methane Monooxygenase," Biotechm, I. Bioeng. 38, 423 (1991).

/ l _ 3. S. Park, N. N. Shah, R. T. lavlor, and M. W. Droege, "Batch Cultivation

2 _ J _ of Mt'tltylosimts tricla,sporium OB3b. I1:I'roduction of Particulate

_,2 2 30 Methane Monooxygenase," Bioteclmol. Bioenx. 40, 151 (1992).

4. M. M. Himmelsbach, R. T. Taylor, and M. W. Droege, "Subunit

'7 'E Resolution for Active Site Identification of Methylosimls trichosporium
:, OB3b Soluble Methane Monooxygenase," elsewhere in this Report.-,3 _ -

= 5. R. f. lavlor, M. l,. flanna, S. Park, and M. W. lOroege, "Chloroform

:..) Oxidation by/VMhylosinlls trichosporium OB3b--A Specific Catalytic

"¢ Activity of tile Soluble Form of Methane Monooxyger_ase,"

Abstracts ,,/"the 90lh Amtual Me,'tiug of the Amerioot Soci,'ty.h,r

Microbioh,,_t/, 221 (19q0).oc I I I o '
5 14 23 32 41 50

Feed N,NO_ (mM)

127



Section 7 • EneiXy Research and Development

Coking and Cracking Reactions of
Oil Vapor Over Oxidized Shale

We investigated cracking and coking reactions of oil-shaie vapor
in the presence of hot oxidized oil shale, both for its intrinsic
importance and in support of the modeling effort on the oil-shale
process. Our model includes mass transfer of vapor through the
gas film surrounding the shale particles with countercurrent flow
of cracked low-molecular-weight products, diffusion through the
pore system, adsorption onto the internal surfaces, chemical reac-
tion of the adsorbate, and desorption of oil and light gas.

Introduction from adsorbed heavy oil. The current model has several
adjustable parameters that are determined by matching

Hot-recycle-solids (HRS) oil-shale processes I provide the the model to experimental results.
heat for reaching pyrolysis temperatures by recycling a Previously, 3 we used a simple packed-bed reactor with
burned shale stream. The contact between primary oil a constant oil feed. With that apparatus, we established the
vapors and recycled burned solids results in changes in oil "oil-upgrading effect." That is, the partially coked oil is
properties that are mostly favorable but can also result in considerably lighter and more valuable than the starting
loss of oil yield to coke and noncondensable gases. Previous oil. In modeling this effect, we postulate that coke origi-
work at LI,NL 2,3and at the Commonwealth Scientific and nates from the heavy end of the boiling-point distribution
Industrial Research Organization (CSIRO) in Australia 4 has without producing any light oil components. Such an

shown that partial coking of shale-oil vapors over oxidized explanation is a simplification of the real coking/cracking
shale minerals can favorably affect oil upgrading because of reactions that probably both produce and remove light oil.
the cracking of heavy oil to lighter components. Hence, the Still, this result provides a basis for the simple reaction sto-
degree of coking in HRS oil-shale processes may provide an ichiometry adopted for the model. We also determined the
opportunity to simultaneously improve oil quality and con- intrinsic coking rate of shale oil adsorbed on a nonporous,
trol the undesirable loss of product to excess coking and well-coked quartz surface because the fresh surface is
cracking. As a guide to this optimization, we have devel- covered with coke in a fraction of the total elapsed time
oped a coking model based on the HRS pilot-plant process of each experiment. In previous experiments, we did not
developed at LLNL. determine coking kinetics over freshly oxidized porous

shale surfaces.

Experimental Approach Our current apparatus consists of a fluidized bed for
pyrolyzing a small shale sample and a packed bed of oxi-

The coking process is quite complex. 2 It resembles cat- dized shale for coking reactions. An oil-vapor pulse from
alvtic petroleum cracking in that both processes involve the fluidized bed enters the packed bed and emerges as an
oil vapors in contact with a hot porous solid. The surface altered oil pulse. We determine the hvdrocarbon concentra-
reactions on oxidized shale change with coke buildup, 3 tions of both of these pulses in separate experiments by

leading to a slowdown of the overall coking rate. oxidizing the oil pulse to CO 2 + H20 in a combustion tube
We assume that the oil is a mixture of three pseudocom- and monitoring the combustion products with a mass spec-

ponents, each with a different boiling point, diffusion rate, trometer. _e determine the amount of coke deposited in
and adsorption equilibrium. However, in the absence of the packed bed by adding more oxygen, burning it off,
experimental data, we assume the intrinsic coking kinetics and measuring the combustion products.
to be alike. We also assume that the three oil components In each experiment, we drop a series of shale samples
undergo the same coking reaction on the surface to pro- into the fluidized bed. The resulting oil pulses pass through
duce coke and light gas with the same stoichiometry (2/3 the packed bed, and the bed burns off at the end of the
coke and 1/3 gas). Because basic kinetic data do not exist, series. Consequently, the first oil pulse in each series encoun-
we did not include production of lighter oil components ters a freshly oxidized shale surface, whereas subsequent oil

pulses encounter an increasingly coked surface. We adjust
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the size of the packed bed to make the coke yield differential A third adjustable parameter is the pre-exponential fac-
proportional to the oil pulse. That is, we use shorter beds for tor A, which appears ill tile first-order coking rate for tile
small particles because small particles show a greater overall intrinsic coking rate on a freshly oxidized surface:
coking tendency than do large particles.

d[Oili'ads] .Aexp(_)[Oiliads ] (mineral surface) ,(1)Coking Model dt - '

The basis for the current coking model is a computer code
for heterogeneous reactions in a porous sphere. This code is in which the activation energy is assumed to be the same
quite rigorous; it incorporates the Stefan-Maxwell relation- as for the coking rate on a coked surface:
ships for describing diffusion of gas species in the multicom-

ponent system, hl this article, we relate the experimental d[Oili'ads] -109exp( -19270 /[Oil ]
data to the results obtained from the code. = (coked surface) . (2)

Table I specifies the properties of the three oil pseudo- dt T }l i,adsj

components. This selection of components implies a three-
point discretization of the continuous boiling-point curve The model uses a weighted average of Eqs. (1) and (2) for
of the shale oil. More components could easily be added. A the case of a partially coked surface.
typical porosity (E)and total surface area of oxidized Green
River formation oil shale are 0.3 and 5 m2/g, respectively. Results

The adsorption equilibrium relationships are based on
the Langmuir isotherm: The equilibrium vapor pressure of The fitted parameters are' k = 3 x 10-7 kPa -1, [Oil _ ]' o . max,aos

component i is a function of the equilibrium constant of = 0.6 mg/m 2, and A = 10l° s-j. This set of parameters pro-
component i (related to the heat of adsorption according to duces the best match of model and experimental results.
the van't Hoff relationship and using Trouton's rule for heat Figure 1, an example of the match between model and
of condensation) and the surface coverage factor for compo- experiment, shows that the particle size of oxidized shale

nent i ([Oili,ads]/Oilmax,ads]). These equilibrium relation- has a strong effect on overall coking rate, which declines
ships contain two adjustable parameters: a pre-exponential significantly at a coke coverage of approximately 3 mg/g.

factor in the van't Hoff relationship, ko, and the total num- The slowdown is particularly strong for 1-mm particles
ber of sites for adsorption, [Oilma×.ads]. because pore diffusion does not dominate the initial over-

all coking rate at this small particle size. The model

Table 1. Oil component properties used in the model, matches the slowdown by switching from a combination
of Eqs. (1) and (2) to Eq. (2) kinetics only at a coke cover-

Boiling point Molecular Fraction Diffusivity age of 3 mg/g, which is equivalent to 0.6 mg/m 2 (approxi-
Component (°C) weight (wt %) @500°C cm2/s mately a monolayer). Significantly, the matching of the

model produced the same monolayer limit for the maxi-
1 200 155 50 0.27 mum adsorbed oil concentration on the surface. The two
2 400 338 25 0.17

3 500 451 25 0._5 sets of 5-mm differential particle data in Fig. 1 show the
importance of reactor bed size (10-g bed vs 17-g bed).

,., 6 Figure 1.
Particle Avg. oil conc.

-_ Dab_ Model size (m) (mg/L) Effect of particle size:a O "_
5 -- ,_ on coke buildup at a

O .._ _' O "" _ 1 15 temperature of 530°C.
'_ -" @ • .... 2.5 17
_4 --
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E 3 -- I ,,,,,'"""
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The consequence of a larger bed is a significant depletion of force. The pore-diffusion effect is evident in the coke pro-
cokable reactants across the bed. files of the larger particle sizes: a coke wave penetrates

The maximum oil concentration expected in HRS oil- gradually into the 5- and 7.5-mm particles.
shale processes is a few hundred mg oil/L. Figure 2 shows
that increasing oil concentration increases the coke yield, Conclusions and Future Plans
but with a proportionality much less than first order.
Comparison of Fig. 2(a) and Fig. 2(b) reveals that the We compared experimental data with a model based on
increased coke yield with higher oil concentration is mostly physical and chemical phenomena that govern coking of
due to increased coking in the large particles. This factor is oil vapors over a porous medium. We conclude that mass
explained by pore diffusion responding to a higher driving transfer, phase equilibria, and intrinsic chemical kinetics

are all important in determining the overall coking rates
Figure 2. Model-predicted coke buildup at 500°C with for oil-shale processes in which the product oil vapor con-

constantoil-vapor concentrationsof (a) 40mg tacts an oxidized recycle solid stream. We have used our
oil/L, and (b)400 mg oil/L, model to extrapolate the experimental data to higher oil

6 concentrations typical of the HRS processes and to larger
(a) particle sizes; oil losses to coke in the HRS process can be

5 - . ...._.:: kept to a level of 10 to 15% of primary oil produced. We
......_._" .. have also concluded that the physical adsorption step is at

4 - ..._._° ...... least partially responsible for the observed selectivity
...._ ,-" toward high-boiling components in the heterogeneous

3 -- ...;;;,°_ ..-" _... coking process. The high-boiling components also are
_" likely to have higher reactivities than the low-boiling com-°"_ aa S

_2|L- .../."_/'°-,,,''" _ _ ___" _" _ portents, and we intend to study possible differences in-- .'. , _ _ reactivity as a function of molecular structure. Finally,

_.::/ ,/,. "_-/ cracking reactions for oil adsorbed on the surface should
_l i_// _ be added to the two competing processes (coking and
"_ 0 I I I I desorption) included in this study.
E

_ 61(I _,.;_,_,.___ This work was funded by the DOE Energy Technology Center

'_ b)
by direction of the DOE Assistant Secretary for Fossil Fuels.
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Overview

For several years, the Department has been involved in waste--presents a different kind of problem. No accepted
research and developrnent regarding the processing and procedure exists to treat such waste; it can only be stored,
management of radioactive waste. Recent activities are and _'epository space is rapidly filling up.

reported here. "l'wo possible chemical treatment schemes are being
One of the major technical problems to be solved is the developed. In one, a powerful inorganic oxidant is gener-

safe disposal of high-level wastes. The currently favored ated electrochemically on a continuous basis to oxidize the
procedure calls for disposal in metal canisters that are then hazardous organic compounds into harmless products. In
placed in a geologic repositoD,. Because containment times the other, a molten salt of mixed carbonates is used with
in the canisters (1000 years) are well bevond any existing an oxidant gas to pyrolyze and oxidize organic materials.
experimental data, the pitting corrosion rate of potential Chlorine-containing compounds are converted to stable
waste containers has been modeled, salts such as sodium chloride. With either method, the

Mixed wast_a mixture of hazardous waste such as low-level radioactive waste is left as a small-volume

toxic organic compounds with low-level radioactive residue that is relatively easy to dispose of.
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Stochastic Models for Predicting Pitting Corrosion
Damage of Radioactive-Waste Containers

We explored stochastic models of pitting corrosion and found them
to be potentially useful in predicting damage of radioactive-waste
containers. These models can simulate pit initiation and growth
under various environments, including those that change during
exposure. Equally important is that they provide quantitative
information useful to performance assessment models of the entire
waste repository system. Valuable insights into the mechanisms of
pit initiation and growth have resulted from this research.

Introduction Stochastic Pit Initiation and Growth Model

The Yucca Mountain site in Nevada currently is being eval- During the past decade, experimental evidence has accu-

uated as a potential geological repository for storing high- mulated that the initiation of corrosion pits is a stochastic
level radioactive waste (HLRW) by the U.S. Department of process. For example, Fig. 1 presents the results of experi-
Energy. Prior to emplacement in the repository; the waste ments by Williams et al.2 in which the time required to initi-
will be sealed in HLRW containers, which must be capable ate a pit was measured for many identical steel specimens
of containing radionuclides for at least 1000 years. Because in identical NaCI solutions. The data are given as the loga-
the containment times are well beyond those for which rithm of the survival probability (i.e., the probability that a
experimental data can be collected, the design and analysis stable pit will not appear) as a function of exposure time.
of the containers will depend extensively on model calcula- The wide distribution in failure times suggests that pit ini-
tion_. One area in which modeling will be crucial is in pre- tiation is a stochastic process.
dicting degradation of the containers by pitting corrosion, l Experimental observations like these have led to the
The objective of this stud.,,, was to develop Monte Carlo development of several stochastic pit initiation models, 3-5
computer codes based on stochastic pitting models and to with pit growth also being treated stochastically in one
evaluate their utility in predicting the performance of case. 4 In these models, small fluctuations in the local envi-

FILRW containers, ronment (e.g., solution chemistry, surface topography, sur-
...................................................................................... face metallurgy) cause local breakdown of the protective

Figure 1. Effectof exposuretime on survival passive film on the metal surface, resulting in the "birth"
probability.The dataand simulationof of metastable pits or "embryos." Many of these embryos

Williamsel al.2are comparedwith resultsof the Monte Carlomodels become unstable when local conditions change, and repas-
PIGS1and PIGS2. sivation (i.e., "death") results. Once an embryo reaches a

0 critical size or age, however, it becomes a "stable" (perma-

[] PIGS! nent) pit and cannot die. Stable pits then grow at a rate
@ Data of Williams et al. 2 that can be computed by means of deterministic laws or a
A I'IGS2 stochastic model.

'_ -- Theoryof Williams et al. 3 In this stud_; we have written Monte Carlo computer

i-I _ " codes based on the stochastic approach just described.

These codes establish a unit area that is dMded into indi-

L vidual cells to represent a metal surface in contact with an
a aggressive environment. Random numbers are generated,

_, and their values are compared with the prescribed birth
-- probability, _, and death probability, It, to control the initi-

- ation, growth, and death of metastable pit embryos. This
18Cr-13Ni-INb Steel [] A • Monte Carlo process is repeated during each time step for0.t)28M NaCI,unstirred [] A
+200mVSCE, 298K [] A each cell, with a cell capable of containing at most one pit.

D a If a given embryo survives for a number of time steps--3 _ I . _ 1
c_ 5oo 100() !s00 equal to the critical age, tc, then a stable pit is established

Exposure time (s) in that cell. Stable pit growth also is treated stochastically
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because this approach was found to produce results supe- radionuclides. Thus, simulation of pit growth is of great
rior to those of deterministic models, t' Growth of a stable importance. Of particular interest is simulating the distri-
pit during a particular time step occurs only if a randomly button in pit depths for various exposure times because
generated number is less than the growth probability, T. this can provide valuable information to the repository

system performance assessment (PA) models/'
Simulations with the Model By using the stochastic pit growth model described

previously and by employing the exponential decay in _.,
Pit Initiation. Figure 1 shows quantitative simulations of we obtained qualitative agreement with available expert-
pit initiation using this Monte Carlo model, PIGS1 (Pit mental data. Figure 2 shows the evolution of the simu-

Initiation and Growth Stochastic model No. 1). Although lated pit-depth distribution as a series of histograms.
there is variability in the PIGS1 results, the model is consis- Note that the total number of pits initially increases with
tent with the algebraic theory upon which it was based, 3 exposure time and then saturates as the distribution
which is shown as the solid line in Fig. 1. Both models, broadens and moves toward deeper pits. The experimen-
however, accurately simulate the data only for short times tal distributions show similar trends/' suggesting that the
and underpredict the survival probability for long times, assumptions of decaying birth probability and stochastic
Following the work of Shibata, 5 we obtained improved stable growth may be appropriate. Equally important,
predictions by including an exponential decay in ;kwith predictions like those in Fig. 2 could provide useful infor-
exposure time 6 and incorporated these results into a sec- mation to the system PA models. For example, if the
ond model, PIGS2 (see Fig. 1). HLRW container wall thickness is 32 (arbitrary units),

the time required for first penetration of the container is
Pit Growth. The initiation of pits is of no consequence about 100 time steps [Fig. 2(c)]. After further exposure to
unless they grow to a depth that may degrade the capabil- 125 time steps, approximately 25 pits will have pene-

it}, of the HLRW container to prevent the release of trated a unit area of the container [Fig. 2(d)].

Figure 2.

20 ta) lOsteps (b) 40 steps

Evolution of the pit-
depth distribution

15 computed by the
Monte Carlo model.
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Environmental Effects. One major purpose of modeling behavior at high [Cl-]. Although no data are available to
the localized corrosion of HLRW containers is to extrapo- confirm this prediction, it may have important implica-
late short-time, or "accelerated," test data to extremely tions for modeling tile performance of HLRW containers

long service times. Since accelerated testing will require because the deepest pits are of chief concern. If true, this
environmental conditions more aggressive than those prediction means that extrapolation of "accelerated" test

expected in the repositor); these extrapolations will data ill concentrated environments to the more benign
require quantitative predictions of the effects of environ- conditions expected in the repository may require stochas-
ment on pit initiation and growth rates. Predicting the tic models such as those explored in this study.
effects of environment on pitting will also be required to
explore the performance of the containers under various Summary and Conclusions
environmental scenarios, including the expected case in
which the environment changes with time. We have demonstrated the potential usefulness of

In tile context of stochastic pitting models, the goal is to stochastic models for predicting the degradation of
model the environmental sensitivity of the stochastic IqLRW containers by aqueous pitting corrosion through

parameters: L, la, "_c,and 1. There is not yet enough experi- simulations of a variety of experimental data. The calcu-
mental data with which to rigorously quantify these com- lations also have provided valuable insights into the

plex dependencies. Based on a variety of available data, modeling of pitting corrosion. Monte Carlo computer
however, we developed a simple phenomenological model implementation of these stochastic pitting models repre-
and included it in the Monte Carlo code 7 to illustrate the sents a way in which detailed mechanistic knowledge

potential power of the stochastic approach. We included can be "distilled" into a more concise and general model
three important environmental parameters in this simple that may provide useful quantitative information to tile

model: applied electrical potential, Eapp, chloride ion con- system PA models. The stochastic models also may be
centration, [C1-], and absolute temperature, T. useful for other applications in which pitting corrosion

Calculations with this model have demonstrated its limits component lifetimes.

ability toqualitatively simulate several important phe-
nomena/ including (1) the complex dependence of pit ini- This work was funded by the Yucca Mountain Project.

tiation rate on T, (2) the effect of Eapp on the distribution of
pit depths, and (3) the effect of a changing environment on References
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Mediated Electrochemical Oxidation
of Hazardous and Mixed Wastes

In the future, mediated electrochemical oxidation (MEO) may
be used to destroy hazardous waste at ambient temperature and
to convert mixed waste to low-level radioactive waste. We have

studied the MEO of ethylene glycol and benzene, determining
destruction and current efficiencies. We used gas chromatogra-
phy with mass spectrometry (GC/MS) to identify reaction inter-
mediates and developed a model that accounts for sequential
formation of intermediates to predict the time dependence af
CO 2 evolution.

Introduction (DWPF) at the DOE's Savannah River Plant. 3 More specifi-
cally, benzene contaminated with 137Cs will be produced by

We are developing an electrochemical process for destroy- the formic acid hydrolysis of tetraphenyl borate precipitates.
ing hazardous waste at ambient temperature and convert-

ing mixed waste to low-level radioactive waste. This Process Chemistry
process depends on mediated electrochemical oxidation
(MEO). Anodic oxidation generates mediators such as sil- Ag(II) is generated by the anodic oxidation of Ag(I),
ver(II), cobalt(III), and iron(III) [Ag(II), Co(III), and Fe(llI)] as follows:
and uses them to oxidize organics dissolved in an aqueous
phase, l Dissolved organics convert to CO 2 and H20. When Ag + _ Ag2+ + e- . (1)
organic components of mixed wastes in a condensed phase
oxidize at ambient temperature, the possibility of high- Most of the Ag(II) is present as a dark brown nitrate com-
temperature volatilization of radionuclides during inciner- plex, AgNO3+:
ation is avoided.

Our work aims to demonstrate the complete conver- Ag 2+ + NO 3- _ AgNO3 + (2)
sion of real and surrogate organic wastes to CO 2, deter-
mine the current efficiency of the process, and develop This complex completely oxidizes dissolved organics such
an understanding of reaction intermediates and mecha- as ethylene glycol and benzene:
nisms. Such data are unavailable in the published litera-
ture. The electrochemical reactor used to accomplish 10AgNO3 + + (CH2OH)2 + 2H20
these objectives had a rotating cylinder anode (RCA) that _ 10Ag + + 2CO 2 + 10HNO 3 (3)
we operated well below the limiting current for Ag(II)

generation, iL. The RCA enabled us to use a small appa- 30AgNO3 + + C6H6 + 12H20
ratus to mimic mass-transport conditions in a pilot plant _ 6CO 2 + 30Ag + + 30HNO 3 . (4)
without using massive flow-through electrochemical

cells and pumps. We measured rates of CO 2 generation Experimental Procedures and Details
and used gas chromatography with mass spectrometry
(GC/MS) to identify reaction intermediates. We also During the MEO of ethylene glycol and benzene, we mea-
developed a simple kinetic model to explain observed sured rates of CO 2 evolution. We usually charged the elec-
nonlinearity in conversion-time curves, trochemical cell with 40 mL of anolyte, which consisted of

In this work, we focused on the destruction of ethylene 0.5 M AgNO 3 and 3.25 M HNO 3, followed by either 8.8 x
glycol and benzene by Ag(II). We selected ethylene glycol as 10-3 moles of ethylene glycol (0.22 mole/L of anolyte) or
a surrogate waste because detailed investigations of its par- 3.0 x 10-3 moles of benzene (0.075 mole/L of anolyte). The
tial oxidation have been published previously. 2 We selected RCA was 1.2 cm in diameter, 1.78 cm long, and made of
benzene because it will be a primary constituent of mixed gold or platinum. We maintained the rotation speed of the
waste generated by the Defense Waste Processing Facility
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anode at 1500 rpm and performed experiments at three dif- converted to CO2, the anolyte turned dark brown, indica-
ferent combinations of cell current and steady-state tem- tive of AgNO3 +in the bulk anolyte. Note that AgNO3 . is
perature: 336 mA and 27°C (24% iL); 673 mA and 33°C strongly absorbent at approximately 390 nm.

(40% iL); and 1346 mA and 41 to 52°C (58% iL)' Ohmic heat-
ing in the cell elevated the anolyte steady-state temperature Intermediates formed during ethylene glycol oxidation.
above ambient. Because porous ceramic separators used in CO2, N20, and formaldehyde eluted from the GC/MS col-

early experiments could not prevent the migration of umn simultaneously. The mass spectrum coincident with
nitrous acid from the anolyte to the catholyte, we used this elution was characterized by a peak at 29 daltons,

either a flat piece of Vycor microporous glass or a Nafion which is attributed to a CHO fragment formed from
cation-exchange membrane to separate a stationary plat- formaldehyde, CH20. We also detected a large amount of
inure cathode from the anode. So that ali CO 2 could be cap- formic acid. We have found that formaldehyde and formic
tured, we conducted reactions in a closed vessel. The acid are primary intermediates formed during the MEO of
volume of this vessel was 38.2 L, which corresponds to ethylene glycol.
approximately 1.5 moles of gas at ambient temperature and
pressure. Using mass spectrometry, we periodically deter- Intermediates formed during benzene oxidation.

mined concentrations of CO2 in the gas phase and used Compounds found in the anolyte during the initial stage
them to calculate percentage conversions of the organic of benzene oxidation include phenol, hydroquinone, ben-
substrate. To obtain reaction intermediates for identifica- zoquinone, benzaldehyde, benzoic acid, methyl benzoate,

tion by GC/MS, we partially oxidized ethylene glycol and benzonitrile, benzonitrile aldehyde, and 4-nitro butylni-
benzene with the RCA at 673 mA and 33°C (40% iL)' trile. A compound that has been tentatively identified as

benzoquinone epoxide (C6H403) was present at the high-
Results est concentration and is believed to be a product of the

oxidation of benzoquinone. Numerous nitrated aromatics

Complete oxidation of ethylene glycol. Complete conver- detected include nitrobenzene, dinitrobenzene, nitrophe-
sion of ethylene glycol to CO2 required 8.4, 4.3, and 4.5 h, nol, and nitrobenzonitrile. Compounds found in the
respectively. Current efficiency was 83 to 84% at 336 to anolyte as the oxidation approached completion include
673 mA but decreased to 39% at 1346 mA. In similar exper- acetic acid, acetone, and methanol.
iments with a Vycor microporous glass separator, complete
conversion actually required 8.3, 4.0, and 3.3 h, respec- Discussion
tively. Current efficiency was 84 to 88% at 336 to 673 mA
but decreased to 44% at 1346 mA. Plausible mechanism for ethylene glycol oxidation.

Based on published literature 2,4,5and GC/MS analyses

Complete oxidation of benzene. At 336 mA, only 60% reported here, we have postulated a reaction mechanism
was converted after 5 h of electrolysis. Failure to achieve for the complete MEO of ethylene glycol. The oxidation of
100% conversion is attributed to the volatilization of ben- ethylene glycol probably generates two molecules of
zene, or an intermediate such as acetone, from the anolyte, formaldehyde or an aldehyde-like intermediate2:
At 673 mA, 88% was converted after 3.8 h of electrolysis.
The increase from 60 to 88% is attributed to a correspond- (CH2OH)2 + 2AgNO3 + _ 2CH20 + 2HNO 3 + 2Ag . (5)

ing decrease in benzene volatilization from the anolyte
(there was less time for volatilization at 673 mA than at This intermediate would then be oxidized by Ag(II) to

336 mA). At 1346 mA, 86% was converted in 3 h, an increase produce formic acid4:
of only 33% over the rate at 673 mA. Because the theoretical
rate of benzene oxidation is proportional to current, we CH20 + H20 + 2AgNO3 + _ HCOOH + 2HNO 3 + 2Ag . . (6)
expected the measured rate to double. Apparently, the
Ag(II)-generation efficiency decreased as cell current The last step toward the complete conversion of ethylene
increased above 673 mA. glycol to CO 2 probably involves the oxidation of

formic acidS:

General observation. The anolyte remained clear during

oxidation of ethylene glycol and benzene, indicating that HCOOH + 2AgNO3 . _ CO 2 + 2HNO 3 + 2Ag . (7)
the bulk AgNO3 . concentration was essentially zero and
that the organics were oxidized near the surface of the RCA. Because 10 AgNO3 + ions are reduced during the oxidation
After ethylene glycol and its intermediates were completely of a single ethylene glycol molecule, 10 electrons are

required for regeneration.
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Plausible mechanism for benzene oxidation. The MEO of (1/2)Ci. Tile factor (1/2) also appears ill both tlw numera-
benzene is much more complicated than that of ethylene tor and denominator of Eq. (10) and can be eliminated.

glycol. We believe that the initial steps in the reaction Therefore, the approximate value of Oi can be calculated
sequence leading from benzene to CO 2 are (1) benzene to from the concentrations of organics in the bulk anolyte,
phenol, (2) to hvdroquinone, (3) to benzoquinone, and (4) Ci, and the corresponding rate constants. The system of
to benzoquinone epoxide. Subsequent oxidation and flag- ordinary differential equations represented by Eq. (8) can
mentation are not yet understood. We believe that acetone, be integrated numerically with a fourth-order Runge-
acetic acid, and methanol formed as the oxidation of ben- Kutta algorithm.
zene approached completion.

Applying the model to MEO of ethylene glycol. Now
Observed nonlinearity in conversion-time curves. The consider applying the model represented by Eq. (10) to the
instantaneous conversion of ethylene glycol or benzene to conversion of ethylene glycol to CO 2. Based on our

CO 2 would be characterized by (1) the absence of chemical GC/MS data, we believe that this process involves two
intermediates in the anolvte and (2) a linear corwersion- primary intermediates, formaldehyde and formic acid.

time (CO2-evolution) curve. In such a case, conversion The partial oxidation of ethylene glycol to formaldehyde
would increase linearly with time to 100%. To our sur- by Ag(ll) in acidic perchlorate solutions has been investi-

prise, we found nonlinearity (curvature) to be one of the gated by Mentasti and Kirschenbaum. 2 Mentasti and
most obvious features of actual conversion-time data. To Baiocchi 4 give an empirical rate equation for the oxidation
explain this nonlinear behavior, we have formulated a of formaldehyde. The oxidation of formic acid by Ag(II)
simple model that takes into account the sequential oxida- has been investigated by Miller and Morrow. 5 Values of
tion of known and suspected chemical intermediates. The equilibrium and rate constants for the oxidation of ethy-
model assumes that ali reactions occur in a thin reaction lene glycol, formaldehyde, and formic acid are available in
laver of anolyte at the anode surface, these references.

The rate of accumulation of the ith intermediate in the

anolyte, dCJd/, is equivalent to the difference between Predictions for ethylene glycol. Figure 1 compares predic-
generation and loss terms: tions and all experimental nleasurements of ethylene gly-

a. _ocol conversion to CO_ at 673 mA and 3. C (40% it).
dCi/dt = (ri_l) - (ri} . (8) Calculated concentrations of ethylene glycol, formalde-

hyde, and formic acid are also shown. According to the
The loss terrn for the ith intermediate, (ri), is the volume- model, ethylene glycol is consumed by its conversion to

average rate of oxidation and is defined as follows: forrnaldehyde. Formaldehyde reaches a maximum level
when its rate of generation, due to the oxidation of ethylene

(ri) = (1 / V) (Oini i) (xdRL) (i/F) , (9) glycol, is equivalent to its rate of conversion to formic acid.
Similarly, formic acid reaches a maximum level when its

where V is the total volume of anolyte, Oi is the fractional rate of generation, due to the oxidation of formaldehyde, is
consumption of Ag(II) by reaction with the ith intermedi- equivalent to its rate of conversion to CO 2. We successfully
ate, mi is the corresponding stoichiometric coefficient of ...................................................................................................
Ag(II), d R and L are the diameter and length of the anode, i Figure 1. Comparison of model predictions and

is the current density of the anode, and F is Faraday's con- experimental dataforMEOof ethylene glycol

stant. The generation term, (ri_l) , is simply the loss term for at 336 mA and 27¢'C (24°/. ii. ). Square and triangular symbols represent
data obtained during experiments with Nation 117 cation-exchange

the previous intermediate in the reaction sequence. The membraneand Vycor microporous glass, respectively.
fractional consumption of Ag(ll) by the ith reaction is

(),5 120

\Formaldehyde,, Formic A L..

\ d i.Oi = nIlli_''avg , (10) _ 0.4 -- acid I_ '7

IlljYj,avg <'_ / conversion -- 8()

i=l = 7'_ " -22
Actual -- 60 ,'3

where riav, is the average rate of reaction in the anolyte § Glv0.2 I 17_ r/_ ctmver,_i(m
film, base'on an average reactant concentration. Because _ ' Ag(II) -- 40

all ri'avgvalues are first °rder in Ag(II)c°ncentrati°n' [Ag(II)] '_ _V I_ '_

o.I I
appears in both the numerator and denominator of Eq. - 2o =>

(10) and can be eliminated. Therefore, Oi is independent of ()i I I I o
Ag(II) concentration. The average concentration of a reac- o ] 2 7_ 4 -_ _, 7
tant in the reaction layer is assumed tc)be approximately Time (ll)
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predicted the observed nonlinearity in the conversion-time Ethylene glycol. Ethylene glycol and its intermediates

curve by accounting for the sequential formation of reac- were completely converted to CO 2. Current efficiencies of
tion intermediates. Conversion-time curves for the oxida- 83 to 88% were achieved at 336 to 673 mA (24 to 40% it).
tion of formic acid, a reaction with no accumulation of

intermediates, exhibited no such nonlinearity. Benzene. Except for organics volatilized from the anolyte,
benzene was also completely converted to CO 2. Numerous

Steady-state Ag(II) concentration. After ali organics reaction intermediates were identified by GC/MS: nitrated
completely oxidize, Ag(I1) begins to accumulate in the benzenes, phenol, nitrated phenols, hydroquinone, benzo-
bulk anolyte and reaches a steady-state concentration quinone, benzoquinone epoxide, benzaldehyde, benzoic
when the rates of Ag(II) generation and loss are equiva- acid, methyl benzoate, benzonitrile, nitro benzonitrile, nitro
lent. This is possible after the dissolved organics com- butylnitrile, acetone, and acetic acid.
pletely oxidize. At this point, the only loss of Ag(II) is

due to the reduction by H20. Steady-state concentrations This work was funded by the Advanced Process Technol%,y
of Ag(II) in the bulk anolyte can be calculated by setting Program, part of the Laser Pn_gram.
the accumulation term in the differential mass balance

for Ag(II) to zero. References
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that ali of the product gas (CO 2) could be captured, and Compounds by Silver(ll). Reactions of Aliphatic Diolsand c_-
HydroxyAcids," InolX. Chim.Acta134,283(1987).

we used the data obtained from this experiment to calcu- 4. E. Mentastiand C.Baiocchi, "Mechanistic Aspects of Reactions
late destruction efficiencies and current efficiencies, lnvoMng Ag(II)asan Oxidant,"Coord.Chem.Rev.54,131(1984).
resulting in significant insight into the mechanisms 5. L. Millerand J. I.Morrow,"Kineticsof theOxidationof FormicAcid
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Molten-Salt Destruction Process for Mixed Wastes

We are developing an advanced, two-stage process for treating
mixed wastes that contain both hazardous and radioactive com-

ponents. Pyrolysis and oxidation destroy the organic constituents
of the mixed waste. The melt retains heteroatoms, such as chlo-
rine, in the mixed waste and metathesizes them into stable salts,
such as NaCI. The melt also retains radioactive actinides.

Introduction (700to 900°C, compared to 1000 to 1200°C for incinera-
tion) keeps the actinide volatilities lower than expected

Acceptable methods for treating mixed wastes (hazardous at higher temperatures. After a run, the salt can be
wastes that are also radioactive l) are not currently avail- removed and dissolved in water. The actinide oxides and
able. The molten-salt destruction process (MSD) 2 possibly salts--being insoluble in tile alkaline solution of sodium,
answers this dilemma. Originally developed by Rockwell potassium, or lithium--precipitate and are filtered out, and

International as a single-stage process for coal gasification, the dissolved salts separate through crystallization. We
MSD was later used as an alternative to incineration for recycle the carbonates back to the processor and discard
treating hazardous wastes such as polychlorinated the stable salts as low-level waste (LLW). The MSD process
biphenyls (PCBs). 3 MSD differs from (and is superior to) produces benign gases (CO 2, H20 ) and a much lower vol-
incineration for treating mixed wastes in several ways: it ume of LLW (concentrated actinide oxides/salts) than the
uses no open flame; it contains actinides by chemical original volume of mixed waste. Treatable waste streams
means (wetting and dissolution); its operating tempera- include organic liquids (including the ones containing
ture is much lower, thus lowering the volatility of radioac- chlorinated solvents and PCBs), greases, and combustible
tive actinides; and it generates no acid gases, solids (such as cellulosic matter, rubber, and plastics).

As Fig. 1 shows, mixed wastes are injected with air or

oxygen into a bed of molten salt (typically alkali-metal car- Technical Basis
bonates). The organic components of the mixed waste
convert to CO 2 and water vapor, heteroatoms such as Molten salts, typically mixtures of alkali or alkaline-earth
chlorine are metathesized into stable salts such as NaCI, carbonates and halides, provide excellent heat-transfer
and the melt retains the actinides by dissolution and wet- and reaction media, catalyze oxidation of organics, and

ting. The lower operating temperature of the process prevent ff_rmation of acidic gases (e.g., HCI, SO2, and P205)

co_, o, Figure 1.
O-_ _
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o o o uidspendingassayand
 od,, , °Ytl discharge.

i1 _ 02' CO2recycle

-r •

Test, immobilize,bury Hold, test, and release
(or hazardous-metal recovery) (or reprocess)

141



Section S • l_stc Proccssiu_ and Mana_eme,t

by fornling solutions of their neutral (and stable) salts (e.g., and then partially oxidized. Acid gases do not form

NaCI, Na2S() 4, and Na3PO4). 3'4 The relatively high thermal because ttle salts are metathesized, and tile melt retains

inertia of tilt' melt tends to resist changes in temperature both tile actinides and tilt' asia. Tile ash may now buiM up

restllting fronl sudden changes in tile feed or heat transfer, to higher levels than those that would inhi[_it operation

Tile melt avoids forming potentially fugitive radioactive under oxidation alone. The pyrolysis products from tilt,

particulates and molecular species by a combination of par- first stage completely oxidize in tile second stage, which

ticle wetting, encapsulation, and dissolution with complex operates with excess oxygen. The second stage also cleans

formation. Therefore, containnlent of tile radioactive mate- tip residual amounts of acid gases and retains any entrained

rial is based on a playsicochemical process rather than on actinide particles. The entire process operates without ash

mechanical means alone, as is the case with incineration, buildup under nearly optimal conditions.

The melt must remain fluid to facilitate introducing oxy-

gen, wetting tile particulates, and transferring the melt. For Experimental Program
wastes containing substantial qtmntities of inorganic oxides,

(e.g., paper products containing kaolin), ash builds up as We have built a two-stage experimental unit to investigate

dissolved substances or as a two-phase slurry, resulting in the applicability of the MSD process for treating mixed

increased viscosity, in this case, a fraction of tile melt rnust wastes. Figure 2 shows a schematic of the current configura-

be removed and replaced by fresh salt. Figure 1 illustrates tion, and Fig. 3 shows tile unit in perspective.

tile processing of the withdrawn melt. Tile unit centers prirnarily around two identical stainless-

Under oxidation alone, salt accumulates high concen- steel crucibles. (Stainless steel is stable in tile presence of

trations (20 to 30",,) of alumina and silica, which combine alkali carbonates but is susceptible to stress corrosion in the

to form solid deposits on tile vessel walls. 2 Because these presence of chlorides. However, these crucibles can with-

deposits do not occur during oxygen-deficient conditions stand up to 47 thermal cycles, based on a safety analysis of

(i.e., during pyrolysis) or in the presence of silica or alu- the welds, considerably fewer than tile limit imposed by

reina alone, we developed the two-stage process. In tile chloride corrosion.) Each has a drain pipe, whicll leads to a

first stage, tile organic portion of tile waste is pyrolyzed bucket large enough to contain tile molten-salt inventory.

Figure 2. Baseline waste
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We inject tile untreated waste and tile oxidant gases more accurate off-line analysis. We use a data Iogger/con-
throuls> two concentric tubes near tile centers of tile cru- troller program for continuous data gathering and to con-
cibles, w:qch are in series. The gaseous product of the first tml the operation of tile unit.
crucible p,..;ses to the second crucible for complete oxida- We have completed the experimental unit, and shake-
tion. The second crucible receives its oxidant separately down runs are in progress.
through its outer inlet tube. The product of each crucible
first passes tilrough a de-mister (which is packed with Results and Discussion
steel wool to capture entrained particles) and then through
a 20-tam filter to remove small particles. We have developed a spreadsheet heat-transfer model of

Three cylindrical electrical heaters, each rated at 3 kW, the molten-salt system and use it to analyze tile tempera-
are located outside each crucible, and a smaller, fourth ture profiles in the feed and oxidant tubes. 5 As a result of

heater is under each crucible, concentric with the drain pipe. this analysis, we have improved the design of the feed
A blower beneath the crucibles circulates air through the nozzle system. It now cools externally to lower the tem-
annular space between the crucibles and the heaters. The perature of the waste in the inner feed tube to the point
heaters initiate the process, and the blower removes heat where little, if any, pyrolysis will occur prior to its reach-
generated by waste oxidation. The product from the second ing the crucible. Our model is now being used to establish
crucible passes through a water-cooled heat exchanger and limits on the cooling capacity of the blower, which will
then through a Bickley furnace to ensure complete oxidation place an tipper bound on the rate at which any given
of any trace contamhlants. The product gas from the Bickley waste stream can be processed. The model will be vail-

furnace passes through high-efficiency particulate air dated against experimental data.
(HEPA) filters before being vented. We have correlated gas hold-up as a function of gas

Thermocouples placed at various locations, both inside velocity, liquid height, and nozzle height, based on our
and outside the crucibles, monitor temperatures. We contin- experiments on an air-water system in a plexiglass model.
uously monitor pressures within the crucibles, differential We are now extending these correlations to liquids with
pressures around the filters, and the waste and oxidant-gas surface tensions significantly different from that of water.
feed rates. A residual gas analyzer monitors gas composi- After we complete these correlations, we can predict the
tion. Gas samples can be taken through sampling ports for a froth height in the actual system for any configuration. In

Figure 3.

Output to HEPA filter LLNL's experimental
two-stage unit for
investigating the

Heat exchanger applicability of MSD
to the treatment of
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addition, studies using color tracers have demonstrated Beverly Hobson, Clarence t-toenig, Leroy Holmes, kussell

that the contents of the liquid phase thoroughly mix at Jones, Corv Karisen, Oscar Krikorian, and Szu Wang.

gas-flow rates significantly less than those anticipated in

real operation. This project was jointly.hmded by LLNL's Laser and
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Overview

One of the responsibilities of the Department is to ana- Scanning tunneling microscopy (STM) is almost a
lvze or characterize virtually any substance presented to its decade old, and its development has expanded in many
staff. A broad spectrum of conventional instrumentation directions. A related method of atomic force microscopy
and techniques for this purpose has been established over (AFM) has greatly extended the range of substances that
the years. New instruments and new ways to use existing could be investigated. STM has been used to determine the
instrumentation are constantly being discovered. From atomic structure of bio-organic molecules such as the DNA
time to time, unusual programmatic responsibilities require bases on surfaces, and AFM images were taken of mouse
us to develop entirely new devices or methods, and bull sperm to follow their behavior on hydration.

Among the newest tecl-mologies, synchrotron radiation In spite of the long usage of high-resolution optical
has bet " developed to the next level of sophistication, spectroscopy, many elements have not yet been studied in
Previously, the high intensity high resolution, and tunabil- detail. Reported here is the emission spectrum of cerium,

ity of a synchrotron light source made it possible to acquire for which the transition probabilities were deduced from
detailed spectroscopic information such as extended x-ray transition intensities and upper-level lifetimes
absorption fine structure and near-edge structure. The more Analysts constantly need new approaches to solve ana-
recent use of synchrotron radiation has taken advantage of lyrical problems. The ability to screen for and identify
the time structure of a synchrotron beam to acquire diffrac- trace levels of nitrogen-containing compounds (potential
tion data in a few milliseconds, making it possible to study explosives) and illicit drugs was presented as a challenge.
solid-state reactions with time constants in that range. In The solution has been to combine capillary gas chromatog-
another advance, the focusing, intensity, and energy resolu- raphy with a thermal energy analyzer and an ion-trap
tion inherent in a synchrotron beam have been combined to mass spectrometer.

produce a three-dimensional image with elemental speci- Remote sensing by ion-selective sensors is a developing
ficity of failure in a continuous-fiber metal-matrix compos- field with many applications. The use of ion implantation
lte. Spatial resolution of a few micrometers was necessary produces sensors with a wide concentration range and
for this purpose, rapid response time. The particular application described

here is to implant chloride ions in a silver substrate.
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A Time-Resolved Diffraction Study
of the Ta-C Solid Combustion System

The adiabatic temperatures, Tad, for the combustion synthesis of
TaG and Ta2C are calculated from known thermodynamic data
to be 2452 and 2376°C, respectively. These maximum reaction tem-
peratures are well below the melting points of tantalum, carbon,
and the corresponding products and eutectic temperatures known
in the binary Ta-C phase diagram. Hence, a liquid phase does not
form, and the syntheses are truly solid combustions. In the forma-
tion of TaG, a concurrent subcarbide Ta2C phase forms, persists
for a couple of seconds, and decreases in intensity as the final TaC
phase attains its maximum concentration. The formation of TatC
proceeds directly with no discernible intermediate Ta-C phase
within 50 ms. Our experimental approach can be used to study the
chemical dynamics of high-temperature, solid-state phenomena
and to provide the data base needed to test various models for the
solid-combustion process.

Introduction phase(s) and microstructure could be examined at the con-
clusion of the reaction. However, no conventional tech-

The combustion of gaseous reactants has been actively nique allowed in situ examination of phase transformations
studied for many years. 1 However, a class of combustion and chemical dynamics at the combustion front.
exists in which at least one of the reactants is a solid, but it

has received little attention from materials scientists thus Experiment
far. The products of these "solid flames" are technologi-

cally important materials such as ceramics, intermetallics, We used silicon photodiode array detectors manufactured
and" composites. 2 This class of solid-combustion reactions by Princeton Instruments as position-sensitive detectors to
is universally accompanied by the release of a large amount record the time-resolved x-ray diffraction (TR-XRD) pat-
of heat. Once initiated with an external source such as an terns from the specimen. The specimen was ignited in a
electrically heated tungsten coil or a laser, these reactions specially designed reaction chamber-diffractometer with a

become self-sustaining and propagate to completion within vertical 0-20 geometry. The detector is capable of recording
seconds. These self-propagating high-temperature synthesis a full scan of 1024 pixels in 4 ms. The reaction was ignited
(SHS) reactions are characterized by a fast-moving combus- by the passage of a current through a tungsten coil adjacent
tion front (1 to 100 mm/s) and a high self-generated reac- to the pressed sample block. Concurrently, we recorded the

tion temperature (1000 to 4000 K). temperature profile of the burn front with an imaging
Although, in principle, the basic concepts of this infrared camera (Inframetrics, Inc. Model 600). We then

method of material synthesis are relatively easy to apply, measured the sample temperature at a position ~1 cm
the chemical reactions and dynamics of phase transforma- upstream from the position of the x-ray beam and com-
tions at the combustion front are not well understood. 3 pared it to a preset triggering temperature. As soon as the
This is true even of the simplest A + B -_ AB class of measured value reached or exceeded this temperature, a
combustion reactions. Until recently, 4 these reactions pulse was sent to the array detector controller, and the

were difficult to investigate because of their high rates of diffraction data collection was activated, thus establishing
combustion and extreme thermal conditions. Burn-front a zero time for the scans. An IBM AT computer recorded
velocities and temperature profiles could be measured as the diffraction peaks at a fixed scan rate (e.g., 100 ms per
functions of time and sample position, and the product scan) for a given number of scans (typically 500). Another

method used was to trigger the TR-XRD recording with a
thermocouple. 4 Details of the design and construction of
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Figure 1.

(a) Ta(ll0)
(a)SelectedTRdiffrac-
tionscansof theTa+ C
-_ TaCreaction.
(b)Normalizedinte-
gratedintensityplots
fromtheTRscans
shown in (a)vstime.
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this high-speed, time-resolved, reaction chamber-

diffractometer are described elsewhere. 5,6 1.0 Ta2CI t'_l_eh_,lTaC_ . ,

We performed time-resolved diffraction measurements ! _" _'lv_,_'_l]on beam line X-11A at the Brookhaven National Synchrotron

Light Source (NSLS), with the x-ray storage ring operating ._ 0.8 "_ i'
at an electron energy of 2.528 GeV and an injection current '_ ! P

of -200 mA. The synchrotron beam, 1 mrad (unfocused) or _ i.!i_i..,..._..2 mrad (focused), passed through a 1-mm vertical entrance _ o.6 -

slit and was monochromatized with a double Si(lll) crystal _ q " g_'_/'.......

l "" "":_:"':"'.v._.at 8 keV. The estimated photon flux for the unfocused beam

was -101° photons/s at the sample. Diffraction specimens in Z_ 0.4 - "; _.:iII '-.--..'...-.,.. , ;'."_',
the form of 19-mm cubes or cylinders 19 mm in diameter _[
and 19 mm long were pressed from dry-mixed weighed-out 0.2 -

atomic mixtures of elemental powders. The average particle _.i.i_,,.... _,._iii'_.._size was 2 _tm. We used submicrometer amorphous carbon
from the Cabot Corporation as a Monarch 900 carbon black. 0 0 5 10 15 20
The density of the pressed pellets was -55 to 60% of the the- Time(s)
oretical density.

Bragg scattering of the Ta(ll0) and (211) peaks at the start
Results and Discussion of the reaction. Fortunately, the major peaks of both TaC

and Ta2C are in these windows. Each TR-XRD scan was
Formation of TaC. Figure l(a) shows the TR-XRD results for recorded in 100 ms. The two tantalum metal peaks are
the Ta + C --->TaC reaction. Two detectors, one centered at prominent until 5.6 s, at which time thermal effects broaden
36.5° and a second one at 72°, simultaneously collected the and diminish their intensities. The Ta(ll0) peak splits at
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Figure 2.
(a) Ta(110)

(a)SelectedTRdiffrac-
tionscanof the2Ta+ C

Ta2Creaction.
(b)Normalizedinte- Ta{'_11"_

grated intensity plots ""'d_"
from the TR scans
shown in (a) vs time.
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(b) Ta Ta2C 6.7 s, and another peak is observed at -35 °. At this time, the1.0_
ea " Ta(211) has almost disappeared, and only a hint of scattering

u. _ A.,5 is observed in the center of the higher-angle detector. Both
._,.....-. !_, :, , TaC and Ta2C are clearly evident at 7.5 s in both detectors..! _... ,. .... .....:. .

0.8 - ...:: ":..:.',....-"_,':.... "..-...:'........: . . The bum-front velocity for this reaction is -2.0 mm/s, and
": _ > ..... :'""_":"_'_'"""'_" with a beam size of 1.2 mm, the'bum front would pass

.= i _..,.. through the x-ray spot in 0.5 s. After 30 s, most of the scatter-

'_ 0.6 _ i ' ing from Ta2C has disappeared, leaving only TaC as the final
.=. product of the reaction.

Figure l(b) shows the integrated peak intensities of the
"_0.4 _ reactants and products in the Ta + C combustion. The reduc-

_ tion in intensity of the tantalum peak as a result of thermal
z ...'... broadening from sample heating is largely responsible for

:, ...,° ¢°;

o.2 the slope of the metal peak between 3 and 6 s. An intersec-
tion of the tantalum and TaC lines shows that TaCforms

immediately upon passage of the bum front. However, the

0 I J n I TaC intensity does not reach its maximum until the Ta2C
0 2 4 6 8 10 peak has grown and then diminished. The appearance and

Time (s) disappearance of the Ta2C phase clearly indicates that it is an
intermediate phase of the Ta + C reaction.
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Formation of Ta2C. The bum-front velocity for the 2Ta + C situ at high temperature. When combustion-front velocity
--4Ta2C reaction is about a factor of 3 faster than that for and temperature profile are measured synchronously and
the formation of TaC discussed in the previous section. We correlated with the TR-XRD scans, ali participating phases
monitored the subcarbide reaction on a 50-ms time scale, can be identified as functions of time and temperature.
Figure 2(a) shows the TR-XRD data for this reaction. Intrinsic, real-time kinetic data of this sort are much
Within 50 ms, the tantalum peaks begin to decrease at 1.6 s, needed to permit testing of existing theoretical models of
and the major Ta2C(101) peak appears at 1.65 s. In the next solid combustion and to provide the basis for developing
frame, at 1.7 s, ali the subcarbide peaks are evident in both new theories. Furthermore, using higher flux synchrotron
detectors, with no indication of any other species all the sources currently available at wiggler beamlines (1012 pho-

way to the end of reaction. The apparent shift to low angle tons/s) or still brighter third-generation sources, we can
in the last scan at 7.5 s is the result of a decrease in the achieve higher spatial resolution for a closer look at the com-
height of the sample surface with respect to the beam as bustion front in this interesting class of high-temperature
the whole sample contracts upon cooling. In Fig. 2(b), the solid-combustion reactions.
integrated intensities of the tantalum reactant and the Ta2C
product are plotted as a function of time, As can be seen, This work was funded by Weapons-Supporting Research.
the slope of the curve showing the formation of the prod-
uct is much steeper than that of the TaC reaction. Almost as *MechanicalEngineering Department, LLNL
soon as the tantalum disappears, the Ta2C product reaches
its maximum intensity. References

The adiabatic temperatures of this reaction and the TaC
formation described in the previous section are calculated 1. See,forexample,the volumeofarticlespublishedin Combustion

andFlamesince1957.
to be 2376 and 2452°C, respectively. These maximum reac-
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Preparation of Solid-Membrane Ion-Selective
Electrodes by Ion Implantation

Ion implantation has been used to prepare solid-membrane ion-
selective sensors. For example, a thin AgCl membrane (typically
about 100 nm thick) is created by bombarding a silver substrate
with 33- to 200-keV 35C1..These surface-modified substrates act
as sensors for chloride ion in solution over a concentration range
of several decades and have rapid response times. We believe that
ion implantation will prove to be a general method for fabricat-
ing a variety of ion-selective sensors that will have well-
controlled properties.

Introduction Our ultimate motivation in undertaking this work was

to develop a convenient and reproducible method for fab-
Ion-selective electrodes (ISEs) have had a major impact in ricating arrays of ISEs and "micro-ISEs," with individual
analytical measurement science, and they will continue to elements selective to different chemical species. Our work
have widespread application as sensors. They are com- is a first step in that direction. Using ion implantation as a
mercially available in many shapes and sizes and in vari- fabrication method allows precise control over the struc-
ous chemical and material designs. Several completely ture and composition of the ion-sensing membrane layer.

solid-state ISEs are available. In recent years, a significant Therefore, special properties can be realized (e.g., rapid
effort has been devoted to developing ion-sensitive field- response). In addition, the mass-production and low-cost
effect transistors (ISFETs), which, like ISEs, are potentio- features of this method of fabrication imply that it may be
metric sensors. (A membrane potential, which develops in economical to discard ISEs after use.
the presence of selected ions in solution, is the measured
response.) Several excellent recent monographs discuss the Experimental Methods
current state of ion-selective devices and the theory behind
their operation. 1-5 Specimens for implantation consisted of highly polished

As an ISE for chloride ion, the solid-state membrane silver cylinders (0.64 cm in diameter by 1.27 cm high) and
electrode has been available for some time. Common microdisks (10 Mmin diameter). We mounted these speci-
membrane materials include single crystals, disks cast mens in a fixture, which we placed in a 200-kV ion

from melts, sintered materials, and pressed polycrystalline implanter with the sample surfaces perpendicular to the ion
pellets. These membranes consist of AgCI, or AgC1 dis- beam. For our implantations, HCI gas was fed into the hot
persed in a matrix of Ag2S. Membranes of this type dis- cathode ion source. The 35C1+ions were selected mass
play a Nernstian response to chloride ion in solution (i.e., spectrometrically for implantation. We used three sequen-
for a constant actMty coefficient, a linear membrane tial ion beams with energies of 200, 70, and 33 keV, for
potential vs log [CI-] curves with a slope of approximately which the fluences were 15, 5.9, and 4.4 x 1016C1/cm 2,
59 mV/decade). In general, many problems have been respectively. We used the Monte Carlo code TRIM89 (see
encountered when using conventional methods for 1SE Ref. 7) to calculate the low-fluence profiles for these ener-
fabrication, including difficulty in pressing pellets, making gies and relative fluences. The half-maximum chloride con-
contacts, and adhesion, centration of the highest-energy implant indicated that the

We found that if chloride ions are implanted into a silver nominal depth of the implants was about 160 nra.
substrate, a solid-state membrane ISE can be produced that We used electron spectroscopy for chemical analysis
shows (approximately) the expected Nernstian response in (ESCA) to determine the composition of the surface layers
solutions containing chloride ion over a concentration range and the chemical states of the silver and chlorine. A magne-
of several decades. (' In addition, we found the potential-vs- sium KR x-ray source provided the primary x rays. For
concentration response between different implanted speci- sputter profiling, a beam of 3-keV argon ions was used.
mens to be very reproducible.
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Reagent-grade AgCI in pelletized form and a non- The inset to Fig. 2 compares the response of a commer-
implanted silver specimen were the standards. For evaluat- cial C1- ISE with that of one of the ion-implanted ISEs (#3
ing the response of the implanted ISEs, we used a saturated iii the main figure), lt is apparent that the response of the
calomel electrode (SCE) as a reference electrode. The remain- ion-implanted ISE is quite similar to that of the commer-
ing details of this experiment are reported elsewhere. 6 cial electrode. This indicates that the interfacial processes

are similar, as one might expect. However, concentrations
Results and Discussion of defects are no doubt different in the two cases. The

defect structure of solid membranes is known to affect

Figure 1 shows conceptually the structure of an ion- equilibrium potential values. 5
implanted ISE. For the experimental conditions we used, Other criteria used to evaluate ISEs are the response
ESCA depth profiling revealed that impurities dominated time, the reproducibility of the final potential reached, and
the near-surface region (i.e., within about 3 nm) of the as- the rate at which equilibrium is attained. To evaluate these
implanted specimen, which was subsequently exposed to parameters for the ion-implanted ISEs, we alternately
the general atmosphere. However, the concentration of exposed them to chloride-ion solutions of 0.28 and 2.8 mM
chlorine was still several atomic percent. After a short concentration and recorded the potential transients. Figure 3
sputtering period of about 15 s, impurities were removed, shows the result of this study for one ion-implanted ISE. The

leaving only silver and chlorine. The concentration of response time, '_90,is defined as the time required for the
implanted chlorine after this treatment was about 14 at.%. potential to change by 90% of the difference between the tnt-
Considering the relative sputtering rates for silver and a tial and final potentials. For transitions in either direction,
Ta20 5 standard, we estimated the thickness of the "_90is usually a little less than 1.5 s, and the results are repro-
implanted layer to be about 70 nm, suggesting that sput- ducible. Because the membrane layer thickness affects
tering during the implantation had removed considerable response time and because ion implantation can generate
amounts of chlorine. Consideration of the binding ener- solid-state membrane ISEs with well-defined thicknesses,

gies of the Ag 3d and CI 2p electrons led us to the prelimi-
nary conclusion that the chlorine in the as-implanted Figure 2. Electrodepotentials as functions of chloride-

silver was present mainly as Ag2CI, with some evidence ionconcentrationfor threeindividualion-
for AgCI. More detailed studies are needed to evaluate implanted ISEs. The least-squares line is for the total data set from ali

three ISEs. The inset compares the responses of a commercial chloride

this conclusion. ISE and an ion-implanted ISE. The least-squares line in the inset is
To investigate reproducibility, we compared the poten- only for the commercialelectrode.

tial response of three separate ion-implanted ISEs to chlo-
ride ion concentration in the range of 0.028 to 28 mM (1 to 3o0, 3o0,

I L [] ion implant#3

1000 ppm). From the data shown in Fig. 2, we see that the k _8 l"_O 94-17Areproducibility is quite good. Only the least-squares line 2oo

for the total data set from all three ion-implanted ISEB is t_ _ _ _indicated (slope of-54 mV). When data for only the range ...

of 0.28 to 28 mM are considered, the slopes for the individ- } _ _100_ _,_
ual electrodes increase, ranging from -55 to -58 mV for the 200 r-- _,
three ISEBshown in Fig. 2, with correlation coefficients of _" "_ d [
0.997 or better. _ N 0 , ,,,,,,I , ,,,,,,I, ,,,,,,_,,,,,,,

_" _ O.Ol O.l l lO 100

Figure 1. Conceptual drawing of the structure of an _ -- )

ion-implanted ISE.
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implantation should prove to be a useful method for accu- Summary
ratelv adjusting the response time.

In other experiments, we demonstrated that ion- In summary, ion implantation appears to be a useful

implanted ISEs showed small hysteresis and conditioning method for creating solid-state membrane ISEs. Because it
(aging) effects. We are currently assessing several other cri- is "line of sight" and because the fluence and energy of the
teria to evaluate ISEs, such as selectMty of response, ion beam are easily controlled, one can create modified lay-

detection limits, and long-term drift. We are also currently ers of precise thickness and stoichiometry. While we have
evaluating optimum beam parameters, such as fluence demonstrated the feasibility of creating chloride ISEs by
and energy, for implanting 35C1+.We may be able to use a using different ion beams for implantation, we should be
much smaller dose than previously believed necessary and able to produce novel materials that can function as ISEs
thereby diminish the implantation time required, and that show selective responses to a variety of other
..................................................................................................................... anions and cations. In particular, we are presently using ion

Figure 3. Demonstrated reproducibility of response implantation to develop solid-state pH sensors and sensors
times and equilibrium potentials for alternate for heavy-metal ions. Because ion implantation readily

immersion in 0.28- and 2.8-mM CI- solution for an ion-implanted ISE. lends itself to micropatterning, arrays of ISEs can be con-
The electrode was rinsed with deionized water between immersions.

veniently fabricated. The areas of most immediate applica-

220 [ tion for these sensors are in environmental monitoring,

I [] 0.28 mM process control, disposable bedside monitors of body flu-

I O 2.8 mM ids, or use in vivo.

20°_Dt::hz_ _d::K)O(3 -__--- _ This work was funded by the LLNL Special Projects Program
and the LLNL Environmental Protection Department.
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Tensile Failure in Metal-Matrix Composites

We have shown that, because of the heterogeneous, two-phase
microstructure of composites, failure may have a dual origin:
properties of the fiber-matrix interface and defects that originate
in the interior of the fiber. Although core and interior failure have
been observed in single-fiber tensile tests, these are the first obser-
vations that indicate the possibility of significant failure near the
fiber interior in afabricated composite.

Introduction applications. Whereas the spatial resolution in medical
CT is about 500 gm, industrial CT systems designed to

Continuous fiber-metal-matrix composites (MMCs) have examine small samples typically have spatial resolutions
been extensively studied over the past several years with between 50 and 100 lam--high enough to detect many
the hope that they might find use in advanced aerospace critically sized flaws but too low to image microstructural

applications. Nevertheless, many fundamental questions features such as second-phase precipitates, reinforcing
remain regarding the mechanical response of these materi- particulates, or fibers in composite structures.

als to applied loads. Especially difficult are fatigue and We have developed the technology to precisely measure
creep, in which the complex interplay between matrix and x-ray attenuation on exceedingly small samples. 1,2This tech-
fibers in these heterogeneous structures greatly complicates nology, known as x-ray tomographic microscopy (XTM), is a
the interpretation of test results and analytical modeling, form of x-ray microscopy that uses tomographic reconstruc-

Mechanical-property measurements performed on tion techniques to build 3-D images of rnicrostructures. In
MMCs rely on 1- and 2-D analytical techniques to explain essence, XTM carries the industrial CT techniques to their
what are, in reality, 3-D responses. A load-displacement extreme limit in spatial resolution and contrast sensitivity.
curve is an example of a 1-D measurement that is often The highest spatial resolution (2-3 jam) is obtained with
used to measure global deformation in a sample and to monochromatic (single-energy) synchrotron radiation, and
infer micromechanical mechanisms that might be operat- its use is limited to inspecting small (usually less than 1-cm-
ing during deformation. Scanning electron microscopy diam) specimens.
(SEM) and transmission electron microscopy (TEM) are Because XTM is 3-D and noninvasive, it can enhance our

essentially 2-D techniques that can be used to locate the understanding of failure in advanced composite materials.
origin of failure and determine if any dissipating forces, Although its spatial resolution is lower than that of electron
such as crack bridging or deflection, were operative during microscopy, XTM can image the microstructures before,
crack advance. However, few good ways exist for 3-D during, and after mechanical loading or fracture. Because of
analysis of a material's microstructure, short of time- this capability, XTM can image the initial microstructure of
consuming serial sectioning--a technique that destroys a test sample, sequence and locate the origin of induced

the sample and is artifact prone, damage, and follow the evolution of damage to catastrophic
The linear x-ray attenuation coefficient (g) is a sensitive failure. Then, higher resolution analytical techniques used

measure of atomic composition and density. If la could be in post-mortem examination of samples can more efficiently
measured nondestructively as a function of position in a interpret the causes of failure in the sample.
sample, then a 3-D image of a sample's microstructure

could be obtained without time-consuming and difficult Experiment
sectioning. Subtle compositional changes from one posi-

tion to the next would appear as differences in the attenu- In recent experiments, we used XTM to examine an

ation coefficient. As long as the spatial resolution could be aluminum-matrix/SiC SCS-8 fiber composite during a
made small with respect to tl _emicrostructural features of monotonic load sequence. 3,4With these experiments, we
interest, the 3-D x-ray images obtained from these mea- aimed to determine if XTM had sufficient spatial resolution
surements would provide valuable structural and compo- and contrast sensitivity to detect the microstructural dam-

sitional information, age that develops under loading at stress levels exceeding
Computed tomography (CT), a technique for measur- the yield strength of the aluminum matrix. Figure 1 shows

ing 1.1in 3-D, is frequently used in medical diagnostic the types of damage that might occur during loading. The
radiology and is slowly being developed for industrial
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important microstructural features include interfacial dis- Therefore, obtaining accurate volume-fraction distributions
bonding, fiber breaking, and matrix and fiber microcrack- of the carbon and the SiC is important in order to under-

ing. Because these features might not occur in any single stand failures in composites fabricated with these fibers.
plane, a 3-D image is advantageous to assess the nature of lt is possible to use the electron energy loss spectrum
the damage expected in these materials. (EELS) from a TEM to quantify the ratio of silicon atoms to

Figure 2 is the XTM image of the as-received carbon atoms with a spatial resolution of 1 lain or better.
microstructure in the composite. Clearly visible are the Measuring the EELS spectrum, however, requires very
carbon cores of the SCS-8 fibers (approximately 30 lain in thin sections (a few hundred angstroms thick) to be made
diameter). Sufficient contrast exists to distinguish between from the fiber--a time-consuming and difficult task.
the SiC layer and the 6061 aluminum matrix, although the Nevertheless, we prepared a thin section of SCS-8 fiber
calculated contrast difference at the x-ray energy used to and used EELS spectroscopy to determine the C/Si ratio.
obtain this image is less than 10%. Furthermore, when 10 In stoichiometric SiC, this ratio should be exactly 1:1. What
or more pixels in any region are averaged to reduce statis- we found, however, was a ratio varying from 2:1 near the
tical noise, the measured and calculated la values agree carbon core to 1:1 midway through the fiber. If we assume
within a few percent, even over a factor-of-100 spread in la that the la values measured from XTM arise from a mixture
value (see Table 1). The excellent agreement between the of SiC and amorphous carbon, then the C/Si ratio calcu-

values measured using XTM and those calculated from the lated from the XTM data is in excellent agreement with
tabulated attenuation coefficients is a good indication that that obtained from the more time-consuming EELS spec-
XTM is an imaging tool and, to a limited extent, an analyt- troscopy (see Fig. 3). This agreement is important because
ical tool as weil. it indicates that XTM can be used to obtain accurate com-

As a further indication of XTM's analytical value, it can positional variations throughout the composite.
be used to map very accurately the variations of the car- We fabricated tensile samples from the composite
bon concentration in the SiC sheath. In Fig. 2, small halos shown in Fig. 2 and stressed them in a monotonic load
surround the carbon cores and extend outward several series extending up to the ultimate tensile strength of the

micrometers. These halos, representing changes in the x- composite. At applied tensile stress levels greater than the
ra), attenuation coefficient, are caused by a carbon gradi- yield strength of the matrix, the fibers appeared to rear-
ent radiating outward from the core. From high-resolution range themselves into a configuration more closely packed
TEM images, we believe that the microstructure near the ..................................................
carbon core consists of a two-phase mixture of small SiC Figure 2.

crystallites in a matrix of amorphous (or turbostratic) car- 1
bon. The presence of a second-phase, low-modulus carbon XTM image of the as- , • _, ,, , • _ • ,, . , . , ,

greatly impacts the local stress fields near the core and can received microstructure U • •

therefore influence the fiber's overall fracture behavior, in an aluminum • • " • '
matrix/SCS-8SiCfiber ,. ,, , • , • • • "

................ composite.Thepre- • _ • , • .
Figure 1. The importantmicrostructuraifeaturesin an existingmatrixmicro- • " ° •

alignedfiber-MMCthatcanbeimagedusing crackingin theouter • • _"" " • • •
XTM.The microstructuralfeaturesincludefiber-matrixdisbonding, plies is probablydue ,, a ° '_ • • " •
brokenandcrackedfibers,andmatrixmicrocracking.XTMcanimage to incompletematrix ,, • • I

• • S,. e '_" qJO "

fiber architecture and variations in fiber orientation as weil. consolidation during
fabrication. • ' 6 D, • ,_ • II • I • .... • W • •

Broken fiber N,

Table 1. Calculated x-ray attenuation coefficients acom-
pared to XTM measurements in an MMC. 3

_aobs _cal_
I)isbond Material (cm -1) (cm-_) Facalc/_lobs

Crack 0.07 +_0.04 0 --

Graphite 0.88 + 0.44 0.84 0.95

Aluminum (pure) 8.[)9 _+0.21 7.93 0.98
Aluminum (6061) 8.15 -±0.18 8.26 1.01

Matrix Silicon carbide 8.70 + 0.73 8.89 1.02

crack

a Coefficients were calculated using x-ray energy of 21 kev and densities

of 3.22 and 2.2 g/cre _ for SiC and graphite, respectively.
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than their as-received distribution. Also, at applied stress Figure 5 is a 3-D rendering of tile multiple fiber fractures
levels near 50% of the ultimate tensile strength of the com- lying beneath a single pulled-out fiber. We inverted the

posite, the carbon cores began to break and continued to XTM data to show space and very low-density regions as
do so with ever-increasing frequency up to composite fail- being opaque, and matrix and fiber material as being trans-
ure. Because no catastrophic fiber failures occurred after parent. Figure 5, therefore, is an image of the pulled-out
core breaking, it appears that core failure does not imme- region, the carbon core, and tile fracture surfaces in the
diately affect fiber integrity. However, this lack of effect on fiber. What is interesting here is that the fracture surface is
tile fiber might be explained by the low modulus of the approximately 45° rather than 90° to the load axis. This dif-
carbon monofilament core; that is, the carbon core does ference indicates that internally initiated failure, at least in
not carry much of the fiber load. Nevertheless, the separa- these fibers, may be of great importance. Three-dimensional
tion of the core alters the stress state along the interior wall mechanical models do predict such a shear-like mode of
of the SiC fiber and may eventually lead to failure from failure when tile fiber is subjected to a large state of residual

inside the fiber, compressive stress and then loaded axially. From what we
Figure 4 shows an XTM cross section taken vertically have observed of the microstructure and fiber processing to

through the fracture surface of a composite tensile spect- date, however, this is probably unlikely. 5,_'
men that was loaded to failure. The fracture surface is very
irregular and rough, and the visible subsurface damage Discussion
(multiple fiber fractures located beneath the fracture sur-
face) is consistent with numerous observations of failed Detailed examination of the XTM data provides evidence
aligned-fiber tensile samples, for two modes of failure in tile composite. First, XTM images
.......................................................... provide evidence for planar fracture in the fibers (i.e., the

Figure 3. Comparison of EELSand XTMdata,showing fracture surface is normal to tile tensile axis). Second, the

thecarbon-to-SiCratiooutwardfromthecar- XTM images also show a curved or shear-like fracture trajec-
boncore. TheXTMdatais consistentwith the presenceof a two-phase tory, frequently lying at 45° in the near-core region and often
mixture of SiC and amorphous carbon, deflecting to a planar fracture around the mid-radius of the

2.5 , fiber, where the microstructure becomes single phase. The
I

planar fracture is easy to interpret in terms of a fracture orig-
i ,,xXTM data inating near the matrix-fiber interface. In this case, fracture-2.(1_ _0

O EELS data mechanics theory indicates that planar crack propagation is
a the minimal-energy mode for failure. Curved or shear-like

1.5 _ A ............................................................................
o Figure 5.

2

E 1.0 _ (2_ A 3-D renderingof aO
< brokenfiber still

Carbon SiC imbeddedin thealu-
O5 core sheath minummatrix.The

XTMdataareinverted
to showspaceas

0 ., ] ..' ] ] 1 ] ,] opaqueand the matrix
0 10 20 30 40 50 60 70 and fibermaterialas

Radial distance (_m from fibercenter) transparent.The image
shows the carbon core

................................................... and the fracturesin
Figure 4. the fiber.For thefirst

time, fractures can be

XTM cross section observed in situ, and

taken through the frac- the shapes, positions,
ture surface of the com- and separations can be

posite tensile specimen recorded and compared
loaded to failure. The to models.

cross section is perpen-
dicular to the load axis.
The fiber fractures are

not perpendicular to
the applied tensile
load. The fracture sur-

face is rough, and
much subsurface

damage is visible.
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fracture originating from tile matrix-fiber interface cannot be dominated by the fiber-matrix interface. Our results show
explained from what is known about tile fiber microstruc- that, because of tile heterogeneous, two-phase microstruc-
ture. Some strong evidence exists that this type of failure ture of composites, hilure ma,,, have a dual origin: proper-
might originate in the fiber interior, ties of the fiber-matrix interface and defects that originate in

Reporting results from failure studies of single SiC fibers tile interior of the fiber. Although core and interior failure
similar to those used in this study, Bhatt and Hull 7 found have been observed in single-fiber tensile tests, these are the
it difficult to identify tile primary fracture surface or the first observations that indicate the possibility of significant
critical flaw responsible for fiber failure because the fibers failure near tile fiber interior in a fabricated composite.
tended to shatter. Nevertheless, SEM fractographic analysis

revealed that the as-received fibers failed from ali unidenti- Acknowledgments
fled flaw near the fiber core. Because XTM allows us to

image the fibers while thev are still in the matrix, the fiber The authors acknowledge the support of the staff of the
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Determination of Absolute Transition
Probabilities in Neutral Cerium

We used a 1-m Fourier transform spectrometer to obtain the cerium
emission spectrum from an electrodeless discharge lamp. Branching
ratios from the intensity data, combined with upper-level lifetimes
measured by laser techniques, yielded weighted Einstein A values
(gA values)for 30 transitions. A plot of the natural logarithm of
intensity divided by gA as a function of upper-level energy gives
the source excitation temperature and gA values for ali lines of
neutral cerium with known upper level.

Introduction Here, lki is the line intensity for the transition from level k
to level i, and the denominator is the intensity stim of ali

No transition probabilities of neutral cerium, Ce l, were transitions from the upper level. The branching ratio

reported until our recent investigation. 1 Of the many divided by the upper-level lifetime, t k, yields the Aki
methods for determining transition probabilities, or value for the transition.
Einstein A values, the method of Corliss and Bozman 2 is

the most powerful for rapidly determining large numbers Spectra
of A values from emission intensities and upper-level

energies through the relation We used the 1-m Fourier transform spectrometer (FTS) at
the National Solar Observatory, Kitt Peak, AZ, to observe

I --C gA exp(-E/kBT ) . (1) the cerium emission spectrum from 4000 to 27,600 cm-l.
The FTS is well known for its excellent frequency and

In this expression, I is transition intensity, C is a known pro- intensity capabilities, 3-5 and it observes ali spectral ele-
portionality constant, g is the statistical weight (2] + 1) of the ments simultaneously, thereby avoiding the problem of

upper level, E is the upper-level energy, kBis Boltzmann's source-intensity fluctuations. We obtained the spectral
constant, and T is the excitation temperature of the source. If response function by using a source traceable to the

gA values are known for a sufficient number of transitions National Institute of Standards and Technology (call-
over a large energy range (-10,000 cm-1), then T can be brated tungsten-filament lamp) to obtain accurate relative
determined. Absolute gA values for other transitions can intensities for calculating branching ratios. We used an
then be derived from the observed emission intensities and EDL with 99.7% 14°Ce because this single, even-even iso-
known upper-level energies. This method has been used by tope source avoided complications caused by isotope shift
numerous investigators to obtain absolute gA values for the and hyperfine structure.
spectra of many elements. 2--_ We assigned the observed lines as Ce I transitions by

We have applied this method to determine absolute comparing their frequencies (rising windows of 0.01 to

transition probabilities in Ce I. Our recently published 0.05 cm -1) with predicted frequencies generated from the
work I appears to be the first report of Ce I'transition prob- known 287 odd and 686 even energy levels. 6 Finally, we
abilities. In this work, we also tested the use of an elec- formed branching-ratio tables from these assigned lines.
trodeless discharge lamp (EDL) as the excitation source.
We believe this to be the first use of this source for deter- Lifetimes
mining branching ratios.

The branching ratio, _ki, is the fraction of the total inten- We measured lifetimes of selected upper levels by using
sity from an upper level k that goes to a specific lower the delayed photoionization tecl-u_ique,7 in which a level of
level i and is given by an atomic beam is populated by one or two pulsed lasers,

and the photoionization signal is measured as a function of

lki delay time for one or more additional photoionization lasers.

_ki = Elkn (2) A plot of the natural log of photoion signal vs delay timeyields the lifetime (see Fig. 1). Reference 1 gives details of
" the technique, which was automated in this work.
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Results and Discussion The slope of this straight line is equal to-1/kBT, where kB
is Boitznaann's constant (0.695 cm--I/K) and T is the excita-

We measured the lifetimes of 32 levels, ranging in energy tion ternperature for the EDL. From this slope we get 7"=

from 12,114 to 30,542 cm -I, Thirty of these levels yielded 5014 + 111 K. The intensity Ikiof any transition with
satisfactory branching ratios, frorn which we calculated ,,/A known upper-level energy Ek can be used in Eq. (3) to
values and plotted ln(lk_/l.49'9,,,,,Aki)vs upper-level energy solve for gA/. v the transition probability. We have observed
f k (see Fig. 2). We found that self-absorption influenced over 5900 lines assigned to transitions in Ce 1.After valid-

(i.e., decreased) many of the lkivalues for transitions to the ity checks, we found that the intensities of ali these lines
ground and low-lying metastable levels. Therefore, we could be corwerted to gA values by using Eq. (3).
developed methods to detect and correct for this influence

in lines emitted by the EDL. l A least-squares fit to the data Conclusion
plotted in Fig. 1 yields the linear relation

In Ref. 1, we reported 228 gA values for the strongest Ce i
ln(/_:_/1.4qggAk) = 13.433 - (2.870 x 10-4)Ex.. (3) lines ernitted b F,an EDL in the range of 4000 to 27,600 cm -1
...................................................................................................... (all of which were corrected for self-absorption effects). The

Figure 1. Lifetime-decaydatafor the18,313-cm-i levelof number of lines reported was limited by the editorial pol-
cerium,obtainedby delayed photoionization, icv of the journal. We' have shown that an EDL may be

used to obtain intensities for branching-ratio determination

and for deriving transition probabilities when the source
187 + 7 ns excitation temperature has been determined. Self-absorption

-2" must be recognized and corrected to obtain accurate
" transition probabilities.

:Z
_= This work was.timded by the AVLIS Proy,ram qf Y Division.
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I i I _ Lawrence Berkeley Laboratory, Berkeley, CA

0 lt)I) 2t)0 _ Laser l'rogram, LLNl.
Delay time (ns)
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New Analytical Approach for Screening
and Identifying Trace Levels of
Nitrogen-Containing Compounds

We have developed a new approach for screening and identifying
nitrogen-containing explosives and illicit drugs. This trace-
component analysis simultaneously links capillary gas chro-
matography (GC) to both a the_nal energy analyzer (TEA) and an
ion trap mass spectrometer (ITMS). The new GC-TEA/ITMS sys-
tem can screen for and identify trace levels of nitrogen-containing
compounds. The TEA is a highly specific nitrogen detector that is
used to locate the nitrogen-containing compounds in a total ion
chromatogram (TIC). The ITMS can confirm known components
and identify unknown chemicals. Both instrumental methods,
when linked, have ultra-trace detection levels in the picogram
range (10-12g).

Introduction picogram levels makes it a powerful analytical tool to link
with a TEA.

The use of a thermal energy analyzer (TEA) as an ultrasensi- The ability to distinguish trace levels of nitrogen-
tire gas chromatography (GC) and liquid chromatography containing compounds from other non-nitrogen compo-
detector for nitrogen compounds has been demonstrated. 1,2 nents is a difficult task by GC/MS. Nitrogen compounds
In the TEA nitrogen mode of operation, compounds are generate few diagnostic ions and often form unstable
pyrolyzed with oxygen at 850°C under catalytic conditions, molecular ions, and their fragment ions are often misin-
Pyrolysis by-products (water and carbon dioxide) are terpreted as background.

removed with a cold trap, and any nitrogen-containing com- A linked GC-TEA analysis is very useful for detecting
pounds will remain in a transfer gas in the form of nitrosyl nitrogen-containing compounds. However, because
radicals (NO .). retention times are used to identify compounds by GC-

The nitrosyl radical is then allowed to react with ozone TEA and several compounds may have similar retention
under a reduced pressure, producing electronically excited times, the GC-TEA system cannot easily provide unam-

NO2*. The NO2* then decays, generating a photon (chemi- biguous identifications.
luminescence), which is detectable at 600 nm. The overall The capability of comparing a nitrogen chromatogram
sequence of events in the operation of the TEA nitrogen generated from the TEA with a total ion chromatogram
detector is as follows: (TIC) from the ITMS provides a means of screening for and

identifying trace levels of nitrogen-containing compounds.
In addition, mass spectral data from ITMS can be used to

Nitrogen- Catalyst identify unknown species. Prior to the work described here,

containing + 0 2 _ CO 2 + H20 + NO. it was not possible to simultaneously acquire TEA and MS
compounds 850°C data. What was needed was a viable GC-TEA/ITMS inter-

face to combine the capabilities of both instruments. We
NO. + 0 3 _ NO2* + 0 2 have now accomplished this goal.

NO2* _ NO 2 + hv @600 nm Experiment

Part of the new detection system is an ion storage We installed the TEA pyrolyzer vertically on the GC oven
device, the ion trap mass spectrometer (ITMS), that has box and drilled a hole through an existing GC oven to
gained wide acceptance in mass analysis of ions. 3-5The insert the pyrolyzer transfer line. At the exit of the GC
capability of the ITMS to detect and identify organics at
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Figure 1. Schematicof theGC-TEMITMSsystem, capillary, we attached a glass "Y" connector with a split
ratio of 1:1. We then connected the ends to two separate,
low-dead-volume valves, which we placed in a speciallyOzone

,1, machined heating block. A heating cartridge in the center
of the heating block provided stable heating (using the

Vacuum alternate heater controller from the GC) during the vari-

able temperature ranges of the GC oven. We connected theoutlet of one valve to the ITMS interface (via a capillary
_100oc guard column), and the other to the TEA interface. Figure 1

shows a complete schematic of the linked GC-TEA/

_TE__A._I t Electronics I ITMS system. The linear velocity of the GC carrier gas did
Pyrolysis 02 '[ not change with respect to the ITMS when the system was

80°-900°c 'k, ] Nitrogen operating in the GC-TEA/ITMS mode. To acquire data

I . PC chromatogram

Syringe \_ t__.5__]_...._.........t_ _ for the TEA, we used a stand-alone personal computer.

Various unique data-manipulation software programs

_m_ _ TIC were designed to offer the user a full range of processing

_ . _[-_-] options when using the new GC-TEA/ITMS system.

d ResultsITMS

I _ i_ _] Figure 2 illustrates the capability of the GC-TEA/ITMS to
screen for and identify nitrogen-containing compounds.

GC I Only the peak retention times of the nitrogen-containing

Figure 2. GC-TEA/ITMS analysis of a standard organic Figure 3. GC-TEA/ITMS analysis of TNT in diesel fuel
mixture: (a) the GC-TEA chromatogram and and SRM of TNT: (a) GC-TEA chromatogram,
(b) the GC-ITMS TIC. (b) the GC-ITMS TIC, (c) TIC of TNT using selective reaction monitor-

ing (m/z 210 precursor ion to m/z 164 product ion).

(a) TEA

""'_2 3 (a) TEA CH 3

1.5 -- y ,_CI N0 2 _ 2 -- O2N NO2

NO
1.0- NII-I2 1 -- I [ ' ] ' I> o

0.5-- i _-

(b) ITMS

I I , 75 100 O2N CH3 _ [ 193

0 .,
100 --(b) ITMS H3CCH3 _ _ 50-
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compounds from the TEA chromatogram [Fig. 2(a)] have References
a corresponding peak in the TICs [Fig. 2(b)]. Explosives in
a complex matrix can be seen easily with GC-TEA/ITMS 1. A. L.Lafleurand K.M.Mills,"Trace-LevelDeterminationof Selected
(see Fig. 3). Figure 3(a) demonstrates how a sample of Nitroaromatic Compounds by Gas Chromatography withPyrolysis/ChemiluminescentDetection,"Anal.Chem.53,1202(1981).
diesel fuel was screened for explosives by use of the TEA 2. A. L.Lafleurand B.D. Morriseau,"IdentificationofExplosives at

chromatogram. The TEA response for TNT can be con- TraceLevelsbyHigh-PerformanceLiquidChromatographywitha
firmed by locating the corresponding peak in the TIC [by Nitrosyl-Specific Detector,"Anal.Chem.52,1313 (1980).

retention time, Fig. 3(b)] and by extracting the mass spec- 3. J.N. Louris,R.G.Cooks,J.E.P.Syka,P.E.Kelly,andG.C.Stafford,
trum of TNT [Fig. 3(b) inset]. Once the nitrogen com- "Instrumentation,Applications,andEnergyDepositioninQuadrupole• Ion-TrapTandemMassSpectrometry,"Anal.Chem.59,1677(1987).
pounds are identified, and if there are several samples of 4. P.H. Dawson,Ed.,Quadrupole Mass Spectrometry AndItsApplications

this type, an MS/MS scan function can be generated for (Elsevier, New York,1976).
exclusive identification of the target compounds. 5. R.E.March, R.J. Hughes,and J. F.J. Todd,QuadrupoleStorageMass

For example, single reaction monitoring (SRM) of TNT Spectrometry (Wiley, New York,1989).

[fragmentation of m/z 210 (precursor ion) to m/z 164
(product ion), see Fig. 3(c) inset] removes all superfluous Figure 4. GC-TEMITMSanalysisof marijuanalaced
peaks contributed by diesel fuel from the TIC [Fig. 3(c)]. with PCPandrubberresidue: (a) the GC-TEA
This clearly shows the analytical power of ITMS for linked chromatogram and (b) the GC-ITMSTIC.

GC-TEA/MS/MS. /Another application of this new system is drug detec- (a) TEA

tion. Figure 4 illustrates how phencyclidine (PCP) can be 1.0 [--- Benzothiazol

detected [Fig. 4(a)] and identified [Fig. 4(b) inset] in mari- [(a vulcanizing agent)

juana extract. In addition to PeP, we also identified 1,3- _ ! _[_s_ peeidentificatiOn. The use of the new GC-TEA/ITMS for drug k._h I

benzothiazole, a rubber product residue. A strong > 0.5 z'-x_'_
1,3-benzothiazole-TEA response [Fig. 4(a)] facilitated the
location of 1,3-benzothiazole in the TIC for mass spectral

I I Ij_ , I I ....screening shows that many other diluents and contami- 0 ....
nants are in illicit street drugs.

We have not attempted to perform quantitative studies (b) ITMS

or optimize detection limits for specific compounds. We 100 I41 2i0 i I

are now addressing these issues. Our results so far indi- 0_

cate that linking TEA with mass spectrometry will provide _ 242
84 115 Ia new analytical tool for screening and identifying trace _ , • I_ _ ,

levels of nitrogen compounds. _ " \ PCP

This zoorkwas funded by Laboratory Directed Research _ Benzothiazol \ \

and Development. _ [_ \ \!KW_/'_ |
• D-Division,LLNL
t-SpecialProjectsDMsion,LLNL

0
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Bio-organic Molecules on Surfaces: Atomic Structure
of Ordered Monolayers of Adenine on Graphite by
Scanning Tunneling Microscopy and Analysis of
Sperm Nuclear Volumes by Atomic Force Microscopy

We have applied scanning probe microscopy to biomolecules of
widely different size. On the angstrom scale, we have examined the
molecular arrangements of adenine and thymine (two of the four
DNA bases that comprise the genetic code) attached to the basal
plane of highly oriented pyrolytic graphite. Both molecules form
highly organized lattices. Images of these molecules at atomic reso-
lution reveal that the aromatic regions are strongly detected in both
molecules, whereas the various side-groups are not well resolved.
These studies provide the first evidence that tunneling microscopy
can be used to discriminate between purines and pyrimidines. On
the micrometer scale, we have determined the volumes of individual
mouse and bull sperm nuclei both dried in air and fully hydrated in
afluid cell. Sperm nuclei are shown to expand significantly upon
hydration, contradicting previous serial section results by
electron microscopy.

Introduction conductors, STM analysis is restricted to biological
objects of nanometer size. Here we used STM to image

Analysis of organic biomolecules at hi3_'_resolution has the bases of DNA.
been hampered because these molecules are stable only in On the other hand, AFM is ideally suited for analyzing
their natural environment and denature in the vacuum larger biological molecules because it does not require the
environment required for structural analysis by electron object or the substrate to be electrically conducting. It per-
microscopy (EM). Optical microscopy is limited in resolu- forms best when the objects are immersed in liquids. Tip-
tion. In both microscopies, three-dimensional analysis is dif- induced artifacts reduce AFM's usefulness for analyzing
ficult, and as a consequence, neither the in vivo volume nor nanometer-size objects. Here we used AFM to determine

the packing density of DNA in a sperm-head are known, the packing density of DNA in sperm-heads.
Scanning tunneling microscopy (STM) and atomic

force microscopy (AFM) are particularly well suited to Experimental Method and Results
analyze biomolecules because they can operate in ali flu-
ids of low electrical conductivity. They provide three- To prepare and image adenine and thymine lattices, 1
dimensional information between the angstrom and the we applied a 10-_L droplet of distilled water containing
100-_m scales and therefore can resolve the structure of 1 rag/mL of adenine or thymine to a freshly cleaved, highly
surfaces with atomic resolution and can determine the oriented, pyrolytic graphite surface held at 80°C. After the
morphology of micrometer-size objects adsorbed on sur- droplet vaporized, we imaged the adsorbed layers in air at
faces with high precision, room temperature. To determine the adsorbate's epitaxy, we

STM requires that the object under analysis conduct "brushed off" the adsorbate layer with the STM's tip by

electrons well enough that the resistance across the object operating with a very low tunneling gap resistance, thus
to the substrate is smaller than the resistance of the tunnel- forcing the tip through the overlying adenine lattice onto
ing gap. Because most biological entities are bad electrical the graphite surface.
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Using the program ENCAD (courtesy of Michael Levitt, glass for 30 min. After drying overnight, we imaged a
Stanford University), we modeled the formation of an ade- 10,000- x 10,000-nra area containing the nuclei by AFM at

nine lattice on a graphite substrate. Prior to minimization, minimum force (see Fig. 2). To image fully hydrated nuclei
we placed the adenine and water molecules on the graphite of mouse or bull sperm, we used the AFM's fluid cell.
surface separated by distances suggested by STM measure- Immediately after the nuclei settled onto the glass, we
ments, and gave the water molecules random rotational ori- injected saline solution into the cell to rinse tile nuclei
entations. The modeling program rotated and shifted the and began imaging.
adenine molecules on the graphite lattice until the aromatic We obtained sperm chromatin particles by treating the
rings of adenine stacked onto the graphite in an A-B-A-B sperm with mixed alkyltrimethylammonium bromide and
configuration. Subsequent layers of hexagonally coordinated dithiothreitol. The volumes of the mouse and bull sperm
carbon atoms stack in an A-B-A-B configuration; since the nuclei and chromatin particles imaged, in the fluid cell
six- and five-membered rings of adenine are approximately
similar in shape and size to the graphite hexagons, adenines Figure 1.

(a)
may be expected to stack above the graphite substrate in an
A-B-A-B manner. The molecules then assumed their most Adeninemolecules.

stable positions after several iterations of energy minimiza- (a) Enlarged STM

tion. Both STM and modeling show that adenine lattices on image of adenineadsorbed on a basal

graphite consist of bimolecular rows running head to tail plane of graphite,
and roughly parallel (see Fig. 1). showing the atomic-

We measure th, peak-to-peak length of each adenine leveldetailof each
molecule to be 5.4 ,_ [standard deviation (s.d.) = 0.9 J_]with molecule.(b)Computer

model of the lattice at
a peak-to-peak separation of 3.2 J_ (s.d. = 0.7 J_)between

an energy minimum
molecules along one monomolecular row. The average consistentwiththe

center-to-center distances between adenines in the same row STMimage. Themodel
(positioned head to tail) and between molecules in adjacent was generated using

rows of a single bimolecular row are 8.75 ,_ (s.d. = 1.4 J_) and theENCADmolecular
5.8 J_ (s.d. = 0.7 ,_), respectively. These distances allow no dynamicsprogram

developed by Michael
room for water molecules between the purines within the Levitt,Stanford
row and correspond to tight van der Waals packing• University.

Regularly spaced channels on either side of each bimolecu-
lar row appear to be imposed by water molecules bound
within the lattice. The N-6 atom is the most charged atomic
species of adenine and has the greatest affinity for water.
Therefore, we suggest that the amino groups remain (b)
hydrated in these lattices and project out into the channels
that are seen to either side of the bimolecular rows. The
center-to-center distance between bimolecular rows is 22 A

(s.d. = 1.9_), with the proposed water channel measuring
11.3 _ (s.d. = 1.0 _) wide. The individual aromatic rings
within a single adenine molecule appear to be resolved.
The peak-to-peak diameter of the larger ring is 3.1 _ (s.d.
= 0.7 A), and the smaller ring measures 2.2 ._ (s.d. = 0.3_).
These measurements agree with x-ray crystallography data
on adenine hydrochloride. The amino group is not detected
other than for a smear, which appears near the N-6 position
in all but a few images. As with the alkylcyanobiphenyls,

the hydrogen atoms are not clearly resolved.
For the structural analysis of sperm nuclei, 2 we briefly

sonicated mouse or bull sperm to eliminate the acrosome
and tails. We then prepared air-dried samples by adding a
drop of diluted sperm nuclei in saline to an ethanol-cleaned
coverslip and allowed the nuclei to settle and attach to the
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proved to be several times larger than those imaged in air. Summary
Repeated analyses performed on the same nucleus as it

dehydrated in air showed that the volume of the sperm By using scanning probe microscopy to determine the epi-

nucleus decreased dramatically as water was lost from the taxy of DNA bases on graphite and the packing density of

chromatin. Sperm nuclei also rapidly expanded whep DNA in sperm nuclei, we demonstrated that STM in air

rehydrated. The results in Table I reveal that both mouse clarifies how organic biomolecules bond to surfaces and

and bull sperm chromatin are extensively hydrated in vivo that AFM may revitalize research in structural biology.

and provide evidence that the individual sperm chromatin

fibers are not as tightly packed inside the nucleus as we This work was funded by Laboratory Directed Research and

previously thought. Development and by the DOE Biological and Environmental

Research Program,

Figure 2.
(a) References

AFM scans of air-dried

mouse (a) and bull (b) 1. M.J. Allen, M. Balooch, S. Subbiah, R. J. Tench, W. Siekhaus, and

amembraneous sperm R. Balhorn, "Scanning Tunneling Microscope Images of Adenine and

nuclei on glass, Thymine at Atomic Resolution," Scanning Microsc. (1992), in press.
contrasting the three- 2. M.J. Allen. N. V. Hud, C. Lee, G. Pogany, W. J. Siekhaus, and
dimensional morpholo- R. Balhorn, "Analysis of Sperm Nuclear Volumes and Extent of
gies of the species. The Chromatin Compaction by Atomic Force Microscopy," ]. Cell Biol.
nuclei are shadowed by 50a, 115 (1991).
an artificial light source

from above. The images Table 1. Comparison of sperm volumes measured in
are about 10- x 10-_m (b) dry and hydrated states by AFM and in dry
and are scaled propor-
tionally in height, state by serial section electron microscopy.

Volume (p.m3)

State Mouse Bull

Serial section EM 4.01 + 0.03

Sonicated (dry) 5.88 + 0.28 7.67 + 0.30

Dry 6.26 + 0.23 7.65 ± 0.32

Sonicated (hydrated) -- 18.03 ± 2.54

*LLNL Biomedical Sciences Division

_'Department of Biological Sciences, Northern Arizona University, Flagstaff

_Department of Cell Biology, Stanford University, Stanford, CA
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Overview

In this section, we describe two major new facilities and When the Department decided in 1987 to begin a major
some changes in the Department's institutional structure, new program in high-transition-temperature superconduc-

As laser technology has advanced to systems of shorter tivity, it was immediately clear that the Laboratory would
and shorter pulse width (into the femtosecond regime), have neither the experienced staff nor suitable major equip-
time-resolved studies of condensed-phase energy transfer, ment at adequate levels to mount a serious effort for sev-

chemical-reaction dynamics, and structural phase transi- eral years. Fortunately, the Physics Department at the
tions have become possible. The new femtosecond system University of California at Davis had recently hired a new
now undergoing initial trials will be used first to study chairman, Robert N. Shelton, a solid-state physicist with
shock sensitivity in energetic materials, interests and experience in superconductivity. A collabora-

Modern materials science uses ion beams for a variety tion between LLNL and UCD was immediately seen to be
of synthesis and processing purposes: to implant ions, advantageous to both parties. The current status of the col-
modify surfaces and internal layers, amorphize crystalline laboration is reported here.
structures, and otherwise cause or produce nonequilib- As the original workers from the Manhattan Project era

rium systems. Ion beams are also used to analyze and retire, one of the areas in which scientific personnel are
characterize materials by such standard methods as disappearing is heavy-element science--the science and

Rutherford backscattering and particle-induced x-ray technology of the elements beyond actinium. LLNL has
emission. The advent of a versatile new accelerator capa- taken the lead to reverse this trend by providing opportu-

ble of maintaining 4 MV on the terminal makes possible a nities for education and training of the next generation of
variety of beams with energies up to 4 MeV times the heavy-element scientists. The vehicle selected to achieve
charge on the accelerated ion. these goals is an institute based in Livermore and cospon-

sored by Lawrence Berkeley Laboratory and the
University of California at Berkeley.
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Applications of Ultrashort-Pulse Laser Technology
to Materials Characterization and Investigations of
Condensed-Phase Energy-Transfer Dynamics

New high-repetition-rate, high-power, femtosecond-pulse laser
technology is being implemented in the study of condensed-phase
energy-transfer dynamics. Uses of the new system include (1) pre-
cise determination of vibrational lifetimes and dephasing rates in
energetic materials and (2) studies of phonon-mediated energy-
transfer dynamics in aerogels.

Introduction and molecular reactivity must be interpreted microscopi-
cally. This solution includes a comprehensive microscopic

Our understanding of physical and chemical phenomena is theory of sensitivity that can accurately predict materials

advancing with the development of new optical sources and properties and lead to a molecular-engineering approach to
spectroscopic techniques. Several recent developments in the synthesis of energetic materials.
ultrashort-pulse laser technology have removed the techni- To understand the molecular basis of condensed-phase
cal limitations to the routine generation of amplified optical shock sensitivity and shock-induced chemical reaction,
pulses with durations under 100 fs. Consequently, a wide we first must identify intrinsic material properties that
variety of experimental investigations have become feasible can be precisely determined and correlated with molecular
for the first time. The emphasis in experimental, time- structure and reactivity. A reasonable approach is to focus
resolved spectroscopy has shifted from issues regarding attention on the fundamental material excitations that are
time resolution to the search for appropriate light-matter directly involved in the inter-to-intramolecular energy
interactions to initiate and observe dynamical phenomena transfer that precedes shock-induced reaction (i.e., the

of interest. The use of optical pulses that have times shorter dynamics and interactions of the phonons and vibrons in
than those required for most nuclear motions--including the systen't). Phonon and vibron dynamics can be quanti-
collective vibrational modes, molecular orientational fled by their experimentally determined energy and phase-
motion, intermolecular collisions, and intramolecular vibra- relaxation times. These system-specific dynamic quantities
tions--has made possible the "impulsive" generation and are governed by the anharmonic phonon-phonon and
direct observation of indMdual cycles of vibrational motion phonon-vibron coupling terms. 3,4These terms describe
and associated relaxational phenomena. 1Time-domain the material's intermolecular potential energy surface and
analogs of conventional frequency-domain spectroscopic consequently provide a direct link to molecular structure.
techniques have emerged. 2 In addition, the prospect exists Intra- and intermolecular vibrational energy redistribu-
for direct time-resolved observation of events of chemical tion and relaxation in condensed phases occur on picosec-

and physical interest (e.g., condensed-phase energy transfer, ond and subpicosecond time scales. The material excitations
chemical-reaction dynamics, and structural phase transi- relevant to the problem of shock sensitivity involve energies
tions) with unprecedented detail, in the 10- to 400-cm -1 (THz) range. Characterization of

these relatively low-frequency vibrational modes in the
Shock Sensitivity of Energetic Materials time domain by using recently developed femtosecond

spectroscopic techniques provides a convenient means of
Minimizing the shock sensitivity of homogeneous energetic obtaining information on both energy and phase relaxation,
materials while maximizing their performance is a major as well as the specific details regarding the coupling of dif-
goal of the energetic-materials community. Although the ferent material modes. Time-resolved coherent Raman or

general performance of explosives and propellants can be infrared spectroscopy provides experimental information
satisfactorily understood by means of a macroscopic hydro- on the lifetimes of optically active phonons and vibrons in
dynamic picture, the difficult problem of shock sensitivity the time domain. The experimental results are then inter-

preted in terms of many-body perturbation techniques 5 or
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molecular dynamics (MD) simulation. _8 The latter is par- the higher frequencies tlp tc, the zone boundary frequencies

ticularly useful for the types of large organic molecules that of the acoustic branches in tlle THz range.
constitute most energetic materials of interest. Because the Acoustic phonons at these frequencies play all impor-

technique does not use any perturbative expansion, it incor- tant role in the thermal properties of materials. The main
porates the full anharmol_icity of the potential used and source of information on the kinetics of phonons outside
does not truncate higher-order terms. The method directly the conventional ultrasonic region is thermal conduction
furnishes space- and time-correlation functions of the data, which yield only averages related to ali phonons
dynamical variables that are the spectroscopic quantities of excited at a given temperature. Both spectral and temporal
interest. Analysis of the appropriate correlation functions information about the phonon distribution can be
permits a direct comparison with experimental time- obtained by using ISBS.
domain data. Higher-frequency-optic phonon dynamics in aerogels

The coupling of diamond anvil cell (DAC) technology can be characterized through femtosecond time-resolved
with femtosecond time-resolved spectroscopy is a logical measurements of energy and phase relaxation by using

and powerful tool for studying condensed-phase dynamics impulsive stimulated Raman scattering (ISRS). 1,2The
in energetic materials, lt enables material-specific dynamic relaxation of incoherent phonons detected by transient
parameters to be probed at temperatures and pressures Raman spectroscopy after optical excitation of impurity
approaching those found in a shock wave. Pressure-induced centers (dopants) provides another microscopic probe of
changes in the experimentally measured femtosecond coher- aerogel structure and properties. Local heat dissipation
ent Raman decays can be correlated with pressure-induced over molecular-length scales can be in_ estigated in this
anharmonicities in the intermolecular potential energy func- manner. The correlation of synthetically modified aerogel
tion. This correlation will allow us to determine the accuracy structures with time-domain spectroscopic studies of
of the phenomenological atom-atom potential functions phonon properties should provide a powerful approach
used in the MD simulations and to assess the necessity of to the detailed understanding of these materials.
including higher order electrostatic interactions. Exploring The key to successfully implementing the previously

the temperature dependence of the experimentally deter- outlined experimental approaches is the amplified fern-
mined quantities at a given pressure will permit us to evalu- tosecond laser system currently under development. This
ate the contributions of different relaxation mechanisms system uses an ultra fast optical technology that is custom
such as stimulated phonon emission and absorption, designed and optimized for use in condensed-phase spec-

troscopic investigations. The amplified femtosecond-pulse
Thermal Conduction in Aerogels source for this work is based on a recently developed and

demonstrated high-repetition-rate (100-kHz) solid-state
The characterization of the fundamental mechanisms and regenerative amplifier and pulse-compression technol-
structural parameters responsible for the thermal and ogy. 9,1°The unique high pulse-repetition rate of this system
acoustic properties of aerogels relates to this area of interest, allows operation in a regime where an ideal compromise

With time-domain impulsive stimulated light scattering can be achieved between the peak powers necessary to
and femtosecond pump/probe spectroscopy, we can exam- enhance desired nonlinear optical processes and the ability
ine coherent optical and acoustic phonon dynamics in to exploit high-repetition-rate signal averaging and multi-
pure aerogels and relaxational phenomena involving non- ple modulation techniques. This compromise is particularly
equilibrium incoherent phonon populations in doped aero- important for the nondestructive spectral characterization
gels. Optical generation and detection of acoustic phonons of energetic materials in the DAC, where small sample vol-
by means of time-domain impulsive stimulated Brillouin umes require focused laser beams and a delicate balance
scattering (ISBS) permit direct determination of acoustic exists between optical damage and an acceptable experi-
velocities, acoustic attenuations, temperature coefficients of mental signal-to-noise ratio. Tunability in terms of wave-

the acoustic velocity, and photoelastic constants. 2 In gen- length, pulsewidth, and pulse repetition rate are intrinsic
eral, any acoustic mode that the material can support_pure aspects of the type of broadband, high-repetition-rate, high-
shear, quasi-shear, quasi-longitudinal, and pure longitudi- energy system design being implemented. Spectral tunabil-
nal--can be selectively generated and detected. Acoustic ity from the ultraviolet to the infrared will be possible via a
frequencies can be tuned continuously from 3 MHz to 1 THz combination of femtosecond continuum generation, hat-
by using this technique. Traditional ultrasonic methods monic generation, and optical mixing. Amplified pulse-
permit efficient study of acoustic vibrations in solids only sequence generation (via spectral windowing and/or
up to about 10 GHz. The ISBS technique allows access to interferometric addition) will also be feasible.
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4-MV Ion-Accelerator System for Materials Studies

With the addition of a 4-MV ion-accelerator system, we have
enhanced the Laboratory's capabilities for characterizing and
modifying materials. This system generates MeV ions that can be
used to perform quantitative, nondestructive analysis of materi-
als by four ion-beam techniques: ion backscattering, particle-
induced x-ray emission, ion-induced nuclear-reaction analysis,
and forward-recoil spectroscopy. In addition, we can modify
materials by using high-energy ion implantation and irradiation.

Introduction Ion-Material Interactions

We recently purchased and installed a 4-MV ion-accelerator After monoenergetic ions with energies between 0.4 and
system that is dedicated to the characterization and modifi- 8 MeV enter a material, they begin to slow down as a
cation of materials. With this system, we can meet increas- result of scattering with electrons and with the atomic

ingly stringent materials requirements for weapons research nuclei. The number of ions is preserved at any depth asso-
and other Laboratory programs. In this article, we describe ciated with the straight-line part of the trajectory, which is
the system, present some basic concepts of ion-material related to the region where interactions with electrons
interactions, summarize the four major techniques used in dominate. However, ion energies decrease slowly and
the ion-beam analysis of materials, discuss an example of .........................................................................................
ion-beam characterization of a material, and outline ion- Figure 1. Overviewof the 4-MVacceleratorsystem.

beam modification procedures. | See textfor explanationof thecallouts.In this
photo,SteveHolmesmonitorsthe4-MVacceleratorduringan experiment.

Description of 4-MV Ion-Accelerator System , r,_ .....
: (a,b,c) t

The present system with the main analytical beam line
(see Fig.l) consists of (a) the 4-MV, single-ended ion accel-

erator that relies on a pelletron chain for charging, (b) the
tank containing the SF6 insulating gas, (c) a cold-cathode ,._. ' _ _
ion source located at the high-voltage terminal potential,

(d) a magnetic quadrupole focusing unit, (e) various beam _ (g)

diagnostic and feedback units, (f) an analyzing magnet
with a chamber to permit selection of the ion to be sent to ,* '

the specified end station, (g) a control console, and (h)the __/'*
present, small analytical end station. (f) _:.

The cold-cathode source can produce ions from any "__<__"
gas. For example, the accelerator can deliver more than
10/aA of analyzed hydrogen, helium, or argon ions and

more than 1 luA of doubly charged nitrogen ions to the _i!i_
analytical end station. The existing analytical end station

will soon be replaced with a larger, more versatile, auto- Il
mated end station. The analyzing magnet has a mass-

energy product of at least 500 MeV ainu, which means that ..di-- (h)
3.8-MEV xenon ions can be deflected into the +15° beam-

lines. The chamber in the analyzing magnet can accommo-
date as many as six analyzed beamlines at +15, 30, and ,_,
45°. The other five beamlines will be installed in the future "',

as programmatic and research needs dictate. A beamline ..-

for ion-beam modification of materials, including a raster- .L:,
ing capability, will be installed on the other 15° direction i!.:_ii!':
to permit implantations and irradiations.
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spread increasingly about the average as a result of inter- because, for a given ion energy; the x-ray production cross
actions with the electrons. Because the directed iota flux section decreases dramatically with the atomic nunlber (Z)

(ions/crn2/s) can be specified throughout the straight-line of the target atoms (e.g., ~1/ZS for K-shell x-ray produc-
path, meaningful material characterizations over this depth tion), whereas the Rutherford cross section increases as the
car_be obtained directly from the known cross sections of square of the atomic number (Z2). In addition, PIXE pro-
rare ion-atom interactions and the well-documented val- rides a clear distinction between atoms with similar atomic

ues of dE/dx, the energy loss per unit depth. These values numbers, but RBS dues not always yield an unanabiguous
provide a "window" into the material by virtue ttf the identification for high-Z atoms. 4
nearly linear relationship between ion energy loss and the Ion-induced nuclear reactions can emit prompt prod-
amount ttf material traversed. This relationship forms the ucts (such as iotas and/or gamma rays) that are uniquely

basis for using MeV iotas to analyze a material as a func- related to the nuclei of the reacting particles (the incident
tion of depth, iotas and the target atoms). Thus, NRA consists qf energy

spectrometry of the reaction products and vields ata unam-
Ion-Beam Analysis biguous identification of the reacting nuclei. The reaction

cross sections of many ion-induced nuclear reactions have

Iotas with energies between 0.4 and 8 MeV are well suited sharp resonances as a function of ion energy. If these reso-
to probing materials using four major quantitative, nances have a narrow energy width and are well sepa-
nondestructive techniques: ion backscattering (BS), particle- rated in energy, then depth profiling can be performed by
induced x-ray emission (PIXE), ion-induced nuclear reac- starting with the iota energy that places the resonance reac-

tion analysis (NRA), and forward-recoil spectroscopy (FRS). tion at the surface. Then, as the energy of the ion is
Ion-beam analyses are quantitative because the cross sec- increased, the resonance occurs at increasingly greater
tions for the interactions of the ions with the atoms in the depths in the sample. Because the reaction yield at each

materials are either well known or can be determined by depth is proportional to the concentration of the isotope of
using known standards. By judiciously selecting the ion interest, the isotopic depth distribution can be determined
species, its incident energy, and the specific ion-beam tech- from the known energy loss of the ion in the material.
nique, we can tailor the analysis for each element in the When the mass of the incident particle is equal to or
periodic table. One or more of these techniques can provide greater than the mass of the target atom, elastic BS cannot
detection sensitMties for various elements of about 10-3 occur. However, a large part of the incident ion energy can
monolaver (about 1012atoms/cre 2) for surface layers, or be transferred to the lighter target atom, which then recoils

less than one atomic part per million (appm) for bulk levels, into a forward angle. In FRS, energy spectroscopy of these
All four techniques rely on interactions between the ion elastically recoiled atoms yields the initial depth distribu-

and the target atom that occur only when the two particles tions of the recoiled atoms. Generally, the incident iota and
come within about 0.01 nm_a very small distance com- the detected recoiled atom have paths at small angles
pared with the typical interatomic spacing in solids (0.3 nm). (<30 °) with the surface of thick specimens. Thin, freestand-
A combination of one of these close-encounter analysis ing foils are an exception because the recoiled atoms can
techniques together with channeling of iotas through the escape through the foil to a detector.
open directions (axial or planar channels) of monocrys-
talline materials can be used to determine the location of Ion-Beam Materials Characterization
impurity atoms in either interstitial or substitutional sites

or to assess the extent of lattice imperfections in the near- During the 1980s, we used MeV ions from a 3-MV acceler-
surface region. 2 ator, which no longer exists, to characterize materials for a

In iota BS spectrornetry, 3 the energies of ions elastically variety of LLNL projects. The applications included analy-
scattered back from nuclei in the sample are measured, sis of thin foils5,6; coatings; interfaces related to bonding
Simple Coulombic or Rutherford backscattering (RBS) and adhesion failures; polishing damage on the surface of
using helium ions and protons has proven to be most gen- crystals; ion-, electron-, and laser-modified materials; and

erally useful. Interpretation of the BS spectra yields infor- materials after they had reacted with gases. 7,s
rnation about both the mass and the depth distribution of A representative example of these analyses is shown in

the elemental constituents of the specimen with a depth Fig. 2. We determined the composition and thickness of a
resolution of about 30 nm for energy-dispersive detectors, free-standing, deposited carbon foil by simultaneous RBS

PIXE, which is characteristic of the atomic species in the and PIXE using 2-MEV helium ions. 6 Although most of the
bombarded target, results from inner-shell ionizations. PIXE ions passed through the thin foil, a very small fraction of
and RBS are well rnatched as complementary techniques them were backscattered through ata angle of 168° to the

energy-dispersive detector. In the backscattering spectrum
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shown in Fig. 2, the subscripts "T" and "B" refer to the "stitching" at interfaces. Passage of ions through interfaces
energy position for helium scattered from the indicated ele- between dissimilar materials can lead to the formation of
merit at the top or base of the foil, as originally deposited on interfacial alloys or cornpounds. This restilts from atomic

a substrate. The corresponding PIXE spectrum revealed intermixing caused by collision cascades and radiation-
peaks for C(K), O(K), Si(K), At(K), Fe(L), and Cu(L) x rays. enhanced diffusion. In addition, mixirlg arid stitching can
Knowing which elements were present removed uncertain- be used to enhance the adherence of a coating to a sub-
ties related to the interpretation of the RBS restllts, which strate as ions are passed through the interface. The term
showed that contamination by oxygen (1.6 at.'!/,,), argon "mixing" generally describes this enharlcement phenome-
(0.2 at.'!,'<,),iron (0.5 at.%) and copper (0.6 at.%) existed uni- non when the dominant energy deposition process at the
formly throughout the entire foil thickness. In contrast, sill- interface leads to atomic displacements, because signifi-

con inside the foil near the center caused a very small BS cant atomic exchange across the interface is t.xpected.
peak. We made a quantitative evaluation of the carbon-atom When electronic excitation dominates, very little atomic

areal density (4.62 x 10TMcarbon atoms/cre 2 or 92.0 t,ig car- exchange occurs between the coating and the substrate;
bon/cm 2) and of the amounts of the impurities, assuming however, the electronic bonding configurations across the
that the stopping matrix was pure carbon. Taking 2.0 g/cre 3 interface are modified, and "stitching" may occur.
as the density of the deposited carbon converts the areal

density obtained by RBSto a thickness of 460 nra. Summary

Ion-Beam Modification The quantitative, nondestructive nature of the major ion-
beam analysis techniques accessible with our new 4-MV

High-energy ion-beam modification of materials can be accelerator system should continue to prove invaluable

dMded into two distinctive classes: implantation and irradi- for resolving a variety of materials questions. In addition,
ation. Although essentially ali of the ions become implanted MeV ion implantations and irradiations hold promise for
in both classes, implantation includes procedures for which developing new materials.
the implanted layer is the desired end effect. Examples of

implantation applications are calibration standards for anal- This work was supported jointly by Defense Sciences and by
ysis techniques and other experiments, low-concentration Weapons-Supporting Research.
doping, synthesis of compounds or alloys, and formation of
subsurface elemental layers. References

Irradiation includes processes in which the important
features are the interactions of the ions with the material I.R.G. Musket."Using MeVIonsto Characterizeand Modify
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National Laboratory, Livermore, CA, UCRL-52000-90-10 (1990), p. 26.

.................................................................................. 2. L. C. Feldman, J. W. Mayer, and S. T. Picraux, lVlaterialsAnalysis I,y

Figure 2. Helium-ion backscattering spectrum for free- Ion Channeling (Academic Press, New York, 1982}.

standing, 460-nm-thick carbon foil. 3. W.-K. Chu, J. W. Mayer, and M. A. Nicolet, Backscattering

5 Spectrometry (Academic Press, New York, 1t)78).

CB_ 4. R.G. Musket, "Applications of Simultaneous Ion Backscattering and

__i _l.q. - Ion-lnducedX-RayEnlission,"Nucl. hislrum. Meth. 218,420(1983).Oxygenon Beryllium Using

x Tri 5. R.G. Musket, "Analysis of and in 2-MEV
CT ,o Helium kms," Nucl. lnstrum. Meth. B24/25, 698 (1987).

_ 2-MEV t-le* 6. R. G. Musket, "Composition and Thickness of Multilaver Foils

--, g Using MeV Ion-Beam Techniques," l'roc. SPIE. 911, 177(19881.
" . -.l 15 ° 7. E. N. Kaufmaml, R. G. Musket, C. A. Colmenares, and B. R. Appleton,
. _ "Enhancement of Uranium Oxidation Resistance by Molybdenum

" i Implantation," in Mater. Res. Soc. Syntp. Proc. 27 (1984), p. 747.

•,-d " B F Ar I 8. E. N. Kaufmann, R. G. Musket, J. J. Truhan, K. S. Grabowski, C. R.

I Fel-

_'_: _-- " _C Gossett, and I. L. Singer, "H glv'lbmperature Oxidation of lon-

'_ Fe B' I CuB1 Implanted Tantalum," Nucl. I,tstrum. Meth. 209/210, 953(1983).

" ArB T U l

0 ' '_" _ _ -

Energy, channel

175



Section 10 • Facilities and Instrumentation

LLNL/UC Davis High-T c Collaboration:
Highlights of the University Program

LLNL and UC Davis have completed the third year of a collabo-
rative research program that focuses on high-temperature,
superconducting materials. Emphasizing experimental work,
individual projects have covered the spectrum from investiga-
tions of the intrinsic origins of high-Tc superconductivity to
experiments with a strong orientation toward applications
and device fabrication.

Introdr ._ion program are too numerous to itemize. Eighteen publica-
tions appeared ill FY90-91 alone. 1-18 The research leading

For the past three years, LLNL and the University of to this exceptional productivity is described according to
California, Davis have collaborated oll research on high- the materials under study.
temperature, superconducting materials. Collaborators
have included senior investigators and postdoctoral Single-Crystal Research
researchers from both institutions and UC Davis graduate
students. Some collaborators have been experimentalists, The exceptional ability of our research collaboration to pro-
others theorists. Experimental facilities were used at the duce the highest quality single crystals of multinary oxides
two institutions in complementary ways because neither gives us a competitive edge in experimental studies. This
institution is fully equipped for a broadly based research single-crystal capability has enabled us to perform unique,

program in high-temperature superconductivity, leading-edge experiments on YBa2Cu307_x(YBCO) and on
crystals derived from YBCO via substitutional methods.

Doctoral Program For YBCO, a recent article in Physical Review Letters pre-
sented our analysis of twin boundary effects on magnetic

Through direct sponsorship provided by this program, vortex motion. In the same prestigious journal, we reported
two students have completed their doctorates. They are the first direct experimental determination of the Fermi
continuing their careers as a research physicist and as a surface in YBCO. Overall, our program has contributed
postdoctoral researcher at major universit!es. Two other fundamentally to the understanding of the flux creep
graduate students will finish their doctorates this aco- mechanism and the role of anisotropy in this material.
demic year. This rapid graduation rate is made possible Using our crystal-growth capabilities, we completed
through the high-quality research program sponsored by the first series of experiments on two sets of doped
LLNL. Through this support, we can attract top-quality YBCO crystals. The complex and controversial system of
students to work on important research projects that lead praseodymium-doped YBCO required single-crystal stud-

to publications and conference participation. The high vis- ies to complement earlier polycrystalline work. In a project
ibility of these projects results in postdoctoral opportuni- related to the effect of twin boundaries on the supercon-
ties for these students, ducting properties, we successfully doped iron into YBCO

and determined the interactive effects of the magnetic iron

PrDductivlty ions and the changing twin boundary spacing.
Our collaborative program extends beyond YBCO and

In addition to student support and the accompanying ben- derivative systems. Recent published work includes single°
efits to this collaborative research program, the numerous crystal studies on systems as diverse as T1-Ba-Ca-Cu-O

publicatiolls sponsored by this program manifest its over- (which includes the current world record Tc = 125 K mate-
all productMty. Since its ir,ception, the program has pro- rial), Bi-Sr-Ca-Cu-O, and the electron-based superconductors
duced 26 collaborative publications in refereed journals. Nd_ Ce CuO- In the bismuth system, we extended theZ-.l" ._" +-1i ' _ .'

Additional conference proceedings, invited and con- most recent the6retical model to obtain a complete picture
tributed talks, and institutional seminars based on this of the phenomenon of magnetic relaxation. Previous work

had treated only selected regions of the field-temperature-
time parameter space. Our new method of crystal growth
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for the electron-based materials led to collaborative 5. L. Zhang, J. Z. Liu, M. D. Lan, P. Klavins, and R. N. Shelton, "Single

research on the electronic structure. The role of electron Crystal Growth of Nd2._Ce_CuO4_,f," Physica C174, 431 (1_91).

doping by cerium (and thorium) into the neodymium site 6. s. T. Weir, W. J. Nellis, Y. Dalichaouch, B. W. Lee, M. 3. Maple, J. Z.
Liu, and R. N. Shelton, "Evidence for a Time-Dependent Crossover

was determined through x-ray absorption studies, from Surfacelike to Bulklike Flux Relaxation in YBa2Cu307_ 6."

Phys. Rev. B 43, 3034 (1_91).

Sl,lrllmary 7. j. z. Liu, Y. x. Jia, R. N. Shelton, and M. J. Fluss, "ln-l'lane
Anisotropy of the Interaction Between Vortex and Twin Boundary

in YBa2Cu307 Single Crystals," Phys. Rev. Lett. 66, 1354 (1991).
The LLNL/UC Davis collaborative research program in 8. K. F. McCarty, ld. B. Radousky, J. Z. Liu, and R. N. Shelton,

high-T c superconductivity has shown exceptional produc- "Temperature Dependence of the Linewidths of the Raman-Active

tivity. The rate of publication in the highest quality jour- Phonons of YBa2Cu30,: Evidence for a Superconducting Gap

nals attests to the importance of the topics selected for Between 440 and 500 cml, '' Phys. Rev. B 43, 13751 (1991).

study. Strong student participation has developed young 9. H. Haghighi, J. ft. Kaiser, S. Rayner, R. N. West, J. Z. Liu, R. Shelton,

scientists who are now contributing independently to the R.H. Howell, F. Solal, and M. J. Fluss, "Direct Observation of Fermi
Surface in YBa2Cu3OT_a " Phys. Rev. Lell. 67, 382 (1991).

interdisciplinary field of materials physics. Through this 10. M. D. Lan, J. Z. Liu, and R. N. Shelton. "Effects of Cu Substitution

interactive, multidisciplinary approach to research, we by Fe on the Magnetic Properties of YBa2Cu307_,_ Single Crystals,"

have created a team of scientists with expertise across the Phys. Rcv. B 43, 12989 (1991).

broad range of experimental physics, chemistry, and mate- 11. M. D. Lan, J. Z. Liu, and R. N. Shelton, "Critical Current Density in
Iron-.Doped Y-Ba-Cu-O Single Crystals," Phys. Rev. B 44, 233 (1991).

rials science. The effect of this team approach to research 12. M. D. Lan, J. Z. Liu, and R. N. Shelton, "Flux Creep in Iron-Doped

extends beyond the specific program focus of high- Y-Ba-Cu-O Single Crystals," Phys. Rev. B 44, 2751 (1991).

temperature superconductMty. Details of some of these 13. K. E McCarty, J. Z. Litb Y. X. Jia, R. N. Shelton, and H. B. Radousky

projects are given elsewhere in this Report. "Effect of Gold-Doping on the Energy Gap of YBa2Cu30 7 as
Determined bv Raman Scattering," Solid State Commun. 79, 359 (1991).

This work was funded b_lWeapons-Supporting Research. 14. H. A. Blackstead, D. B. Pulling, P. J. McGinn, and J. Z. Liu, "Flux-
" " Flow and Phase-Slip Dissipation in Crystalline Bi2Sr2CaCu2Os+x

and YBa2Cu3OT_x," Physica C174, 394 (1991).

* University of California, Davis 15. J. Chen, L. Chow, and J. Z. Liu, "Response of the High

Temperature Superconductors to Weak AC Magnetic Field,"

References Physica C175, 634 (1991).
16. E. K. Moser, W. J. Tomasch, P.J. McGinn, and J. Z. Liu, "Microwave

1. K. E McCarty, J. Z Liu, R. N. Shelton, and H. B. Radousky, Magneto-Dissipation in Crystalline YBa2Cu3Ot_+x and

"Electronic Raman Scattering of YBa2Cu307 Using C-Axis Bi2Sr2CaCu2Og," Physica Cl16, 235 (1991).
Polarization--Evidence for Two Characteristic Superconducting 17. A. Amato, R. Caspary, R. A. Fisher, N. E. Phillips, H. B. Radousky,

Energies," Phys. Rev. B 42, 9973 (1990). J.L. Peng, R. Zhang, and R. N. Shelton, "Specific Heat of

2. Z. Tan, J. I. Budnick, J.L. Peng, L. Zhang, and R. N. Shelton, "X-Ray (Yl_xPrx)Ba2Cu307: Magnetic Ordering, Magnetic Hyperfine

Absorption Studies of Atomic and Electronic Structures of Fields," Physica B16$, 1347 (1991)).

Nd2_xM_.CuO 4 (M=Ce and Th)," Physica B163, 13 (1990). 18. H. B. Radousky, R. S. Glass, D. Back, A. H. Chin, M. J. Fluss, J. Z.
3. J. Z. Liu, Y. X. Jia, P. Klavins, R. N. Shelton, J. Downe_; and D. J. 1.,am, Liu, W. D. Mosley, P. Klavins, and R. N. Shelton, "Proce:,:ing

"Preparation and Magnetic Measurements of Single Crystal Parameters and Kinetics of Bromination and Chlorination in the

T12BaCaCu208," ]. Cryst. Growth 109, 436 (1990). YBa2Cu30_+ x System," IEEE Tta,s. Magn. 27, 25] 2 (1991).
4. N. E. Phillips, R. A. Fisher, R. Caspary, A. Amato, H. B. Radousk_,
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Hyperfine, and 'Linear' Contributions to the Low-Temperature

Specific Heat of (Yl_xPrx)Ba2Cu307_8," Phys. Rev. B 43, 11488 (1991 ).
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Glenn T. Seaborg Institute for Transactinium Science

We have organized a new institute that will focus its activities on
the science and technology of the transactinium elements. One of its
major purposes is to educate and train new scientists in this field.

T. TiSugiliara .

Background United States and, to the extent possible, of other countries
as well. To this end, an international workshop, organized

The science and technology of the heaviest elements has by E. K. Hulet, was held in June 1990 at the Claremont
long been a specialty at the Lawrence Livermore National Hotel in Oakland, California. This well-attended meeting
Laboratory and its sister institutions: the Lawrence Berkeley assessed the state of the art in a variety of areas that consti-
Laboratory (LBL) and the University of California at tuted the field of heavy-element science and technology.
Berkeley (UCB). This area of research is of great technical The proceedings of the workshop I are intended to be a
interest, not only because of the unusual chemical, physical, guide for the institute in the near term.
and nuclear properties of these elements, but also because By the winter of 1990-91, the creation of an institute
of their importance in national security, environmental had 1,een approved by the chief executives of elements of
studies, waste minimization and processing, and national the University of California system who would be associ-
energy policy, ated with the new institute: David P. Gardner, President,

In lg89, the Chemistry and Materials Science Department University of California; John H. Nuckolls, Director, LLNL;

at LLNL surveyed the field and concluded that the supply Charles V. Shank, Director, LBL; and Chang-Lin Tien,
of trained professionals was diminishing to the detriment Chancellor, UCB. In addition, President Gardner approved
of national goals. We needed a mechanism that would pro- the addition of "Glenn T. Seaborg" to the name of the new
vide new personnel who could promote, expand, and "Institute for Transactinium Science" in recognition of
strengthen basic and applied understanding of the elements Seaborg's historic contributions to the field in his many
from thorium (Z = 90) up to the heaviest known (Z = 109). years of affiliation with UCB, LBL, and the Department of
In addition, we needed a way to focus the nation's activities Energy (and its predecessor agencies as far back as the
in this field. Manhattan Project).

To achieve these goals, we explored, with LLNL man- The formal announcement of the formation of the Glenn
agement and colleagues, the concept of forming an insti- T. Seaborg Institute for Transactinium Science came in

tute and subsequently consulted our counterparts at LBL February 1991 at a celebration of the 50th anniversary of
and UCB. One of the main purposes of the institute would the discovery of plutonium. Darleane C. Hoffman, profes-
be education and training based on research and develop- sor of chemistry at UCB and a strong contributor to the lit-

ment in transactinium science. The concept was endorsed erature in the chemistry and physics of the heavy elements,
unanimously and enthusiastically. We chose LLNL as the was named the first director of the Institute. Subsequently,
site of the institute because it can satisfy the unusual needs Patricia A. Baisden and Lawrence R. Newkirk, both of

of a research institute for heavy element work: physical LLNL, were named deputy directors to assist Director
security for safety reasons, specialized equipment and Hoffman. Administratively, the Institute is part of the
facilities, and proximity to major academic institutions. Chemistry and Materials Science Department, and the

Institute director reports to the Associate Director for
Early Activities_Starting the Institute Chemistry and Materials Science.

The first funding for the Institute came in April 1991
Having arrived at a concept, we next had to define an through Weapons-Supporting Research at LLNL. The

agenda, at least for the early years of the proposed insti- Institute's charter called for the formation of an Advisory
tute, and present a focused plan to various managers who Council whose principal function was to advise the
ultimately would be asked to endorse the institute. We also Associate Director for Chemistry and Materials Science
needed the support of the heavy-element community of the on policy matters related to the management and opera-

tion of the Institute. The Advisory Council was appointed
in April 1991 and met for the first time in July 1991.
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Members of the Advisory Council were chosen because responsible operation of the complex facilities needed for
of their extensive management, policy, or technical exper- transactinium research. In the near term, the FWP also
tise across a broad spectrum of transactinium science, requests funds to refurbish and upgrade existing facilities.
technology, and educational topics. Current members In the longer term, a new facility specifically designed for
include the following: education and training as well as research and develop-
. Glenn T. Seaborg, LBL, chair ment is proposed.
• Roger E. Batzel, LLNL Activities proposed in the FWP include education
• Gregory R. Choppin, Florida State University and training in areas relevant to the mission of Defense
• Floyd L. Culler, Electric Power Research Institute Programs, such as modernization and design of weapons

• Jean Fuger, Commission of European Communities facilities, nuclear materials processing, stockpile reduction,
• Gerhart Friedlander, Brookhaven National Laboratory nuclear test diagnostics, and surveillance and detection of
• Dieter M. Gruen, Argonne National Laboratory proliferation activities. Another DOE office that would
• Guenter Herrmann, University of Mainz benefit from the education and training activities of the
• John R. Huizenga, University of Rochester Institute is Environmental Restoration and Waste
• M. Brian Maple, University of California at San Diego Management, particularly in addressing environmental
• Don R. Olander, UCB contamination by transactinium elements and in develop-
. Hirokazu Umezawa, Japan Atomic Energy ing, testing, and improving methods and technologies for

Research Institute environmental restoration.

• Eugene M. Wewerka, Los Alamos National Laboratory The Institute's activities also overlap strongly with the
• Ray E. Wildung, Battelle Pacific Northwest Laboratories mission of the DOE's Office of Energy Research in the chem-
. Ray G. Wymer, Oak Ridge National Laboratory ical sciences, materials science, and nuclear physics. In the

Bay Area, ER already strongly supports research programs

Current Activities in heavy element nuclear chemistry, physical chemistry, met-
allurgy, solid-state chemistry, and synchrotron-related sci-

It was essential that the Institute get off to a flying start, ence as well as major research facilities such as the LBL
From the point of view of existing experimental programs cyclotron and the soon-to-operate Advanced Light Source.
at LBL and LLNL and the availability of facilities, the best The Glenn T. Seaborg Institute for Transactinium
choice in the fall of 1991 for immediate involvement of Science is off to an impressive start. In future issues of this
graduate students was in the environmental chemistry of Report, we will relate its scientific accomplishments in a
plutonium and other actinide elements. Subsequently, a section on transactinium science.
postdoctoral associate was named in solid-state chem-
istry, and most recently, a postdoctoral theorist was This work was f_tnded by Weapons-Supporting Research in FY91
appointed who will interpret electronic structures of and Laboratory Directed Research and Development in FY92.
transactinium species.

In parallel with the startup of scientific activities, sub- References
stantial effort has been devoted to a search for additional

funding, principally within offices of the Department of 1. E. K.Hulet,Ed.,Reportofa WorkshoponTransactiniumScience,
Energy. A broad-gauged field work proposal (FWP) has Lawrence Livermore National Laboratory, Livermore,CA, UCRL-LR-104538(1990).
been prepared to secure funding for scientific staff and
student fellowships and for safe and environmentally
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Overview
L. Mo Brown

These last pages of this Report for 1990-91 are intended consultants, advisory committees, and collaborations of

to supplement the preceding articles in order to present a the directorate. In particular, the Chemistry Review
more complete picture of the C&MS organization, staff, Committee and the Materials Review Committee play key

activities, and (in the final section) budget, roles in evaluating the respective research programs and
In strict terms, C&MS is a directorate, headed by an advising the associate director and senior staff on both

associate director. The Personnel section of this Report lists quality and direction. The collaborations listed are primar-
C&MS employees in four groups: those working directly ily with educational institutions. In future editions of this
on the staff of the associate director and those assigned to Report, many more collaborations with industry will be
one of the three divisions (Chemical Sciences, Condensed presented, in response to DOE's increasing emphasis on
Matter and Analytical Sciences, and Materials). Like most technology transfer.
LLNL organizations, C&MS is dynamic, with terminations The section on Research Communications emphasizes
and retirements, a limited number of hires from the out- the breadth of research and programmatic activities in
side, and transfers to and from other LLNL organizations C&MS. Input for this section was solicited from all direc-
occurring throughout the year. The personnel listed here torate personnel, and the response was impressive: for
were those present toward the end of calendar year 1991. calendar years 1990 and 1991, C&MS personnel were

An area of special emphasis in recent years has been the responsible for over 230 journal articles, 140 conference
expansion of the C&MS postdoctoral research program. The proceedings, 75 Laboratory-issued reports, 20 articles in
number of postdoctoral research staff members has increased books, and 4 edited books. In addition, they gave over 80
from I to 2 in 1985 to a steady state of about 20 in 1991; post- lectures and more than 360 presentations at technical
doctoral research terms are generally 2 to 3 years and, as seen meetings and conferences. (The latter number does not
in the listing, a number of postdoctoral research associates include the numerous briefings C&MS staff present to
have subsequently joined the Laboratory as career staff, government, educational, and industrial visitors to the
Postdoctoral research staff members play an important role Laboratory, nor does it list programmatic briefings deliv-
in C&MS, as evidenced by their contributions to the research ered to sponsoring agencies.) C&MS personnel who
presented in this Report. C&MS also supports the work of work primarily on classified projects frequently cannot
graduate students, primarily from the University of publish in the open literature; some of their efforts, how-
California at Davis. ever, are listed in the "Presentations" category. Finally, we

Interactions with a broad spectrum of the national and list 26 patents issued to C&MS staff members during this

international scientific and technical communities are vital two-year period.
to the success of C&MS programs, and we list here the
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Personnel
Chemistry & Materials Science Directorate

C. Gatrousis

Associate Director for Chemistry & Materials Science

T. Sugihara J. Kolb

Deputy Associate Director for Research Assistant Associate Director for Weapons Program
Support

L. Schwartz

Deputy Associate Director for Administration D. La Curtis
Assistant Associate Director for Resources

R. Beach

Deputy Associate Director for Assurances

Critical Facilities Division Leaders

A. Garcia M. Fluss, Condensed Matter and Analytical Sciences

Plutonium Facility Manager Division

A. Toy J. Kass, Materials Division
Tritium Facility Manager

J. Richardson, Chemical Sciences Division
Directorate Staff

Administrative Staff
J. Campbell, P. Crawford, E. Ernst, R. Failor, L. Frahm,
J. Johnson, A. Mode, V. Oversby, D. Seaton, P.Shell, M. Taie L. Brown, L. Ellis, M. Governob J. Jensen, B. Parashis,

K. Spurlin, E. Waller, A. Altenbach, K. Common, G. Glasscox,
J. Jackson, L. Jones, V. Maness, C. Spolerich, S. Woodard

Chemical Sciences Division

J. Richardson, Division Leader

J. H. de Pruneda, Deputy Division Leader

Division Staff Administrative Staff

R. Hopper, J. Oldani, M. Schwab Y. Villa, M. Lewis, D. Coronado, S. Crowder,
B. McCollough, B. Royval, C. Ynzunza

Chemical Engineering Section

C. Thorsness, J. Creighton W. Hut B. Musgrave
Section Leader J. Diaz R. Kanna R. Quong

D. Fields M. Kozlowski R. Taylor

D. Aldis K. Foster S. Mayer R. Upadhye
J. Britten D. Gregg S. Mayhugh H. Wallman
D. Camp R. Hickman M. McClelland B. Watkins
R. Cena R. Homsy L. Murguia Y. Zundelevich
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Energetic Materials Section

R. Simpson, R. Garza A. Mitchell K. Scribner
Section Leader H. Golopol G. Moody L. Simpson

L. Green M. Murphy C. Souers
W. Black F. Helm A. Nichols W. Tao
D. Calef M. Hoffman D. Ornellas C. Tarver

T. Cook E. Jessop P. Pagoria P. Urtiew
C. Coon J. Kury K. Pederson E. von Holtz
L. Daniels C. Lee C. Pruneda C. Walkup
M. Foltz J. Maienschein A. Ruggiero J. Walton
F. Garcia

Physical Chemistry Section

L. Hair, P. Coronado L. Logoteta R. Sanner
Section Leader A. Droege F. McMurphy N. Shah

M. Droege D. Miller C. Stevens
W. Burks-Houck E. Fearon F. Miller S. Steward

G. Collins M. Himmelsbach J. Nielsen R. Tsugawa
W. Conaway H. Leider D. Olness

Polymers Section

R. Pekala, R. Cook F. Kong G. Overturf

Section Leader M. Gebert J. LeMay J. Poco
K. Hong S. Letts J. Satcher

R. Alexander L. Hrubesh B. Mendoza L. Spellman
C. Alviso B. Haendler E. Mones W. Sunderland

S. Buckley S. Hulsey R. Morrison T. Tillotson
I. Chiu

Condensed Matter and Analytical Sciences Division

M. Fluss, Division Leader

R. Rozsa, Deputy Division Leader

M. Weber, Associate Division Leader, Special Programs

Division Staff Administrative Staff

J. Fischer, M. Guinan, G. Roberts K. Jautaikis, R. Quigley, D. Baker, B. Briggs, K. Clark,
R. Coleman, N. Poggio
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Analytical Chemistry Section

p. Baisden, Solutions Environmental Energy
Deputy DMsion Leader

R. Torres, Group Leader P.Russ, Group Leader H. Gregg, Group Leader
Plutonium B. Armstrong A. Conover R. Bedford

N. Butler J. Deering T. Coburn
J. Magana, Group Leader J. Happe P.Epperson K. King
D. Del Giudice J. Harrar S.Gagner J. Lindsey
W.Morris P. Perry J. Hirschfeld C. Morris
M. Sharp R. Ward R. Lim J. Reynolds
E. Worden S. Lombard M. Singleton

Organic R.Swansiger
Inorganic

R. Hawley-Fedder,
Group Leader P.Miller, Group Leader
A. Alcaraz C. Bartholdi
D. Chambers T. Duewer

J. Clarkson C. Otto Jr.
J. Cupps D. Pugh
L. Foiles

J. Haas
R. Whipple

Condensed Matter and Materials Characterization Section

L.Chase, Theory And Modeling Electron Microscopy X-Ray Characterization
Deputy Division Leader

T. Diaz de la Rubia G. Campbell W.Bell
Surface Science A. Gonis V.Chen J. Kinney

G. Nutt W.King G. Smith
M. Balooch L. Reinhard D. McCoy
C. Colmenares P.Singh M. Sattler Program Assignment
A, Connor E. Sowa W.Wien

C. Evans P.Sterne J. Yoshiyama J. Atherton
T. Gouder P.Turchi J. Cooper
A. Hamza Experimental L. DeLoach
W.Siekhaus Particle Laboratory Solid State M. Elder
L. Terminello R. Reibold

K. Gels J. De Yoreo L. Summers
R. Meisenheimer C. Ebbers F. Wang
H. Newkirk V.Kresin

E. Larson
K. Rails

B. Rupp
J. Tobin
D. Waddill

J. Wong

184



Section 11 * Department Personnel and Professional Contributions

Materials Division

J. Kass, Division Leader

A. Lingenfelter, Deputy Division Leader
L. Newkirk, Deputy Division Leader

Division Staff Administrative Staff

T. Barbee, R. Christensen, M. Kassner J. Strickland, A. Moser, S. Cowan, J. Gomez, M. Manipis,
H. Meredith, J. Prince

Physical Metallurgy, Joining, and Coating Section

W. Gourdin, Section Leader N. Nguyen Joining Coatings
C. Price

Physical Metallurgy R. Rosen J. Elmer, Group Leader D. Makowiecki, Group
A. Schwartz M. Gauthier Leader

R. Daley M. Sluiter D. Hoffman C. Alford
G. Henshall L. Tanner D. Kautz C. Chen

P. Johnson N. Thomas B. Olsen R. Foreman

R. Musket M. Wall T. Ramos R. Juntz
M. Strum

L. Wagner
B. Westfall

Metals Processing Section

G. Gallegos, Formin_ and Metallography Deposition
Section Leader Processing

R. Kershaw A. Jankowski, Group
J. Hanafee L. Summers, Group Leader J. Canfield Leader
R. Wallace R. Burns K. Miller F. Genin

l

M. Coops H. Olson J. Huang
F. Dishong E. Randich
L. Keene H. Rizzo
P. Landon E. Stiles

T. Quick T. Summers
E. Sedillo
M. Stratman

C. Tallman
S. Torres
D. Wood

Plutonium Technology Section

A. Lingenfelter, C. Cate D. Hagerty
Section Leader R. Condit R. Krueger

T. Crawford V. Mason-Reed

J. Furr D. McAvoy
R. Gomez B. Vallier
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Ceramics and Composites Section

R. Landingham, C. Hoenig Polymer Based
Section Leader B. Holt Fiber Composites

O. Krikorian

Ceramics J. Lakner S. DeTeresa,Group Leader
J. Marion L. Chiao

K. Wilfinger, Group Leader R. Otto R. Lyon
M. Costantino T. Shell J. Matthews
P.Curtis A. Tesar W.Steele

B. Ebbinghaus S. Weinland

Corrosion and Electrochemical Processes Section

W.Clarke, D. Fleming Radiation Effects
Section Leader R.Glass

P.Lewis W. Halsey
J.Estill B. Lure R. VanKonynenburg
J.Farmer D. McCright
M. Farris J. Mitchell
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Postdoctoral Research Staff Members

Ph.D. Institution and Fiscal Year of Appointment E. Larson Arizona State University
(1988-1991)

J. D. Bauer Columbia University (1989-1991) L.T. Reinhard University of Zurich (1991-1992)
G. H. Campbell University of California, A.J. Ruggiero University of Oregon (1990-1991;

Santa Barbara (1990-1992) to career employee in 1992)
R. Daley University of California, B. Rupp Technical University of Vienna

Los Angeles (1992) (1989-1992)
T. Diaz de la Rubia State University of New York A.J. Schwartz University of Pittsburgh

(1989-1991; to career ernployee (1991-1992)
in 1992) N.N. Shah Cornell University (1991-1992)

C. A. Ebbers Urfiversity of California, Davis (1992) P. Singh University of North Carolina,
B. B. Ebbinghaus University of California, Chapel Hill (1991-1992)

Berkeley (1991-1992) M.H. Sluiter University of California, Berkeley
M. E Foltz University of California, (1990-1992)

Berkeley (1989-1992) F.R. Solal University of Paris (1990-1991)
M. Gebert Northwestern University of E.C. Sowa University of California, Berkeley

Illinois (1992) (1988-1990; to career employee
F. Genin Carnegie Mellon University in 1991)

(1991-1992) J.W. Stephens Rice University (1989-1991)
T. H. Gouder University of Namur (1990-1992) P.A. Sterne Cambridge University (1989-1991)
H. Hall University of California, T.S. Summers University of California,

Berkeley (1991) Berkeley (1991-1992)

M. M. Himmelsbach University of Colorado (1990-1992) J. Systma University of Utrecht (1991-1992)
P. E. Johnson University of California, G.D. Waddill Indiana University (1991-1992)

Berkeley (1992) H. Wallman University of California,
V. V. Kresin University of California, Berkeley (1990; to career

Berkeley (1991-1992) employee in 1991)

Graduate Students

S. Bosson University of California, Davis J. Satcher University of California, Davis
D. Bradley Stanford University M. Schildbach University of California, Davis

M. Connor University of California, Davis D. Storms University of California, Davis
D. Halverson University of California, Davis A. Sunwoo University of California, Berkeley
K. Harding Saint Olaf College E. Suranyi University of California, Davis
J. Mikalopas University of California, Davis R. Tench University of California, Davis
M. Prieto University of California, Davis L. Wang University of California, Davis
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Consultants

John G. Albright Texas Christian University Digby D. McDonald SRI International
Amos Alexander Custom Analytical Engineering Hugh J. McQueen Concordia University

Systems, Inc. Marc H. Mehlman University of California,
Michael J. Aziz Harvard University Riverside

Carl F. Beckner Finnigan Dale J. Meier Michigan Molecular Institute
Thomas B. Brill University of Delaware Alan K. Miller Stanford University
Daniel Bullen DG Engineering, Inc. Roger J. Morgan Michigan Molecular Institute
Kenneth D. Challenger University of Cincinnati John W. Morris, Jr. University of California, Berkeley
Leroy Chauffe California State University, Amiya K. Mukherjee University of California, Davis

Hayward Zuhair A. Munir University of California, Davis
Peter H. Dederichs Institut f/.irFostk6rperforschung, Paul M. Naghdi University of California, Berkeley

Germany Robert J. Naylor Maryville College
Morton Denn University of California, Berkeley Richard E. Norberg Washington University
Mildred S. Dresselhaus Massachusetts Institute of Steven R. Nutt Brown University

Tehcnology Donald R. Olander University of California, Berkeley

Geoffrey Egan Aptech Engineering Martin Prager Materials Property Council
Services, Inc. William E. Preeg Schlumberger-Doll Research

Peter A. Fedders Washington University George W. Reed, Jr. Argonne National Laboratory
Leonard C. Feldman AT&T Bell Laboratories (Ret.)

James R. Gaines University of Hawaii Edgar A. Rinehart University of Wyoming
Richard P.Gangloff University of Virginia Robert O. Ritchie University of California, Berkeley
Richard W. Gaver San Jose State University Alan E. Schoen Finnigan
Warren H. Giedt University of California, Davis Dominique Schryvers University of Antwerp
Randy Golding Tracer Research Corporation Andre W. Sleeswyk University of Groningen

Hong T. Hahn Pennsylvania State University Deane K. Smith Pennsylvania State University
John R. Hardy University of Nebraska George Springer Stanford University
Robert J. Hardy University of Nebraska Urs Steiner Finnigan
Gary M. Hieftje Indiana University Albert J. Stonehouse Iowa State University
John Huizenga University of Rochester Richard M. Teeter Chevron (Ret.)
Robin Jones Electric Power Research Institute T. Darrah Thomas Oregon State University
Robert Long G.P.U. Nuclear Thomas A. Tombrello California Institute of Technology
Robert K. MacCrone Rensselaer Polytechnic Institute Thomas Tsakalakos Rutgers University
James M. MacLaren Tulane University Gustaf Van Tendeloo University of Antwerp
Thaddeus B. Massalski Carnegie-Mellon University Frank R. Villalovoz San Joaquin Delta College
Bernard J. Matkowsky Northwestern University Manfred Wuttig University of Maryland
Edwin D. McClanahan, Jr. Rice University Richard N. Zare Stanford University

Scientific Advisory CommiLtees

Chemistry Review Committee Materials Review Committee

Thomas A. Tombrello, Thomas A. Tombrello,

California Institute of Technology, Chair California Institute of Technology, Chair
Thomas B. Brill, University of Delaware Martin Blume, Brookhaven National Laboratory
John G. Curro, Sandia National Laboratories Robert Eagan, Sandia National Laboratories
Morton Denn, University of California, Berkeley Dieter M. Gruen, Argonne National Laboratory
John R. Huizenga, University of Rochester M. Brian Maple, University of California, San Diego
Richard E. Norberg, Washington University John W. Morris, University of California, Berkeley
William E. Preeg, Schlumberger-Doll Research
T. Darrah Thomas, Oregon State University
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Collaborations
Research and development programs in C&MS fre-

quently involve collaborations with researchers at univer-
sities and other research institutions. The following is a

partial list of collaborating organizations.

U.S. Universities

Brown University University of Illinois
University of California University of Maryland

Berkeley University of Massachusetts
Davis Massachusetts Institute of Technology
Irvine Miami University (Ohio)
Los Angeles University of Minnesota

San Diego University of Missouri--Kansas City
San Francisco University of Nebraska
Santa Barbara North Carolina Agricultural and Technical State University

California Institute of Technology Northwestern University
California State University Ohio State University

Northridge Oregon State University
San Jose Princeton University
Hayward Rutgers University

Carnegie-Mellon University University of South Carolina
Case Western Reserve University Stanford University
University of Cincinnati Syracuse University

University of Connecticut University of Texas--Arlington
Cornell University Texas Christian University
Florida Atlantic University University of Virginia
Georgia Institute of Technology Washington University (St. Louis)
Harvard University University of Wisconsin
University of Hawaii Madison
University of Houston Milwaukee

t:oreign Universities

University of Antwerp (Belgium) University of Guelph (Ontario)
University of Bristol (United Kingdom) Queen's University (Ontario)
Concordia University (Montreal) University of Tokyo (Japan)
Dortmund University (Germany) Technical University of Vienna (Austria)
University of Groningen (Netherlands) University of Wiirzburg (Germany)
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U.S. Laboratories

Ames Laboratory Naval Weapons Center (China Lake, CA)
Argonne National Laboratory Rocket Propulsion Laboratory (Edwards AFB, CA)
Brookhaven National Laboratory Lawrence Berkeley Laboratory

National Synchrotron Light Source Los Alamos National Laboratory
Department of Defense National Aeronautics and Space Administration

Army Research and Development Center Oak Ridge National Laboratory
(Picatinny Arsenal) Sandia National Laboratories
Naval Ordnance Station (Indian Head, MD) Albuquerque
Naval Surface Weapons Center (White Oak, MD) Livermore
Naval Research Laboratory Stanford Synchrotron Radiation Laboratory
Naval Warfare Station (Yorktown, VA)

Foreign Laboratories

Centre National Recherche Scientifique, Laboratory of Max Planck Institut f_ir Metallforschung
Electronic Properties of Solids (Grenoble, France) (Stuttgart, Germany)

European Institute for Transuranium Elements National Institute for Research in Inorganic Materials
(Karlsruhe, Germany) (Tsukuba, Japan)

HASYLAB, Deutsches Elekronen Synchrotron Office National d'Etudes et de Recherches A6rospatiale
(Hamburg, Germany) (Chatillon, France)

Kernforschungsanlage J_ilich, Institut ffir Solid State Physics Institute, Academy of Science (Moscow)
Fostk6rperforschung (J_ilich, Germany) S.I. Vavilov State Optical Institute (St. Petersburg)
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Research Communications

Articles in Journals T.W. Barbee, Jr., "Multilayer Optics for the Soft X-Ray and
Extreme Ultraviolet," MRS Bull. XV(2), 37 (1990).

D. F. Aldis and D. Gidaspow, "A Two-Dimensional

Analysis of a Dust Explosion," AIChE ]. 36(7), 1087 (1990). T.W. Barbee, Jr., J. VaBixler, and D. D. Dietrich,
"Performance of Multilayer Coated Gratings at Near

C. Alford, F. Serduke, D. Makowiecki, A. Jankowski, Normal Incidence in the Extreme Ultraviolet," Phys.
and M. Wall, "X-Ray Fiducial Foils," Thin Solid Films 206, Scripta 41, 740 (1990).
306 (1991).

T. W. Barbee, Jr., J. C. Rife, W. R. Hunter, R. G. Cruddace,

M. J. Allen, R. J. Tench, J. A. Mazimas, M. Balooch, W.J. and P. Pianetta, "Multilayer Diffraction Gratings:
Siekhaus, and R. Balhorn, "A Pulse Deposition Method for Application to Synchrotron Radiation Instrumentation,"
Scanning Tunneling Microscopy of Deoxyribonucleic Acid Opt. Eng. 29, 738 (1990).
on Graphite," ]. Vac. Sci. Technol. 9, 1272 (1991).

T. W. Barbee, Jr., J. W. Weed, R. B. Hoover, M. J. Allen, J. F.

C. T. Alviso and R. W. Pekala, "Melamine-Formaldehyde Lindblom, R. H. O'Neal, C. C. Kankelborg, C. E. DeForest,
Aerogels," Polym. Preprints 32(3), 242 (1991). E.S. Paris, A. B. C. Walker, Jr., T. D. Willis, E. Gluskin,

P. Pianetta, and P. C. Baker, "Multi-Spectral Solar
A. Amato, R. Caspary, R. A. Fisher, N. E. Phillips, H.B. Telescope Array II: Soft X-Ray/EUV Reflectivity of the
Radousky, J. L. Peng, R. Zhang, and R. N. Shelton, Multilayer Mirrors," Opt. Eng. 30, 1067 (1990).
"Specific Heat of (Yl_xPrx)Ba2Cu307: Magnetic Ordering,
Magnetic Hyperfine Fields," Phys. B 165, 1347 (1990). J.D. Bauer and D. F. Calef, "Harmonic Analysis of Phonon

Echoes in Liquids," Chem. Phys. Lett. 187(4), 391 (1991).
L. J. Atherton, J. J. DeYoreo, S. A. Payne, D. H. Roberts,

J. F. Cooper, and R. W. Martin, "Growth of Cr:LiCaA1F6," J.V. Bixler, T. W. Barbee, Jr., and D. D. Dietrich,
AACG Newsletter 21, 10 (1991). "Multilayer Coated Concave Diffraction Grating

Resolution and Efficiency in the Extreme Ultraviolet,"
R. Balhorn, M. Corzett, J. Mazrimas, and B. Watkins, Opt. Eng. 29, 733 (1990).
"Identification of Bull Protamine Disulfides," Biochem. 30,

175 (1991). H.A. Blackstead, D. B.Pulling, P.J. McGinn, and J. Z. Liu,

"Flux-Flow and Phase-Slip Dissipation in Crystalline
M. Balooch, D. R. Olander, W. J. Siekhaus, and D.E. Bi2Sr2CaCu2Os+x and YBa2Cu307_x," Phys. C 174, 394 (1991).
Miller, "Reaction of Chlorine and Molybdenum by

Modulated Molecular Beam Mass Spectrometry," Surf. D.W. Brown, Z. A. Munir, and R. G. Musket, "A Precipitate
Sci. 248, 322 (1991). Coarsening Mechanism for Buried Layer Formation by Ion

Implantation," Nucl. Instrum. Methods B 59(60), 627 (1991).
M. Balooch, M. A. Schildbach, R. J. Tench, M. Allen, and

W. J. Siekhaus, "Surface Site Specificity on the Basal Plane D.W. Brown, R. G. Musket, and Z. A. Munir, "Buried
of Graphite: 1.06 Micron Laser Damage Threshold and Monocrystalline Aluminum Layers in Beryllium using Ion
Reactivity with Oxygen Between 350 and 2300 K," ]. Vac. Implantation," Appl. Phys. Lett. 57, 2651 (1990).
Sci. Technol. 9, 1088 (1991).

D. W. Camp, R. L. Braun, and J. C. Diaz, "Results of
M. Balooch, R. J. Tench, W. J. Siekhaus, M. J. Allen, A.L. Mathematical Modeling of an Oil Shale Retort Having a
Connor, and D. R. Olander, "Deposition of SiC Films by Fluidized-Bed Pyrolyzer and a Lift-Pipe Combustor," Fuel
Pulsed Excimer Laser Ablation," Appl. Phys. Lett. 57, Processing Technol. 21, 135 (1989).
1540(1990).

D. W. Camp, S. B. Tantekin, and W. B. Krantz, "Darcy Flow
T. W. Barbee, Jr., "Advances in Multilayer X-Ray/EUV to a Vertical Fracture Intersecting a Cylindrical Cavitym
Optics: Synthesis, Performance, and Instrumentation," Application to Water Permeation in UCG," In Situ 12(1&2),
Opt. Eng. 29, 711 (1990). 15 (1988).

T. W. Barbee, Jr., "Multilayer Optics for the Soft X-Ray and N.M. Ceglio, A. M. Hawryluk, D. G. Stearns, D. P. Gaines,
Extreme Ultraviolet," Phys. Scripta T31, 147 (1990). R.S. Rosen, and S. P. Vernon, "Soft X-Ray Projection

Lithography," J. Vac. Sci. Technol. B 8(6), 1325 (1990).
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T.-M. Chang, J. D. Bauer, and J. L. Skinner, "Critical G.W. Collins, P. C. Souers, E. M. Fearon, E. R. Mapoles,
Exponents for Anderson Localization," ]. Chem. Phys. R.T. Tsugawa, and J. R. Gaines, "Thermal ConductMty

93(12), 8973 (1990). of Condensed D-T and T2," Phys. Rez,.B 41, 1816 (1990).

L. L. Chase, "Laser-Induced Surface Ablation as a Probe of C. Colmenares, M. Connor, and C. Evans, "Photoactivated

Optical Surface Damage Mechanisms," Nucl. Instrum. Heterogeneous Catalysis on Aerogels," Eur. J. Solid State
Methods B 46, 252 (1990). Inorg. Chem. 28, 429 (1991).

L. L. Chase, H. W. H. Lee, and R. S. Hughes, "Investigation V.L. CoMn, A. P. Alivisatos. and J. G. Tobin, "Valence
of Laser-surface Interactions and Optical Damage Band Photoemission from a Quantum Dot System," Phys.
Mechanisms Using Excitation by Pairs of Picosecond Rev. Lett. 66, 2786 (1991).
Laser Pulses," Appl. Phys. Lett. 57, 443 (1990).

R. C. Cook, "Iron-Doped Polymers for Capsule Impulsion
L. L. Chase and S. A. Payne, "New Tunable Solid State Diagnostics," ICF Quarterly Report 1, 47 (1991).

Lasers, Cr3+:LiCaAIF6 and Cr3+:LiSrA1F6," Opt. Photonics
News, August 1990, 16 (1990). R.C. Cook, R. D. Johnson, C. G. Wade, D. J. O'Leary,

B. Munoz, and M. M. Green, "Solvent Dependence of the

J. Chen, L. Chow, and J. Z. Liu, "Response of the High Chain Dimensions of Poly(n-hexyl-isocyanate)," Macromol.
Temperature Superconductors to Weak AC Magnetic 23, 3454 (1990).
Field," Phys. C 175, 634 (1991).

M. S. Costantino, "A High Pressure-High Temperature
L. Chiao, "Application of Mechanistic Chemical Kinetics Valve Packing," Rev. Sci. InstrHnl. 62(6), 2 (1991).

to Thermoset Composites Processing," High Perform.
Polym. 1(2), 109 (1990). M.S. Costantino and C. S. Firpo, "High Pressure

Combustion Synthesis of Aluminum Nitride," ]. Mater.

L. Chiao, "Mechanistic Modeling of Epoxy Resins," Res. 6(11), 6 (1991).
SAMPE J. 26(1), 27 (1.990).

M. S. Costantino, J. F. Lakner, and R. Bastasz, "Synthesis of

L. Chiao, "Mechanistic Reaction Kinetics of 4,4'-Diamino- Monolithic Uranium Hydride and Uranium Deuteride,"
diphenyl/Sulfone Cured Tetraglycidyl-4,4'-diamino- ]. Less-Common Metals 159, 97 (1990).
diphenylmethane Epoxy Resins," Macromol. 23, 1286 (1990).

M. S. Costantino, J. F. Lakner, and R. Bastasz,

L. Chiao and R. E. Lyon, "A Fundamental Approach to "Supercritical Phase Separation in H20-N 2 Mixtures,"
Resin Cure Kinetics," J. Composite Mater. 24(7), 739 (1990). ]. Phys. Chem. 95, 3 (1991).

M. Choi, J. I. Budnick, D. M. Pease, G. H. Hayes, and J. Wong, P.M. Cotts and R. W. Pekala, "Dynamic Light Scattering

"A Method of Obtaining the Empirical Scattering Parameters Studies of Resorcinol-Formaldehyde Gels as Precursors of
for the Fe-B Pair from the EXAFS Data for Fe2B: Possible Organic Aerogels," Polym. Preprints 32(3), 451 (1991).
Limitations," Phys. Rev. B 41, 9654 (1990).

R. G. Cruddace, T. W. Barbee, Jr., J. C. Rife, and W. R.

D. C. Chrzan, L. M. Falicox; J. M. MacLaren, X.-G. Zhang, Hunter, "Measurements of the Normal-Incidence X-Ray
and A. Gonis, "Magnetism of {111}Stacking Faults in Ni," Reflectance of a Molybdenum-Silicon Multilayer Deposited
Phys. Rev. B 43, 9442 (1991). on a 2000 1/mm Grating," Phys. Scripta 41, 396 (1990).

T. T. Coburn and C. J. Morris, "Bench Scale Studies of Oil C.E. DeForest, C. C. Kankelborg, M. J. Allen, E. S. Paris, T. D.
Shale Flash Pyrolysis Under Hot-Recycled-Solid Willis, J. E Lindblom, R. H. O'Neal, A. B.C. Walker, Jr., T. W.
Conditions," Fuel 70, 1362 (1991). Barbee, Jr., R. B.Hoover, and T. W. Barbee, Ill, "Multi-Spectral

Solar Telescope Array V:Temperature Diagnostic Response
G. W. Collins, E. M. Fearon, J. L. Maienschein, E. R. Mapoles, to the Optically Thin Solar Plasma," Opt. Eng. 30, 1125 (1991).

R. T. Tsugawa, and P.C. Souers, "Triggered Energy Releases
in Solid Hydrogen Hosts Containing Unpaired Atoms," Phys. S.J. DeTeresa, "Piezoresistivity and Failure of Carbon
Rev. Lett. 65, 444 (1990). Filaments in Axial Compression," Carbon 29(3), 397 (1991).

G. W. Collins, E. M. Fearon, E. R. Mapoles, P. C. Souers, J.J. DeYoreo, L. J. Atherton, and D. H. Roberts, "Elimination

and P. A. Fedders, "J=l-to-0 Conversion In Solid D2," Phys. of Scattering Centers from Cr:LiC_AIF6," J. Cryst. Growth
Rev. B 44, 6598 (1991). 113, 691 (1991).
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J. J. DeYoreo, D. R. Lux, and C. V. Guidotti, "Thermal R.S. Glass, S. P. Perone, and D. R. Ciarlo, "Application of
Modelling in Low-pressure Metamorphic Belts," Inforrnation Theory to Electroanalytical Measurements
Tectonophys. 188, 209 (1991). Using a Disposable Multielement Microelectrode Array

Sensor," Anal. Chem. 62(18), 1914 (1990).

J. J. DeYoreo, A. Navrotsky, and D. B. Dingwell, "Energetics
of the Charge-Coupled Substitution SiI+,ZENa l+ + T3+ in A. Gonis, M. Sluiter, P. E. A. Turchi, G. M. Stocks, and D. M.
the Glasses NaTO2-SiO 2 (T = Al, Fe, Ga, B)," ]. Am. Cera,I. Nicholson, "Electronic Structure, Alloy Phase Stability, and
Soc. 73, 2068 (1990). Phase Diagrams," ]. Less-Common Metals 168, 127 (1990).

H. Dindi, J. A. Britten, and W. B. Krantz, "Combustion and A. Gonis, E. C. Sowa, and P. A. Sterne, "Exact Treatment of

Dielectric Breakdown Instabilities in Porous Media," Poisson's Equation in Solids with Space-Filling Cells,"
Earth-Sci. Rez,.29, 401 (1990). Phys. Rev. Lett. 66, 2207 (1991).

M. W. Droege and R. G. Finke, "A Novel Triperoxyniobium A. Gonis, R. Zellel, P. H. Dederichs, J. S. Faulkner, B. L.

Containing Heteropolyanion, SiWg(NbO2)30407-: Catalytic Gy6rffy, D. M. Nicholson, G. M. Stocks, L. T. Wille, and X.-G.
Allylic Epoxidations with H20 2 and Preliminary Kinetic Zhang, "Comment on Exact Eigenvalue Equation for Finite
Studies," ]. Mol. Cat. 69, 323 (1991). and Infinite Collections of Muffin-Tin Potentials," Phys. Rev.

B 41, 10224 (1990).

C. A. Ebbers and D. Eimerl, "New Materials For High

Average Power Electro-Optic Switches," Ceramic Trans. A. Gonis, X.-G. Zhang, J. M. MacLaren, and S. Crampin,
14, 67 (1990). "Green Function Method for Electronic Structure

Calculations of Surfaces and Coherent Interfaces," Phys.
J. W. Elmer, S. M. Allen, and T. W. Eagar, "Microstructural Rev. B 42, 3798 (1990).
Development During Solidification of Stainless Steel
Alloys," Metall. Trans. A 20A(10), 2117 (1989). W.H. Gourdin and J. W. Dini, "Evaluation of Electroformed

Copper for Shaped Charge Applications," Plating Surf.
J. W. Elmer and T. W. Eagar, "Measuring the Residual Finishing 77, 54 (1990).
Ferrite Content of Rapidly Solidified Stainless Steel
Alloys," Weld. ]. 69(4), 141 (1990). W.H. Gourdin and D. Lassila, "Flow Stress of OFE Copper

at Strain Rates from 10-3 to 104 s-l: Grain-Size Effects and

J. W. Elmer, W. H. Giedt, and T. W. Eagar, "The Transition Comparison to the Mechanical Threshold Stress Model,"
from Shallow to Deep Penetration During Electron-Beam Acta Metall. Mater. 39(10), 2337 (1991).
Welding," Weld. ]. 69(5), 167 (1990).

E. Gregory, L. R. Motowidlo, G. M. Ozeryansky, and L. T.
J. C. Farmer, G. E. Gdowski, R. D. McCright, and H.S. Summers, "High Strength Nb3Sn Conductors for High
Ahluwalia, "Corrosion Models for Performance Assessment Magnetic Field Applications," IEEE Trans. Magn. 27,
of High-Level Radioactive Waste Containers," Nucl. Eng. 2033 (1991).
Des. 129, 57 (1991).

H. Haghighi, J. H. Kaisel, S. Rayner, R. N. West, M. J. Fluss,
J. C. Farmer, F. T. Wang, R. A. Hawley-Fedder, P. R. Lewis, R.H. Howell, P. E. A. Turchi, A. L. Wachs, Y. C. Jean, and
L. J. Summers, and L. Foiles, "Electrochemical Treatment Z.Z. Wang, "A Positron Study of the Electronic Structure of

of Mixed and Hazardous Wastes: Oxidation of Ethylene YBa2Cu307_ 8,'' J.Phys. Condens. Matt. 2, 1911 (1990).
Glycol and Benzene by Ag(II)," ]. Electrochem. Soc. 138(3),
654 (1992). H. Haghighi, J. H. Kaiser, S. Rayner, R. N. West, J. Z. Liu,

R. Shelton, R. H. Howell, F. Solal, and M. J. Fluss, "Direct

R. Frahm, T. W. Barbee, Jr., and W. Warburton, "In Situ Observation of Fermi Surface in YBa2Cu307_ 8,'' Phys. Rez).
Structural Study of Thin-Film Growth by Quick- Lett. 67, 382 (1991).

Scanning X-Ray-Absorption Spectroscopy," Phys. Rez,.
B 44, 2822 (1991). P.A. Hahn, M. W. Guinan, L. T. Summers, T. Okada, and

D. B. Smathers, "Fusion Neutron hradiation Effects in

R. S. Glass, "Electrochemical Microsensors," Verif. Tech. Commercial Nb3Sn Superconductors," J. Nucl. Mater. 179,
Rev. 2(3), 18 (1990). 1127 (1991).

R. S. Glass, R. G. Musket, and K. C. Hong, "Preparation of L.M. Hair, W. J. Pitz, M. W. Droege, and C. K. Westbrook,
Solid Membrane Chloride Ion-Selective Electrodes by Ion "Modeling of Catalytic Coupling of Methane," Preprints
Implantation," Anal. Chem. 63(19), 2203 (1991). Div. Fuel Chem. 36, 370 (1991).
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H. L. Hall, K. E. Gregorich, R. A. Henderson, C.M. L.W. Hrubesh, "Aerogels: The World's Lightest Solids,"
Gannett, R. B. Chadwick, J. D. Leyba, K. R. Czerwinski, B. Chem. & Industry 24, 824 (1990).
Kadkhodayan, S. A. Kreek, N. J. Hannink, D. M. Lee, M. J.
Nurmia, D. C. Hoffman, C. E. A. Palmer, and P. A. Baisden, H.G. Hsieh, C. W. Price, E. L. Pierce, and R. G. Wirtenson,

"Electron-Capture-Delayed Fission Properties of 232Am," "Effects of Nitrogen Pulsing on Sputter-Deposited
Phys. Rev. C 42, 1480 (1990). Beryllium Films," J. Vac. Sci. Technol. ,4 8, 2165 (1990).

H. L. Hall, K. E. Gregorich, R. A. Henderson, C.M. J.S. Huang, "Carbide Formation in Nb and Ta Implanted
Gannett, R. B. Chadwick, J. D. Leyba, K. R. Kadkhodayan, by Carbon Ions at Room Temperature," Nucl. lnstrum.
S. A. Kreek, D. M. Lee, M. J. Nurmia, D. C. Hoffman, C.E. Methods B 59(60), 652 (1991).
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Collins, CO, October 1990. Corporation, Los _tngeles, CA, November 6, 1991.

R. C. Cook, "Doped Polymer Needs at LLNL," at DuPont, A. Gonis, "MultilJle Scattering Theory for Space-Filling
Wilmington, DE, April 1991. Potential Cells," ,,.tUniv. of Kentucky Supercomputer

Center, Lexington, KY,June 4, 1991.
R. C. Cook, "Doped Polymer Needs at LLNL--An

Update," at DuPont, Wilmington, DE, December 1991. A.V. Hamza, "Photon Absorption by Sapphire Surfaces,"
at Fakult_it f/Jr Physik der Techischen Universit_it

R. C. Cook, "Polymeric Materials and Coatings for Direct Mfmchen, M/.inchen, FRG, September 18, 1991.
Drive ICF Experiments," at California Polytechnic Univ.,
San Luis Obispo, CA, November 1991.
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R. G. Hickman, "Aqueous Process Development at R.W. Pekala, "Low Density Microcellular Materials," at
LLNL," at Los Alamos National Laboratory, Los Alamos, Univ. of Massachusetts, Amherst, MA, April 1991.
NM, March 1991.

C. O. Pruneda, "Energetic Materials Development at the
L. W. Hrubesh, "Silica Aerogel: A High-Tech Material with Lawrence Livermore National Laboratory," at The
Fascinating Properties," at California Institute of Technology, Fraunhofer-Institut f/.ir Chemische Technologie (ICT),
Pasadena, CA, May 1990, at Wisconsin State Univ., Eau Pfinztal, FRG, July 1990.
Claire, WI, Septen ber 1990, and at Univ. of California at
Davis, Department of Applied Science, Livermore, CA, C.O. Pruneda, "The Development of Insensitive Energetic
January 1991. Materials at the Lawrence Livermore National Laboratory,"

at Defence Research Agency, Fort Halstead, England,
L. W. Hrubesh, "Aerogel Materials for He Superfluid November 1991.
Studies," at Pennsylvania State Univ., State College, PA,
September 1°91. K.S. Rails, "Noise in Nanobridges: A Window on

Microscopic Processes in Metals," at AT&T Bell
L. W. Hrubesh, "DeveJopment of Silica Aerogel for Laboratories, Murray Hill, NJ, September 1991.
Cerenkov Detectors," at California Institute of Technology,

Pasadena, CA, April 5, 1991. M. Sluiter, "The Role of Off-Diagonal Disorder on Alloy
Phase Stability," at Center for Computational Sciences,

A. F. Jankowski, "Synthesis and Structure of Sputtered Univ. of Kentucky, Lexington, KY,June 1991.
Materials," at Department of Materials Science and
Engineering, Univ. of California at Los Angeles, Los E.C. Sowa, "Basic Research in Interface Science at LLNL," at
Angeles, CA, January 18, 1991. Univ. of Southern Indiana, Evansville, IN, March 22, 1991.

W. E. King, "The Important Role of Bicrystals in Interface L.E. Tanner, "TEM Observations of the Pretransformation

Science," at Max Planck Institut, Stuttgart, FRG, July 9, 1991. Behavior in Metallic Alloys," at Department of Materials,
Univ. of California at Los Angeles, Los Angeles, CA,

W. E. King, "Use of Shock Waves to Measure the Bond December 1990.

Strength at Metal/Ceramic Interfaces," at AT&T Bell Labs,
Murray Hill, NJ, September 10, 1991. L.E. Tanner, "Premartensitic Behavior and Martensite

Nucleation in Ni-AI Alloys," at Argonne National
R. L. Landingham, "Molten Metal Infiltration for Laboratory, Argonne, IL, January 1991.
Economical Processing Ceramic Metal Hybrids," at
American Society for Metals International, San Diego L.E. Tanner, "The Systematics of Phase Transformations,"
Chapter, San Diego, CA, May 16, 1991. at Oak Ridge National Laboratory, Oak Ridge, TN,

January 1991, and at Los Alamos National Laboratory,
R. W. Pekala, "Organic Aerogels: Synthesis and Structural Los Alamos, NM, February 1991.
Characterization," at Shell Development Company,

Houston, TX, June 1990. T.M. Tillotson, "An Overview of Aerogels--Synthesis,
Characterization, and Use," at Hewlett Packard, Palo Alto,

R. W. Pekala, "Aerogels: Controlling Structure at the CA, May 1990.
Nanometer Scale," at Univ. of California at Los Angeles,
Los Angeles, CA, May 1991. J.G. Tobin, "Reversible Formation of a Surface Alloy:

Au/Cu(001)," at Sandia National Laboratories, Livermore,

R. W. Pekala, "Aerogels: Structure and Property Control at CA, June 1990.
the Nanometer Scale," at Rockwell Science Center,

Thousand Oaks, CA, January 1991. J.G. Tobin, "Synchrotron Radiation Photoemission Studies
of Nanoscale Structures: Magnetic Ultrathin Films,

R. W. Pekala, "Inorganic and Organic Aerogels," at Ames Monodisperse Semiconductor Clusters, and High-
Laboratory, Iowa State Univ., Ames, IA, March 1991. Temperature Superconductors," at Physics Department,

Montana State Univ., Bozeman, MT, February 1991.
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J. G. Tobin, "The Unexpected Photoemission Spectral J. Wong, "Real-°Fime Studies of High-Temperature Ceramic

Structure of Untwinned, Single-Crystal YBa2Cu306.9," at Processing," at General Electric R&D Center, Schenectady,
Naval Research Laboratory, Washington, DC, March 1991. NY, April 3, 1990.

P. E. A. Turchi, "First Principles Studies of Alloy Phase J. Wong, "Time-Resolved Synchrotron Studies of

Stability," at Hokkaido Univ., Hokkaido, Jpn., June 24, Combustion Synthesis," at Rensselaer Polytechnic
1991, at Osaka Univ., Osaka, Jpn., June 26,1991, and at Institute, Troy, NY, April, 4, !990.
Institute for Solid State Physics, the Univ. of Tokyo, Tokyo,
Jpn., July 2, 1991. J. Wong, "Time-Resolved Diffraction and Spectroscopic

Studies of SHS Reactions," at Univ. of California at

P. E. A. Turchi, "From Electronic Structure to Alloy Phase Berkeley, Materials Science Department, Berkeley, CA,
Stability," at Materials Research Center, Los Alamos September 23, 1990.
National Laboratory, Los Alamos, NM, January 1991.

J. Wong, "Applications of YB66 as a New Soft X-Ray
R. S. Upadhye, "Dealing with Mixed Wastes," at Contra Monochromator," at National Institute for Research in

Costa College, San Pablo, CA, April 13, 1991. Inorganic Materials (NIRIM), Tsukuba City, Jpn., February
21, 1991.

R. S. Upadhye, "Mixed Waste Treatment Technologies," at
NORCAL AIChE Annual Symposium, Berkeley, CA, J. Wong, "Time-Resolved Capabilities in Materials

March 19, 1991. Science," at Institute of Molecular Science, Okazaki, Jpn.,
March 1, 1991.

R. S. Upadhye, "Process Modeling using ASPEN," at

NORCAL AIChE South Bay Section, San Jose, CA, October J. Wong, "Real-Time Probes of SHS Reactions Using
24, 1991. Synchrotron Radiation," at Ryukuko Univ., Seta, Jpn.,

March 2, 1991.

P. A. Urtiew, "Experimental Techniques for Measuring
Pressure and Particle Velocity in Condensed Materials J. Wong, "TR Diffraction and XAS studies in Materials

under Dynamic Loading," at Ioffee Physico-Technical Science," at Electrotechnical Laboratory, Tsukuba City,
Institute, Leningrad, USSR, September 25, 1990. Jpn., March 4, 1991.

P. A. Urtiew, "Experimental Diagnostic Techniques in J. Wong, "YB66 as a Soft X-Ray Monochromator for
High Explosive Research," at Lavrentiev's Institute of Synchrotron Radiation," at Electrotechnical Laboratory,
Hydrodynamics, Akademgorodok--Novosibirsk, USSR, Tsukuba City, Jpn., March 4, 1991.
August 14, 1991.

J. Wong, "YB66as a Monochromator in the 1-2 keV Region,"
R. A. Van Konynenburg, "Cold Fusion," at California State at Photon Factory, Tsukuba City, Jpn., March 5, 1991.
Univ., Sacramento, CA, April 1990, and at Santa Clara

Valley Branch of the American Electroplating and Surface J. Wong, "Applications of YB66in SR Instrumentation," at
Finishing Society, San Jose, CA, October 1990. Chemistry Department, Univ. of Tokyo, Tokyo, Jpn.,

March 11, 1991.

R. A. VanKonynenburg, "Theory and Applications of

Solid State Physics," at Univ. of California at Davis, J. Wong, "Time-Resolved Synchrotron Study of Solid
Department of Applied Science, Livermore, CA, Combustions," at National Institute for Research in Inorganic
September 1990-June 1991. Materials (NIRIM), Tsukuba City, Jpn., March 12, 1991.

B. E. Watkins and R. T. Taylor, "Biomimetic Methane J. Wong, "Chemical Dynamics of High-Temperature,
Oxidation," at Gas Research Institute, Los Angeles, CA, Solid-State Reactions Using SR," at Bochum Univ.,
November 1991. Bochum, FRG, July 5, 1991.

M. J. Weber, "Local Structure at Rare Earth Sites in Laser J. Wong, "YB66as a New Soft X-Ray Monochromator for
Glass," at Rutgers Univ., Piscataway, NJ, October 17, 1990. SR," at European Synchrotron Radiation Facility (ESRF),

Grenoble, France, September 13, 1991.
M. J. Weber, "Recent Advances in Glasses for Fiber and

Fusion Lasers," at Bell Communications Research, Red J. Wong, "Time-Resolved Synchrotron Studies of Solid
Bank, NJ, October 18, 1990. Combustions," at LURE Synchrotron Radiation Facility,

Orsay, France, October 7, 1991.
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J. Wong, "Chemical Dvnamics of Solid Combustions by J. Wong, "Time-Resolved Diffraction and QEXAFS Studies
Time-Resolved Diffraction and XAS," at Mineralogisches of Solid Combustions," at HASYLAB, Hamburg, Germany,
Institut, Bonn Unix'., Bonn, Germany, October 31, 1991. November 5, 1991.

J. Wong, "Synchrotron Studies of Solid Combustions in the J. Wong, "Study of Fast Chemical Reactions Using
Sub-Second Time Scale," at Frascati Synchrotron Radiation Synchrotron Radiation," at Hamburg Univ., Hamburg,
Laboratory, Frascati, Italy; November 4, 1991. Germany, November 12, 1991.

Technical Presentations

Gordon Conference on Solid Hydrogen, Oxnard, CA, M. D Shinn, L. L. Chase, J. A. Caird, S. A. Payne, L. J.
January 1990 Atherton, and W. L. Kway, "Progress in Material

Development of LiCaAIF_:Cr3+ Lasers."
G. W. Collins, "Atomic Hydrogen is Solid "
Tritiated Hydrogen." Pittsburgh Conference on Analytical Chemistry,

New York, NY, March 5-9, 1990

First U.S.-Japanese Workshop on Combustion Synthesis,
Ibaraki, Jpn., January 3-7,1990 J.W. pyper; A. Alcaraz, B. H. Armstrong, N. L. Butler, J. E

Carley, T.T. Coburn, R. W. Crawford, J. E. Harrar, W. E
J. B. Holt and J. Wong, "A New Experimental Approach to Morris, and J. C. Newton, "Quality Control Standards for
Solid Combustion Reactions Using Synchrotron Radiation." Various Analytical Techniques When Analyzing Non-

routine Samples."
American Society for Metals Conference on
Thermodynamics and Phase Relations of Exotic American Physical Society, Anaheim, CA,

Materials, ll9th Annual Meeting of The Metallurgical March 12-16, 1990
Society, Anaheim CA, February 18-22, 1990

M. Asta, M. Sluiter, D. de Fontaine, T. Hong, 1a. P. Singh,
A. Gonis, M. Sluiter, R E. A. Turchi, G. M. Stocks, and and A. J. Freeman, "Ab hlitio Study of Phase Stability in
D. M. Nicholson, "Electronic Structure, Alloy Stability, the AI-TJSystem," Bull. Am. Phys. Soc. 35, 576 (1990).
and Phase Diagrams."

D. C. Chrzan, L. M. Falico_; J. M. MacLaren, X.-G. Zhang,
P. E. A. Turchi, "Electronic Structure and Phase Stability of and A. Gonis, "Magnetic Structure of {111}Stacking Faults
A15-Based Substitutional Alloys." in Ni," Bull. Am. Phys. Soc. 35, 374 (1990).

DOE Containment Workshop, Golden, CO, R.C. Cook, "Solvent Dependance of the Chain
February 23, 1990 Dimensions of Poly(n-hexylisocyanate)," Bull. Am. Phys.

Soc. 35, 508 (1990).

D. D. Kautz, "Tubulation Designs."
A. Gonis, P. E. A. Turchi, M. Sluiter, E J. Pinski, and D. D.

Topical Conference on Advanced Solid State Lasers, Johnson, "First-Principles Electronic Structure Calculations
Salt Lake City, UT, March 5-7, 1990 of Phase Stability and Phase Diagrams of AI-Li Alloys,"

Bull. Arn. Phys. Soc. 35, 251 (1990).
L. L. Chase, S. A. Payne, R. S. Hughes, B. W. Woods, and
L. E. DeLoach, "Measurement of Thermal Lensing for the R.H. Howell, J. C. O'Brien, R Sterne, H. B. Radousky R E.A.
LiCaAIF6:Cr 3+ Lair Material." Turchi, M. J. Fluss, J. L. Peng, "EJ. Folkerts, and R. N. Shelton,

"Positron Annihilation Lifetime Analysis of Superconducting
S. A. Payne, J. A. Caird, L. L. Chase, L. K. Smith, N.D. Oxides," Bull. Am. Phys. Soc. 35, 482 (1990).
Nielsen, and W. E Krupke, "Spectroscopy and Laser

Properties of Nd3*-Doped CaF 2, SrF_, and BaF2." N. Kioussis, J. Berkowitz, E. C. Sowa, A. Gonis, and X.-G.
Zhang, "The Electronic Structure of Unrelaxed and Relaxed
Dislocations in Cu," Bull. A,I. Pints. Soc. 35, 3.34(1990).
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A. L. Nichols III, "The Effect of Molecular Solvation on Solid State NMR Meeting, Pleasanton, CA, March 30,1990
Bond Stretching."

R. L. Ward, "NMR Studies of Resorcinol-

H. B. Radousky, R. S. Glass, M. J. Fluss, J. C. O'Brien, B. E Formaldehyde Aerogels."
Bonner, C. I. Merzbacher, E. M. Larson, R. G. Meisenheimer,

J. L.Peng, R. N. Shelton, and K. E McCarty, "Superconduc- American Crystallographic Association Meeting,

tMty in Bromine Doped YBa2Cu306.2," Bull. Amer. Phys.Soc. New Orleans, LA, April 1990
36,831 (1991).

A. G. Clare, A. C. Wright, M. J. Weber, and R. N. Sinclair,
P. P.Singh and D. de Fontaine, "Linear Muffin-tin Orbital "An Investigation of the Structural Role of Dy 3+ in a

Method in the Coherent Potential Approximation for Sodium Fluoroberyllate Glass Using Neutron Scattering."
Substitutionally Disordered Alloys," Bull. Am. Phys. Soc.
35, 468 (1990). 31st Experimental NMR Conference, Pacific Grove, CA,

April 1-5, 1990
M. Sluiter, P. E. A. Turchi, E J. Pinski, and D. D. Johnson,

"Electronic Structure and Ordering Phenomena in Ni-Ti R.L. Ward and R. Balhorn, "I3C-CPMAS Studies of Bull
and Ni-Al near Equiatomic Composition," Bull. A,I. Phys. Sperm DNA-Protamine-1 Complex."
Soc. 35, 602 (1990).

17th International Conference on Metallurgical
E. C. Sowa, A. Gonis, and X.-G. Zhang, "Electronic Coatings, San Diego, CA, April 2-6, 1990
Structure Calculations of Grain Boundaries in Cu," Bull.

Am. Phys. Soc. 35, 624 (1990). A.F. Jankowski and P. L. Perry, "Microstructure of
Au/Nb Multilayers."

J. G. Tobin, "Photoemission Studies of Fe/Cu(001)."

A. E Jankowski and L. R. Schrawyer, "Reactive Sputtering
X.-G. Zhang, P.J. Rous, J. M. MacLaren, A. Gonis, M.A. of Molybdenum."
VanHove, and G. A. Samorjai, "LEED from Stepped Surfaces:

A New Method Based on Removal Invariance in Angular JANNAF Propulsion Systems Hazard Meeting,
Momentum Space," Bull. Am. Phys. Soc. 35, 251 (1990). April 3--6, 1990

Gordon Conference on Crystal Growth, Oxnard, CA, W.C. Tao, M. Costantino, and D. Ornellas, "Burning
March 12-16, 1990 Mechanism and Regression Rate of RX-40-AP as a

Function of HMX Particle Size and Moduli."

J. J. DeYoreo, L. J. Atherton, D. H. Roberts, and R. W.

Martin, "Solid State Chemistry and Large Crystal Growth Spring Meeting of The Materials Research Society,
of LiCaAIF(,:Cr3+. '' San Francisco, CA, April 16-20, 1990

Beryllium Coordinating Committee, Oak Ridge, TN, R.S. Glass, D. R. Ciarlo, E U. Dowla, J. S. Haas, G. T.

March 13-14, 1990 Jameson, J. E Kimmons, and S. P. Perone, "Disposable
Electrochemical Array Sensors."

J. E. Hanafee, M. L Sattler, and C. L. Hoenig, "Beryllium
Technology at LLNL." A. Gonis, P. E. A. Turchi, M. Sluiter, E J. Pinski, and D. D.

Johnson, "Electronic Structure and Phase Stability
Recent Advances in Research on Heterocyclic Amines, Properties of AI-Li Alloys."
Kauai, Hl, March 17-24, 1990

D. D. Johnson, P. E. A. Turchi, M. Sluiter, E J. Pinski, G. M.

J. F. Felton, M. G. Knize, M. Vanderlaan, B. E. Whtkins, J.D. Stocks, and D. M. Nicholson, "First-Principles Study of
Tucker, and K. W. Turtletaub, "Predictive Steady State Phase Stability in Pd-Rh Alloys."
Model of Annular-Flow Electrochemical Reactor."

J. Mikalopas, P. E. A. Turchi, M. Sluiter, and P. A. Sterne,

Combat Vehicle Survivability Symposium, "A First-Principles Examinatiolt of Phase Stability in fcc-
Gaithersburg, MD, March 26-29, 1990 Based Ni-V Substitutional Alloys."

R. L. Landingham and T.Shell, "Processing and

Performance of Advanced Ceramic Composite Armor."
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M. Sluiter, R E. A. Turchi, E J. Pinski, and D. D. Johnson, 16th DOE Compatibility Meeting, Livermore, CA,
"A Comparative First-Principles Study of Phase Stability in April 24-26, 1990
Ni-Al and Ni-Ti Alloys at Near Equiatomic Composition."

C. Colmenares and H. R. Leider, "Alpha Radiolysis of the
M. Sluiter and P. E. A. Turchi, "Theoretical Investigation of Fluorinert FC-43."
Phase Stability in Nonmagnetic Copper-Nickel Alloys."

23td Annual Oil Shale Symposium, Golden, CO,
P. E. A. Turchi and A. Finel, "Order-Disorder May 1-2, 1990
Phenomena in Complex Alloys: the Case of A15-Based
Substitutional Alloys." T.T. Cobum, R. W. Taylor, R. W. Crawford, and C. J.Morris,

"Sulfur Release from a Hot-Recycled-Solids Retort."
P. E. A. Turchi, A. Gonis, M. Sluiter, E J. Pinski, D. D.

Johnson, and G. M. Stocks, "First-Principles Study of P.H. Wallman, M. E Singleton, and R. W. Taylor,
Phase Stability in Pd-Rh Substitutional Alloys." "Cracking and Coking of Shale Oil Vapors."

4th Annual Oil Shale Contractors' Meeting, SUBWOG 12A, Livermore, CA, May 8-9, 1990
Morgantown, WV, April 18-19, 1990

D. M. Makowiecki, A. E Jankowski, M. A. McKernan, and

R. J. Cena, "LLNL Oil Shale Project Review." R.J. Foreman, "Magnetron Sputtered Boron Films and
TJ/B Multilayer Structures."

P. H. Wallman, R. W. Taylor, and M. E Singleton, "Shale
Oil Cracking and Coking Kinetics." R.A. VanKonynenburg, "Cold Fusion."

American Ceramic Society Meeting, Dallas, TX, American Society of Microbiology, Anaheim, CA,
April 22-26, 1990 May 13-17, 1990

R. W. Hopper, "Crack Blunting by Viscous Flow." R.T. Taylor, M. L. Hanna, S. Park, and M. W. Droege,
"Chloroform Oxidation by Methylosinus trichosporium

M. J. Weber, M. D. Shinn, I. M. Thomas, E. J. A. Pope, and 0B3b--A Specific Catalytic Activity of the Soluble Form of

J. D. Mackenzie, "Optical and EXAFS,Studies of the Local Methane Monooxygenase."Environment of Nd j+ in Fused Silica.

14th Annual Actinide Separation Conference,
American Chemical Society, Boston, MA, April 22-27,1990 Gatlinburg, TN, May 14-17, 1990

R. B. Rosner, K. Hong, and M. E Rubner, "Electrical _ Zundelevich, "Suspension of Solids by Turbulent Jets."
Properties of Langmuir-Blodgett Films of Polypyrrole."

International Quantum Electronics Conference,
National Association of Corrosion Engineers, Corrosion- Anaheim, CA, May 21-25, 1990
90, Las Vegas, NV, April 23-27, 1990

S. A. Payne, L. L. Chase, and R. C. Powell, "Four-Wave
W. G. Halsey, "Preliminary Selection Criteria for Container Mixing of Nd 3+Impurities in Glasses and Crystals."
Materials at the Proposed Yucca Mountain High Level
Nuclear Waste Repository." J.H. Schloss, L. L. Chase, and S. A. Payne, "Sequential

Two-Photon Excitation of Nd3+:SrF2 .''
71st Annual Meeting of the American Welding Society,
Anaheim, CA, April 24, 1990 Subwog 12-D, Tritium Technology Meeting, Aiken, SC,

May 21-25, 1990
J. W. Elmer, T. W. Eagar, and S. M. Allen, "Solute

Redistribution and Second-Phase Formation During Rapid J.L. Maienschein, F. R. Holdener, J. T. Merrill, Y. Chang,
Solidification of Stainless Steel Alloys." S.W. Wilson, and D. I. Chambers, "Review of the LLNL

Tritium Facility Upgrade as lt Nears Completion."
D. D. Kautz, "Comparison of Laser Welding to Other
Processes for Dissimilar Metal Joining." R.T. Tsugawa, J. S. Bowers, J. A. Emig, R. S. Hafner, J. L.

Maienschein, and A. S. Nicolosi, "Determination of

Tritium in Mercury from Sprengel Pumps."
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Plutonium Containment Conference, Los Alamos, NM, 13th Surface/Interface Research Meeting of the Northern

May 29-30, 1990 California Chapter of the American Vacuum Society,
Menlo Park, CA, June 19,1990

J. E. Hanafee, "Tube Containment Model."

A. V. Hamza and M. A. Schildbach, "Low-Energy Electron

J. E. Hanafee and R. L. Krueger, "Containment by High- Diffraction Investigation of the A1203(1120 ) Surface
Strain-Rate Formed Metals." Structure."

Gordon Conference on Energetic Materials, J.G. Tobin, "Photoelectron Diffraction of Magnetic
New Hampton, NH, June 1990 Ultrathin Films."

S. F. Rice and M. F. Foltz, "High-Pressure Reaction JOWOG 28B Meeting, Livermore, CA, June 19-21,1990
Measurements."

R. C. Cook, B. L. Haendler, and G. E. Overturf,

The 64th Colloidal and Surface Science Symposium, "Completion of Development of Low-Density Polystyrene
Bethlehem, PA, June 1990 Foams for Laser Inertial Confinement Fusion."

G. W. Wilemski and R. C. Cook, "Simulations of Colloidal M.S. Costantino and C. S. Firpo, "High-Pressure
Suspensions." Combustion Synthesis of Aluminum Nitride."

Workshop on Computational Methods for the Electronic F.M. Kong, S. R. Buckley, R. C. Cook, B. L. Haendler, S. A.
Structure and Related Properties of Metallic Alloys, Letts, and G. E. Overturf, "Pyrolysis of Low-Density
Lexington, KY, June 4-5,1990 Polymer Foams."

M. Sluiter, "Electronic Structure Calculations and Alloy NWD DEA 5660 Meeting on New Energetic Ingredients,
Phase Stability." China Lake, CA, June 20-21,1990

E. C. Sowa, A. Gonis, and X.-G. Zhang, "Real-Space A.R. Mitchell, P. E Pagoria, and C. L. Coon, "New
Multiple-Scattering Theory (RSMST): The Electronic Nitrourea Compounds."
Structure of Interfaces."

45th Annual Calorimetry Conference, Ann Arbor, MI,
P. E. A. Turchi, "From Quantum Mechanics to Statistical July 1990
Thermodynamics."

P. A. Baisden, "The Development of a Variable-
Ninth Annual Working Group Institute on Synthesis Temperature/Pressure Titration Calorimeter for Aqueous
of High Energy Density Materials, Monticello, NY, Solution Studies."
June 4-7, 1990

International Conference on Electron Microscopy,
A. R. Mitchell, P. E Pagoria, and C. L. Coon, "New Seattle, WA, July 1990
Nitrourea Compounds."

D. Schryvers and L. E. Tanner, "HREM Studies of Ni-Al
16th DOE Surface Studies Conference, Golden, CO, Beta-Phase Alloy Transformations."
June 5-7,1990

The Fellowship Forum, Stanford Univ., Stanford, CA,
R. G. Musket, "X-Ray Fluorescence Analysis of Oxygen on July 1990
and in Materials."

T. M. Tillotson, "Silica Aerogels: Scientific Curiosity or
International Colloquium on Free Boundary Problems: Technological Breakthrough?"
Theory and Applications, Montreal, Canada,
June 13-22,1990 Annual Meeting of the Japanese National Cancer

Society, Hokkaido, Jpn., July 1990
R. W. Hopper, "Plane Stokes Flow Driven by Capillarity
on a Free Surface: Overview and Status." B.E. Watkins, "Fate, and Distribution of 2-amino-1-

methyl-6-phenylimidazo [4,5-b] pyridine (PhlP)in Rats."
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International Society for Optical Engineering Fifth Semiannual Review, Technology Coordination
Conference, San Diego, CA, July 9-13,1990 Group for Energetic Materials, Los Alamos, NM,

July 25-26,1990
D. Breithaupt and C. Tarver, "Uses of Fabry Perot

Velocimeter in Studies of High-Explosive Detonation." P.F. Pagoria, C. L. Coon, and A. R. Mitchell,
"Synthesis Efforts."

20th Intersociety Conference on Environmental Systems,
Williamsburg, VA, July 10,1990 1lth Biennial Conference on Chemical Education,

Atlanta, GA, August 1990
E. Cantwell, T. Shenk, P. Robinson, and R. S. Upadhye,
"Automated Simulation as Part of a Design Workstation." P.A. Baisden, "Options for Nuclear Waste Disposal."

Eighth American Conference on Crystal Growth, Vail, Topical Meeting on Optical Amplifiers, Optical Society
CO, July 15-20,1990 of America, Monterey, CA, August 6-8, 1990

J. J. DeYoreo, L. J. Atherton, D. H. Roberts, and R.W. M.J. Weber, "Materials Considerations for Rare Earth

Martin, "Characterization, Identification, and Elimination Doped Glasses."

of Microscopic Defects in LiCaAIF6:Cr3+."
EXPLOMET '90---International Conference on Shock-

International Luminescence Conference, Lisbon, Wave and High-Strain-Rate Phenomena in Materials,

Portugal, July 16-20,1990 San Diego, CA, August 12-17, 1990

J. H. Schle, 3, L. L. Chase, and L. K. Smith, "Dynamics of W.H. Gourdin, "Characterization of Copper Shaped-
LasCr-i'L aped Nd 3+ Laser at High Excitation Density." Charge Liner Materials at Tensile Strain Rates of 104 s-1. ''

Third International Workshop on Positron and W.H. Gourdin, "Correlation Between the Ultimate

Positronium Chemistry, Milwaukee, WI, July 16-18,1990 Elongations of Rapidly Expanding Rings and Stretching
Metal Jets."

P. E. A. Turchi, "Positron Behavior in some High-T c
Materials and Related Oxides." 200th National American Chemical Society Meeting,

Washington, D.C., August 26-31, 1990
Gordon Conference on High Temperature Chemistry,
New Hampton, NH, July 21-25,1990 P.A. Baisden, "Summer School in Nuclear

Chemistry--Can Summer Programs Really Work?"
J. Wong, "Time-Resolved Synchrotron Studies of Solid
Combustion Reactions." P.F. Pagoria, A. R. Mitchell, and E. S. Jessop, "Synthesis of

Mono- and Dinitroureas."

23rd Combustion Symposium, New Orleans, LA,
July 22-27,1990 VI Interdisciplinary Laser Science Conference,

Minneapolis, MN, September 1990
W. C. Tao, A. Frank, J. Shepherd, and R. Clements, "The

Combustion Kinetics of Aluminum Metal in Composite C.G. Stevens, and W. E. Conaway, "Bond Selective
Explosives Revealed by Ultrahigh-Speed Dissociation of HOD by 2-Step Laser Excitation."
Microphotography."

Finnish-Swedish Flame Days, _bo, Finland,
W. C. Tao, R. Hampton, and D. Ornellas, "Burning Rates of September 1990
Cast Nitramine Explosives Using a Hybrid Closed Bomb-

Strand Burner." R.C.J. Carlsson, E. L. Ivarsson, and P. H. Wallman, "NO x
and N20 Formation in Bench-Scale Fluidized-Bed

Fourth International Otto Schott Colloquium, Jena, FRG, Combustion of Coal."
July 23-27,1990

Association of Analytical Chemists, New Orleans, LA,
M. J. Weber, "Local Structure and Properties of Rare Earth September 9-13, 1990
Ions in Laser Glasses."

L. H. Stanker, B. E. Watkins, and M. Vanderlaan,

"Immunoassay for Pyrethyroid Insecticides.
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L. H. Stanker, B. E. Watkins, and M. Vanderlaan, Stanford Synchrotron Radiation Laboratory Users Group
"Immunoassay for Cyclodiene Insecticides." Meeting, Stanford, CA, October 1990

Ion Beam Modification of Materials 1990, Knoxville, TN, J.G. Tobin, "A Photoemission Investigation of Compound
September 9-14, 1990 Semiconductor Quantum Dots."

D. W. Brown, Z. A. Munir, and R. G. Musket, "A Precipitate J.G. Tobin, "Photoelectron Diffraction of Magnetic
Coarsening Mechanism for Buried Layer Formation." Ultrathin Films: Fe/Cu(001)."

World Congress on Superconductivity, Houston, TX, DARPA High Temperature Superconductor Workshop,
September 10-13, 1990 Danvers, MA, October 3-5, 1990

H. B. Radousky, R. S. Glass, M. J. Fluss, J. L. Peng, R.N. H.B. Radousky, R. S. Glass, M. J. Fluss, J. L. Peng, R. N.
Shelton, and J. Z. Liu, "Chemical Evidence for Charge Shelton, and J. Z. Liu, "Chemical Evidence for Charge
Transfer Doping on YBCO: The Case for Halogenation." Transfer Doping on YBCO: The Case for Halogenation."

26th Meeting of JOWOG-12 and 1lth Meeting of SUB- The Metallurgical Society Fall Meeting, Detroit, MI,
WOG-12B, Aldermaston, England, September 10-14, 1990 October 7-11, 1990

C. A. Colmenares and H. R. Leider, "Compatibility of Pu M. Sluiter and P. E. A. Turchi, "Phase Stability of Ni-AI
and Other Metals with Fluorinert." Intermetallics from First-Principles Electronic Structure

Calculations."

H. R. Leider and C. A. Colmenares, "Alpha Radiolysis
of Fluorinert." M. Sluiter, P. E. A. Turchi, and G. M. Stocks, "Phase

Stability of Ni-AI Intermetallics from First-Principles
The Third International Conference "Lavrentiev's Electronic Structure Calculations."

Readings," Novosibirsk, USSR, September 10-14, 1990
P. E. A. Turchi, M. Sluiter, F. J. Pinski, D. D. Johnson, and

P. A. Urtiew and B. Hayes, "Parametric Study of The G.M. Stocks, "A First-Principles Electronic Structure
Dynamic JWL-EOS for Detonation Products." Description of the Thermodynamic Stability of

Intermetallics in the Ni-TJ System."
TTCP Composite Explosives Workshop, White Oak,
MD, September 18-20, 1990 37th Annual Symposium of the American Vacuum

Society, Toronto, Canada, October 8-12, 1990

W. C. Tao, "The Future of Composite Explosives."
E. J. Hsieh, R. S. Upadhye, E. L. Pierce, and L. A. Witt,

Yucca Mountain Integrated Performance Model "Application of a Sputter Coating Uniformity Model to
Workshop, Redmond, WA, September 19-21, 1990 Bouncing Pan Coating of Microspheres."

W. G. Halsey, "Container Material Performance Models." A. E Jankowski, L. R. Schrawyer, and P. L. Perry, "Reactive
Sputtering of Molybdenum-Oxide Gradient-Index Filters."

International Conference Dedicated to V.A. Michelson,

USSR Academy of Science, Institute of Chemical J.G. Tobin, "A Photoemission Investigation of Quantum
Physics, Moscow, USSR, September 19-21, 1990 Confinement in Compound Semiconductor Mono-

disperse Clusters."
P. A. Urtiew and B. Hayes, "Empirical Estimates of

Detonation Parameters in Condensed Explosives." J.G. Tobin, "Photoemission Investigation of the Fermi

Surface of Untwinned Single Crystal YBa2Cu306.9."
1990 Applied Superconductivity Conference, Snowmass,
CO, September 24-28, 1990 J.G. Tobin, "Photoelectron Diffraction of Magnetic

Ultrathin Films: Fe/Cu(001)."

H. B. Radousky, R. S. Glass, D. Back, A. H. Chin, M. J.
Fluss, J. Z. Liu, W. D. Mosly, P. Klavins, and R. N. Shelton,
"Processing Parameters and Kinetics of Bromination and

Chlorination in the YBa2Cu306+ x System."
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JOWOG 22B, Aldermaston, England, October 9-12, 1990 JANNAF Combustion Subcommittee, Cheyenne, WY,
November 5-9, 1990

J. E. Hanafee, "Overview of Beryllium Science and

Technology in the United States." M.S. Costantino, W. C. Tao, C. M. Tarver, D. R. Breithaupt,
and D. L. Ornellas, "Understanding Composite Explosive

J. E. Hanafee, "Characterization of Atomized Energetics: II. The Combustion Kinetics of Metallic

Beryllium Powder." Additives in Different Oxidizing Environments."

178th Electrochemical Society Meeting, Seattle, WA, W.C. Tao, M. S. Costantino, D. L. Omellas, L. G. Green, and

October 14-19, 1990 E.S. Jessop, "The Effects of HMX Particle Size and Binder
Stiffness on the Burning Mechanism and Regression Rate of

J. Farmer, P. Grant, P. Robouch, E Wang, Z. Chiba, and E a Series of Fast-Burning Propellants."
Lewis, "Design of Electrochemical Reactor for Enhanced
Dissolution of Plutonium Oxide." W.C. Tao, C. M. Tarver, D. R. Breithaupt, and D. L. Ornellas,

"Understanding Composite Explosives Energetics: II. The
JOWOG 22A, Livermore, CA, October 16-17, 1990 Combustion Kinetics of Metallic Additives in Different

Oxidizing Environments."
J. E. Hanafee, "Tube Containment Model."

1990 Eastern Oil Shale Symposium, Lexington, KY,
J. E. Hanafee and R. L. Krueger, "Containment November 6-8, 1990
Performance of High-Strain-Rate Formed Metals."

R. J. Cena and C. B. Thorsness, "LLNL Oil Shale Pilot Plant

U.S. Nuclear Regulatory Commission Advisory Committee Status Report."
on Nuclear Waste, Bethesda, MD, October 26,1990

International Symposium on New Directions and Future
R. A. VanKonynenburg, "'Review of Carbon-14 Release Aspects of HVEM, Osaka, Jpn., November 8-10, 1990
from a High-Level Nuclear Waste Repository."

W. E. King, "Novel In Situ Experiments in the HVEM and
University of Wisconsin Synchrotron Radiation Center Potential Future Applications."
Users Meeting, Stoughton, WI, November 1990

Materials Research Society Fall Meeting, Boston, MA,
J. G. Tobin, "Photoemission Investigation of the Fermi November 26-30, 1990

Surface of Untwinned, Single-Crystal YBa2Cu306.9."
E A. Baisden, "Development of High-Temperature UV-

Natural Gas R&D Contractors Review Meeting, VIS-NIR Spectroscopy for the Measurement of Free

Morgantown, WV, November 1990 Energies of Complexation at Elevated Temperatures."

L. M. Hair and M. W. Droege, "The Synthesis, J. Chaudhuri, V. Gondhalekar, and A. E Jankowski,

Characterization, and Catalytic Reactions of Metal Silicate "Analysis of the Strain Profile in Thin Au/Ni Multilayers
Catalysts for the Partial Oxidation of Methane." by X-Ray Diffraction."

1990 Pacific Conference on Chemistry and Spectroscopy, A.V. Hamza and M. A. Schildbach, "Laser-A1203(1120)
San Francisco, CA, November 1, 1990 Surface Interactions."

P. Robinson and R. S. Upadhye, "Learning to Resolve A. E Jankowski and D. G. Stearns, "Layer Formation in
Competing Influences in a Qualitative Simulator." CuNi/C X-Ray Optics."

1lth International Conference on the Application of H.B. Radousky, R. S. Glass, M. J. Fluss, J. Z. Liu, and R. N.
Accelerators in Research and Industry, Denton, TX, Shelton, "Superconducting Properties and Processing

November 5-8, 1990 Parameters of YBa2Cu306+xBry."

R. G. Musket, "Spectroscopy of Sub-keV, Ion-Induced X Rays J.G. Tobin, "A Photoemission Investigation of Compound
using Si(Li) Detectors," Bull. Am. Phys. Soc. 35, 1760 (1990). Semiconductor Quantum Dots."

J. G. Tobin, "Photoelectron Diffraction of Magnetic
Ultrathin Films: Fe/Cu(001)."
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J. G. Tobin, "Photoemission hwestigation of the Fermi A.F. Jankowski, "Mechanical Properties of Multilayers."
Surface of Untwinned, Single-Crystal YBa2Cu306.9."

4th Topical Meeting on Microphysics of Surfaces: Beam-
Ninth Biennial CUBE Symposium, Santa Fe, NM, Induced Processes, Santa Fe, NM, February 11-13, 1991
November 27-30, 1990

A. V. Hamza, M. A. Schildbach, J. R. S. Hughes, and H. W. H.

A. L. Nichols III, "Chemical Reaction Modeling in TOPAZ." Lee, "The Absorption of 1.17 eV Photons by A1203(1120)."

University of Miami Workshop on Electronic Structure Sixth Semi-annual Review, Technology Coordination
and Mechanisms for High Temperature Superconduc- Group for Energetic Materials, Livermore, CA,
tivity, Miami, FL, January 1991 February 12-13, 1991

J. G. Tobin, "The Unexpected Photoemission Spectral C.L. Coon, P. E Pagoria, and A. R. Mitchell,
Structure of Untwinned, Single-Crystal YBa2Cu306.9." "Synthesis Efforts."

Arizona State Univ. Winter Workshop on the Structure LLNL-LANL High Explosives Information Exchange,
and Properties on Interfaces, Wickenburg, AZ, Livermore, CA, February 14, 1991
January 3-6,1991

A. R. Mitchell, "Synthesis, Scale-Up, and Characterization
W. E. King, G. Campbell, A. Coombs, S. M. Foiles, M.J. of K-6."
Mills, and M. R6hle, "HREM Investigation of the Structure

of the $5(310)/[001] Symmetric Tilt Grain Boundary in Nb." P. E Pagoria, "Synthesis and Characterization of a New
Insensitive Explosive."

American Mathematical Society, San Francisco, CA,

January 16-19,1991 E. von Holtz and K. J. Scribner, "Higher Energy,
Nonfreezing PEX."

R. W. Hopper, "Plane Stokes Flow Driven by Capillarity
on a Moving Free Boundary." Fifth International Conference on Ultrastructure

Processing of D.C., Glasses, Composites, Ordered
NMR Meeting of DOE Contractors, Albuquerque, NM, Polymers, and Advanced Optical Materials, Orlando,
January 17, 1991 FL, February 18-21, 1991

R. L. Ward, "13C-CPMAS Studies of Organic Aerogels." L.W. Hrubesh, T. M. Tillotson, and J. E Poco, "A Sol-Gel

Route to Very High-Porosity Silica Aerogels."
10th Annual Pyrochemical Workshop, Charleston, SC,

January 30,1991 R.W. Pekala, "Organic Aerogels: A New Type of
Ultrastructured Polymer."

C. Cate, "Equipment Development for Salt Preparation."

Annual Meeting of The Metallurgical Society, New
Gordon Conference on Superconductivity, Ventura, CA, Orleans, LA, February 17-21, 1991
February 1991

M. E. Kassner and G. A. Henshall, "A New Dislocation-

J. G. Tobin, "The Unexpected Photoemission Spectral Hardening Equation that Describes Elevated Temperature."
Structure of Untwinned, Single-Crystal YBa2Cu306.9."

Workshop on Fermiology of High-T c Superconductors,
U.S. Workshop on Superconductors for High Magnetic Argonne, IL, March 1991
Fields, Tiburon, CA, February 4, 1991

J. G. Tobin, "The Unexpected Photoemission Spectral

L. T. Summers, "Superconductors for ITER Magnet Systems." Structure of Untwinned, Single-Crystal YBa2Cu306.9."

Golden Gate Materials Technology Conference, San Spring Meeting of the Combustion Institute, Boulder,
Mateo, CA, February 5-7, 1991 CO, March 1991

W. G. Halsey, "Container Materials for High-Level P.H. Wallman, "Kinetic Combustion Experiments in a
Nuclear Waste." Pressurized Fluidized Bed."
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JOWOG-9 Mechanical Properties of Explosives, N. Kioussis, R. G. Hemker, E. C. Sowa, A. Gonis, and X.-G.

Livermore, CA, March 12-13, 1991 Zhang, "Electronic Structure and Energetics of Edge
Dislocations in Copper," Bull. Am. Phys. Soc. 36, 731 (1991).

C. O. Pruneda, "High-Tensile-Strength HE."
J. M. MacLaren, S. Crampin, A. Gonis, and G. Schadler,

E. von Holtz, K. Scribner, R. Whipple, and G. Flowers, "Electronic Structure of Disordered Interfaces," Bull. Am.
"Paste Extrudable Explosive Rheology." Phys. Soc. 36, 731 (1991).

KKR-CPA Workshop, Cincinnati, OH, March 16, 1991 J. Mikalopas, M. Sluiter, P. A. Sterne, and P. E. A. lhrchi,
"First-Principles Calculation of Phase Stability of

E. C. Sowa, A. Gonis, and P. A. Sterne, "Exact Treatment of Intermetallic Alloys," Bull. Am. Phys. Soc. 36, 619 (1991).
Poisson's Equation in Solids with Space-Filling Cells."

K. S. RaUs and R. A. Buhrman, "Defect Interaction° and the

Topical Meeting on Advanced Solid State Lasers, Hilton Ubiquity of 1/f Noise," Bull. AI_I.Phys. Soc. 36, 35; i991).
Head, SC, March 18-20, 1991

S. P. Regan, A. P. Zwicker, L. K. Huang, M. Finkenthal, H. W.
L. L. Chase, S. A. Payne, L. K. Smith, W. L. Kway, and Moos, and T. W.Barbee, Jr., "An Evaluation of a Multilayer
W. F. Krupke, "Emission Cross Sections and Energy Mirror Spectrometer for Plasma Imaging in the 10-25
Extraction for the Mid-Infrared Laser Transitions of Wavelength Range."
Er3+,Tm 3+, and Ho3+. ''

M. A. Schildbach and A. V. Hamza, "Absorption of 1064-

American Physical Society, Cincinnati, OH, and 355-nm Laser Light by A120 3 Surfaces."
March 18-22, 1991

P. E Singh, D. de Fontaine, and A. Gonis, "Charge Self-
M. Asta, P. P. Singh, and D. de Fontaine, "Study of Stable Consistent KKR-ASA-CPA Calculations of Cu-Pd Alloys,"
Ground States in the Cu-Au-Pd System," Bull. Am. Phys. Bull. Am. Phys. Soc. 36, 619 (1991).
Soc. 36, 522 (1991).

M. Sluiter and P. E. A. Turchi, "The Role of Off-Diagonal
W. H. Butler, A. Gonis, and R. Brown, "Basis Functions for Order in the Phase Stability of Some Transition Metal
Non-Muffin Tin Multiple Scattering Theory," Bull. Am. Alloys," Bull. Am. Phys. Soc. 36, 619 (1991).
Phys. Soc. 36, 570 (1991).

E. C. Sowa, A. Gonis, and X.-G. Zhang, "Electronic
G. W. Collins, E. M. Fearon, E. R. Mapoles, P. C. Souers, Structure Calculations for Extended Defects: Grain

and P. A. Fedders, "J=l-to-0 D2 Conversion in Solid D-T." Boundaries in Nb," Bull. Am. Phys. Soc. 36, 730 (1991).

G. W. Collins, R. T. Tsugawa, E. R. Mapoles, P. C. Souers, E A. Sterne, E. C. Sowa, and A. Gonis, "Exact Treatment of

and J. R. Gaines, "Quantum Tunneling of Unpaired Poisson's Equation in Solids with Space-filling cells," Bull.
Hydrogen Atoms in Isotopic Mixtures of Solid Hydrogen Am. Phys. Soc. 36, 570 (1991).
Containing Tritium."

E. Suranyi and A. Gonis, "Analytic Properties of the
J. W. Elmer, L. E. Tanner, and M. J. Aziz, "Model for the Korringa-Kohn-Rostoker Coherent Potential
Formation of Bands of Ultrafine Particles During Rapid Approximation," Bull. Am. Phys. Soc. 36, 619 (1991).
Solidification."

R. J. Tench, M. A. Schildbach, L. L. Chase, and W.J.

A. Gonis, P. E. A. Turchi, M. Sluiter, E J. Pinski, and D.D. Siekhaus, "8-ns Nd:YAG Laser-Induced Surface Damage
Johnson, "Phase Stability and Phase Diagrams of Al-Li on A1203: Damage Morphology and Correlation Between
Alloys," Bull. Am. Phys. Soc. 36, 620 (1991). Surface Structure and Damage Threshold Studied by

Atomic Force Microscopy."
A. Gonis and W. H. Butler, "Variational derivation of

Multiple Scattering Theory for Space-Filling Potentials," L.J. Terminello, "Photoelectron Holography and Auger
Bull. Am. Phys. Soc. 36, 569 (1991). Electron Angular Distributions Measured Using

Synchrotron Radiation."
R. H. Howell, C. Berger, F. Solal, Y. Calvayrac, and P. E. A.

Turchi, "Structural Features in Icosahedral AI63Cu25Fe12," L.J. Terminello, D. K. Shuh, D. A. Lapiano-Smith, F. J.
Bull. Am. Phys. Soc. 36, 988 (1991). Himpsel, J. St6hr, D. S. Bethune, and G. Meijer, "Unfilled

Orbitals of C60 and C70 from C ls Near Edge X-Ray
Absorption Fine Structure."
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P. E. A. Turchi, M. Sluiter, and G. M. Stocks, "Ni-Al: A First- 32nd Experimental NMR Conference, St. Louis, MO,
Principles Study of the Interplay between Chemical Order April 7-11, 1991
and Structural Effects," Bull. Am. Phys. Soc. 36, 619 (1991).

R. L. Ward and R. W. Pekala, "NMR Investigations of
X.-G. Zhang, A. Gonis, D. Jentz, M. A. VanHove, G.A. Crosslinking in Melamine-Formaldehyde Aerogels."
Samorjai, P.J. Rous, K. Heinz, H. Lindner, K. Mtiller,
M. Ehsasi, and J. H. Block, "Studies of Clean Stepped American Chemical Society, Atlanta, GA, April 10-14,1991
Surfaces Using LEED," Bull. Am. Phys. Soc. 36, 811 (1991).

L. M. Hair, W. J. Pitz, M. W. Droege, and C. K. Westbrook,
22nd Lunar and Planetary Science Conference, Houston, "Modeling of Catalytic Coupling of Methane."
TX, March 18-22, 1991

J. Stephens and C. G. Stevens, "Shock-Wave Desorption
L. W. Hrubesh and J. F. Poco, "Development of Silica for Trace Analysis."
Aerogel as a Capture Medium--Status Report."

International Conference on Metallurgical Coatings and

Workshop on Fermiology of High Tc Superconductors, Thin Films, San Diego, CA, April 22-26, 1991
Argonne, IL, March 25-27, 1991

C. Alford, F. Serduke, D. Makowiecki, A. Jankowski, and
P. E. A. Turchi, "A Molecular Orbital Approach to M. Wall, "X-Ray Fiducial Foils."

Electron-Positron Annihilation in High-T c Materials."
A. F.Jankowski and P. L. Perry, "Characterization of

2nd European Conference on Industrial Furnaces and Mo/B4C Multilayers."
Boilers, Algarve, Portugal, April 1991

M. McKernan, D. Makowiecki, E Ramsey, and A.
R. C. J. Carlsson, R. Hernberg, J. Stenberg, and E H. Jankowski, "Magnetron Sputter Deposition of Boron and
Wallman, "Pyrometric and Combustion Kinetic Boron Carbide."
Measurements in a Pressurized Fluidized Bed."

24th Oil Shale Symposium, Golden, Colorado,
72nd Annual American Welding Society Conference, April 23, 1991
Detroit, MI, April 1991

D. E Aldis and C. B. Thorsness, "Analysis of Particle Slip
J. W. Elmer, A. T. Teruya, and D. W.O'Brien, "Tomographic and Drag in a Lift-Pipe Used in the Hot Recycle-Solid Oil
Determination of the Power Distribution in Electron Beams." Shale Retort."

D. W. O'Brien and J. W. Elmer, "Measurement and Study International Group on Radiation Damage Mechanisms_
of Keyhole Dynamics in Electron Beam Welding." Workshop on Damage Exposure Units for Ferritic Steel

Embrittlement Correlations, Raleigh, NC, April 26,1991
DOE Containment Workshop, Livermore, CA,
April 3-4, 1991 R.A. VanKonynenburg, "Recent Results of Molecular

Dynamics Modelling of Radiation Damage Cascades."
J. E. Hanafee, "Reuse Systems."

American Ceramic Society, Cincinnati, OH,
J. E. Hanafee, "Containment by Vanadium." April 29-May 2, 1991

J. E. Hanafee, R. L. Krueger, E. M. Sedillo, and B. F. Vallier, M.L. Elder, S. A. Payne, M. J. Weber, G. D. Wilke, and J. A.
"Pu-Be Studies." Caird, "Concentration Dependent Quantum Efficiency

and Relaxation in Nd-Doped Laser Glasses."
J. E. Hanafee, "Tube Containment_Baseline Review."

S. A. Payne, M. L. Elder, J. H. Campbell, and M. J. Weber,
G. A. Henshall, "Microstructure and Mechanical "Optimization of Laser Glass for Fusion Systems."
Properties of Commercially Pure Vanadium."

A. A. Tesar, W. K. Eickelberg, and J. E Taylor,
D. D. Kautz, "Joining Issues_Liquid Metal Containment." "Interferometric Measurements of Refractive Index

Inhomogeneity in Fused Silica Windows."
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M. J. Weber, "Recent Developments in Glasses for Fiber Workshop on Nitrous Oxide Emissions from Fluidized
and Fusion Lasers." Bed Combustion, Morgantown, WV, May 1991

The Materials Research Society, Anaheim, CA, P.H. Wallman, "Chemistry of N20 Formation
April 29-May 3, 1991 and Destruction."

K. C. Hong and R. S. Glass, "Chemically Modified ESF Workshop on Holography and Diffraction,
Microelectrode Arrays for Environmental Monitoring." Coventry, England, May 3, 1991

E. C. Sowa, A. Gonis, and X.-G. Zhang, "The Real-Space L.J. Terminello, "Auger Electron Angular Distributions
Multiple-Scattering Theory and the Electronic Structure of and Photoelectron Holograms."
Grain Boundaries."

179th Meeting of the Electrochemical Society,
J. G. Tobin, "Spin-Integrated and Spin-Dependent Washington, D.C., May 5-10, 1991
Photoelectron Diffraction of Fe/Cu(001)."

J. C. Farmer, R. G. Hickman, E T. Wang, and P. R. Lewis,
J. G. Tobin, "Concentration-Dependent Binding Energy "Mediated Electrochemical Oxidation of Ethylene Glycol."
Shifts in a Surface Alloy State."

R. M. Yamamoto et al., "The Design of an Electrochemical

J. G. Tobin, "The Unexpected Photoemission Spectral Waste IYeatment System."
Structure of Untwinned, Single-Crystal YBa2Cu306.9."

Conference on Laser Ablation: Mechanisms and

JANNAF Meeting, CL-20 Symposium, China Lake, CA, Applications, Oak Ridge TN, May 8-10, 1991
April 29-May 3, 1991

L. L. Chase, "Role of Laser Ablation in Causing and
M. F. Foltz, "High-Pressure Combustion of CL-20 Investigating Optical Surface Damage."
Polymorphs in a Diamond Anvil Cell."

1991 Incineration Conference, Knoxville, TN,

D. L. Ornellas, "Calorimetric Determination of the Heat and May 13-17, 1991
Products of Detonation of Hexanitrahexazaisowurtzitane

(E-CL-20)." O.H. Krikorian, "Analysis of Plutonium and Uranium
Volatilities from Mixed Wastes in the Molten Salt Processor."

Interagency Manufacturing Operations Group-Subgroup
on Joining, Largo, FL, April 30-May 2, 1991 Conference on Lasers and Electro-optics (CLEO),

Baltimore, MD, May 13-17, 1991
D. D. Kautz, "Preliminary Results of Cutting Studies with
High-Brightness Lasers." S.A. Payne, L. L. Chase, L. K. Smith, W. L. Kway, and W. E

Krupke, "Emission Cross Sections of the Mid-Infrared
D. D. Kautz, "Weldability of AerMet 100." Laser Transitions of Er3+, Tm3+, and Ho 3+ in Fluoride and

Oxide _ "_.rystals.
M J. Strum, "Atmospheric Effects on Vanadium Laser
Weld Properties." Strategic Defense Initiative Technical Achievements

Symposium, Cleveland, OH, May 14-15, 1991
Northern California Crystal Growth Society, Sunol,
CA, May 1991 S.K. Ault, N. J. Colella, R. L. Landingham, and J. Rego Jr.,

"Low-Areal Density Micropellet/Space Debris Shield for
W. E. King, "The Important Role of Bicrystals in LEO Satellites."
Interface Science."

National Light Source Annual Users Meeting, Upton,
39th ASMS Conference on Mass Spectrometry and NY, May 22, 1991
Applied Topics, Nashville, TN, May 1991

L. J. Terminello, "Photoelectron Holography Using
A. Alcaraz, B. D. Andresen, and W. H. Martin, "Linked Synchrotron Radiation."
Gas Chromatograph-Thermal Energy Analyzer/Ion Trap
Mass Spectrometer."
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Twelfth Conference on Crystal Growth, Fallen Leaf R.E. Lyon, "High-Modulus/Low-Viscosity Epoxy Resin
Lake, CA, May 28--31, 1991 for Wet-Filament Winding and Resin Transfer Molding."

M. J. Weber, "Glass is Characterized by an Infinitely M.L. Myrick, S. M. Angel, and R. E. Lyon, "Raman Fiber
Large Unit Cell; Glass vs Crystals from One Optic Sensors for Epoxy Cure Monitoring."
Spectroscopist's Viewpoint."

12th American Peptide Symposium, Cambridge, MA,
U.S. Cryogenic Structural Materials Workshop, Boulder, June 16-21,1991
CO, May 29, 1991

A. R. Mitchell, E Ghofrani, and J. D. Young, "Improved
L. T. Summers, "NDE Requirements for ITER Methodologies for Solid Phase Peptide Synthesis. Use of a
Superconducting Magnets." FMOC Strategy with Benzhydryl Resins."

Physical Electronics Conference, Rutgers, NJ, June 1991 1991 Topical Conference on Shock Compression of
Condensed Matter, American Physical Society,

J. G. Tobin, "A Photoemission Investigation of Compound Williamsburg, VA, June 17-20,1991
Semiconductor Quantum Dots."

W. H. Gourdin, "Deformation Behavior of Pre-shocked

Northern California Chapter of the American Vacuum Copper as a Function of Strain Rate and Temperature."
Society, Stanford, CA, June 1991

W. C. Tao, C. M. Tarver, and D. R. Breithaupt,
J. G. Tobin, "A Photoemission Investigation of Compound "Fundamental Chemical Interactions in Metal-Filled
Semiconductor Quantum Dots." Composite Explosives."

Tenth Annual Working Group Institute on Synthesis 15th Annual Actinide Separation Conference,
of High Energy Density Materials, Monticello, NY, Charleston, SC, June 17-21,1991
June 3-6,1991

Y.Zundelevich, "The Mediated Electrochemical Dissolution

A. R. Mitchell, "Use of N-tert-Butoxycarbonyl (BOC) of Plutonium Oxide: Kinetics and Mechanism."
Derivatives for the Synthesis of Nitramines."

JOWOG-22C, Aldermaston, England, June 18-20,1991
JOWOG 9, Los Alamos, NM, June 10-14,1991

M. J. Strum, "Fatigue Behavior of Id-6Nb."
C. O. Prtmeda, E. H. von Holtz, K. J. Scribner, and R. E.

Whipple, "Higher-Energy, Reduced-SensitMty Explosives." JOWOG Meeting--Organic Materials Section,
Livermore, CA, June 19-21,1991

W. C. Tao, "Energetic Materials Research and

Development at LLNL." R.W. Pekala, "A New Synthetic Route to Organic Aerogels."

21st Annual DOE Adhesives Symposium, Livermore, R.W. Pekala, "Low-Density Carbon Foams."
CA, June 11-12,1991

Actinide Separation Conference, Charleston, SC,
L. Chiao, "Mechanistic Modeling of Cure." June 20,1991

S. J. DeTeresa and R. E. Lyon, "Matrix Property Translation J.C. Farmer and Z. Chiba, "Predictive Steady-State Model
into Advanced Fiber Composites." of Annular-Flow Electrochemical Reactor."

J. D. LeMay, R. E. Lyon, and I. Chiu, "Fracture Toughness Gordon Research Conference, Plymouth, NH, July 1991
of Candidate Adhesives for BeO-BeO Bond."

J. W. Elmer, L. E. Tanner, and M. J. Aziz, "Model for the

R. E. Lyon, "Surface Tension Measurements of Formation of Bands of Ultrafine Particles During Rapid
Liquid Epoxies." Solidification."
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Scanned Probe Microscopies Conference, Santa Barbara, Society of Photo-Optical Instrumentation Engineers,
CA, July 1991 San Diego, CA, July 22-24, 1991

R. J. Tench, M. A. Schildbach, M. Balooch, W. J. Siekhaus, T.W. Barbee, Jr., "Multilayer Structures: Historical
and A. A. Tesar, "lh Situ Scanned Probe Studies on Site Perspective and Future Potential."
Specificity of Laser Surface Damage."

International Conference of Point Defects in Glass, Riga,
International Symposium on Metal/Ceramic Interfaces, Latvia, July 29-31,1991
Irsee, Germany, July 1-4,1991

M. J. Weber, "Local Structure of Rare Earth Ions in Glass."
W. E. King, "Shock-Wave Exfoliation."

Workshop on Spectroscopic Imaging, Diffraction and
Gordon Research Conference, New London, NH, Holography with X-Ray Photoemission, Berkeley, CA,
July 1-5, 1991 August 1991

S. J. DeTeresa, "Compressive Behavior of High- J.G. Tobin, "Photoelectron Diffraction of Magnetic
Performance Fibers and Their Composites." Ultrathin Films."

Second International Conference on Lasers in Materials Seventh Semiannual Review, Technology Coordination
Engineering, Medicine, and Biology, Physics, and Group for Energetic Materials, White Oak, MD,
Chemistry, Grenoble, France, July 9-11,1991 August 1991

L. L. Chase, "Laser Media for Diode Laser-Pumped Solid- P.F. Pagoria, C. L. Coon, A. R. Mitchell, and R. L. Simpson,
State Lasers." "Synthesis and Scale-Up."

Gordon Research Conference on Crystal Growth, CONFAB 91, Silver Creek, CO, August 1991
Plymouth, NH, July 15-19, 1991

B. E. Watkins, D. F. Aldis, C. J. Morris, T. T. Coburn, and

J. J. DeYoreo, L. J. Atherton, D. H. Roberts, and R.W. C.B. Thorsness, "Retorting of 7-mm-Diameter Particles
Martin, "The Formation, Growth, and Elimination of of Oil Shale."

Defects in Cr:LiCaA1F6."
VII International Conference on the Physics of Non-

Gordon Research Conference on High Temperature Crystalline Solids, Cambridge, England, August 4-9,1991
Corrosion, New London, NH, July 15-19,1991

M. J. Weber, "Physics of Laser Glass."
W. E. King, "Measurement of Metal/Scale Interface
Bond Strength." The 5th Ali Union Meeting on Detonation--

International S_ mposium on Chemistry of Shock
International Society for Optical Engineering Waves, Krasnoyarsk, USSR, August 4-11, 1991
Symposium on Optical Applied Science and

Engineering, San Diego, CA, July 21-26,1991 P.A. Urtiew, C. M. Tarver, and L. G. Green, "Response of
LX-10 Explosive to Low-Pressure Dynamic Loading."

J. J. DeYoreo, B. W. Woods, and L. J. Atherton, "The Effect

of Strain on the Performance of Large-Aperture KD*P Electron Microscopy Society of America, San Jose, CA,
Pockels Cells." August 5-8, 1991

N. Thomas and C. G. Stevens, "Echelle-Prism Spectrograph M. Wall and T. W. Barbee, Jr., "Structural Characterization

for Remote Sensing of Chemical Efficients at 2-5 _.m." of Macroscopic Copper-304/Stainless-Steel Multilayer
Materials."

International Conference on Materials and Mechanisms

of SuperconductivitymHigh Temperature Pacific International Congress on X-ray Analytical
Superconductors, Kanazawa, Jpn., July 22-26, 1991 Methods, Honolulu, HI, August 12-16, 1991

M. J. Fluss, H. B. Radousky, and R. S. Glass, "On the T.W. Barbee Jr., "Spatially and Spectrally Imaging
Chemical Origin of the Hole Carriers in YBCO." Multilayer X-Ray Optics and Instrumentation."
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NATO Advanced Study Institute, Equilibrium Structure Interdisciplinary Laser Science Conference, ILS-VI,
and Properties of Surfaces and Interfaces, Porto Carras, Monterey, CA, September 22-26, 1991
Greece, August 18-30, 1991

A. V. Hamza, "Photon Absorption by Sapphire Surfaces."
E. C. Sowa and A. Gonis, "The Real-Space Multiple-
Scattering Theory: A First-Principles Method for tile L.L. Chase, A. V. Hamza, and H. W. H. Lee, "Mechanisms

Computation of the Electronic Structure of Defects." of Laser-Induced Damage in SiO2 and HfO 2 Coatings."

American Institute of Chemical Engineers, Pittsburgh, Eighth Target Fabrication Specialists Meeting,
PA, August 19, 1991 Albuquerque, NM, September 23-25, 1991

R. G. Hickman, L. W. Gray, and J. C. Farmer, "Mediated S.R. Buckley, G. E. Overturf, and R. C. Cook, "Brominated
Electrochemical Process for Mixed Waste Treatment." Polystyrene at Preselected Atom %."

American Chemical Society, New York, NY, R.C. Cook, G. E. Overturf, and S. R. Buckley, "Diagnostic
August 26-30, 1991 Dopants in Direct-Drive Laser ICF Target Mandrels."

A. C. Jones, C. Stevens, W. Conaway, and A. Droege, S.A. Letts, M. D. Saculla, F.-M. Kong, E. F. Lindsey, C. W.
"Laser Generated Hydrocarbon Plasmas: Determination of Price, and S. R. Buckley, "Bromine-Containing Plasma
Temperature by C 2 Emission Spectroscopy." Polymer Coatings."

9th International Conference on Positron Annihilation, C.E. Moore and R. J. Wallace, "Target Metrology Upgrade."
Szombathely, Hungary, August 26-31, 1991

G. E. Overturf, S. R. Buckley, and R. C. Cook, "Synthesis
R. H. Howell, C. Berger, F. Solal, Y. Calvayrac, and P. E.A. and Characterization of Iodinated Polystyrene."
Turchi, "Structural Features ill Icosahedral AI63Cu25Fe12."

C. W. Price, E. E Lindsey, and S. A. Letts, "Bromine Analysis
DOE Workshop on Scientific Issues Related to in Hydrocarbon Films by Energy-Dispersive Spectroscopy."
Intermetallic Compounds, La Jolla, CA, September 1991

C. W. Price, E. F. Lindsey, and S. A. Letts, "Bromine-Rich

L. E. Tanner, "Phonon Behavior and Microstructural Precipitates on Brominated Hydrocarbon Films."
Development Leading to Martensitic Transformations."

C. W. Price, G. J. Greiner, and C. E. Moore, "X-Ray

American Society of Metals, International Conference on Microfluorescence Capabilities at LLNL."
High Temperature Aluminides and Intermetallics, San

Diego, CA, September 16-19, 1991 C.W. Price, E. F. Lindsey, T. P. Bernat, R. E. Turner, W. J.
Siekhaus, M. Balooch, and R. J. Tench, "Use of Atomic

H. Li, F. C. Chen, A. J. Ardell, A. F.Jankowski, and D.F. Force Microscopy for Surface-Finish Measurements."
Pedraza, "Mechanical Behavior of 1-MEV Proton-

Irradiated Ni3AI." C.W. Price and E. E Lindsey, "Thickness Measurements of
Thin Films."

M. Sluiter, P. E. A. Turchi, F. J. Pinski, D. D. Johnson, and

G. M. Stocks, "A First-Principles Study of Phase Stability M.D. Saculla and S. A. Letts, "Quantitative Radiography
in Ni-Al and Ni-Ti Alloys." '_f Bromine-Containing Plasma Polymer Coatings."

JOWOG 28B, Aldermaston, England, September 17, 1991 J. Sanchez, G. W. Collins, and E. M. Fearon, "Burst-

Pressure Measurements of PVA-Coated Polystyrene
J. LeMan, K. Wilfinger, C. Hoenig, and G.Thomas, "HIP Capsules for _)irect-Drive Experiments."
Bonding of Ag-Be Laminated Test Components."

R. J. Wallace, G. J. Mauger, G. J. Greiner, M. Spragge, and
T. M. Tillotson, L. W. Hrubesh, and W. E. Sunderland, R. Levesque, "Improved Target Assembly Workstation."
"Silica Aerogels with Improved Optical Properties."
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L. Witt, S. A. Letts, and E. E L.indsev, "Atomic Force DOE Workshop on Synchrotron Radiation Beamlines,
Microscopy of Plasma Polymer Coatings." Gatlinburg, TN, October 1991

6th Symposium on the Containment of Underground J.G. Tobin, "Spectromicro_opy IDT."
Nuclear Explosions, Reno, N V, September 23-27, 1991

Emerging Technologies for Hazardous Waste
H. L. McKague, J. R. Hearst, and R. L. Ward, "Nuclear Management, Atlanta, GA, October 1-3, 1991
Magnetic Resonance Determination of the Non-Pore Water

Content of Zeolitic "luffs and Its Application to Correction R.G. Hickman, ]. C. Farmer, and F. Wang, "Mediated
of Epithermal-Neutron-Derived Water Content." Electrochemical Hazardous Waste Destruction."

Focus 91--Nuclear Waste Packaging, Las Vegas, NV, Institute of Electrical and Electronics Engineers 14th
September 29-October 2, 1991 Symposium on Fusion Engineering, San Diego, CA,

October 3, 1991
W. L. Clarke, G. E. Gdowski, W. G. Halsey and R. D.

McCright, "Candidate Container Materials for L 1".Summers, "The Impact of Fatigue and Structural Design
Yucca Mountain." on the Operation and Reli-abili_' of ITERMagnet Systems."

G. A. Henshall, "Stochastic Models for Predicting Pitting International Symposium on the Physics and Chemistry
Corrosion Damage of HI.RW Containers." of Finite Systems, Richmond, VA, October 8-12, 1991

Fourth Topical Meeting on Tritium Technology, V. Kresin, "Inelastic Electron Scattering and Response
Albuquerque, NM, SeptemE:er 29-October 4, 1991 Properties of Alkali Clusters."

J. L. Maienschein, S. W. Wilson, and F. Garcia, "L-k_ign DOE 17th Surface Studies Conference, Pleasanton, CA,
and Operational Experience with a Portable Tritium October 15-18, 1991
Cleanup System."

L. L. Chase, A. V. Hamza, and H. W. H. Lee, "Investigation
J. L. Maienschein, R. S. Hudson, R. T. Tsugawa, E.M. of Optical Damage in SiO2 and HfO 2 Coatings Using Pairs
Fearon, P. C. Souers, and G. W. Collins, "Production of of Picosecond Laser Pulses."

Ultrapure D-T Gas bv Removal of Molecular Tritium by
Selective Adsorption." C.A. Coimenares, J. Z. l.iu, and C. Evans, "UPS and XPS

Studies of ht Situ Cleaved Single Crystals of YBa2Cu307."
J. L. Maienschein, E Garcia, R. G. Garza, R. L. Karma,

S. R. Mayhugh, and D. T. Taylor, "Experiences with T.H. Gouder and C. A. Colmenares, "Formation and
Decontaminating Tritium-Handling Apparatus." lnterconversion of Uranium Surface Oxides and

Oxycarbides StuditKl by UPS / XPS/H REELS."

Third International Symposium on Aerogels, Wurzburg,
Germany, September 30-October 2, 1991 T.H. Gouder and C. A. Colmenares, "Electronic Structure

and Surface Reactivity of Sputtered Thin Films of
R. W. Pekala, "Aerogels Derived from Multi_unctional Uranium on Silicon."
Organic Monomers."

M. A. Schildbach and A. V. Hamza, "Interactior_ of Pulsed

T. M. Tillotson and L. W. Hrulx_h, "Transparent Ultralow- Laser Light with Sapphire Surfaces."
Densi_, Silica Aerogels by a Two.-Step Sol-(h:l Process,"

t.. ]. Termmello and J. J. Barton, "Surface Structure

University of Wisconsin Synchrotron Radiation Center D_,termination Using Photoelectron Holography."
Users Meeting, Madison, WI, October 1991

.I.G. Tobin, "Spin-lntegrated and Spin-Dependent
J.G. Tobin, "Utilization of an SGM tk,amline for Studies with Photoelectron Diffraction of Fe/Cu(001 )."

High Resolution and Helically Polarizex'l X Rays at SSRL."
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Electronics, Glass, and Optical Materials Meeting, 2nd Peoples Republic of China Detonation Symposium,
American Ceramic Society, Arlington, VA, Beijing, China, October 28-November 1, 1991
October 20-23, 1991

W. C. Tao, C. M. Tarver, and D. L. Ornellas,

L. L. Chase, R. W. Adair, and S. A. Payne, "Characterization "Understanding Composite Explosives Energetics: III.
of the Nonlinear Refractive Properties of Optical Materials Reactive Flow Modelling of Aluminum Reaction Kinetics
and Laser Media." in PETN and TNT."

The Metallurgical Society Fall Meeting, American 7th National Conference on Synchrotron Radiation
Society of Metals Conference on Phase Diagram Instrumentation 91, Baton Rouge, LA, October 29, 1991
Computation, Cincinnati OH, October 21-24, 1991

L. J. Terminello, G. D. Waddill, and J. G. Tobin, "High-
J. E. Hanafee, "Characterization and Consolidation of Gas Resolution Photoabsorption and Magnetic Circular
Atomized Beryllium Powder." Dichroism Measurements on the Univ. of

California / National Laboratory Spherical Grating
J. Mikaiopas, M. Sluiter, P. A. Sterne, and P. E. A. Turchi, Monochromator Beamline."
"First-Principles Calculation of Phase Stability of Ni-V

and Pd-V Alloys." Interagency Manufacturing Operations Group---Subgroup
on Joining, Livermore, CA, October 31, 1991

M. Sluiter, P. E. A. Turchi, E J. Pinski, and G. M. Stocks,

"Theoretical Study of Phase Stability in Ni-AI and D.D. Kautz, "Laser Materials Processing Update."
Ni-TJ Alloys."

Stanford Synchrotron Radiation Laboratory Users
G. M. Stocks, D. M. Nicholson, W. A. Shelton, E J. Pinski, Meeting, Stanford, CA, November 1991
D. D. Johnson, J. B. Staunton, A. Barbieri, B. L. Gyorffy

B. Ginatempo, P. E. A. Turchi, and M. Siuiter, "Ordering J.G. Tobin, "Synchrotron Radiation-Based Investigation of
Mechanisms in Metallic Alloys." Magnetic Ultrathin Films: Fe/Cu(001)."

L. E. Tanner, "Premartensitic Behavior and Martensite Optical Society of America Symposium_Optical
Nucleation in Ni-Al Alloys." Fabrication, San Jose, CA, November 1991

P. E. A. Turchi, M. Sluiter, and G. M. Stocks, "First- A.A. Tesar, B. A. Fuchs, and P. P. Hed, "Polishing
Principles Prediction of Alloy Phase Stability." Compounds: An ha-Depth Study of Polishing Behaviors

and Surface Characteristics."

23rd Annual Boulder Damage Symposium on Optical

Materials for High-Power Lasers, Boulder, CO, The Laser and Electron Beam in Welding, Cutting, and
October 23-24, 1991 Surface Treatment State of the Art 1991 Conference,

Reno, NV, November 1991

L. I.. Chase, A. V. Hamza, and H. W. H. Lee, "Investigation

of Optical Damage in SiO 2 and HfO 2 Coatings Using Pairs A.T. Teruya, J. W. Elmer, and D. W. O'Brien, "A Method
of Picosecond Laser Pulses." for Imaging the Power Distribution in Electron Beams."

A. V. Hamza, R. S. Hughes, L. L. Cha_, and H. W. H. Lee, Royal Society Meeting, London, England,
"Investigation of the Laser-Al203(ll20) Surface Interactions November 5--6, 1991
Using Pairs of Picosecond Pulses."

C. O. Pruneda, E. S. Jessop, C. M. Walkup, and D. M.
4th European Symposium on Space Environmental Hoffman, "LOVEX-BX, A High-Performance, Low-
Control Systems, Florence, Italy, October 23, 1991 Vulnerability, and Low-Cost Composite Explosive."

A. Waleh, V. Kanevskv, R. S. Upadhye, and T. Wydeven, Stanford Synchrotron Radiation Laboratory User's
"Impact of Diet on the Design of Waste Processors Meeting, Stanford, CA, November 8, 1991
in CELSS."

L. J. Terminello, "High-Resolution Photoabsorption of 0 2,
N2, and CO K-Shells on the Univ. of California/National
Laboratory Spherical Grating Monochromator Beamline."
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38th National Symposium of the American Vacuum R.S. Upadhye, "Molten Salt Destruction Process for the

Society, Seattle, WA, November 11-15, 1991 Treatment of Pu-Containing Wastes."

R. C. Cook, G. E. Overturf, and S. R. Buckley, "Covalent 1991 Annual Meeting of The American Institute of

Inclusion of Diagnostic Dopant Atoms in Polymeric Chemical Engineers, Symposium on Electrochemical
Materials for ICF Experiments." Sensors, Los Angeles, CA, November 17-22, 1991

A. E Jankowski, "Synthesis and Structure of a R.S. Glass, K. C. Hong, K. Ashley, and V. E. Granstaff,
Superconducting Au-Nb Superlattice." "Versatile Electrochemical Microsensors for

Environmental Monitoring."
S. A. Letts, M. D. Saculla, E-M. Kong, E. E Lindsey, C. W.
Price, and S. R. Buckley, "Bromine-Containing Plasma Performance Assessment Total System Analysis
Polymer Coatings." Workshop, Las Vegas, NV, November 19-20, 1991

S. A. Letts, E. E Lindsey, and L. Witt, "Atomic Force W.G. Halsey and A. D. Lamont, "Yucca Mountain
Microscopy of Plasma Polymer Coatings." Integrating Model."

J. Sanchez, G. W. Collins, and E. M. Fearon, "D-T and D2 Seminar on Nuclear Physics Concepts in Atomic Cluster
Retention in Plastic Shells." Physics, Nad Honnef, Germany, November 26-29, 1991

L. J. Terminello and J. J. Barton, "Photoelectron V. Kresin, "Inelastic Electron-Cluster Collisions and

Holography of Cu(001) and CI/CU(001) Measured Using Response Properties of Metal Clusters."
Synchrotron Radiation."

Materials Research Society, Boston, MA,
J. G. Tobin, "The Valence Bands and Fermiology of December 2-6, 1991

Untwinned Single-Crystal YBa2Cu30_,.,_."
A. V. Hamza and M. A. Schildbach, "The Effect of an H_O

Mechanics of Composites Review, Dayton, OH, Adlayer on the Laser-A1203(ll_02) Surface Interaction."
November 12-13, 1991

A. F.Jankowski and M. A. Wall, "The Stabilization of Face-

S. J. DeTeresa, "Maximizing the Axial Compressive Centered-Cubic Titanium."
Strength of Filament-Wound Composite Cylinders."

J. Ma, A. P. Y. Wong, S. B. Kim, M. H. W. Chan, W. I.
High-Resolution Conflict Simulation Conference, Goldberg, and L. W. Hrubesh, "Superfluid and Liquid-

Livermore, CA, November 13-15, 1991 Vapor Critical Phase Transition of N2 Confined in Aerogel."

D. U. Olness, "Comparing the Relative Effectiveness of R.G. Musket, R. H. Hawley-Fedder, and W. L. Bell,

Tactical Yield Nuclear Weapons and Developmental "Interactions of Protons with Thin Films of C60 Molecules."
Advanced Conventional M_'_itions."

D. Schryvers and L. E.Tanner, "Electron Microscopy of
1991 Eastern Oil Shale Symposium, Lexington, KY, Stress-Induced Martensite and Pretransition Microstructures

November 13-15, 1991 in Ni62.sA137.5."

T. I. Duewer, K. G. Foster, and T. T. Coburn, "Raw Shale P.P. Singh, A. Gonis, and D. de Fontaine, "Self-Consistent-
Dissolution as an Aid in Determining Mineralogy." Field KKR-CPA Calculations in the Atomic-Sphere

Approximation."
D. E Aldis, "Attrition and Abrasion Models for Oil Shale

Process Modeling." M. Sluiter and P. E. A. Turchi, '"The Role of Chemical

Interactions in the Stability of Artificial Metallic
1lth Annual Pyrochemical Workshop, Oakbrook, IL, Superlattices."
November 13, 1991

L. E. Tanner, "Phonon Behavior and Microstructural

C. Care, "Plutonium Chloride Preparation by Hydride Development Leading to Martensitic Transformations in

Chlorination." NixAl(100_x)Alloys."
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J. G. Tobin, '"Fhe Valence Bands and Fermiology of Sixth Australian Workshop on Oil Shale, Brisbane,

Untwinned Single-Crystal YBa2Cu30¢_._." Queensland, Australia, December 5-6, 1991

P. E. A. Turchi and M. Sluiter, "Real-Space Multiple- R.J. Cena and P. H. Wallman, "The LLNL tqRS Retorting
Scattering Theory of Phase Stability in Alloys." Process Pilot Plant and Conceptual Design Studies."

P. E. A. Turchi and M. Sluiter, "Statics of Phase International Conference on Lasers '91, San Diego, CA,
Transformation in Ni-AI, Ni-TJ, and Cu-Zn: A First- December 9-13, 1991

Principles Study."
D. D. Kautz, "Preliminary Cutting and Drilling Studies

Yucca Mountain Project Geochemistry Integration with High-Power, High-Radiance Lasers."
Meeting: Role of Geochemistry in Performance
Assessment, Henderson, NV, December 4-5, 1991 M.J. Strum, "Interstitial Embrittlement of Vanadium

Laser Welds."

W. G. Halsey, "Waste Package Performance Assessment
Needs for Geochemical Data."
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Patents

L. J. Atherton, J. J. DeYoreo, and D. H. Roberts, Method for F.-M. Kong, Carbonization qf HIPE Polystyrene Foam, U.S.
Reducing Passive Scattering Losses in LiCAF, U.S. Patent No. Patent No. 4,992,254 (1991).
5,099,490 (1991).

F.-M. Kong, Low-Density Carbonized Composite Foams, U.S.
T. W. Barbee, Jr., Multilayer D!ffraction Grating, U.S. Patent Patent No. 5,047,225 (1991).
No. 4,915,463 (1990).

J. D. LeMay, Low-Density Microcellular Foams, U.S. Patent
J. A. Britten, C. B. Thorsness, R. M. Brusasco, J.H. No. 5,066,684 (1991).
Campbell, W. Johnson, and M. W. Scrivener, Flat High-

Temperature Plasma CVD Coater, DOE Patent Application J.L. Maienschein and P. E. Barry, Low-Density Metal
No. IL-8274 (1990). Hydride Foams, U.S. Patent No. 5,026,670 (1991).

C. A. Colmenares, Catalysts for Synthesizing Various Short D.M. Makowiecki and A. F. Jankowski, Fabrication of
Chain Hydrocarbons, U.S. Patent No. 5,030,607 (1991). Multilayered Optical Coatings with Arrays of Small

Magnetron Sputtering Sources, DOE Patent Application
S. J. DeTeresa, Conducting-Fiber Compression Tester, U.S. No. S-72,127 (1990).
Patent No. 4,974,451 (1990).

D. M. Makowiecki and A. F.Jankowski, Magnetron
C. A. Ebbers, L. DeLoach, and M. Webb, hwuency-Conversion Sputtered Boron Films and Ti/B Multilayer Structures, DOE
Material, DOE Patent Application No. IL-8491 (1991). Patent Application No. S-71,298 (1991).

J. C. Farmer and R. G. Hickman, Potential-Controlled R.G. Musket, D. W. Brown, and Z. A. Munir, Processfor
Electrochemical Reactor for Mediated Electrochemical Forming One or More Substanlhllly Pure Layers in Substrate
Oxidation, DOE Patent Application No. IL-8627 (1990). Materials using Ion Implantation, U.S. Patent No.

4,976,987 (1991).

J. C. Farmer, R. G. Hickman, F.T. Wang, P. R. Lewis, and

L. J. Summers, Rotating-Anode Electrochemical Reactor for G.L. Nutt, Method for Enhancing Stability of High Explosives
Mediated Electrochemical Oxidation, DOE Patent Application .&r Pmt_oses of Transport or Stora_,,e,and the Stabilized High
No. 1[,-8626 (1990). Explosives, U.S. F'atent No. 5,067,995 (1991).

J. C. Farmer, E T. Wang, R. G. Hickman, P. R. Lewis, and D.U. Olness and T. B. Hirschfeid, Elastomer De_,radation
L. J. Summers, Matiated ElectpvchenticalOxidation of Hazardous Sensor Using a Piezoelectric Material, U.S. Patent No.
Otxanic Wastes without Electrode Separators, DOE Patent 4,906,917(1990).
Application No. IL-.8851 (1991).

R. W. Pekala, Low-Density Resorcim_l-Formaldehyde Aeroy,els,
K. G. Foster, E. J. Frohwein, and R. W. Taylor, Tube Furnace, U.S. Patent No. 4,997,804 (1991).
U.S. Patent No. 5,072,094 (19911).

C. G. Stevens and N. Thomas, Echelle-Prism Spectrograph
R. S. Glass, S. P. Perone, D. R. Ciarlo, and J. E Kimmons, for Re,tote Sensin,_,, DOE Patent Application No. IL-
Electrochemical SensorDetector S ltstem and Method, DOE 8795 (1991).
Patent Application No. IL-8043 (1991).

M. Vanderlaan, B. E. Watkins, and L. H. Stanker, Monoclonal

B. L. Haendler, Stable Emuls(fied Bh.achiny,Composition, U.S. Antibodies fi_r the Sepan#e Detection qf Halodexyuridines and
Patent No. 4,929,383(1990). Methodfi," their Use, U.S. Patent No. 5,053,336 (1991).

B. L. Haendler and R. J. Cramer, Bleachiny,amt Bluin,q F.T. Wang, J. C. Farmer, R. G. Hickman, and L. W. Gray,
Composition and Method, U.S. Patent No. 5,075,029 (1991). Am_dic Oxidation of Oxalic Acid and Oxalate Ion in Aqueous

Solutions, DOE Patent Application No. IL-8840 (1991).
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Table 1. Distribution of effort and funds foi the Figure 1. FTE distribution in FY ql, {,1)Direct programs,
C&MS Department in FY91. 27.0 FTE. {b) Distributed services and indirect

activities, 66.0 FTE. (c) Support to other programs, 233.3 F|'|-.
Number of FTE Cost

{a) I}('Jli dirt,ct 3.0%

C&MS Other ($K) Misc. WF(_ 3.7%

C&MS Cost Center I)tri)/I_eimbursabh, 4. I%

Direct Program.,,
Weapons .Supporting Research 14.7 [_._; 6722
l)epartmenial IJ)RI)/exploratory research 3.3 5.2 2074
I)epartmental IA)Rl)/supporting research I.() 0.7 312 I.)()I/BF.S 16.3",,
I.abwidL, LI)ld) (L7 (}.() %

l×'fl!/Basic Energy Sciences 4.4 3._ 18_(_
Dol)/Reinlbu rsables 1.1 0.3 415

Miscellaneous WFO l.i) 0._ 302

IX)I- Direct 0.8 I. I 35(_ [.DRI)

" 12 I.abwide 2._¢',,, .(} 18.5 163

Distributed Services

I'lLitonium Facility 6.(_ 22.8 6371 I.I)RI)/SR 3.7%

Tritium Fadliiv 2._ 8.2 17S_J

_).2 31.0 813(I
Indirect Activities IA)Id)/ER 12.2%

Support Burden 47.3 4.8 5147

Maintenance/Noncapital 10.3 22.5 5448

Capital l{quipment/Fabrication ().1 {).4 1210 (b) Tritium I"acility 3.q%

57.7 27.7 11811 Plutonium Facility t;.9'_',,

Subtotal, C&MS Cost Centers 93.9 77.2 32104 Capital equipmerlt
(). 1%

Support to ()iher I'rograms
l)efense Systems 75.7

Special Project.,, 7.5 Mainterlance/
l..a_er l'rogranls 41.7 noncapital
Energy Program 27.3 equipment
Miscellaneous IX)E 22.9 15.4%

Reinlbursables/Wl:O 38.2 Support burden
Ll)l,ll) 20.0 70.7%

233.3

Total C&MS Department 327.2

(c) I,I)RD 8.8%

I,_eimbursable

WFO 16.4%

Mist, IX)F] _4.7", __:_"

Program 1l.f_'!', l irojecis
I!nergy Special-t,2%

I.,iker I'i(Jgi,illin 17.rP'i,
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Table 2. C&MS Weapons-Supporting Research Table 3, C&MS Laboratory Directed Research &

program and budgets for FY90 and FY91 ($K). Development projects and budgets for
FY90 and FY91 ($K).

Thrust Area Leader FY90 FY91

Principal
Energetic Materials R. Simpson 685 705 Department project investigator FYg0 FY91
Fundamentals of the Physics &

Processing of Metals M. Kassner/ Chemistry & Physics of itigh-

W. Gourdin 850 85{) Fransition-'lbmperatu re

High-lransition-Temperatu re Superconductivity M. Fluss 1208 1125

SuperconductMty Ni. Fluss (300 6()[) Thermodvnanlics & Mechanical

Interfaces, Adhesion & Bonding W. King 500 500 Properties of AI-Li Alhws A. (,onis 172

Plutonium Research L, Newkirk 750 800 Structure-l'ropert.v lank m Sub-

Synchrotron Radiation-Based nanometer Materials A. Jankmvski 221) 238

Materials Science J. Wong 75o 75o Nuclear Spin Polarization C. Souers h45 323

Tritium Research C. Souers 300 472 Structure & Properties of Ultrathin

Total 4935 4677 Magnetic Films J. 'h_bm lq5
Structural Transformation & Precursor

l_henomena in Advanced Materials P. lurchi Iq4

Group Leader FY90 FY91 Total 2245 2075

Interactions of Surfaces with the

Environment C. Colmenares 400 Principal

Molecular Approach to Aerogels L. Hrubesh 20(I Laboratory-wide project investigator FY90 FY91
Total 600

Application of _7Zn Mossbauer

Spectroscopy to Hole- and
Principal Electron-Doped Copper Oxide C. Violet 124

Individual project investigator FY90 FY91 Changes in Material Structure over

F,xtremelv Short Periods Q. Jilhnsorl 88

Ultratrace Analvsis B. Andresen 120 Synthesis & Characterization of

I>hotocatalvsis on l)oped Aerogels C. Colmenares 200 Melamine-Formaldehyde Aerogels R. Pekala 97
Bond-Selective Chemistry W. Conawav 150

Chemistry of Defects I. De Yoreu 70 Total 212 97
DI"A Equipment Development J. De Yoreo 50

Laser-I'roduced Molecular l'lasmas A. Droege 170 Total Laboratory Directed Research & Development 2457 2172
Structural Transformation & Precursor

Iqlerlomena in Advanced Materials P. lurcl_i 150

l_N NMR Investigation of Crosslinking R. Ward 40
Surface Magnetism in Ultrathin Films /. Tc:bin 60

Damage Initiation and Accumulation ]. Kinney 35

Actinide l'hysics P. Baisden 60

Properties of Graphite Fibers R. Christensen 1()(}

l)iffusiorl of l>oint Defects in Fluorides J. l)e Yoreo 40
Synthesis, of Buried I,avers R. Musket 150

Total 1045 350

Total Weapons-Supporting Research 5980 5627
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Acronyms and Abbreviations

ACAR Angular correlation of annihilation radiation FWHM Full width at half maxinauna
ADNT 3,5-dinitro-l,2,4-triazolate FWP Field work proposal
AES Auger electron spectroscopy GC C;as chronaatography

AFM Atomic force microscopy GC/MS Gas chronaatography/mass spectrometry
ANTA 3-amino-5-nitro-l,2,4-triazole GPM Generalized perturbation method
APB Ant,phase boundary hcp Hexagonally close-packed
ASTM American Society for Testing Materials HF Hartree-Fock

bcc Body-centered cubic HLRW High-level radioactive waste
bct Body-centered tetragonal HMX 1,3,5,7-tetranitro-i,3,5,7-tetraazacyclooctane
BET Nitrogen adsorption porosimetry HOPG Highly ordered pyrolytic graphite
BF Bright field HREM High-wsolutiorl electrorl microscopy
BS Backscattering HRS Hot-recyle solids (,,ii shale process)

BSCCO Bi2Sr2CaCu2Os HRTEM High-resolution transmission electron
CBM Conductiola band nainimurn microscopy
CFC Cialorofl uoroca rbon ICF Inertial con finenlen tfu sion

CFT Ctincentration functional theory ICP-AES lndttctively coupled plasma-atomic emission
CI Configuration interaction spectroscopy
CMA Cylindrical mirror analyzer IM Insensitive inti.litiim
CPA Ct file rent po ten tial app fox inia tion IR Illfra red
CSL Coincident site lattice ISBS Impulsive stimulated Brillouin scattering
CT Computed tomography ISE Ion-selective electrodes
CTBN Carboxy-terminated butadiene-acrylonitrile ISFET lon-sensitive field-effect transistor
CTEM Contrast transmission electron microscopy ISRS Impulsive stimulated l_aman scattering
CVM Cluster va riation method ITMS Ion trap mass spectrometer
CZ Czoch ra Iski KKR Korringa, Kolata, a tld Rostoker
DABCO Brand name of Air Products, lhc. LA Longitudinal acoustic

DAT 3,5-d iarhino-1,2,4-triazole LAXS Large-angle x-ray spectroscopy
DCHA dicyclolaexyammorlium LBL Lawrence Berkeley l_aboratorv
DCPD Direct-current potential-drop LCW Lock-Crisp-West (theorena)
DEAE Diethvlaminoethvl LEED Low-energy electron diffraction

DMF Dimethylfornaamide LiCAF Cr3+:LiCaAIF_,
DNT 3,5-d initro- 1,2,4-triazole LiGaF Cr3+:LiSrGaF_
DOE (U.S.) Department of Energy LiSAF Cr3+:LiSrAIF,
DOS Density of states LKKR Layer Korringa, Kohrb and Rostoker
DSC Diferential scanning calorimetry (computer code)
DTT Dithiothreitol LMTO Linear muffin tin orbital (method)

DWPF Defense Waste Processing Facility LOVEX Low-vulnerability explosives
EAM Embedded-atom method LPN Liquid-phase nucleation
ED Electron diffraction LPS Long-period superstructure
EDL Electrodeless discharge lamp LIS lAquid/solid

EDS Energy-dispersive spectrometer LSCO l.a2_xSrxCuO 4
EELS Electroia-energv-loss spectruna MEO Mediated electrochemical oxidation
ELS Electron-energy-h_ss spectroscopy MF Melanline-formaldehyde

EM Electron microscopy MGPT Model-generalized pseudopotential theory
EPI Electronic pair interaction MMC Metal-matrix composite
ER (I)OE Office of) Energy Research MMO Methane naonooxygenase
ESCA Electron spectroscopy for chemical analysis MOPS Morpholint, propanesulftmic acid
ESR Electrorl spin resonance MS Mass spectrometry
EXAFS Extended x-ray absorption fine structure MST Multiple-scattering theory
fcc Face-centered cubic MTS Mechanical tllreshold stress

FCGR Fatigue crack growth rate NADH Nicc_tinamide adenine dinucleotide

FTS Fourier transft,rnl spectrometer NIR Nornlal-incidence reflectivity
FRS Forward-recoil spectroscopy. N MR N uclea r naagnet ic resonance
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Acrc,(vms and Al,l,'cPhlth,ts

NQ Nitroguanidine STEM Scanning transmission electron microscopy
NRA Nuclear reaction analysis STM Scanning tunneling microscope (microscopy)
N SLS National Svnchrotron Ligh t Sou rce STS Stoc kpile-to-ta rget sequence
OFE Oxygen-free electronic SXPL Soft x-ray projection lithography
O-T Orthorhombic-tetragonal (phase transition) TA Transverse acoustic
PA l_erformance assessment TATB 1,3,5-triamino-2,4,(-_-trinitrobenzene

PBX Plastic bonded explosive TEA Thermal energy analyzer
PCP Phenc`"clidine TEGDN Trimehyleneglycol dinitrate

PES Photo-electron spectroscopy TEM Transmission electron microscope
PETN Pentaerythritol tetranitrate (an explosive) (microscopy)
PIXE Particle-induced x-ra,,, emission TEOS [etraethoxvsilane

pMMO Particulate form of methane monooxygenase TIC Total ion chromatogram
PVD Physical va por deposition TM D Theoretical naax im um densitv
RBS Rutherford backscattering TMETN lq'imetlwlol ethane trinitrate

RCA Rotating o,,linder anode TMOS Tetramethoxysilane
RDX Hexahydro- 1,3,5-trinitro- 1,3,5-triazine TNT Trinitrotoluene

REELS Reflection electron energy loss spectroscopy TOF Time of flight

RPR Reaction propagation rate TONE Brand name of Union Carbide Corporation
RSMST Real scattering multiple scattering theory Tris Tris(laydroxymethyl)aminomethane
SAD Selected area diffraction TR-XRD Time-resoh, ed x-ray diffraction
SAED Selected-area electron diffraction UCB The University of California at Berkeley
SAXS Small-angle x-ray spectroscopy UCD The University of California at Davis
SCC Stress corrosion cracking UHV Ultrahigh vacuum
SCE Sa tura ted ca lomel electrode UPS Ultra violet photoelectron spectroscopy
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel UV Ultraviolet

electrophoresis UV/VlS Ultraviolet/visible spectrum
SEM Scanning electron microscopy VBM Valence band maximum

SIP Semi-infinite periodicity XPS X-ray photoelectron spectroscopy
sMMO Soluble form of methane monooxygenase XRCA X-ray crystallographic analysis
SHPB Split Hopkinson pressure bar XRMF X-ray microfluorescence
SPM Scanning probe microscopy XTM X-ray tomographic microscopy

SRO Short-range order YBCO YBa2Cu307_x (sometimes subscript x is a y or 8)
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