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I. SCIENTIFIC AND TECHNOLOGICAL CHALLENGES

Understanding the physical and chemical properties of materials at a surface or interface is of

fundamental scientific and technological interest. Important physical, chemical, and biological

processes occur at and because of interfaces and are key questions relating to these processes

which need to be answered. How, for example, do solid surfaces oxidize, etch or corrode in

solution; and, how does hydrogen diffuse for a given electrochemical potential? What are the

vibrational spectra of physi- and chemi-sorbed molecules on surfaces? What is the critical

behavior associated with surface freezing, melting, and wetting transitions? To what extent does

epitaxial strain affect the magnetic state at the interface between different materials? When does

interlayer magnetic coupling occur in multilayered thin film structures consisting of alternating

magnetic and nonmagnetic materials? Under what conditions do surfaces induce ordering in

diblock copolymer systems? How do different polymer species interdiffuse across a boundary?

Can the kinetics of functional permeable biological membranes in solution be determined in

vivo?

All of the problems above can be investigated in microscopic detail with neutrons, taking

particular advantage of the neutron's sensitivity to differences between hydrogen and deuterium,

its intrinsic magnetic moment, and its ability to traverse macroscopic distances in single-

crystalline substrates. To be more specific, we consider what the potential impact of new

knowledge would be for three major categories; organic, magnetic, and electrochemical

interfaces.

A. Organic and Polymer Interfaces

Organic materials constitute the largest fraction of materials that we see and touch, and

over 80% of the new materials manufactured to help and improve our everyday life.

From glues, to coatings, to membranes, to foams, their enumeration, reflected by the

issues specified in the table below, is almost limitless; equally long is the list of their

applications. For such variety, it may be noticed that only a few of the materials are used

in an "homogeneous" form; most are composite, with structural features at the

mesoscopic level (1-100 nanometers). These microinterfaces, as well as the constituents

facing them, are largely responsible for the function of the material. While a general

framework of the behavior of complex fluids has been sketched, we are. far from

understanding their working and from predicting their properties. Hence, the
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diffusion across the interface, and the effect of organic passivating layers. These areas of

research impact on industrial technology related to electroplating, fuel cells,

electrocatalysis and corrosion inhibition, with a potential economic impact of several

hundred million dollars a year.

II. THE RIGHT TOOL FOR THE JOB

In this section, a table is presented which compares the degree to which various microscopic

probes are expected to contribute to the solution of scientific and technological problems

believed to be of particular importance. The key to identifying the probe is:

N = neutrons

X = x-rays

L = light (other than x-rays)

E = electron diffraction

A = atom beam scattering

R = real space microscopies (e.g., electron microscopy)

The ranking of a given probe's potential contribution is, in Michelin style, highest if given a three

and lowest if no rating is assigned (blank). However, we stress that, in many cases, a variety of

different probes yield important complementary information and all should be used.

TABLE 1: Contributions of Various Microscopic

Probes to Problems of Surfaces and Interfaces

Surface and Interface Structure

Surface and Interface Reconstruction
Roughening
Surface Diffusion
Absorbed Monolayers and Free Radicals
Vibrations of Surface Atoms
Effects of Acoustic Waves
Effects of Laser Beams

N

1
3
2
3
3
1
3

X

3
3

1

2
2

L

2
1
3
2
2

E

3
1

3
2

A

2

2
1

R

3
3
3
3

3
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Fluid/Solid & fluid/Fluid Interfaces

Electrochemical Interfaces

Ion Density Profiles
Surface Reconstruction
Reaction Rates
Etching, Pitting, and Corrosion
Oxidation
Hydrogen Interdiffusion
Passivating Layers

Fluid Flow/Catalysis

Biphasic Fluid Flow in Microporous Media
In situ Catalytic Reactions
Intermediate Product Identification
Surface Induced Changes in Fluids Under Flow

Critical Phenomena

Surface Melting and Freezing
Surface Wetting in Porous Media
Critical Wetting

Magnetic Surfaces and Interfaces

Magnetic vs. Structural Roughness
Interlayer Coupling in Multilayered Samples
Magnetic Domain Structure
Induced Magnetization
Surface Induced Anisotropy
Critical Phenomena and Phase Transitions
Magnons
Magneto-Optical Response
Ferro-Fluids
Pulsed Magnetic Fields
Epitaxial Strain Effects

Superconductivity

Magnetic Penetration Depth
Vortex Structure in Films and Layered Materials
Interaction with Magnetism

N

3
1
3
3
3
3
3

3
1
3
3

3
3
2

3
3
3
3
3
3
3
3
3
3
3

3
3
3

X

2
3
3
3
3
1
3

2
3
2
3

3
3
3

2
2

2

2

2
3

L

3

2
2
1

2
3
3

2
2
2

3
3
1
3
3
3
3

3

2

E

1

2

2
1
3
2
1
2
1
1

2

A

1
1

1

R

3
2

2

3

3 n

1

3
3

2

2

2
1

3
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Solid-Solid Interfaces

Nano-crystals and Nano-phases
Composites
Graded Structures
Growth Dynamics
Interfacial Structure
Interfacial Phases and Roughness
Grain and Phase Boundaries
Crystallization in Confined Geometries
Shear Properties

Organic and Polymer Interfaces

Impurity Effects and Molecular Weight Distribution
Adhesion and Shear __,
Fracture
Surface Segregation
Surface Induced Order
Dynamics and Kinetics
Lubrication
Interdiffusion
Radiation Effects
Surface Functionalization
Morphology
Polymers in Confined Geometries
Colloids and Latex
Gels and Rubber Structure
Wettability and Polymer Adsorption
Surface Roughness and Heterogeneity
Wetting Kinetics
Absorption on Fluctuating Interfaces
Vfetastable Systems and Ergodicity
Crystallization
Phase Separation in Confined Geometry
Structure of Multicomponent Membranes
Membrane Permeability
Surfactants at Liquid Surfaces and LB Films

N

3
3
3

1
1
1
1
1

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

X

3
2
2
3
3
3
3

3

2
2
2
2
3
3
1
1
2
3
3
1
2
2
3

3
3
3
3
3
3
3
3

L

2
1

1
1

1

2

1
2
2
3

3
3

3
3
3
2
3
3
3
2
2
3
2

1

2

3
2

3
3

3
3

A R

3
2

3
3

3
3

3
3
3
3
3

1
3
3
3
3
3
3
1
3
3
3

2
2

2
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III. WHAT ARE SOME OF THE FUTURE EXPERIMENTS

OF INTEREST AND HOW WOULD THEY BE PERFORMED?

Let us discuss, in some detail, several of the more challenging and important problems that might

be studied with neutrons.

A. Polymer. Organic, and Other Fluid Interfaces

As mentioned above, neutron scattering is particularly suited to study the structures of

complex hydrogenated materials because the substitution of hydrogen with deuterium

changes, drastically, the scattering power or "contrast" of the molecule on which the

substitution is performed. Not only can different molecules in a composite be selectively

deuterated, but even different parts of one molecule, putting in relief the orientation of a

molecule, for instance, in a micelle, or at a surface, or at a buried interface. With modern

preparation techniques, the variation of the optical contrast between and within an

organic component may be carried out to a virtually unlimited degree, with little or

negligible perturbation of the physicochemical properties.

The structure which a partially separated multicomponent system takes in bulk can be

most effectively studied by small angle neutron scattering. The scattering gives

information on the size of the aggregates within the material and correlations between

them. Fractional deuteration gives further insight in the molecular orientation within

each component of the aggregate. Of course, even if the system is in equilibrium, this

information is relative to just one point in a phase diagram, to be mapped in a complex

parameter space. To have an idea of its complexity, suffice it to say that, even for a

system consisting of two linear homopolymers, the most idealized parameter space

consists at least of temperature, monomeric interaction, relative concentration of the two

components, and their degree of polymerization. To correlate the structural to the

macroscopic physical properties requires measurements over an adequate number of

points in the phase diagram. This means that each measurement should require no more

than a few minutes and that adequate methods of analysis provide, quickly, the basic

structural characteristics. Such a feat, possible only at a high intensity source, changes

the qualitative content of information obtained by a scattering method. By the same

token, if the system is not in equilibrium, the rapid collection of a large number of

scattering patterns allows the study in real time of the kinetics of the system and its

metasability. For a 1 MW source, real time processes can be studied very well in

polymers, because their relaxation times range from seconds to hours.
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The structural behavior at the external surface of polymers and of other complex fluids is

best studied by reflectivity. The same is true for thin films. In reflectivity, the quantity

measured is the depth profile from the surface in the material. The presence of the

surface and of the interface with the substrate changes, greatly, the structural

conformation of complex fluids. Even in a melt composed of homopolymers, the volume

occupied by an average molecule is non-spherical because of the geometrical constraints

imposed by the boundaries. These conformations, which are related to macroscopic

properties such as adhesion and lubrication, can be studied in more detail, thereby

identifying which parts of the molecule are absorbed (or grafted) at the surface or at the

substrate. To uniquely characterize these groups, with a resolution of the order of 5 A,

the reflectivity measurements have to be taken over a range of momentum transfer

approximately twice as large as that possible with the present neutron sources.

The constraints of the thin film geometry are most drastically felt in the cases of

Langmuir-Blodgett films and of diblock copolymers A and B where A and B are of equal

length. These systems order readily in lamellar form, with each of the lamellae composed

of aligned molecules. However, a lamellar order is exceptional in the bulk; exceptional

also is the case in which, even for a thin film, the structure is uniform in each layer. A

structure in the layer gives rise to diffraction away from the reflected beam. If the

perturbations in the layer are not periodic (as for instance in a membrane), diffuse

scattering takes place around the beam. The study of this scattered radiation provides

additional information on the structure within the plane of a thin film. A pulsed neutron

source offers the advantage of collecting, at the same time, both the ieflectivity and

diffuse scattering profiles.

Is it possible to study the dynamics, in addition to the structure, of surfaces and

interfaces? This is an entirely new challenge that a more powerful source might possibly

open.

B. Magnetic Interfaces

Complex magnetic materials are found in various components of the magnetic disc drive.

These include: (1) magnetic thin films on which the information is written, designed and

engineered to have appropriate properties of, e.g., magnetization times film thickness,

coercivity, film smoothness/roughness, chemical stability; (2) soft magnetic materials for
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magnetic shields surrounding the magnetic read and write heads which help to define the

resolution with which magnetic bits can be written and read; (3) optimized magnetic read

and write heads designed for high density storage; and (4) materials for magnetic biasing.

While many of the materials used today have been known for many years, there have

been important recent developments in some cases. For example, heterogeneous systems

composed of magnetic entities embedded in a non-magnetic metallic host, such as

multilayers of alternating layers of magnetic and non-magnetic layers and granular alloy

films, show enhanced or "giant" magnetoresistance (MR) effects up to 30 times larger

than conventional magnetic alloys at room temperature. These provide promising

candidates for the magnetoresistive elements in MR read heads.

In fact, applications of magnetic thin films, particularly in magnetic recording, are a $20

billion a year industry. To improve the performance of these devices requires, in general,

reducing the dimensions of the films to increase the density of magnetic information. By

using superlattices in which one of the materials is ferromagnetic, it is possible to

engineer on the nanometer level the required structural and magnetic properties. Possible

applications of these structures include perpendicular magnetic recording media and

magnetoresistive sensors. However, the sensitivity of magnetism to details of interface

structure and composition is a double-edged sword, since this sensitivity puts additional

demands on the processes used to fabricate these structures. For examples, small changes

in substrate temperatures or evaporation rates during deposition of the layered structures

may lead to unacceptably large interfacial roughness, interdiffusion, or strain in the

material that can destroy its desirable magnetic properties. The impact of structural

disorder introduced during growth and processing on the magnetic properties remains an

important problem and requires quantifying the type and length scale of the interface

disorder. Superlattices are inherently metastable structures which depend on both the

kinetics of the growth procedure and thermodynamic properties of the constituent

materials. Neutron reflectivity, both specular and diffuse, provides information on the

interface width, height-height correlation function of the interface roughness, and

correlation of the roughness of different interfaces for both the structural and magnetic

order. Thus reflection data characterizes the product in ways directly relevant to its

preparation and function and assists in developing processing parameters.

Neutron scattering is expected to play a role in acquiring an improved understanding of

the properties of advanced magnetic materials and structures. For example, giant

magnetoresistance is generally considered to arise from spin dependent electron
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scattering at the interfaces between the magnetic and nonmagnetic entities. The role of

both the structural and magnetic roughness in determining the magnitude of the giant MR

effect is poorly understood. Similarly, whether or not the magnetic moment of the

magnetic material is enhanced or depressed at the interfaces is not known. This might be

important in determining both the magnitude of the giant MR and its temperature

dependence. Neutron reflectivity, both polarized and unpolarized, can give important

information on the nature of the magnetic roughness at the interfaces in magnetic

multilayers thus providing needed insight into the giant MR effect and assisting in the

design of devices based on the phenomenon.

The enormous flux available at the white (incident) beam instruments of an advanced

spallation neutron source will allow improvements in determination of the interfacial

magnetic roughness and its temperature and magnetic field dependence. Depth profiling

of the magnetization using polarized neutron reflectivity with a depth resolution of

several A will allow direct determination of the magnetization profile across

magnetic/non-magnetic interfaces.

A 1 MW spallation neutron source can play an important role in understanding how

layered systems can be fabricated with desirable magnetic properties. By utilizing the

time structure of a spallation source, the scattering geometry can be fixed, enabling

continuous reflection measurements of a sample during preparation. When combined

with polarized neutrons and polarization analysis, the reflection technique can provide

magnetization profiles of layered systems, i.e., measurements of magnetic moment versus

depth, as the system is fabricated. Not only is the magnetization of a freshly deposited

layer measured, but the magnetization profile of all the previously deposited layers can

also be obtained. No other technique is capable of providing magnetic moment

information of buried layers with the depth sensitivity of polarized neutron reflection.

This is an important aspect especially when magnetic coupling across successive layers

can change the magnetization profile of the entire system. In principle, polarized neutron

reflection provides the opportunity to:

• Monitor the magnetization profile at successive steps in the fabrication

process;

• Observe the transformation from 2D to 3D magnetism as a magnetic layer is

grown; and,
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• Detect magnetic excitations when combined with a spin-echo device.

These types of experiments can help the scientist better understand the growth of

magnetic films. The characterization of magnetic films (Fe and Ni) grown in situ has

already been demonstrated; and on the basis of these experiments, the 50-fold intensity

increase anticipated at a 1 MW spallation source offers the opportunity to j'oserve the

change of magnetization in layered systems as they are grown in real-iime. With this

capability, the effect of a multitude of growth parameters on the magnetic properties of

these systems cannot only be understood, but optimized to yield ultimately better and

cheaper magnetic devices.

The recent discovery of two-component critical scattering just above the magnetic phase

transition in some of the elemental rare earths (e.g., Ho and Tb) dramatically illustrates

the importance of the surface. The inherently good wavevector transfer resolution and

narrow beam width of a neutron reflectometer is ideally suited to studying the depth

dependence of the critical behavior. This topic is fundamental to the understanding of

critical phenomena and phase transitions, in general. Both non-specular and specular

reflectivity, as well as grazing angle diffraction experiments, are well suited to the study

of these critical fluctuations but demand high neutron intensities.

C. Fluid Flow

In the petroleum and chemical industries, a basic understanding of biphasic fluid flow in

porous and microporous media would be of great importance. For example, for

discovering new hydrocarbon reservoirs, it is often essential to have accurate models for

reservoir formation and hydrocarbon migration. The models need to incorporate the

basic interactions between rock surface and brine/hydrocarbon mixtures to correctly

model the preferential wetting of these fluids on highly heterogeneous surfaces. Such

knowledge is also crucial for optimizing methods in enhanced (tertiary) oil recovery.

Much understanding of such wetting phenomena could be gained by both neutron

reflectivity and small angle scattering experiments on controlled model systems.

Neutrons could take advantage of enhanced contrast by selective deuteration of the fluid

components. Neutron reflectometry could also be used to probe surface-induced

structural changes in fluids flowing past solid surfaces. Finally, neutron radiography and

microtomography could be used to probe the flow of oil/water mixtures through sand
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beds, somewhat difficult to achieve with x-rays because of the limited penetrating power

and lack of contrast between water and oil. Fracture formation and other instabilities

which are currently poorly understood, but crucial to implementing effective methods of

recovering the enormous reservoirs of heavy oil which currently exist in tar sands, for

example, would be illuminated.

D. Electrochemistry

There is much that could be learned about electrochemical processes if the composition

or density profile normal to the surface of a material functioning as an active electrode in

contact with solution were obtained. This profile and its evolution with time for a variety

of solutions and electrical potentials can, in principle, be determined from neutron

specular reflectivity measurements. It is possible to probe the concentration gradient of a

thin film electrode deposited on a single crystalline substrate (e.g., Si), taking advantage

of the negligible transmission losses for neutrons through most single-crystalline

materials.

In situ neutron reflectivity studies of films which are an integral part of an

electrochemical cell, as outlined above, can be performed to answer fundamental

questions concerning oxidation, hydrogen interdiffusion, and the effect of passivating

thin film layers. It is also worth pointing out that, in the case of hydrogen or deuterium,

the concentration gradient can be determined directly, without inference from lattice

constant expansion. Microscopic morphological detail regarding etching, pitting, and

other associated mechanisms can also be learned, particularly if the nonspecular or

diffuse scattering is measured as well. Given sufficient intensity, reaction rates and other

real-time phenomena can be studied.

Clearly, a solution of the electrochemical problems discussed here could have a

substantial impact on a variety of technologically important devices and processes such

as electrical batteries, metal hydride fuel cells, hydrogen embrittlement, and corrosion.

E. Dynamical Properties of Fluids

The dynamical properties of fluids under extreme conditions imposed or modified by the

constraining presence of a solid surface is a field both scientifically rich and of enormous

technological importance. The lubricating fluid in a bearing, for example, is subjected to
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coinpressive (shock wave) and shear stresses varying cyclically over many orders of

magnitude; its behavior under these conditions is a major factor in the bearing's

performance. As yet, there are only very few theoretical estimates of the near-surface

dynamics of fluids in non-equilibrium conditions in constrained geometries (usually

under less extreme conditions, e.g., in microporous materials) and some computer

simulation studies. Direct experimental measurements, however, are rare. In the case of

periodic stresses such as the bearing example, pulsed source neutron instruments have the

advantage that the frequency of the stress can be matched to that of the source.

Additionally, varying the phasing between the two allows the full mapping of the

"response function" of the structure factor of a fluid. This can be done in a near surface

region on a microscopic scale using reflectometry and over greater depths by SANS.

"Rescaled" systems, in which extreme conditions are easily imposed, such as very

viscous and visco-elastic fluids under shear (e.g., latex spheres in suspension or colloids),

have been studied in the bulk with light scattering and SANS. However, as yet, there is

little clear indication of how the distortions of S(Q) seen in the bulk for these systems

would relate to those for the high shear boundary layer formed when these fluids flow

past a surface. The phases formed in this region and their interrelation with surface

morphology must have a direct bearing on the flow resistance of a fluid, and one must

expect that exploration of the phenomena involved would eventually have implications in

a wide range of fluid transport situations from blood flow to oil pumping. The similar

role of shock waves in forming (short-lived?) near-surface phases is also largely

unexplored and potentially of technological significance. One could imagine studies of

one important situation of this type, at the ball bearing contact point, by synchronized and

phased modifications of current pulsed-source residual stress measurement techniques.

Again, this area is one where whatever information that exists is of an indirect nature or a

computer simulation. The effect of other stresses can be expected to show modification

near surfaces. It should be possible to modify the flow behavior of ferro-fluids near a

surface with some sensitivity (and without modifying geometry) by the application of an

external magnetic field, in this way exploring a wide range of scaled behavior.

F. Advanced Materials

To a significant extent, the rate of technological progress is limited by the availability of

advanced materials. By advanced materials, we mean materials engineered to exhibit

desirable properties, which can be realized by synthesizing materials from multiple

components. The components may be the same but separated by interfaces, or they may
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be different as in the case of composite materials. In both cases, interfaces are often used

to confine structures to the nanometer-scale to produce materials which perform

specialized functions. These functions include:

• Using superplastic flow of some nanocrystalline ceramics to improve

formability;

• Enhancing magnetic hardness of nanocrystalline materials to reduce the

size of permanent magnets or increase information storage density of

recording media;

• Improving uniformity of mechanical, magnetic and electronic properties of

materials by reducing grain sizes to a few nanometers;

• , Creating magnetic coupling across multilayered systems for use as
! magnetic switches;

• Increasing fracture toughness and yield strength in composite materials.

1. Nanocrystalline Materials

In many "designed" materials, interfaces play significant roles in determining the

properties of a material and its utility in technical applications. For example, the

magneto-crystalline anisotropy of an interface can pin magnetic domain wall

motion. In nanocrystalline materials, the frequency of domain wall pinning is

quite high, since the interfacial content in the material represents about 50% of its

volume. Consequently, the magnetic hardness of the material is enhanced. This

is technically attractive since the size of electric motors can be reduced if smaller

permanent magnets can be used. In another application, a magnetically hard thin-

film of a nanocrystalline material might be an attractive medium for the magnetic

storage of information, since magnetically hard materials have high coercivities.

When combined with the small grain size of a textured nanocrystalline thin-film,

information storage densities as large as 1 bit per 5000 A2 may be obtainable.

These technological applications of nanocrystalline materials are only realizable if

the magneto-crystalline anisotropy of a grain boundary interface is large. If, on
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the other hand, interfaces in a nanocrystalline material were amorphous, then the

magneto-crystalline anistropy would be quite low, i.e., the material would be

magnetically soft (a potential candidate for use as a transformer material). It is,

therefore, very important to understand the structure of interfaces in

nanocrystalline materials, how spatial confinement of crystalline grains by

interfaces may change or suppress magnetic ordering, and how the magnetic

properties of nanocrystalline materials can be tailored by changing the

composition and structure of interfaces.

A 1 MW spallation neutron source can play a leading role in answering these sorts

of questions. For example, the sensitivity of neutrons to magnetic structures

along with the intensity, low background (the source is off when the scattered

neutrons are being counted) and high-Q range available at a 1 MW spallation

source would facilitate studies of nanocrystalline magnetic materials, since these

materials:

• Have large microstrain distributions which can only be accurately

quantified when high-Q information is available;

• Are weakly scattering systems, owing to large amounts of point defects

that significantly attenuate diffraction peaks and the small particle sizes

which produce broad diffraction peaks with small peak intensities; and,

• Potentially contain amorphous phases which are best quantified when

instrumental background is as small as possible.

Finally, as in any pulsed neutron diffraction experiment, the ability to collect low-

and high-Q information at the same source is particularly attractive, since the

magnetic properties of a material can influence and be influenced by the atomic

structure and strain in the material so that information about both are required to

completely understand the system.

Powder diffraction experiments spanning the range from very low to very high Q

will lead to a better understanding of the roles played by interfaces in determining

tl.j magnetic properties of bulk systems. These roles may include the pinning of

domain walls, as in the example above, but may also include the effect of
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confined geometries or spatial limitations imposed upon individual crystallites by

interfaces, which may hinder magnetic ordering. Such an understanding becomes

more important as the sizes of magnetic devices approach the nanometer scale, be

they permanent magnets or magnetic recording media.

2. Composites

Interfaces play an important role in composite materials, since the fracture

toughness and yield strength of these materials can be enhanced by combining

favorable attributes of different materials. This combination naturally introduces

internal interfaces which can profoundly alter the mechanical properties of

"designed" materials. For example, interfaces often prevent the propagation of

cracks from one fiber to the next, but can also lead to problems when stresses of

thermal and/or mechanical origins produce delamination of an interface. In order

to design new materials which better resist delamination, theoretical models using

finite element methods must be tested against model systems. The distribution of

strain around a stressed interface predicted from theoretical models can be

compared to those measured in a diffraction experiment. Owing to the time

structure and intensity of a 1 MW spallation source and the penetrability of

neutrons into real-world materials, the scattering geometry can be fixed while a

small neutron beam is scanned across an interface stressed in situ.
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I. INTRODUCTION

The major challenges in the development and use of engineering materials deal with the need to

respond to demands for specific applications. In addition to satisfying traditional performance

requirements, new standards of functionality, cost, maintainability, reliability and recyclability

must be met. This has led to new materials in virtually all industries, including aerospace,

transportation, electronics, communications, biomedical, defense, construction and polymers.

Furthermore, these new materials must be integratable rather than merely shaped; that will

involve new classes of materials such as composites, laminated systems and graded structures.

In our opinion, the technical base for the understanding and modeling of advanced materials

behavior is generally weak. Future neutron sources have a major role to play in improving the

technological base of the U.S.

Neutron scattering methods are well-suited for the characterization and development of modern

materials. Characterization often requires bulk probes which can identify phases, residual stress

and texture, in support of more traditional physical testing methods. Sophisticated modeling

approaches such as finite element analysis require experimental validation, a particular strength

of neutron methods. In the following, the potential of pulsed neutron sources to address

problems related to the applications of engineering materials is presented.

In order to usefully serve industry, sufficient instrument access, source reliability and technical

support are imperative in order that results be obtained in a timely fashion. Indeed, such

facilities will simply not be utilized otherwise. This also implies a me -j flexible scheduling

policy that allows quick access for feasibility measurements to evaluate, e.g., grain size and

texture effects, and to properly set data collection times for needed accuracy.

In this chapter, materials engineering is emphasized rather than materials science and an attempt

is made to identify aspects of engineering materials that must be understood in order to optimize

structure-property relationships. Thus, we list a variety of aspects of engineering materials and

the general techniques used in their characterization (Section II), then discuss neutron

instruments useful in the study and characterization of such aspects (Section III).

II. PROPERTIES AND TECHNIQUES

Table 1 shows important property aspects of engineering materials against a variety of

characterization methods. A rating system of 0 to 3 stars is used to represent the range of
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importance of the various methods in understanding the properties. The ratings were determined

using the following criteria: b-tlk sampling capability, cost, non-destructive character,

portability, availability, sample size, future potential, analysis time, and impact of the method on

understanding the property.

TABLE 1: Importance of Characterization Methods (columns)

in Characterizing Important Properties (rows) of Engineering Materials

Stress

Texture

Microstmcturc

Defects/pores

Deformation

Fracture

Failure analysis

Processing

Bonding

Phase (in situ)

Surfaces

Tribology

Micro-scopy

**

• • *

* •

**

**

* *

* *

**

X-ray
methods

***

* •

#*

**

» •

* •

**

**

*

***

**

**

Neutron
methods

* * •

**

***

**

#

*

*

* •

*

***

**

**

Spec-
troscopy

* •

**

• *

* •

Non-
destruc-
tive

***

***

**

»**

***

• * *

***

t*

***

**

***

* » *

Mechanical
methods

**

*

*

*

**

Chemical
methods

*

*

*

We emphasize that multidisciplinary approaches are necessary to solve complex problems. The

table indicates the importance of neutron scattering in four principal areas: stress, texture, and
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phase and microstructural characterization. The first three involve wide-angle diffraction while

microstructura] characterization utilizes small angle neutron scattering.

III. INSTRUMENTS AND APPLICATIONS

A. Diffraction

1. Stress Measurements

Currently, the use of neutron diffraction to measure strain in engineering materials

addresses two distinct areas: macrostresses from small (<10mm3) sampling

volumes in bulk components and microstresses in heterogeneous polycrystalline

materials. Prediction of mechanical properties or failure (due to processes like

fatigue or stress corrosion cracking) relies on residual strain measurements. A

recent example of macrostrain measurements is that made on a subscale model of

a solid fuel rocket motor casing. The material of the casing was a high strength

steel. Since the casing was intended to be reusable on recovery from immersion

in sea water, it was important to ascertain that the stress relieving post-weld heat

treatment was effective in reducing the welding stresses to a safe level by

determining full stress tensors at a variety of subsurface positions. An example of

a neutron measurement of microstresses with practical engineering impact is that

made of strains in Al-SiC composites. Such materials will see use as lightweight

(fuel economic) replacements for conventional materials in automobiles,

including use as a shaft in the Ford Taurus, before the end of the century. The

resulting data have been important in validating the computer codes used to

describe these materials.

Strain measurement by neutron diffraction involves recording the changes in

interplanar lattice spacings in the presence of applied or residual stresses. The

advantages and importance of neutrons relative to x-rays lie in their penetrating

power and larger range of accessible Bragg angles. Although other strain

measuring techniques are available, it is fair to say that in the case of crystalline

materials neutron diffraction is the only technique which can (1) provide a reliable

bulk estimate of the mean phase strains for medium to heavy elements, and (2)

provide full subsurface stress tensor information. In addition, the ability to

measure and distinguish the strains in each phase during loading has provided
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valuable insights into the physical processes that occur during deformation of

these materials.

The implications of the two distinct regimes of stress measurement cited above

dictate two separate instruments, one for macrostress and one for microstress. A

spatially resolved measurement of macrostress should utilize sampling volumes

down to 1 mm3. With path lengths through the material of more than 10 mm, a

strain determination averaged over a solid angle of about 5° should take no more

than one hour. Typical samples such as welds would require strain resolution of

one part in 104 at a diffraction angle of 90°. The requirements of an engineering

macrostress instrument are that it have a large sample stage close to the target so

that count times are optimal, possess a bright beam of lxl mm cross section, and

have maximum detector solid angle at plus or minus 90°. In addition, there

should be back scattering banks and one extra detector that can be moved to

different scattering and azimuthal angles. Important ancillary equipment includes

radial collimators for probe volume definition and a prompt gamma ray detector

to provide information about composition variations and/or plasticity by positron

annihilation.

Examination of microstresses in composite materials, which are of steadily

increasing technological importance, is particularly appropriate for pulsed

sources. In general, it is possible to bathe the whole of a specimen in the incident

beam, so intensity is less of an issue. However, such strains in stiff reinforcing

phases are often less than 10"3 and thus require good instrumental resolution. The

corresponding stresses may be a significant fraction of their fracture strength, e.g.,

a uniaxial strain of 10"3 in a reinforcement with a typical Young's modulus of 400

GPa is 400 MPa. Thus, an instrument intended for stress measurement in

composites would be similar to a typical medium to high resolution diffractometer

with the major exception that it provide a large, accessible sample environment.

y We anticipate a dramatic increase in the incidence of in situ loading tests made

under service conditions of load and temperature. Consequently, there will be a

need to set up load and test machines with ancillary equipment, e.g., vacuum

furnaces, inside the sample environment. In choosing the resolution of such an

instrument, the ability to extract peak shape information should be taken into

account since high resolution work has shown that subtle work hardening effects

can be detected when sufficient resolution is available.
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2. Phase/Microstructure Characterization

The new facility will provide dramatic increases in intensity while maintaining

good resolution and wide Q range. We propose that this capability be exploited

for in situ studies in engineering materials. Some possibilities are discussed

below.

Industrial users often want complete, detailed chemical and microstructural

characterization of complex materials and/or processes. Anticipated capabilities

of 0.05-0.1% phase composition sensitivity, 5-10 minute collection times, 10-

1800cK temperature range, and up to 100 kbar pressure should be very attractive.

What will be of particular interest is the fact that many of the capabilities can be

achieved, simultaneously, on a single instrument.

Areas where the high instrumental resolution of a long flight path diffractometer

is of great value are with multi-component crystallographic systems where subtle

phase transformations or phase composition variations (e.g., phase

decomposition) exist and where subtle structural features are of greatest

importance. One example is the study of rad-waste storage materials. Candidate

oxides for storage cover an extensive structural range from microporous

crystalline zeolites to amorphous glasses. A high resolution instrument with large

dynamic range (Q = 0.5-50 A"1) on a 1 MW spallation source will allow us to

probe the interactions between the fuel and storage media as well as the details of

irradiation damage (including amorphization).

Extremely high spatial resolution can, for instance, facilitate studies of chemical

migration along temperature gradients. Resolutions down to 10-50|im are

conceivable with proper positioning of detectors and masking of the scattered

beam. One example here is the 150°C temperature gradient maintained across the

3 mm radius of U/Pu/Zr ternary metallic reactor fuels. Significant variation in

phase composition (and possible chemical solubility) through this temperature

range is known to exist. A complete mapping of this could be critical to

understanding reactor performance.
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Another approach is to analyze transmitted neutron intensity using current-mode

detectors, by monitoring the light output of a neutron glass scintillator over a

single accelerator pulse. The scintillator light output follows intensity variations

of the incoming neutron time-of-flight spectrum and therefore shows the Bragg

edges seen in the sample transmission. Structure information can be collected

with each pulse and at the rate of its repetition frequency. This simple

transmission technique—a 60 to 100 m flightpath, scintillation detectors in current

mode and a transient recorder—is a very high resolution energy-dispersive neutron

stroboscope. It would be useful for dynamic measurements under conditions of

high pressure or magnetic/electric fields.

At LANSCE, the Bragg-edge method has been demonstrated and is being used for

the following types of experiments:

a. Real-time transformation of austenite to bainite in globular grey-

cast iron. Time-temperature-transibrmation diagrams are of great

engineering interest. The usual way to gather these data is time-

consuming and rather complicated, since it requires many samples to be

subjected to different thermal treatments, after which they have to be

investigated using metallographic microscopy or dilatometry. With

neutrons, all measurements can be dona using one sample in a tube

furnace, which holds it at given temperatures over the time of phase

transformation.

b. Single-shot transmission through an iron sample revealed that the

position of the Bragg edges at the present time can be determined within

10"3, which can be further improved for strain measurements. The aim is

to investigate behavior of materials under dynamic loads, where the elastic

properties are known to differ from the static case. The accuracy is, on the

other hand, sufficient to observe structural changes taking place in the 50

msec range.

c. A two-dimensional strain scan using a gadolinium pinhole aperture

of 0.7 mm diameter in the vicinity of a crack tip within a fatigue-crack

sample has been made using the Bragg-edge positions. With higher flux,

it should be possible to confine the beam to 0.1 mm.
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3. Texture

Neutrons are increasingly being used for the measurement of texture. In addition

to the general neutron benefits of using large bulk samples, environmental stages,

and the ability to measure magnetic texture, pulsed sources enable measurement

of whole spectra simultaneously, with high resolution, enabling the study of

anisotropic effects and low symmetry structures. Applications in both the

materials and earth sciences will benefit. The resolution and ancillary equipment

requirements make the combined capability of stress and texture measurements on

the same powder instrument a desirable and cost-effective design goal, which is

accomplishable by the use of large area detectors.

B. Small Angle Neutron Scattering (SANS1

1. Introduction

Characterization of structural inhomogeneities over length scales from

approximately 1 to 500 nm can be performed with low-Q neutron scattering or

SANS. This particular range of length scales often falls between those studied by

Bragg diffraction and by optical microscopy and is typically studied by electrun

microscopy. The large sample size and minimal sample preparation, compared to

microscopy-based techniques, are often convenient and represent practical

advantages of the neutron based techniques. Nevertheless, the interpretation of

SANS responses often depends on microscopy-based techniques to provide real

space images of the scattering systems.

The usual neutron scattering advantages—penetration, isotope dependence,

negative scattering amplitude (for selected elements and isotopes) and magnetic

sensitivity-provide unique opportunities for characterization. It has emerged that

the neutron data on very small defects are particularly critical for characterization

of early-stage cavity formation and copper-rich precipitate formation in reactor

pressure vessel steels where alternative methods simply don't exist. Sintered

assemblies of micron and sub-micron particles are amenable to multiple small

angle neutron scattering (MSANS) analysis where characteristic dimensions are

otherwise unobtainable. Among structure characterization methods, SANS has
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proven to be uniquely effective in selected problems where alternative methods

are weak.

Because of limited availability or ignorance of the opportunities, only a slowly

growing utilization of SANS methods has been seen. It appears that at least two

improvements would make a SANS instrument more attractive to engineers.

First, combination of low-Q with high-Q diffraction capabilities would provide

simultaneous structure analysis, viz., powder diffraction giving indication of

crystal structure, texture and particle size, and microstrain. Second, the

instrument should permit measurements at high and low temperature and pressure,

under load and in magnetic fields.

Engineering problems in decomposition by precipitation, defects (especially

cavities), nanocrystalline material fabrication, sintering, tempering, and irradiation

damage all are based on structures in the 1 to 500 nm range. Interest in these

areas centers on processes or processing (heat treatment, sintering, stress at

temperature) in which the interesting scattering range changes over one or two

orders of magnitude. This calls for the widest possible range of Q for analysis,

which is a requirement naturally suited to a pulsed source-based instrument.

Real-time analysis in the range of minutes calls for higher intensities than are

currently available.

2. A Multipurpose SANS Instrument

This specification is for a state-of-the-art SANS instrument suitable for present

and future challenges in materials technology. By specifying, quantitatively, the

desired performance, it is hoped that enough information is provided to initiate a

dialogue on the practical instrument parameters that could actually be achieved.

a. Q Range and Resolution

A Q range from 0.01 nm'1 to 10 nm"1 would be desirable provided that

AQ/Q resolution of 5-10% is achievable across the range. Pulsed

spallation sources are naturally suited for the white beam SANS

instruments which most readily provide such extended Q ranges. For
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some experiments, reduced resolution could be acceptable; and so variable

resolution up to 25% is needed to gain the associated increased count-rate.

b. Background or Signal-to-Noise Ratios

Required SANS data sets require not only a wide Q range and good AQ/Q

resolution but also extremely low levels of background. A survey of likely

volume fractions and scattering contrasts which would be encountered in

the more ambitious studies suggests that small angle scattering cross

sections down to 0.1 nr 1 sterad"1 would need to be distinguished above

the incoherent and other background contributions. This is a stringent

requirement but achievement of these parameters could greatly enhance

the quantitative information obtainable.

c. Moderator Stability

Another important operating parameter of a SANS instrument intended to

measure weakly scattering systems is cold moderator stability. Although

not obvious at first, spectrum shifts (resulting from changes in moderator

temperature) and decreases in spectrum amplitude (resulting from changes

in moderator volume) can have profound effects on the measurements.

This is simply because area background at the SANS detector does not

completely scale with the on-sample neutron current registered by the

beam monitor. Thus, exceptional moderator stability must be incorporated

into the next generation of neutron spallation source design.

d. Neutron Flux and Counting Rate

Real progress in materials technology could be made if experimental count

rates could be increased by a factor of 10 over (ILL) Dl 1 (current state-of-

the-art) throughout the existing Dl 1 range as well as the range extended as

discussed above. Adequate AQ/Q resolution is assumed throughout.

Simultaneous study over the full Q range, while maintaining the resolution

and background requirements throughout the range, should enable

comprehensive quantitative characterization of microstructural
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development over the 1-100 nm size range in situ. When combined with

other techniques such as TEM, an instrument with this capability would

represent a major advance not only in providing an understanding of

phenomena in complex technological materials but also assisting in the

design of new component materials for industry We note that these

requirements are very similar to the needs of other major SANS users,

e.g., in polymers or biology.

The above specifications of an ideal instrument would demand an exacting
design incorporating a to chopper, frame overlap chopper, and on-line

software analysis to provide the user with an indication of the real

accumulating statistics of the actual SANS contribution across the Q

range. Even if these specifications cannot be fully met, two other

innovations could make a SANS instrument at a 1 MW pulsed source

attractive for many applications.

e. Back-Scattering Diffraction Capability

Simultaneous diffraction studies could provide valuable complemeritary

information to small angle data. In aging and sintering studies of

heterogeneous systems, the composition and phases may be changing as

the microstructure develops. Characterization of these changes,

simultaneously with SANS studies of the precipitate size, etc., would be

invaluable in determining the microstructural kinetics during fabrication.

Only moderate Q resolution is required.

f. MSANS Capability

Multiple small angle neutron scattering (MSANS) studies of beam

broadening as a function of wavelength provide the means to determine

pore/grain sizes up to several microns in ceramics and other porous

systems. This has not proved possible with conventional SANS because

the pores are too large and concentrated to give conventional small angle

scattering data. However, it has been shown that measurement of the

broadening as a function of wavelength can be used to determine the mean

pore or grain size. An instrument at a 1 MW pulsed neutron source might
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provide the means to study the broadening in Q as a function of

wavelength rapidly enough to assess ceramic sintering behavior in situ.

Such characterization would provide the key to material microstructure

design in this and similar applications.
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I. CONCERNS OF MATERIALS SCIENCE
AND MAJOR OPPORTUNITIES

Materials Science is synonymous with the elucidation of relations between structure and properties.

"Structure" is intended in its broadest sense and extends over many distance scales: crystal

structure at the atomic level; the vacancies, interstitials or impurities (and aggregates thereof) that

constitute defect structure; precipitates, segregates, extended defects such as dislocations and

stacking faults on sub micron scales; grain boundaries and intergrowths on the scale of microns;

polyphase mixtures from porcelains and china to advanced superalloys and composites with scales

of 10 to 100 microns. Structural materials may have features on scales of the order of cm, the

aggregate in cement, for example, or metal reinforcement bars in pre-stressed concrete.

Materials science is a broad field, covering a spectrum from fundamental condensed matter physics

and solid state chemistry, to a middle ground concerned with composition/structure/property

correlations, to materials engineering in which changes in structure, performance, and reliability

with processing or service become concerns. This report does not cover materials engineering or

surfaces, as these are the responsibility of other working groups. Finally, it is clear that certain

concerns of materials science overlap and merge with those of condensed matter physics and solid

state chemistry. However, materials science deals with the real materials of technology-materials

that are usually polycrystalline and often polyphase, and are selected for study because of their

relevance to technology rather than because they provide clear-cut, unambiguous examples of

physical and chemical phenomena.

II. OPPORTUNITIES PROVIDED BY NEUTRON ANALYSIS

Structural characterization tools, including x-ray, neutron, and electron diffraction and microscopy

are of primary importance to materials scientists. Neutrons are particularly advantageous for

structural studies of materials in their "as-made" or "as-used" forms, e.g., battery electrodes, solid-

electrolyte separators, or bulk composites. Neutrons also offer unique advantages for the study of

materials in special environments, such as furnaces, pressure cells, and reaction vessels, because

of the penetrating nature of neutrons. The time-of-flight technique employed at pulsed neutron

sources is uniquely suited for such work because of the ability to collect complete data at a fixed

scattering angle. At the present time, the most significant problem associated with the use of

neutrons by the materials scientists is that not all of those working in this broad field are able to

access state-of-the-art neutron diffraction facilities on a routine basis. Thus, while it is important to

offer entirely new capabilities at a 1 MW pulsed source such as extending the limits of resolution,
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small sample size, and fast data acquisition rates (for real-time experiments), it is also critically

important to make these capabilities available to a community far greater than that presently served.

Since the materials scientist typically gains his information from a large number of measurements

in which the relevant parameters (e.g., chemical composition, processing conditions, temperature,

etc.) are varied, to be properly served, this community must have routine, easy access on a

frequent basis with minimal delay. The proposed 1 MW pulsed spallation source (PSS) offers the

capability to provide this access.

Three themes dominate in the challenges that can be addressed with the use as probes of neutrons

or muons that are available at a PSS.

A. Problems Centered About the Level of Intensity

The viability and power of neutron analysis is directly related to intensity. This determines

the phenomena amenable to analysis and dictates whether a large volume of powder or a

single crystal is used as a sample The latter may be the preferred specimen, but sample

volume is frequently controlled by limitations of crystal growth or the expense of materials

(e.g., isotopically-enriched specimens). Available intensity also obviously places

limitations on resolution in momentum and energy transfer and in spatial resolution, that is,

the volume of the sample that may be probed. There is also an opportunity to use time-

resolved measurements to examine kinetic processes. Nucleation and growth problems-

so-called 111 (time - temperature - transformation) processes—pervade much of materials

research. The time scale on which data may be acquired impacts, with equal importance,

the extent to which change in structure may be systematically explored in response to

change in composition or external variables such as temperature, pressure or atmosphere.

B. Simultaneous Exploration of Structure and Dynamics

Structure determination with a variety of spectroscopies is a widely employed and

important methodology. The study of dynamics is far less common. The ability to explore

both structure and dynamics through simultaneous measurement of energy and momentum

transfer represents an important challenge that can be met by a 1 MW PSS.
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C. Simultaneous Determination of Structure and Properties

Materials science is defined here as a concern with relations between structure and

properties. However, determination of structure and measurement of a given property are

usually performed separately, often not in situ (e.g., study of quenched specimens or use

of ambient structural data to interpret properties under extreme conditions), and usually

with different specimens. We see great opportunity for generalized instruments that

provide the opportunity for in situ determination of structure as a function of temperature,

pressure or atmosphere in conjunction with simultaneous determination of electrical,

thermal or magnetic behavior.

III. IMPACT OF A 1 MW PULSED NEUTRON SOURCE ON
IMPORTANT AREAS OF MATERIALS SCIENCE

Materials science is such a broad field that it is clearly not possible to exhaustively explore the areas

that will be important over the next twenty years. Therefore, our goal is to discuss, as examples, a

small number of important questions and the impact that a 1 MW pulsed neutron source would

have on answering them. These areas and others are listed in the table. Some problems require

high resolution; others require that small samples be studied, or that data collection be very fast to

follow real-time processes. A 1 MW pulsed source will offer entirely new capabilities in these

areas. We will discuss, later, in quantitative terms, what performance can be expected. Since

structure-property relationships are usually of key importance, measurements almost never involve

a single sample or single set of experimental conditions. Most often, tens or hundreds of data sets

will be required to obtain the desired information.

A. Oxide Superconductors

The high-Tc oxide superconductors that have been vigorously studied over the past six

years offer an example of the importance of neutron scattering techniques in a rapidly

advancing area of materials science. The structural characterization of these materials has

been largely done with neutron powder diffraction, with x-ray diffraction playing a role

only in the early stages of the synthesis process (for phase identification) or in the few

cases where it has been possible to grow single crystals, and with electron diffraction and

microscopy playing a key role in understanding the complex long-range ordering and

extended defects or intergrowths of the closely related phases that occur in some materials.

The details of structure-property relationships have largely been studied by neutron
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diffraction. For example, neutron diffraction has been used to understand phase transitions

that occur as a function of temperature or changing chemical composition and, in particular,

to study the effects of changes in oxygen content and ordering. It is also true that neutron

scattering techniques are unique in being able to probe magnetic structures and ordering and

the dynamical properties of these materials, which are critically important in understanding

their behavior from a fundamental point of view (see also the section on condensed matter

physics).

The intense interest in superconducting materials is likely to continue for some time.

Important new materials are still being discovered, and there are a number of problems to

be solved in optimizing the materials for technological applications. A 1 MW pulsed source

will provide new capabilities in several areas. The rapid data collection and ability to study

small (x-ray size) samples will allow neutron diffraction to be used as a routine analytical

tool during the investigation of new compounds. We also envision an increasing use of

neutron diffraction for in situ studies of reaction chemistry and processing schemes. For

many of the oxide superconductors, the stability field of the desired phase occupies a small

region of the phase diagram (as a function of temperature and oxygen partial pressure).

The use of in situ neutron diffraction to locate the desired stability regions and optimize

synthesis conditions requires rapid data collection combined with the use of (sometimes

very restrictive) sample environments. Such experiments have been done in the past for a

few favorable systems. A 1 MW pulsed source will provide the capability for such studies

of a large number of systems, allowing data rates fast enough to follow the reactions in

many cases.

Clearly, these same ideas apply to a very broad range of other new materials that are of

interest for emerging technologies, ranging from catalysts to sensors to structural ceramics

and composites. For many of these fields, there have been no opportunities to utilize

neutron scattering techniques in a significant and consistent way. A 1 MW pulsed source

offers the capability to apply neutron scattering techniques in these fields with expected

benefits similar to what has been observed for oxide superconductors.

One interesting observation coming from the study of superconductors and other materials

of similar structural complexity by both neutron and x-ray diffraction is that, for

instruments of comparable resolution (e.g., state-of-the-art powder diffractometers at

pulsed neutron sources and synchrotron x-ray sources), neutron diffraction usually

provides significantly better precision for structural parameters (i.e., bond lengths and
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angles). This obtains because neutron scattering cross sections span a much smaller range

than do x-ray cross sections, resulting in more uniform sensitivity to all atoms in the case

of neutron diffraction. Even though the fluxes at synchrotron x-ray sources are much

higher in absolute terms than for the most powerful neutron sources, it has also been

observed that on presently operating instruments (e.g., comparing the diffractometers at

ISIS with those at synchrotron x-ray sources) the typical time required to obtain a full data

set (i.e., suitable for Rietveld refinement) is usually shorter on the neutron diffractometer.

This results from the ease with which large detector arrays are incorporated on time-of-

flight diffractometers and the ability to use larger sample volumes, if available.

B. Fast-Ion Conductors and Solid Electrolytes

As the name suggests, the ions in fast-ion conductors are extraordinarily mobile, leading to

ionic conductivities ranging to several ficnr1. These levels are six to eight orders of

magnitude larger than those of typical ionic solids (such as the alkali halides) and approach

those of liquid electrolytes such as sulfuric acid. The mobile ion may be a cation such as

the halides and chalcogenides of Ag+ and Cu+ . These are the prototypical cation-

disordered fast-ion conductors, whose high mobilities were known before the turn of the

century. In other cation conductors, notably oxides and silicates with more complex

structures, an alkali ion may constitute the mobile species. In yet other materials, the anion

may be mobile. Important examples are fluorite, CaF2, and fluorite-derived oxides such as

stabilized cubic Z1O2 and A2B2O7 pyrochlores. Proton conductors are also known.

The high ionic mobilities in this class of materials make them directly applicable to

important tools and energy-related systems: solid-state batteries, fuel cells, oxygen pumps

and sensors. The prospective applications of such materials are many and hold promise of

practical and consequential devices. The conditions under which the materials would see

service are very demanding—contact with molten sodium and sulfur, for example, or

placement in strong oxygen potential gradients. Chemical and electrochemical stability is a

major problem, as is mechanical strength and toughness. There is thus a continuing need

for development of new and improved conductors. That search can be met, in turn, only if

the origin of the property and the atomic-scale nature of the diffusion process is

understood.

Much valuable information that can be obtained from diffuse and inelastic scattering

remains to be exploited. The diffusion process itseh can be studied with such methods. It
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has become clear, in addition, that the conduction process depends not only on the

topology of the host structure but on the concentration of the mobile species and bonding

characteristics. Information on correlation lengths and short-range order are necessary to

model bonding interactions and interpret the extent to which diffusive hops are correlated.

Extraction of such information from diffuse scattering is complicated by the presence of

strong thermal diffuse scattering in view of the large and highly anharmonic thermal

displacements. Diffuse scattering instruments and high resolution spectrometers, very

powerful at a 1 PW PSS, will contribute greatly to the understanding cf electrolyte

materials.

C. Magnetic Materials

One area of materials science for which neutron scattering techniques clearly dominate is in

the study of magnetic materials. Here the magnetic moment of the neutron allows the direct

determination of the magnetic structure from diffraction experiments. This information is

important for understanding magnetic materials such as the high temperature

superconducting cuprates, hard magnets, polymeric magnets, and magnetic thin films used

for the rapidly expanding field of magneto-optic recording.

The fact that the superconducting cuprates derive from antiferromagnetic insulating phases

was initially demonstrated with powder samples using neutron diffraction and muon spin

resonance techniques. The high intensity of a 1 MW PSS will greatly increase our ability

to study such materials in the limit of small magnetic moments while simultaneously

obtaining high quality crystal structures. It will also be possible to perform such

measurements under pressure to correlate changes in the magnetic structure and properties

with corresponding changes in the crystal structure.

Information concerning magnetic anisotropy can also be obtained frum magnetic structure

determinations based upon neutron diffraction. For example, the magnetic structures

adopted by new hard magnetic materials such as NdaFenB and Sm2FenNx are a result of

anisotropy in the exchange interactions. Also, that the latter material has a 50% higher

Curie temperature than the former must ultimately be understood in terms of the details of

the crystal structure such as interatomic distances, bond angles and the precise locations of

N and B atoms.
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Polarized white neutron beams would allow separation of magnetic scattering from nuclear

scattering and the loss of intensity due to beam polarization would be partially offset by the

high intensity of the proposed source. Efficient white beam neutron polarizers are now on

the horizon.

D. Glassy and Amorphous Materials

Glassy and amorphous materials, including metallic, inorganic and organic materials, play

a key role in modern technology, especially in the areas of new high strength materials,

optical and solar devices, and electric and magnetic components. The structures of these

materials do not have any long-range atomic correlations, which fact results in various

unique physical and chemical properties. Thus, understanding the structures is a

prerequisite for development of new materials and applications.

In the past two decades, the structure and dynamics of these materials have been intensively

investigated by diffraction techniques and spectroscopic methods. By taking advantage of

isotope substitution labeling methods, neutron scattering has played a major role in

structural research and clarified the details of the local arrangement of atoms for a wide

range of materials. However, knowledge of longer range correlations (10-30 A) is also

extremely important and will enable an understanding of the universal thermal, electric and

transport properties of these materials. In spite of much effort, little has been accomplished

in this difficult intermediate range. In principle, much of the needed information is

contained in pressure, field, and tempeiature derivatives of structure factors. Beyond the

unrivalled ability of even current PSS instruments to measure amorphous structure factors,

establishing such derivatives will benefit from the case with which the necessary sample

environments can be incorporated in PSS spectrometers. Special advantages will also

accrue to the ). MW PSS in the field of inelastic scattering, where again, even today's

relativity weak pulsed spallation sources are acknowledged to be superior when samples

are not single crystals. The realization of very high, intensity pulsed neutron sources such

as a 1 MW PSS certainly will thus greatly expand existing opportunities for studying

excitations in glasses and amorphous solids.

E. Catalysts

A 1 MW PSS offers important opportunities in the general area of catalytic materials, a

subject of great technological and economic importance for the oil, chemical and other
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industries. The potential for both elastic and inelastic scattering studies will be increased

with such a source.

Determination of the structures of catalytically active materials in real time during actual

catalyzed reaction sequences will benefit from the high intensity and fixed scattering

geometry of a PSS. These advantages will allow both high resolution diffraction studies

necessary to separate nearly overlapping diffraction peaks due to complex catalyst

structures and second phases, and the use of special environment reaction chambers to

perform in situ studies of industrially important chemical reactions.

Inelastic scattering can be utilized in studies of adsorbate vibrations on catalyticaiiy active

surfaces. Such studies require high surface areas and often rely upon the presence of

hydrogen in the adsorbate molecules to obtain large enough scattering cross sections to

observe the relatively small numbers of surface species. Using a 1 MW PSS, it will be

possible to look at lower surface coverages and lower surface area materials than is

presently possible.

The 1 MW PSS will allow diffraction and inelastic scattering measurements to be

performed simultaneously on a given sample. A number of industrially important catalysts

such as a-Cr2O3 and vanadyl pyrophosphates could be studied with the expectation that

understanding the detailed mechanism of catalytic action and the origin of catalyst

poisoning will allow the design of more efficient and longer lived catalysts.

Finally, a number of new materials are presently being investigated as catalysts, among

which are transition metal activated aerogels (Si-Al-0 open framework materials). Small

angle neutron scattering to study the pore sizes in the gels will certainly be of great interest.

F. Electronic and Electro-optic Oxides

Multicomponent oxides have experienced increased use in a broad variety of electronic and

opto-electronic applications. Examples are dielectrics, electrode materials that are mixed

ionic-electronic conductors, non-linear optical materials, piezoelectrics, ferroelectrics, laser

hosts, relaxors, and fast-ion conductors. Certain structure types, with properties that differ

dramatically from one composition to another, permeate the list of applications. Thus,

pyrochlores see uses that range from catalysis through electronic conductors to ionic

conductors. Perovskites appear as piezoelectrics, electro-optical materials, relaxors,
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dielectrics, and boundary-layer capacitors. The garnets have been used for magnetic

bubble-domain devices as well as lasers.

What all of these materials have in common is that they are multi-component systems in

which a number of cation species are distributed over a smaller number of available sites.

A typical microwave ferrite, for example, may contain as many as a half dozen cation

species in order to optimize properties that range from magnetic anisotropy to resistivity.

The manner in which the cations are partitioned determines many physical properties. One

cannot, however, establish the distribution of N cations over a number of sites n, when

N>n, with a single diffraction experiment. This is a problem of increasing importance in

which x-ray and neutron diffraction can be combined to advantage in coupled refinements.

Neutron diffraction can contribute improved contrast for some species, including the

special case of negative scattering lengths for some elements (such as Li or Ti) that are of

importance in electronic ceramics. X-ray diffraction provides opportunity to change

contrast through tuning the wavelength close to an absorption edge of one of the

component cations. Coupled refinements of data sets obtained with both radiation sources

will be essential for the solution of certain problems, especially those involving light

elements with edges only in the soft x-ray regime.

G. Phase Transformations

The study of phase transformations encompasses magnets, superconductors, steels and

special-purpose metal alloys, ferroelectrics, and glasses. Neutron powder diffraction gives

the structure of most materials. However, it is often important to understand the phase

transitions giving rise to the measured structures. Materials for which this is used include

shape memory alloys, prototypical "intelligent" materials with a long history of use in the

aerospace industry. To gain a microscopic understanding of the Martensitic transformation

underlying the shape memory effect, elastic diffuse, as well as phonon scattering, must be

measured. The proposed pulsed source should enable the simultaneous measurement of

the elastic and the inelastic measurement at a large number of momentum wavevectors and

energies and facilitate the understanding of the role of lattice dynamics in the short range

order in the solid. It will also be useful to equip the apparatus with other measurement

devices so that resistivity or susceptibility data could be collected simultaneously with the

neutron spectra.
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Many metallic alloys show transformations under extreme conditions, such as high

pressure, uniaxial stress and high temperature. With a pulsed source, it is often easier to

accommodate the restricted geometry imposed by many of these devices. An intense

source, such as proposed here, will also enable the study of the lattice dynamics using

small samples, which is nearly impossible with the present instrumentation.

H. Materials Processing

In the field of new materials, processing is often more important in obtaining the desired

properties than initial synthesis. Since this applies to all new materials, additional emphasis

is given to it. Neutron diffraction is a unique probe for investigating the effects of

processing on properties. In this work, it is important to be able to examine the material in

its "as-made" or "as-used" condition rather than in the form of an "ideal" research sample.

For example, one might wish to study the texture and phase purity of an oxide

superconductor inside a metal sheath that has been drawn into a wire, or to examine the

final product of a fabricated composite or laminated material to determine the particle size,

texture, and grain interaction stresses. The ability of neutron diffraction to probe the bulk

of such materials is critical to this work; destructive methods of analysis (such as sectioning

and using x-ray diffraction or electron microscopy) cannot provide the same information.

I. Special Sample Environments

The unique ability of neutron diffraction for the study of samples in special environments is

of particular importance. Many important experiments of this type have already been done,

clearly demonstrating the capabilities. However, to have real impact, these capabilities

must become available to a much larger community on a routine basis. Thus, it is critically

important that flexible ancillary equipment be an integral part of instrument designs. The 1

MW PSS would offer count rates high enough to allow the materials scientist to obtain

extensive data as a function of external variables (often several hundred data sets for a

single system) or to follow real-time behavior during materials use or processing. Because

of these capabilities, neutron diffraction allows the materials scientist to study important

behavior at all stages. For example, the technique could be applied to the formation

chemistry of advanced ceramics as a function of multiple variables such as chemical

composition, particle size, temperature, and oxygen partial pressure. Also, microwave

sintering of ceramics, a rapidly developing new technique which is poorly understood at

present, could be studied in situ.
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IV. QUANTITATIVE INSTRUMENT PERFORMANCE

In the foregoing narrative, we have discussed instrument capabilities such as high resolution, high

data acquisition rates, the ability to study small samples, etc., in a qualitative fashion without being

specific about instrument performance. Currently-operating pulsed neutron sources such as IPNS

and ISIS have provided us with extensive data on instrument design and performance. A 1 MW

PSS will vastly improve capabilities in several areas. Without discussing specific instrument

designs, we will state the performance that can be achieved, and discuss briefly how this enhanced

performance will allow new research to be done.

A. High Resolution

The pulsed nature of a spallation neutron source leads to intrinsically high resolution. The

high intensity of a 1 MW source would allow a worthwhile trade-off of intensity for

resolution that would permit very high resolution diffraction data (Ad/d - 10"4) to be

collected in systems considered previously to be the domain of single crystal x-ray

diffraction. Moreover, these experiments would take a fraction of the time that it takes on a

conventional laboratory x-ray source. Although even better resolution could be obtained (at

the expense of intensity), present experience indicates that there is little motivation to do so.

The high resolution will be used for solution of unknown structures from powder data,

refinement of complex structures (i.e., large unit cells with many independent atoms), the

measurement of line broadenings due to strain or extended defects, studies of subtle phase

transitions, and identification of phases that differ by tiny amounts in unit cell dimensions.

High resolution also leads to the ability to detect line broadening. Many technologically

important materials show significant broadening resulting either from fabrication or use.

The large dynamic range inherent to a pulsed source diffractometer permits multiple orders

of reflections to be investigated, yielding a picture complementing that given by

microscopy, of material imperfections over distances between 10 and lC^A. With the high

intensity that will be available at a 1 MW source, this analysis could be compared with

small angle scattering~the essential difference being that SANS operates solely around the

(000) reflection whereas this high resolution, high intensity diffractometer would, in the

order of hours, provide the equivalent of SANS around numerous Bragg peaks.
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B. Small Samples

Samples in the 10-100 mg range have already been studied at ISIS and IPNS. On the 1

MW pulsed source, it will be possible to obtain data at medium resolution (Ad/d ~ 10~3) for

100 mg samples in a few hours. The study of smaller samples (<10 mg) will be possible

for simple structures or by extending counting times. A dedicated "small samples"

diffractometer on a 1 MW source would permit the routine collection of medium resolution

diffraction data on moderately complex systems such as zeolite catalysts in less than 1

hour. It is possible to envisage full structural characterization as a function of a single

variable such as temperature or pressure on samples weighing ~ 20 mg with a precision that

is currently only available with samples of - 1-5 g. This opens up the possibility of

studying samples made in small quantities under exotic conditions or where substitution of

very expensive isotopes must be used to avoid problems with high absorption cross

sections. New materials such as fullerenes may be investigated when only "x-ray sized"

samples are available. This capability will allow neutron powder diffraction to be used as a

routine analytical tool, much like in-house x-ray diffraction is now used.

C. Rapid Data Collection

For samples of standard size (~ 5 g), data collection will be possible in 10-100 seconds

with moderate (Ad/d ~ 10"3) resolution, in cases where a full diffraction pattern (suitable for

Rietveld analysis) is desired. If the question to be investigated does not require such

resolution, even faster data collection can be achieved. This capability is important when a

sample is to be examined under a large number of experimental conditions (e.g.,

temperature and oxygen partial pressure) or when one wishes to investigate the real-time

evolution of a reaction or transformation.

D. Polarized Beams

Polarized neutron beams have already demonstrated their use in separating magnetic from

nonmagnetic phenomena, but their disadvantage is the great loss of intensity. In the

materials area, their use would be to separate out the coherent from the incoherent scattering

in hydrogenous compounds. This will include the structural studies of many polymers and

bio-materials. The proposed facility should solve this problem and polarized beams should

be more useful as appropriate, efficient neutron polarizers now under development become

available.
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E. Special Sample Environments

For much of the work done by materials scientists, the capability to control the sample

environment during the experiment is critical to obtaining the desired information.

Experience at existing sources allows us to project what capabilities should be available.

Closed cycle refrigerators, cryostats, dilution and nuclear demagnetization refrigerators are

already being used to perform neutron scattering measurements from room temperature to

the milli-Kelvin range. High-temperature measurements to above 2000° C should be

routine, with the ability to control the sample atmosphere over most of the temperature

range. With the higher fluxes, it will be possible to extend measurements at high pressure

to small samples in opposed-anvil and multiple-anvil presses, perhaps reaching 30 GPa.

Experiments at existing PSSs in the range of 20 GPa are already yielding encouraging

results.

F. Inelastic Scattering Instruments for Materials Science

For some materials science applications, one wishes to have the ability to probe the

structure and dynamics of a material over a wide range of energies and wave numbers at the

same time. Instrument performance can be extended in terms of both resolution and

intensity. A high resolution instrument could achieve energy resolution of 1% for incident

neutron energies from 1-10 eV, with typical measuring times of less than 2 hours. A high

intensity instrument, which would be optimized for obtaining a quick look over a large

energy/momentum space, would achieve an energy resolution of 3% over the same incident

energy range with counting times of less than 5 minutes for 20 g samples. This instrument

would be suited for efficient systematic surveys under changing environmental conditions.

G. Tomography

Tomographic analysis has been developed to highly sophisticated levels as a result of its

application to medical diagnosis. Such techniques would provide an approach to many

problems in materials research if they could be adapted to neutrons, use of which is

attractive because of their penetrating power, as well as elemental specificity when neutron

resonances are present. Such analyses seem feasible, but development of their full

potential will depend on the development of parallel beams of sufficient intensity, as well as

of pixillated detectors of appropriate resolution.
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I. INTRODUCTION

Without question, neutron scattering has led to some of the most insightful results in the physics

of polymers and complex fluids. This arises from the size scales probed by neutrons and the

ability to selectively label the molecu'js of interest with deuterium. The current reactor and

spallation sources will continue to furnish critical results. However, the results obtained up to

now have led to numerous questions that simply cannot be addressed with current sources. The

dominant reason for this is the limited flux and instrumentation of current sources. The prospect

of a 1 MW pulsed neutron source offers the opportunity to advance, significantly, the

understanding of the fundamental physics of polymers and complex fluids in the bulk, in

confined geometries, and at surfaces and interfaces. Of equal, if not greater, importance is the

fact that technologies based on polymers and complex fluids—multibillion dollar industries—

will also be impacted greatly by the availability of a 1 MW pulsed source.

In this section, we present some of the important unanswered questions in polymer science and

the physics of complex fluids where a more intense neutron source could play a pivotal role.

While our summary is limited by the expertise and knowledge of the committee members, there

are many new areas, from both technological and fundamental viewpoints, opened by a more

intense neutron source. Subsequently, the specific impacts of an advanced, 1 MW spallation

source are discussed. These subjects listed do not constitute an exhaustive compilation but

clearly point to the great importance of such a source.

II. OVERVIEW OF SCIENCE

A. Complex Fluids

Complex fluids are multicomponent liquids or macromolecular solutions characterized by

length scales that span the atomic and macroscopic (roughly 1 - 104 nm). Typical

examples of complex fluids include polymer and colloidal solutions and liquids

containing self-assembling components such as surfactants or diblock copolymers.

Current research efforts have focused on the study of the phase behavior and mesoscale

structures by scattering techniques sensitive to static correlations. Recently, dynamic and

transport properties have received increasing attention.

The most exciting scientific challenges are in the study of complex fluids in porous

(complex) media. Large random solid surfaces and finite pore spaces can significantly
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modify the thermodynamics, kinetics, and flow characteristics of complex fluids. These

investigations are expected to provide new opportunities in addressing a variety of

important technological needs. Examples include:

• Enhanced oil recovery (EOR) methods. The need for a viable EOR technology is

becoming increasingly urgent as many of the North American oil fields are being

depleted. We need to be able to predict the phase behavior and the rheological

properties of surfactant/polymer solutions in order to design an effective and

economical process to release and mobilize the trapped oil. The current estimate

of the amount of oil to be recovered by EOR is over 1 trillion barrels of liquid

hydrocarbon.

• Site/soil cleanup/remediation of hydrocarbon/chemical contaminants. The

removal/degradation of adsorbed contamination in soil shares many of its

technology needs with EOR methods.

• Separation technology. The separation of various components in a mixture by

membranes is another example of complex fluids in complex media.

The unique ability of neutrons to contrast match the scattering length densities of passive

solid matrices to that of the liquids filling the pores allows the study of the behavior of

specific components of the complex fluid in the porous medium. There are other

important challenges and technological opportunities for complex fluids:

• Drug delivery systems using microemulsions and vesicles. These self-assembled

surfactant systems serve as useful models for biological cells.

• Artificial blood. Water-based microemulsions and liquid membranes can be used

as artificial blood.

• Reaction media. Emulsions and microemulsions can be used for two-phase

reaction/polymerization media.

• Fuels and lubricants. Multicomponent (dispersant-colloid-polymer, etc.),
multifunctional fluids.
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• Cosmetic and food industries.

B. Copolyme^

Copolymer molecules, i.e., polymer chains comprised of chemically distinct monomers

covalently bonded at one end, continue to receive considerable attention. This emphasis

is spurred by the plethora of practical uses of these molecules ranging from impac.

modification to compatibilizing agents to adhesion promoters. However, even for the

simplest case of a diblock copolymer, comprised of only two homopolymers covalently

bound together at the chain ends, the theoretical understanding of the phase behavior is

far from understood. While the coarse features of the phase diagram can be predicted,

details observed experimentally defy theoretical prediction. This lack of understanding

for the simplest case is amplified in the more complex cases of multiblock and random

copolymers by the paucity of experimental and theoretical information. Even though

copolymers already have many practical uses, gaining a predictive understanding of the

phase behavior of copolymers can only lead to significant cost savings in this area where

current technological progress is achieved by trial and error.

C. Polyelectrolytes

Polymers containing a small number of ionic groups along the chain are classified as

polyelectrolytes. In contrast to the situation with copolymers, there is a wealth of

theoretical treatments on the solution behavior of polyelectrolytes and the behavior of

polyelectrolytes bound to surfaces. Developing a base of experimental results which test

current theory will lead to an understanding of the manner in which inter- and intrachain

interactions, as well as interactions with solvent molecules, can influence the

configurations of a polymer chain. Such information is critical under both quiescent

conditions and in shear fields. Information gained from such studies will aid in

understanding the response of more complex biological molecules and the manner in

which these molecules function. In addition, polyelectrolytes are used as lubricants and

shear thickening agents in oil drilling fluids.

D. Hydrogen-Bonding Polymers

Hydrogen bonding is another inter- and intramolecular interaction which can profoundly

influence the configuration of the chains in solution and can lead to the formation of
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reversible networks or gels, i.e., networks that are destroyed under shear or with heating

but spontaneously reform upon removal of the force. In addition, hydrogen bonding

dramatically alters the behavior of polymers near surfaces and the packing of the chains

in the bulk. Finally, better understanding of hydrogen bonding will have marked impact

on understanding the specificity and functionality of biologically important molecules.

Virtually all structural engineering thermoplastics are made from the so-called rubber-

toughened polymer glasses. Examples of applications range from automobile bumpers to

cabinets for electronic equipment. The thermoplastics consist of a glassy polymer matrix,

e.g., polystyrene, into which small particles of rubber, of dimensions between 100 and

5000 nm, have been introduced. While it was once thought that the deformation

inechanism responsible for the toughening was crazing (crazing yields highly-fibrillated

voided structures in the glassy matrix), it is now known that this picture is too simple. In

many polymer glasses (e.g., the nylons), the dominant plastic deformation mechanism is

shear deformation rather than crazing. In some important polymer glasses (e.g.,

poly[styrene-acrylonitrile]) both mechanisms can operate. Furthermore, the dominant

plastic deformation mechanism can change depending on the morphology of the particle

dispersion. In particular, the interparticle spacing is known to be one, but certainly not

the only, important variable. Despite the importance of this problem (billions of pounds

of these toughened polymers are produced per year), the problem of specifying the

optimum rubber particle microstructure has proven to be very difficult. In large part, this

difficulty can be traced to our lack of understanding of the basic mechanisms of plastic

deformation of these materials and how these are affected by the microstructure. It seems

clear that cavitation in the rubber, as well as in the matrix, plays an important role in

enabling the plastic deformation to occur; but, at the moment, there are no experiments

which can separate the two processes. For example, measurements of volume dilatation

were once thought to make it possible to distinguish crazing from shear deformation; but,

the fact that cavitation of the rubber occurs simultaneously with crazing confounds the

interpretation of such measurements.

F. Deformation,

Triblock copolymers have important uses as adhesives and thermoplastic elastomers

which depend on the deformation (elastic or pL ,tic) of the microphase ordered polymer
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structure. In typical triblock polymers, the midblock (B) is an elastomer at room

temperature while the end blocks (A) phase separate into spherical domains which

effectively crosslink the A blocks together. It is important to know how many triblock

chains have A blocks in different spherical domains rather than in the same domain (we

can call the former a "bridging" chain and the latter a "hairpin" chain). Also important,

especially for adhesives, is the "pull-out" of A blocks at high stresses of bridging chains

from the spherical domains. Such pull-out, followed by reformation of the domains,

should be a potent mechanism for hysteretic loss of mechanical energy, a loss that will be

activated as a crack attempts to propagate though the adhesive. At present, the answers to

these questions are completely unknown for any triblock copolymer.

G. Surfaces and Interfaces

Even allowing for the intense current interest, polymer interfaces will present challenging

problems well into the future. The simplest interfacial problem imaginable, that of the

conformation and dynamics of a single polymer chain near an interface, is not well

understood. However, surfaces and interfaces are ubiquitous in polymer applications.

The lack of fundamental understanding combined with strong engineering demands

necessitates Edisonian techniques that are not only inefficient but do not guarantee

optimal solutions. Questions involved include the adhesion of dissimilar polymers or

polymers to non- polymeric materials, the conformation and dynamics of polymers near

or attached to interfaces, the conformation and dynamics of copolymers, the morphology

of interfaces in polymer blends, the compatibility of immiscible polymers and the

addition of non-polymer matf rials to polymers to form nanocomposites.

H. Porous Media

In the field of complex fluids, one of the most exciting areas of present and future study

is that of complex fluids in porous media. These investigations have applications in the

critical areas of chemically enhanced oil recovery, site remediation, and separation

technologies. In each of these technologies, it is critical to understand how the properties

of the complex fluid are changed when the fluid is in the environment in which it must

perform its function. The confinement in, and/or movement through, a network of

interfaces having length scales comparable to that of the complex fluid has profound

eftects on the phase behavior, dynamics, and transport properties of the complex fluid.
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III. IMPORTANCE OF A 1 MW SPALLATION SOURCE

Polymers and Complex Fluids

Table 1 lists various problems in polymers and complex fluids and the techniques used to address

them. It is clear that neutrons are an especially powerful probe in this field. They are useful for

several reasons. First, the fluids are hydrogenous which allows the exploitation of deuterium

labeling. Second, the relevant length and time scales are easily and simultaneously reached. The

most relevant neutron techniques for studying complex fluids are small angle scattering (SANS),

neutron spin-echo (NSE), quasielastic neutron scattering (QENS), and neutron reflectometry

(NR). While there are experiments in complex fluids that could be done either at a reactor or

spallation sourr«j, there are many examples where a 1 MW spallation source is necessary.

TABLE 1: Problems and Techniques for

Polymers and Complex Fluids

PROBLEM
polyelectrolytes*

H-bonding polymers*

rheology*
crystalline polymers

structure of amorphous polymers

segmental interaction (%)*
copolymers

polymer regeneration/recycling
functionalization / molecular
architecture
polymer complexation
configuration & dynamics of
networks, rubbers & gels
phase structure, morphology*

self-assembling systems
surfaces & interfaces, membranes,
adhesives, latices

fracture of rubber-toughened
plastics

TECHNIQUES
SANS, neutron spin echo (NSE), simulations, rheoiogy,
light scattering, neutron reflection (NR), optical second
harmonic generation (SHG), NMR, electrophoresis
SANS, NSE, simulations, rheology, light scattering, NR,
SHG, NMR
light scattering, SANS, Kerr effect
neutron diffraction, x-ray diffraction, calorimetry, SANS,
electron & optical microscopy, simulations
SANS, simulations, depolarized light scattering, electron
& optical microscopy, calorimetry
SANS, SAXS, simulations, NMR

SANS, SAXS, NR, x-ray reflection (XR), mechanical
measurements, simulations, electron microscopy, NSE
chemical (de)synthesis, NMR
synthesis, then SANS, SAXS, NSE, simulations, rheology,
light scattering, NR, XR, SHG, NMR, etc.
SANS, light scattering, IR, neutron & x-ray diffraction
SANS, light scattering, NSE, simulations, rheology

SANS, SAXS, NR, x-ray reflection (XR), simulations,
electron microscopy, theory
light scattering, SANS, NR, transport
light scattering, NR, XR, SAXS, SANS, grazing incidence
diffraction, off-specular NR, SHG, quasielastic neutron
scattering, mechanical measurements
TEM, SAXS, SANS
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SANS on systems having structures occurring over a broad range of length scales would benefit

greatly. This follows because the coverage of momentum space with a white pulsed beam at a

spallation source far exceeds that achievable with a monochromatic beam at a steady state

source. The spallation source is especially suited for time-dependent studies requiring such

coverage, which would be obtained for each proton pulse. Many problems ranging from the

absorption/desorption of polymers to the evolution of emulsions and foams could then be

approached. Eventually, these studies would need to be done at high pressures and temperatures

to simulate use conditions; and such extreme sample environments are more conveniently

provided at a spallation source.

The dynamics of complex fluids is another area where pulsed neutron techniques can play an

important role. Since complex fluids are, by nature, hierarchical systems, it is not surprising that

there are important phenomena having an even broader range of time scales than length scales.

These range from the rotational and translational diffusion of their constituent molecules (10-12 -

10"6 sec) to polymer diffusion (> 10"9 sec) and two-phase flow (> 10"9 sec). The short time -

short length scale section of parameter space can be handled well with QENS, which would

benefit greatly by an increase in source intensity. While the short time - long length scale region

can be studied with ultrafast pulsed laser techniques and the long time - long length scales with

quasielastic light scattering, the long time - short length scale regime, which is critical in the

study of complex fluids, is most difficult to probe with existing facilities. INI 1 at ILL is the only

facility that begins to address this region of phase space. Future instruments that can push this

technique towards longer times at both shorter and longer length scales will be invaluable.

Directly measuring the dynamics of complex fluids at length scales of 1-1000 nm and time scales

longer than the nanoseconds typically achieved with NSE may require the development of new

instrumentation, most notably hybrid spin-echo/time-of-flight spectrometers, which promise to

be much more efficient than current NSE apparatus. With the inherent time structure and broad

neutron wavelength distribution at pulsed sources, a 1 MW sprJlation source will lead to critical

discoveries in this area.

At angles below the critical angle, the neutrons incident on a surface are totally externally

reflected. An exponentially decaying field extends into the films over distances from 5 nm and

higher, depending upon the incidence angle. The scattering from this small illuminated volume

characterizes the near surface structure of the polymer. By varying the neutron wavelength and

the angle of incidence, the penetration depth can be varied and, hence, the morphology and

molecular packing as a function of depth can be measured. Near the critical angle, the field at

the surface is enhanced by a factor of two which increases the scattering further. However, the
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very limited scattering volume necessitates the use of the most intense source. A 1 MW

spallation source offers several distinct advantages for reflectivity studies. First is the increased

flux and, second is a wide range in penetration depth (due to the incident wavelength

distribution) that is obtained simultaneously.

In addition to the benefits of an experiment with no moving parts and a sample volume (area)

which does not change with wavenumber, one obtains specular and off-specular reflectivities

simultaneously. Coupling this with a two-dimensional area detector will allow the measurement

of the scattering arising from lateral heterogeneities with length scales from 100 to 10~2 mm.

This overlaps regions ordinarily covered by a combination of light and electron microscopy, but

permits the characterization of large areas and has the additional capability of selective

deuteration. It must be realized that the off-specular scattering is orders of magnitude lower in

intensity than the specular. Consequently, such measurements are possible now only for very

strong scatterers. A 1 MW spallation source will enable studies of the configuration and

conformation of individual polymer chains in thin films or otherwise constrained geometries,

yielding insight into the stresses which are present in thin polymer films. Such knowledge is

needed in the microelectronics industry, where there is a continuous drive to smaller packing of

devices and, consequently, thinner polymeric, dielectric insulating layers.

As it will make time-resolved SANS studies routine, additional flux will permit time-resolved

reflectivity studies. With the current design parameters of the 1 MW source, typical specular

data down to reflectivities of 10'3 will be collected in less than a minute. Thus, measurements

will be done on a time scale commensurate with the diffusive motion of polymers and, therefore,

will examine real-time changes at surfaces and interfaces.

Finally, grazing incidence neutron scattering or reflectometry has the potential of being extended

to measuring inelastic processes. There would, thus, be an opportunity to probe the dynamics of

polymer chains at surfaces and in thin films. While the dynamics of polymer chains in the bulk

are easily accessible, it is not possible to examine the surface dynamics. It is not apparent that

the dynamics of polymer chains near a surface or constrained within a thin film are the same as

in the bulk. Conceivably, surface constraints could hamper the molecular mobility sufficiently to

transform a liquid polymer into a glassy material. Such infonnation is critical for understanding,

developing, and enhancing the use of polymers. A great advantage of a 1 MW source is that

modifying a conventional reflectometer for first-generation inelastic studies is very straight-

forward—one needs simply to install a velocity-selecting chopper in the incident beam.
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IV. CONCLUSIONS

The ubiquitous involvement of polymers and complex fluids in modern technologies is evident

even to the layman-and only the tip of the iceberg is seen. It is also a fact that the majority of

prizes awarded for neutron scattering, or to which neutron scattering has contributed strongly, in

the past decade have been in this area (Table 3.1 of the Kohn Report). Polymer and complex

fluid macromolecules are all formed by self-assembly of many smaller molecular sub-units, so

important structural information is spread over a wide range of length scales and the

corresponding dynamics involve a spread of time scales. This is precisely the sort of problem for

which the time-of-flight neutron scattering technique developed at spallation source is so well

matched—one which requires studies over large dynamic ranges of length and time.
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give unprecedented access to all regimes from the hydrodynamic to the underlying

quantum-mechanical.

II. EXPERIMENTS AND INSTRUMENTS

A common theme of many of the new experiments is the desirability of in situ measurements under

chemically relevant conditions. This requires significantly higher neutron flux than is available

from current sources. Greater flux would also alleviate the present sample size requirements that

make the use of neutron scattering impossible for studies of many important newly synthesized

compounds. Several specific instruments and examples of problems which could be studied by

each are indicated below.

A. Elastic Scattering Instruments

The tremendous efficiency of elastic scattering instruments which exploit the white beams

at pulsed spallation sources is amply documented. This efficiency, together with the

features of easily achievable high resolution, large momentum transfer range, low

background, and absence of order contamination (present in instruments with crystal

monochromators) has made the scientific programs using diffractometers at even the

weakest of today's spallation sources into world leaders in structure determination. The

opportunities and advantages associated with such instruments described in the following

subsections at a source with ten times the current ISIS flux such as the 1 MW PSS will,

therefore, be significant.

1. High Intensity Powder Diffractometer

In many materials, chemical transformations and transport occur over minutes. In

order to follow these transformations and to understand structure-activity

relationships, data must be collected on the same time scale. This requires a high

intensity instrument that maintains moderate resolution (Ad/d = 0.1-0.3%) and a

neutron flux an order of magnitude higher than that of existing instruments,

allowing collection within 1-3 minutes of data to be refined using the Rietveld

technique. The high Q data from such an instrument on a pulsed spallation source

should reveal the subtle distinctions required for understanding these materials.

This instrument would need ancillary devices (pressure cells, furnaces,

refrigerators, gas handling capabilities, etc.) in order to duplicate industrially
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relevant conditions. Results from this instrument would impact the development of

catalysts, zeolites, batteries, electrodes, thin films, and conductive solids. More

specifically, some of the problems to be addressed include the role of promoters in

catalysis and crystal destruction by calcination and steaming. The characterization

of the defect properties that arise from destruction of aluminosilicate zeolites

involves the transition from framework aluminum to extra-framework Al, localized

configurations of Al complexes, and the diffusion of Al species to amorphous

configurations or surface states. These processes occur during catalyst activation

and require time-resolved in situ studies for their understanding.

Another important use for this instrument is the structure analysis of secondary

phases. Secondary phases (somewhat arbitrarily defined as phases that make up

less than 5 weight per cent of a solid, either in the bulk or at interfaces) play an

important role in determining the performance of ceramics, catalysts, electrodes and

batteries. Despite the important role these secondary phases play, details of their

structure are almost always lacking. This instrument would fill this important gap.

2. Small Angle Scattering Instrument/Low Resolution Diffractometer

High intensity is required for acceptable signal to noise at low Q, particularly for

hydrogenous samples. A Q range of .001 to 10.0 A"1 would probe length scales

from 0.1 to 1000 A, a range unmatched by existing instruments. Problems that

could be investigated include:

a. The interactions between surfactants and aqueous/non-aqueous

hosts. This is important for the functioning of lubricants, dispersants in site

remediation, and the interaction of drugs, drug delivery systems and

membranes in-vitro. The length scales probed by this diffractometer are of

the same order as those characterizing interactions between

surfactants/dispersants/delivery systems and their surrounding environment.

b. The structure of asphaltene. Asphaltenes represent the heaviest

fraction of petroleum (10-30% of each barrel of cru^e oil). At present, this

fraction is not utilized as a chemical or transportation feed stock because it is

not economically viable to "crack" asphaltene. Understanding the details
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and mechanism of the tertiary structure of asphaltene would lead to a route

for economically converting this fraction into useful materials.

c. Methane transport systems. High-surface area active carbons are

promising methane adsorbents. In situ small angle scattering studies (either

time-resolved or in single dose mode) of methane adsorption on such

substrate will lead to improved understanding of the nature of the methane-

surface interaction, and assist in the development of schemes to utilize this

abundant resource.

d. Metal catalysts. Much of the deactivation of supported metal

catalysts occurs during the sintering of atomically-dispersed metal atoms to

particles smaller than 50 A. While the smallest particles can be studied by

EXAFS and particles larger than this can be studied by diffraction, in situ

time-resolved SANS measurements of the metal agglomeration on this

length scale will provide new information and lead to development of

improved catalysts.

3. Horizontal Reflectometer

This instrument operates in the low Q region in which the neutron beam is reflected

from a surface of either a multilayer solid thin film, liquid-solid, or liquid-liquid

interface. Investigations into the thickness, roughness and structure of these films

are the purpose of such an instrument. An example of considerable importance in

bioremediation would be to probe the kinetics of oil digestion via bio-organisms

introduced onto an oil slick.

4. Multifunctional, Small Spot Size Diffractometer/

Spectrometer for Non-Destructive Analysis

Simultaneous chemical (elemental) and structure determination of phases or regions

within the bulk of materials could be achieved with this instrument. The technique

uses a small beam (achieved by focusing or fine slits) to probe thin sample slices.

Similar collimation at right angles allows one to choose small volumes for

diffraction analysis. The time-of-flight feature of a spallation source coupled with

the penetrating nature of the neutron allow a complete diffraction pattern to be
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obtained from the finite element within the sample. This sampled element could be

scanned across the sample as desired. Simultaneous analysis of the directly

transmitted epithermal beam (resonance radiography) will allow elemental imaging

that will complement the diffraction data.

Uses of this instrument will include non-destructive analysis of materials such as

batteries, electrodes, ceramics, thin-film and electronic devices. Beam sizes as

small as 1 micron will be desirable. The combination of crystallographic, chemical,

and tomographic analysis will be a powerful tool, unique to the 1 MW PSS.

5. Ultra-High Resolution Powder Diffractometer

Many significant crystallographic problems require the use of high resolution for

adequate structural characterization because of their large unit cells. Examples

include zeolites, sodium beta aluminates, superconductors, complex catalysts and

conductive solids for the power and electronic industries. There is, thus, a need for

routine, high speed ; ructure refinements of large unit cell materials. The required

resolution is Ad/d=0.08%, which can be achieved with good incident flux using a

flight path of 100 m at the new PSS.

Since the quality of structural results depends ultimately on the quality of the

measured structure factors, improved resolution will always produce more accurate

structures.

6. Single Crystal Diffractometers

Single crystal diffraction at a neutron source plays an important role in the location

of hydrogen atoms or molecules in biochemical or organometallic samples.

Accurate location of hydrogen ligands in organometallic materials impacts our

understanding of the activation of hydrogen and hydrocarbons. Of potentially

greater importance, however, is the accurate location of hydrogen atoms within

crystalline biological samples (proteins, DNA fragments, drugs, etc.). This is

because hydrogen bonding plays a role in protein-substrate, protein-drug, and

protein-inhibitor interactions. Frequently, the key to understanding the nature of a

disease, drug therapy, or inhibitor is to map hydrogen bonding at an active site.
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such an instrument could be used for time-dependent studies on the scale of

minutes. This would provide an opportunity to observe chemical systems as they

evolve in response to an external stimulus, such as temperature or optical pumping

of specific modes at low temperature. The lack of selection rules for inelastic

neutron scattering means that this technique would provide a tool for the routine

c laracterization of chemicals, and the changes caused by chemical or physical

perturbations. In addition, the relatively high cross section of hydrogen and the

ability to change the scattering power of the constituents by changing isotopes is an

advantage when attempting to assign vibrational modes.

A second class of inverse geometry instrument should have an intermediate elastic

(50-100 meV) and inelastic (2-3% of the energy transfer) resolutions. Such a

machine would show how the vibrational modes vary with temperature in

conjunction with the onset of quasielastic scattering which would itself provide the

rotational and translational diffusion rates as a function of temperature. This would

then give the activation energy of the processes, a quantity central to the

understanding of kinetics in chemical systems.

Finally, there is a need for a higher energy resolution instrument (1-5 meV) to look

at the slower motions found for heavier molecules such as those containing more

than 4-5 carbons. Clearly, these molecules are of technological importance, which

makes knowledge of their diffusion under a variety of conditions (e.g., catalysts

and storage media) interesting.

There are many potential applications for the instruments, and examples follow.

The area of biologically active molecules is huge and there is relatively little known

about the low frequency dynamics of such systems. The distortion of the molecule

during slow motion is clearly relevant to their biological activity. With higher

fluxes and the advent of polarized neutron beams, it may be possible to exploit the

differences between hydrogen and deuterium to provide insight into the role of the

water in such molecules. In addition, the use of high intensity beams in

conjunction with neutron lenses made from capillary bundles would alleviate the

need for enormous samples. A larger information base is needed in this key area.

There are a great number of applications in the area of catalysis and energy storage.

Inelastic neutron scattering has already been used to probe the dynamics of
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adsorbates in materials of catalytic importance such as zeolites, but these have been

constrained by the limited fluxes available at present sources. The ability to make

these measurements under realistic low density reaction conditions is of importance.

The problem, to date, has been that of limited neutron flux at the sample, partially

due to absorption by the reaction cells. The high intensity of the 1 MW PSS, as

well as the availability of higher energy neutrons and the fixed sample geometry of

time-of-flight instruments, will go far towards alleviating this difficulty.

3. Spin-Echo Spectrometer

This type of neutron instrument extends the time domain available to neutron

spectroscopy down to the microsecond range. It has already been demonstrated

that this is relevant to the study of polymers, and should, therefore, be applicable to

the study of proteins and other useful macromolecules. We look forward to greatly

increased efficiency of this technique at the 1 MW PSS where hydrid spin echo

time-of-flight concepts can be implemented.

4. Multi-probe Spectrometers

The simultaneous use of other probes in parallel with neutron scattering methods

could have an impact in several important areas of chemistry and biochemistry.

Two examples are the study of energy transport in macromolecules and the

possibility to carry out low-temperature photochemistry in situ with INS studies of

the reaction intermediates and products. The first experiment would be one where a

high frequency mode (such as the amide-I vibration in polypeptide chains) is

optically pumped while the low frequency vibrational region is observed via INS.

The role of any non-linear vibrational coupling in the long-range non-dissipative

energy transport in biological systems may thereby be assessed. Many important

chemical prototype reactions are carried out by photochemistry of molecules in

liquid or solid rare gases. At a high intensity neutron source, it should be feasible

to utilize the INS spectrometer along with a large volume rare gas matrix sample to

perform in situ vibrational studies of photochemical reactions (that utilize UV light,

for example) despite the relatively low yield of such reactions. This would expand

the utility of INS techniques into an important area of mainstream chemistry. The

pulsed lasers required for such work are obviously well matched to a pulsed

neutron source.
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I. INTRODUCTION

If there is a common paradigm for the conduct of biomedical research, it is surely the search for

the relation between structure and function. We may understand, in some general sense, an

important biological prod, 'hat is mediated by a protein, for example; but, we cannot begin to

truly understand the prc ..\ss until we know the structure of the protein. The structure reveals

clues as to how the protein carries out its function. If the protein plays an important role in a

disease, its structure helps us design drugs to modify its action. Thus, the determination of

biological structures is an indispensable and integral part of biological research. The revolution

in molecular genetics, that we are now in the midst of, began as a direct result of the discovery of

the structure of DNA. This revolution has not only changed dramatically our understanding and

treatment of diseases, it has spawned our multibillion dollar biotechnology industry that is the

envy of many nations.

The profound and far-reaching impact of the structure of DNA on biological research is, perhaps,

a unique phenomenon. It is more common for a new structure to have only an incremental effect

on the progress of biomedical research. Nevertheless, a knowledge of structure within smaller

circumscribed fields of biology invariably has a major effect on the course of a field's research.

The steady accumulation of incremental gains in our knowledge of biological structures has, in

the long term, as profound an effect as the discovery of the structure of DNA. Progress comes in

biology through the steady dedication of a large number of individuals.

The important structural problems that demand the attention of biomedical researchers are too

numerous to catalog. We, therefore, describe some general classes of important structural

problems that can be attacked using neutrons. In some cases, neutron diffraction and scattering

techniques provide the only avenue of solution; in other cases, they provide important

information to complement that given by electron microscopy and x-ray diffraction. But, as for

biology in general, important advances are made by the accumulation of incremental gains.

II. PRESSING PROBLEMS OF STRUCTURAL BIOLOGY:

FINDING SOLUTIONS USING NEUTRONS

A. How Proteins Fold

The discovery of the structure of DNA led to what is now called the "central dogma" of

molecular biology which is that all information for the replication and functioning of a
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biological organism is stored in the DNA of the organism's genome. The processes and

structures stored there are implemented by proteins produced by ribosomes that receive

their instructions from "messenger" RNA that have been transcribed from DNA. Proteins

are sequences of amino acids that can spontaneously adopt complex, three-dimensional

structures that have functional and structural roles in biological organisms. The protein

sequence information is stored as sequences of nucleotides in the DNA. The discovery of

the genetic code made it possible to translate the message encoded in the DNA into a

protein sequence. Our understanding of the genetic code and processes of transcription

and translation that lead to protein sequences forms the foundation for modern molecular

genetics that makes it possible to discover the genes involved in genetic diseases and

leads us into the era of "molecular medicine."

There is a second part of the genetic code, generally called the protein folding problem,

that remains to be discovered and it will have as profound an effect on the course of

biology as did the discovery of the first part of the code. The information for the

spontaneous folding of a sequence of amino acids into the functional three dimensional

protein is encoded as a thermodynamic message in the amino acid sequence. Discovery

of the thermodynamic folding-code embedded in protein sequences would make it

possible to predict the three-dimensional structure of proteins from the one-dimensional

amino acid sequence. Conversely, with the tools of modern molecular biology, we could

also construct amino acid sequences that have a desired structure to perform catalysis,

energy transduction, etc.

Although we can discover the protein sequences encoded in defective genes, we cannot

understand the nature of the defect until we understand the three-dimensional structure of

the protein that the amino acid sequence forms. We can presently determine the structure

of a protein only by means of the elegant, but time-consuming, methods of protein

crystallography and for the smaller proteins (<25,000 D) NMR spectroscopy. Years may

be required to solve the structure of a specific protein (providing it can be caused to form

three-dimensional crystals, which is never a certain process) whereas the DNA sequence

may be determined by molecular genetic methods in a few weeks. The discrepancy

between the time required to determine a DNA sequence and the time required to

determine the structure of the encoded protein is a major roadblock in many areas of

biomedical research. We presently know the amino acid sequences of tens of thousands

of proteins, whereas we know the three-dimensional structures of only a few hundred.

The immensity of the problem facing biologists is revealed by the fact that the human
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genome encodes about 100,000 proteins! The goal of the Human Genome Project is to

discover all of these sequences. The discovery of the second half of the genetic code

would make it possible, in principle, to translate these gene sequences into three-

dimensional protein structures.

An important part of understanding the protein folding problem is to understand the

conformational states of unfolded proteins since the protein folding must inevitably begin

from these states. These conformational states cannot be studied by standard protein

crystallographic methods because they are states of disorder. Small angle solution

scattering provides an important method for gaining structural information about these

states. Although x-ray scattering and nuclear magnetic resonance (NMR) provide useful

information, neutron-based solution scattering studies are of exceptional importance

because of our ability to replace hydrogen atoms in proteins and the surrounding water

with deuterium atoms. Unlike x-rays, neutrons interact quite differently with deuterons

and protons so that structural relations in proteins can be mapped by systematically

replacing hydrogen atoms with deuterium atoms. Because this specific deuteration has

little effect on structure, neutron scattering becomes a powerful and non-destructive tool

in the structural biologist's armamentarium.

The details of just how the amino acids of protein pack together in the fully folded

protein are equally important for understanding the folding problem. Interestingly, we

frequently cannot see, directly, the surfaces of contact between the arftino acids because

they usually involve contacts between hydrogen atoms whose locations are only inferred

from x-ray studies. Specific deuteration and neutron-based protein crystallography reveal

these contacts directly.

B. How Proteins Work

The structures of the several hundred different proteins determined by crystallography

and NMR spectroscopy have provided important insights to the general principles of

protein architecture and clues to their mechanisms of action. Nevertheless, these studies

have not yet led to the ability to predict reliably the details of molecular interactions and

mechanisms of substrate (e.g., drug action), nor have these structures allowed us to

predict, with much certainty, the structural implications of single-site amino acid

mutations. A major reason for slow progress is the lack of accurate knowledge of the

locations of the hydrogen atoms that are involved in nearly all catalytic functions. In
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addition, the role of water as a structural determinant is not understood; and, even worse,

water is often ignored in structural and dynamical analyses. The chances of achieving

accurate predictions can be greatly improved by gaining a better understanding of the

principles regulating molecular structures that include:

1) Basic stereochemical conditions,

2) Electrostatic interactions,

3) Van der Waals interactions, particularly induced dipole moments,

4) Hydrophobic effects, and

5) Entropic effects.

As our understanding of these areas improves, we will be able to model, more accurately,

the complex structures and functions of proteins and, more importantly, manipulate them

to suit particular purposes. This will allow the better elucidation of specific sites that

regulate function and, in turn, will allow us to design agents to alter those functions.

The functioning of a protein usually involves small changes in structure called

conformational changes. An understanding of the mechanisms of conformational

changes is thus required to describe fully how proteins work. Some examples of protein

function that involve conformational changes include catalysis of chemical reactions, the

'induced fit' mechanism of ligand binding, and the assembly of macromolecular

complexes. It is incorrect to consider protein molecules in particular conformations as

fixed structures, since, at physiological temperatures, they sample rather rapidly a variety

of conformations. An improved understanding of these motions will lead to more reliable

theoretical methods for modeling the energetics and dynamics of protein interactions.

The development of effective computational tools for the design of new pharmaceutical

compounds for altering protein functions is an imperative of this type of research.

Many protein catalytic processes, namely those processes that carry out chemical

transformations of substrate molecules that are central to metabolic processes, are

mediated by exchanges of protons between the protein and/or surrounding water and the

substrate. It is not possible by x-ray diffraction to actually see these important protons.

However, they can be visualized by means of specific deuteration and neutron diffraction

so that the details of catalysis can be revealed. In particular, one can determine precisely

which amino acids are participating in the chemical process. This information opens the
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possibility of designing proteins for carrying out commercially important catalytic

processes.

Neutron scattering and diffraction experiments provide unique complementary

information on structure and conformational flexibility that cannot be obtained from other

techniques. Unlike x-rays, the energies of neutrons used in diffraction experiments are on

a similar scale to the energies involved in thermal fluctuations underlying conformational

flexibility. Measurements of energy changes in incoherently scattered neutrons yield

information on the time scales of internal motions within proteins and other

biomolecules. Incoherent (inelastic and elastic) neutron scattering probes the motions of

hydrogen nuclei because their scattering cross section is 40 times larger than the cross

sections of other nuclei found in biomolecules. Since hydrogen atoms are uniformly

distributed in biomolecules, incoherent neutron scattering can effectively probe the global

dynamics of macromolecules (i.e., the low frequency cooperative motions or "breathing"

motions). Incoherent neutron scattering also extends to the faster motions such as bond

vibrations and can also give information on the geometry of atomic motions (anharmonic

vs. harmonic). The links between biomolecular structural dynamics and function are only

just now being established with a variety of spectroscopic techniques, and incoherent

neutron scattering is promising to be one of the most effective methods for studying the

functionally important global motions. The flexibility of large proteins in solution, as

opposed to proteins in crystals, may also be investigated by small angle neutron

scattering methods.

X-ray diffraction methods are unable to provide information on highly mobile portions of

protein structures in crystal form because the motion causes the scattering density to be

similar to the density of the solvent. However, the large coherent scattering cross section

for deuterium compared to hydrogen gives the experimentalist control of the scattering

densities of both the mobile segments and the surrounding solvent. Low-resolution

diffraction data collected from crystals containing partially deuterated solvents thus allow

one to determine, for example, the distribution of the disordered nucleic acid in virus

crystals or lipids in lipid-binding proteins.

C. Complex Assemblies

Biological systems generally function via interactions between biological

macromolecules that are often regulated or controlled by binding of small molecules or
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ions. These complex systems include: DNA/protein assemblies that function in the

transcription, translation and/or replication of genetic information; RNA/protein

assemblies that function in protein synthesis and gene transcription; multisubunit protein

assemblies that function in self regulated catalysis, the transport of charged species across

membranes, mechanical movement, as structural "scaffolding" in cells, energy

transduction, etc. In order to understand biological function at the molecular level, it is

crucial to understand the nature of these complex assemblies and the conformational

language of their interactions, i.e., how their actions are controlled or affected by their

interactions with each other and by conformational changes within individual

components. At this time, we are extremely limited in our understanding of biologically

functional assemblies that have dimensions ranging from 10 - 1000 A. Progress in this

area is crucial for understanding biological function at the molecular level providing the

basis for understanding such things as protein malfunction (which is the basis for the

pathology of genetic disease).

The techniques available for studying the structures of complex assemblies include:

electron microscopy; x-ray, electron, and neutron scattering and diffraction methods;

scanning tunneling microscopy (STM); and atomic force microscopy (AFM). Among

these, neutron scattering is the only technique that can be applied to assemblies in

solution in order to distinguish, accurately, the shapes and relative positions of individual

components. Such information, when combined with higher resolution data from other

techniques, provides the basis for understanding biological function t the molecular

level. The importance of the solution environment for many of these studies lies in the

need to establish physiological-like conditions and to manipulate the solution

environment in order to trap and characterize different functional states of the system.

The ability to distinguish individual components in complex assemblies is achieved by

substituting hydrogen for deuterium and capitalizing upon their different neutron

scattering properties. Modern molecular biology techniques have made it possible to

label, with deuterium, any protein that can be cloned into bacterial expression systems;

and, because of the self assembling nature of many biological systems, we can then study

reconstituted, specifically labeled systems using neutrons.

The opportunities for neutron scattering in the area of complex biological assemblies are

extremely limited today by the intensity of current neutron sources and limits on the

range of length scales that arise from limitations in the useful wavelength range available

at existing instruments. Biological materials are inherently weak scatterers of neutrons,
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and neutron fluxes at the brightest sources are orders of magnitude smaller than can be

obtained for x-rays, for example. The problem of weak scattering can be addressed, to a

degree, by using large samples of highly concentrated, pure material. However, as we

move up the scales of complexity and size in biological systems, it becomes increasingly

difficult to purify the quantities and achieve the levels of concentrations that our current

neutron scattering instruments require. We are effectively restricted to a very small

subset of systems with unusual solubility, stability, and availability. Recently, the

feasibility of utilizing, as structural probes, nuclei that have resonances in their neutron

scattering at specific wavelengths has been demonstrated. Although this approach is

impractical as a general tool today because of limitations in both intensity and useful

wavelength range, a powerful spallation neutron source would provide a factor of ~ 25-30

in available neutron intensity over a very broad spectral range and thereby open new

horizons for understanding complex biological assemblies. We would be able to study

more dilute systems and/or smaller samples, utilize the broader wavelength distribution

and, hence, access longer (and shorter) length scales than is now possible, and better

utilize nuclei that have low energy resonances (e.g., isotopes of Pu, Sm, Gd).

One example of a complex assembly whose structure would impact biology and

potentially biotechnology in a very significant way is the large subunit of the ribosome—

an important part of the protein synthesis factory in cells. The feasibility of this approach

has been demonstrated by solving the structure of the small ribosomal unit found in

bacteria. A complete determination of the structure of this assembly is required for

understanding the molecular function of the ribosome. This knowledge raises the

possibility for more efficient biochemical protein synthesis in cell-free systems for

biotechnology applications. Another important class of complex assemblies includes the

DNA- and RNA-protein complexes that control the flow of genetic information from

individual to individual and from the nucleus to the functional units in living cells—the

proteins.

D. Partially-Ordered Systems

A large number and variety of biological molecules form partially-ordered structures. In

contrast to three-dimensional protein crystals, which are well approximated as completely

ordered structures, these partially-ordered systems are both ordered and disordered. The

double helices of DNA form elongated fibers that yield diffraction patterns identifying

their helical pitch and other low-resolution structural details. Many structural proteins,
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such as actin and collagen, also form fibers. Viral and bacterial proteins such as tobacco

mosaic virus and phage coat proteins also form these types of structures. Another class of

partially-ordered structures, to be emphasized here, is membranes.

Biological membranes are the interface between a cell or organism and its environment.

Many fundamental biological processes such as signal transduction, molecular

recognition, and water and nutrient transport are mediated by proteins embedded in

membranes. There is increasing recognition that many diseases, among them cystic

fibrosis (a disease whose gene is carried by 1 in 35 Caucasians), are caused by defects in

membrane proteins. Because these membranes are quasi-two dimensional liquid-

crystalline phases with properties much different from those of bulk water, protein

molecules in this milieu are much more difficult to characterize than their soluble

counterparts. For example, ~ 230 soluble proteins have been solved to virtual atomic

resolution (except for hydrogens) by single crystal diffraction; in contrast, only a handful

of membrane proteins have been solved (and none of these from humans or other

eukaryotic organisms). A better understanding of membrane proteins will yield insights

into rational drug design targeted to those membrane proteins implicated in disease.

However, membrane proteins are often refractory to conventional protein crystallographic

approaches.

An alternative method utilizes the fact that biological membranes are partially-ordered

systems and that arrays of these membranes (or model membranes) can be formed. These

arrays are essentially one-dimensional crystals and can be studied with scattering

techniques. Membrane proteins in these arrays are in a state virtually identical to their

state in vivo, so structural information is directly relevant. Relevant structural questions

include: what is the overall shape of the protein in the membrane; how are its various

structural elements arranged; where are specific amino acid residues located; and, where

are other molecules (such as inhibitors, cofactors, drugs, ions) located with respect to the

protein. More fundamental questions include: what interactions affect the packing of

protein structural elements in membranes; and how does this correlate with function.

Specific deuteration of membrane proteins and their constituent fragments, in conjunction

with the many white beam instruments at a high-power spallation source, is an excellent

method to determine structures of membrane proteins. The revolution in molecular

biology now enables us to select and clone specific proteins. Soluble proteins can be

over-expressed and produced in large amounts, and membrane proteins will be able to be
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produced in similar ways soon. This gives flexibility to specifically deuterate proteins by

biosynthetic incorporation of deuterated amino acids. Also, solid-phase peptide synthesis

permits rapid construction of specifically deuterated protein fragments. These can be

incorporated into membranes, and the various labeled regions can be located with high

accuracy by contrast variation. This is achieved by varying the ratio of deuterated/non-

deuterated peptide in the bilayer. Deuterated lipids can improve contrast variation and

are valuable tools for studying membrane structure. Deuterated ligands, drugs, and

cofactors can be located with high accuracy. Parenthetically, this solves the phase

problem for these membrane systems. The major advantage of an intense source is to

enable a survey of a wide range of labeled proteins and peptides to understand the

behavior of membrane proteins. Because progress in biology is usually achieved by a

series of small incremental steps, high "through-put" is essential!

A different, but in many ways complementary, type of experiment would be aimed at

understanding the property of membrane proteins (and soluble proteins) in solution.

Detergent solubilized membrane proteins are surrounded by surfactant micelles rather

than lipid membranes and are utilized in three-dimensional crystallization. Using

deuterated detergents in conjunction with a spallation source will yield insights into

crystallization. Note that despite the explosion in molecular biology, protein purification,

synchrotrons, and detector technology, crystallization is the rate-limiting step for high

resolution structure determination. Studies supporting development of these

crystallization techniques thus will lead to growth of crystalline forms of materials which

can then be subjected to diffraction analysis.

E. Biomolecules on Surfaces and in Thin Films

The study of thin films on surfaces by neutron reflectometry has expanded extremely

rapidly in the few years since the early development of the technique in the late 1980's.

Thin films of biological molecules have been among the many types of materials studied;

these have included Langmuir-BIodgett films of lipids on aqueous surfaces, sometimes

with proteins adsorbed from the aqueous phase. These first studies have demonstrated

that the technique works extremely well and that pulsed neutron sources are the most

suitable source for this type of work, due to the fixed sample geometry and multiple

wavelength mode of data collection.
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A key biological problem that could be studied by the neutron reflectivity technique is the

problem of insertion of proteins into lipid bilayers from the aqueous phase. This is a

process that occurs in a large number of diverse biological processes such as protein

synthesis on the membrane of the endoplasmic reticulum, virus infection of cells (entry

into the cell by means of membrane fusion peptides on the viral surface), action of a

number of protein toxins (e.g., bee venom, cholera toxin) and transport of nuclear

encoded, cytoplasmically synthesized proteins into mitochondria, chloroplasts and other

organelles. Many of these processes are unique cases in which detailed mechanisms and

their dependence on amino acid sequence are important to understand. In some cases,

extensive protein folding occurs and the nature of that folding needs to be established, for

example, by determining such basic aspects as whether the protein is on the membrane

surface during the folding steps or extends out into the aqueous region.

Possible consequences of developing a better understanding of the processes of protein

insertion into membranes could include developing ways to treat viral infections by

inhibiting the action of the viral fusion peptides. Blocking the harmful effects of venoms

and toxins, such as cholera toxin, could similarly be envisaged once more was known

about the insertion of the peptides into the membranes. It is emphasized that the

membrane insertion step is but one of the multiple steps in the action of these proteins

and may not be the one that is most practical to deal with pharmaceutically, but basic

information about all steps is needed for pharmaceutical decision making. The membrane

insertion step is probably the most mysterious step, at present.

Another area of application of neutron reflectometry is in the development of materials

for use as biosensors, biotransporters and biotransducers. Thin films of proteins that

perform special functions are of this type. An example of investigations already under

way is the use of the protein bacteriorhodopsin, which functions as a light-driven proton

pump. Therefore, it converts light energy into chemical energy, which, coupled with

cotransport membrane proteins, could serve in developing separation technologies such

as desalination and in solving other problems in water purification.

Other photosynthetic systems are also of interest for technological developments, e.g., the

photosynthetic reaction centers in which light excitations in chlorophyll are converted

efficiently into electron transfer reactions. Questions to be answered about such

monomolecular layers concern molecular orientation, packing defects (which are

manifested as surface roughness) and stability of the molecular arrangements. Neutron
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reflectometry is well suited for such characterization. Deuterium manipulation allows

precise questions to be answered for complex assemblies. The need for data with Q (the

scattering vector) both parallel to the surface for measuring surface roughness as well as

Q perpendicular to the surface makes the high flux of the 1MW spallation source very

important, since the off-specular intensity is usually weak.

A suitable neutron reflectometry instrument could also serve to study mutilayers of

biological model membranes. Sharp Bragg reflections appear in the reflectivity profile

with only five to ten layers. These can extend to very high Q values (1.2 A-1) when the

number of layers is a few hundred. One dimensional structural analysis can be done in

these cases using all the power of selective deuterium labeling to locate specific groups at

about 2.5 A resolution. Lipid model membranes with complex admixtures of other

molecules, such as small polypeptides, are currently a very active area of study in

molecular biophysics, and neutron work should be expanded in this area.

It is emphasized that neutron reflectometry has developed so rapidly that only a

suggestion of the possible future applications in biology can be given here. These are

largely the "obvious" suggestions, chosen partly because of an apparent technological

importance. In most of these examples, work is already being done to develop functional

systems; but, neutron reflectometry has not yet been applied to them except for very

simple model systems that serve very well to show what should be done in the near

future. There will, undoubtedly, be many problems involving biomolecules on surfaces

that cannot be envisioned now but will emerge during the next five to ten years.

III. NEUTRON STRUCTURAL BIOLOGY

A high-power spallation source with advanced instrumentation will allow the fast and convenient

study of the structure of moderate sized proteins at high resolution and will allow lower

resolution studies of larger assemblies like fibrous material or viruses. In addition, studies of

biomolecular complexes in solution and membrane studies will benefit. Finally, incoherent

neutron scattering experiments will no longer be limited to systems that can be prepared as

purified samples in quantities of hundreds of milligrams. The important advantage gained from

such instruments is the ability to carry out many neutrcn structural studies in shorter time scales

and on smaller or more dilute samples. The following is a summary of the instrument stations

required for neutron scattering applications in biomolecular structure and dynamics.
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A. Instruments for Highly Ordered and Partially Ordered Systems

Two closely related types of stations that differ slightly in flight path length and

moderators are required. The detectors for both types of instruments will cover large

areas to permit the simultaneous collection of many Bragg peaks using a Laue method

specially adapted to the timed characteristics of pulsed sources. We call it the Super Laue

method because the large adjustable wavelength band, coupled with time slicing data

collection, eliminates the overlapping Bragg peaks that can be troublesome in ordinary x-

ray Laue diffraction. The large detector areas extending up to 120° will provide for the

collection of conventional diffraction data and also permit the analysis of the diffuse

scattering that provides important information about disorder and dynamic properties.

Three Super Laue stations will be required. Two of these will be identical

crystallography stations to permit high through-put of large numbers of macromolecular

crystallography studies. The other will be used for studies of a wide variety of partially-

ordered systems. We call this the X station because of its versatility; X = membrane

systems, fiber systems, or viruses. Table 1 shows design requirements for these stations :

TABLE 1: Neutron Scattering Stations for

Biomolecular Structures and Dynamics

unit cells

xtal, sample size

wavelength range

flight path

sample to detector

focusing optics

pulse width

rep rate (Hz)

beam size

area detector

counting rate

wavelength shaping

Crystallography station

120 A

1 - 3 mm

I - 6 A

7-12 m

0.7 m

toroid

200 micro sec

40-60

6 mm

1.5 mm resol.

120* wide (-30 to+90)

20 cm high

individual sectors

1 million/sector/sec

ToandTi choppers

X Station

500A

.5 - l.mm

2 - 15A

20 - 26 m

0.7 m

toroid

100 micro sec

10-20

3 mm

1.5 mm resol.

60" wide (-30 to +30)

20 cm high

individual sectors

1 million/sector/sec

ToandT] choppers
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B. Instruments for Small Angle Solution Scattering

Two types of instruments will be required for small angle neutron studies:

1. Instrument for studying the solution structure of individual

macromolecules and macromolecular complexes with dimension ~ iOC !0Q0 A.

Q-range o. 0.002 - 0.3 A-' with rms = Q 0.001 A"1 out to Q = 0.03 A"1 .

2. Instrument for studying very large assemblies with dimensions of much

greater than 1000 A. Q-range of 0.0005 - 0.05 A~', and rms Q = 0.0002 A~'.

The high demand on existing small angle neutron facilities for biological studies will only

increase as sources become more intense.

C. Reflectometer for Studying Biological Molecules on Surfaces and in Thin Films

Specifications: A reflectomecer with horizontal slit collimation and horizontal sample

surface is essential for applications to biological molecules on liquid surfaces. The

instrument needs a 2-D position-sensitive detector which covers a wide angular range.

Reflectivities to 10'8 or 10-9 should be measurable in overnight scans. This would

require detailed attention to background, including a chopper to suppress background

from the prompt pulse. The proposed reflectometer for grazing incidence scattering

(GREF) is probably the appropriate instrument. Measurements of 2-D small angle

scattering from surfaces in reflection geometry would provide the required data. The

minimum Q needs to be about 0.005 A'1 and the maximum Q would probably be 0.3 A"1

for single layer samples, but could be as much as 1.2 A"1 for multilayer samples.

D. Instrumentation for Incoherent Scattering Studies of Biomolecular Dynamics

Incoherent neutron scattering can be divided into three scattering zones: elastic,

quasielastic, and inelastic. Each of these zones is of interest in studies of biomolecular

dynamics. Incoherent elastic scattering is centered around (0=0 with a shape and width

depending on instrumental energy resolution and its Q dependence gives information on

the geometry of atomic motions. Quasielastic scattering appears as a broadening of the

elastic peak and results from relaxational processes such as non-vibrational and diffusive
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motions. Incoherent inelastic neutron scattering probes vibrational motions in a molecule

over a broad range of time scales (0.1 - 100 ps) and is most relevant for the study of the

low frequency collective motions that are of strong interest. Thus two types of

instruments are needed:

1. A spectrometer that combines good energy resolution (approximately 10

fieV) and a relatively large range in scattering vector (0.3 A-' < Q < 5.5 A"1).

(IN13 at the ILL is the best currently available.)

2. A spectrometer designed to measure with good counting statistics and

acceptable resolution energy transfers < 150 cm"1. (IN6 at the ILL is the best

currently available.)
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I. MAJOR CHALLENGES

Nuclear energy accounts for 16% of the electric power generated worldwide and for 20% of the

electric power generated in the United States. Despite the difficulties experienced over the past

14 years, nuclear energy has been and is likely to continue to be an important component of any

national or international strategy to address global change. Of the challenges facing the future of

nuclear power, radiation damage effects in materials remains as one of the most important. As

such, a commitment to a strong radiation effects program is a national priority.

Nuclear engineering and radiation effects encompass differing and yet mutual challenges. Areas

of commonality include radiation damage in present light water reactors and advanced reactors

as well as in planned fusion devices. In both fission and fusion reactors, the greatest challenges

fall into categories delineated according to component type. In fission systems, fuel

development continues to present a challenge for existing light water reactors (LWRs) and even

more so for advanced reactor concepts such as the integral fast reactor. The behavior of the

cladding under irradiation and its interaction with the fuel and coolant continue to be active areas

of research. Our understanding of the radiation-induced hardening and embrittlement

phenomena in LWR pressure vessels has accelerated rapidly in the past few years due to

advances in analytical techniques. This remains as one of the principle challenges in radiation

effects in LWR systems. Finally, the cracking of core components (internals) due to synergistic

effects between radiation damage and corrosion is rapidly becoming the major challenge in

materials performance in LWRs and will probably impact advanced reactor and fusion reactor

designs as well. Closely related to these concerns are those of space reactors which demand

operation to long service lives, high fluences, and high operating temperatures.

In the realm of fusion reactors, the principal radiation damage concerns are in the structural

materials, breeding materials, special purpose materials, and magnets. The environments

(radiation and thermal) each component type is likdy to see differ significantly, therefore,

different demands are placed on the requirements of the radiation environment. Structural

materials will probably be exposed to the most aggressive environment with high neutron fluxes,

high fluences, high temperature, and cyclic stresses. Breeder materials will experience a slightly

less aggressive radiation environment but with the potential for significant materials interaction

problems. Special purpose materials are designed to perform specific functions in aggressive

environments. Finally, magnets will need to operate effectively for extended periods of time at

very low (4 K) temperatures with minimal effects of radiation.
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These issues cannot be resolved without a significant and sustained program of neutron

irradiation experiments. Years of experimental and theoretical work in radiation damage have

demonstrated that fundamental differences exist in the nature of radiation damage that evolves in

electron vs. light ion vs. heavy ion vs. neutron irradiation. While irradiation with one species can

shed light on qualitative behavior and fundamental understanding of radiation damage that

accrues in general, it cannot be used as a direct simulation of radiation damage that is induced by

another species. Moreover, it is also well-demonstrated that the energy spectrum of neutrons is

an important experimental and in-service variable—hence the need to be able to match or

systematically vary the spectrum is critical.

A common challenge to both nuclear engineering and radiation effects is the fundamental study

of radiation damage. This program area is concerned with developing an understanding of the

basic processes and mechanisms which constitute "radiation effects", and which impact on

specific problems in fission and fusion systems. Within this area, the generation of point defects

and defect clusters is of great interest, as this process is known to strongly affect the rate and

nature of the developing radiation damage microstructure. The evolution of the microstructure

(point defects, depleted zones, dislocation substructure, etc.), microchemistry (radiation-induced

segregation), transport (radiation-induced diffusion), and phase transformation (nucleation and

growth or dissolution of precipitates) under irradiation is an extremely sensitive function of the

nature and characteristics of the radiation. The challenge here is to be able to develop an

understanding of these basic processes to allow prediction of the effects of radiation on

microstructure, a priori. The study of radiation effects and defects has also made fundamental

contributions to condensed matter physics and to the understanding of the structure and

imperfections of the solid state.

In addition to these major issues in the fundamental and applied arenas, new challenges are

a-ising with the development of accelerator-based neutronic systems for a variety of applications,

such as transmutation of nuclear waste, the production of tritium, and the neutron facilities

themselves. The scientific and engineering communities will continue to be interested in a

variety of additional applications of neutrons, such as neutron tomography, activation analysis,

dosimetry, cross section measurements, transmutation, and detector development. These new

concepts represent engineering applications whose success will be intimately linked to the

success of radiation effects programs.

It is important to emphasize that, while each reactor community wants only its particular neutron

energy spectrum (even though in reality they have to deal with an energy spectrum that varies
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with location), lack of a neutron source with the 'ideal' spectrum requires simulation experiments

and correlations with different neutron spectra. It is recognized that simple correlations based on

total displaced atoms and inert gas generation are insufficient for this purpose.

Spallation neutrons offer the opportunity to extend a basic understanding of different segments of

the neutron energy spectrum, and would contribute to the extrapolation to other neutron spectra,

such as in fusion devices. In order to realize these opportunities, it is necessary to maximize the

neutron flux while minimizing secondary particle fluxes. This would be achieved with lower

proton energies and higher proton currents. Control over repetition rate and length of the proton

pulse is a requirement. It is necessary to have a large dedicated irradiation area with appropriate

reflector materials, minimal voiding, and a location adjacent to an optimized target. Some

applications will require direct access to the proton beam.

II. EXPERIMENTAL NEEDS: THE ROLE OF RADIATION SOURCES

A. Fission Reactors

Table 1 shows the range of operational variables that various material/component classes

must withstand in practice. In order, the importance of these can be described as follows.

For cladding and fuels, neutron fluxes are hard (E > 0.1 MeV) and intense (up to 1015

n/cm2"s); and exposure times/neutron fluences are large (e.g., up to 1023 n/cm2 for

cladding). Since component behavior over the entire lifetime is of interest, neutron

irradiation that can achieve lifetime exposures in practical experimental times is not only

desirable, but necessary. This requires neutron sources of intense flux. For pressure

boundary materials, the flux/fluence requirements are substantially smaller; and, for

reactor internals, the requirements fall between these limits.

Control of the irradiation environment is critical. Desirable temperatures range from near

ambient (support structures) to intermediate (~ 300° C, vessel, LWR cladding) to high (>

500° C, advanced reactor cladding/structure) to extreme (2800° C, ceramic fuels). Since

property changes during irradiation are sensitive to the irradiation temperature (as well as

temperature gradients in some cases), temperature control is essential. Control of

chemical environments is also important. Needs may range from maintenance of a closed

inert environment to separate chemical effects, to provision of a prototypic cooling
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environment to track the operation of synergistic phenomena (e.g., irradiation-assisted

stress corrosion cracking).

TABLE 1: Fission Reactors (*** = most useful)

Flux (n/cm^'s)
Fluence
(n/cm2)

Irradiation Volume (cm^)
Temperature (°C)

Environment

f(t)
time dependence

f(E)
flux spectrum

Spoliation Neutrons
Reactor Neutrons

Ions

Fuels

10 n -10 1 5

10l8-1023

>10

350-2800
He,Na
closed

-

fission

**
***
**

Cladding
LWR Adv Reac
1O13.)O15

<1022

10-50
290

prototypic
LWR

preferred
continuous

fission

**
***
**

1015
1023

>50

500
prototypic

prototypic

prototypic

**
***
**

Vessels

10l0-l0'2

lO^-lO1 9

5-1000
50-290

closed-inert

continuous

variable
desirable @
low energy

**
***

*

Internals

logo's
]OI8. ]O22

5-100
290

prototypic

?

variable
desirable @
low energy

**
***

*

Space
Reactors

10'5
1023

1000
>600°C

prototypic

-

**
***
**

Irradiation volume needs may range from less than a cubic centimeter for purposes of

irradiating microstructural specimens (TEM, FIM, SANS, etc.) to upwards of several

liters where large mechanical test specimens and/or environmental control is essential.

Flux spectrum is a critical issue in radiation damage experiments. Displacement damage

is initiated by energetic incident particles. The momentum exchange with a struck

nucleus (primary knock-on atom, or PKA) generates a sequence of one or more

displacement events, followed by a very short time (psec) reconfiguration of the

displaced atom arrangement, during which recombination and clustering of vacancies and

interstitials occur. Low energy PKAs produce individual point defects with high

probabilities of post-creation survival. High energy PKAs produce complex

displacement cascade configurations, high levels of recombination, and high probabilities

of clustering. Since the average PKA energy scales with the average neutron energy,

different neutron spectra (e.g., soft vs. hard) can produce significantly different damage.

Since neutron spectra may vary for a given component (e.g., from reactor to reactor or

from one position to the next in a given reactor), it is essential that irradiation facilities

provide an opportunity to match and to vary the spectrur.i.
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Superimposed on this is the ability of neutrons to transmute species. Typical

transmutation reactions that have significant importance include thermal neutron capture

and high energy threshold reactions, e.g., (n,oc) and (n,p) reactions that produce helium

and hydrogen, respectively. Hence, spectra that deviate significantly at the low or high

energy end from spectra of interest can introduce abnormal amounts of transmutants that

can significantly alter the response of the material. Useful experimental radiation

environments must avoid this.

The time structure of the neutron flux can be an important variable for fission reactor

materials behavior. The actual environment is one of continuous flux. Except at very

low temperatures, under these conditions the point defects (vacancies and interstitials)

build up and saturate at steady state concentration levels at times inversely proportional to

their diffusivities and sink strengths. Since interstitials diffuse more rapidly than

vacancies (by orders of magnitude), they reach their steady state levels much more

quickly. Subsequent microstructural evolution under irradiation is driven by the

differential arrival rate of interstitials and vacancies at sinks.

Pulsed irradiation can thus complicate this evolution and lead to atypical behavior. For

example, pulse spacings on the order of 10 to 100 msec may be comparable to the

vacancy lifetime at elevated temperatures and intermediate to high sink strengths. Under

these conditions, both point defect populations do not achieve equilibrium concentrations

during irradiation and a different microstructure can evolve. Specifying an optimum

pulse length/spacing to avoid this effect is difficult because it is dependent on

temperature, material, and sink strength and density. The wide variety of materials and

conditions of interest thus preclude such a specification, but the availability of pulsed

irradiation will make it possible to vary the conditions of defect equilibrium.

B. Fusion Reactors

The experimental conditions of interest for the development of materials in support of

nuclear fusion span a wide range of irradiation conditions, some of which can be

effectively addressed using spallation sources. The range of irradiation conditions of

interest is shown in Table 2 and can be roughly divided into those requiring high neutron

fluences and those where low fluence exposure is more directly applicable. The

examination of radiation effects in structural materials under high fluence and flux

conditions will have limited opportunities in a PSS; issues associated with flux level,
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neutron spectrum, and time history of flux identified in the previous section are pertinent

here as well. Despite the higher energy neutrons in a fusion vs. a fission spectrum, the

spallation neutron spectrum is still not a good approximation of a fusion spectrum and a

PSS flux level would still be less than prototypic; consequently, a PSS would not

preclude the need for a high energy neutron source for fusion materials research.

However, a spallation source could be useful for examining the low flux/fluence behavior

of some fusion reactor components such as magnet materials, insulators and other special

purpose materials.

TABLE 2: Fusion Reactors

Flux

Fluence
(n/cm2)

Irradiation
Volume
(cm3)

Temperature
f°C)

Environment

f(t)
time

dependence
f(E)

flux spectrum

Spallation
Neutrons
Reactor

Neutrons
Ions

Structure

1015

1023

1000

100-550

inert -
closed

long
pulse

transmut
ants!!!

*

**

*

Breeder

10*4

1O22

100

500

prototypic
(He, Li,
...) open

long pulse

Li-T

*

**

*

Special Purpose Materials

Insulators

10"-10»5

10'8-1023

500

100-1000

inert gas -
in situ

ionic/
displacive
damage

**

**

*

High Heat Flux

1015

1023

1000

500-700

inert-
prototypic

long pulse

transmutants

**

**

*

Reflectors &
Windows

<10l4

<1022

500

Ambient-400

inert gas
in situ

'

ionic/
displacive
damage

**

**

*

Magnets

Cu

ioio

I0'9

>1000

4K

inert

not an
issue

V

* *

* *

*

Super-
conductor

ioio

IO]9

>IOOO

4K

inert

not an
issue

Tc

**

**

*

polyimide

io>o

10>9

>1000

4K

inert

not an
issue

X

**

**

C. Fundamental Studies of Radiation Effects

Fundamental studies of radiasion effects are not only important as a basis for developing

materials for nuclear systems, but provide information pertinent to understanding point

defects and certain aspects (e.g., flux pinning in superconductors) of condensed matter

physics and biological damage. For several decades, the radiation effects community has
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actively sought neutron sources for basic and applied studies of radiation damage

phenomena. Scientific issues in this field relate to the formation rate of pom; defects, the

evolution of rnicrostructure and crystal structure, and physical property changes that

accompany microstructural alterations. Da-nage in materials can be induced by electronic

mechanisms (radiolysis) or by atomic displacements. Neutron damage experiments

usually emphasize the displacive component of damage.

An advantage of neutron irradiation over other radiation sources (such as ions, electrons

or x-rays) is the ability of neutrons to induce uniformly distributed damage in bulk solids.

This is due to the highly penetrating nature of the neutron. The only other radiation

source that shares this characteristic with neutrons is a y-ray source; y-rays can produce

uniform distributions of point defects in bulk materials such as alkali halides and

polymers by radiolytic mechanisms. Another advantage of neutron irradiation is the

ability to induce a wide range of defects, from point defects to high energy-density

cascades and amorphous clusters consisting of thousands of atoms, a characteristic not

shared by y-irradiation.

Table 3 shows the range of variables of interest to fundamental radiation damage

experiments. These encompass conditions of interest to practical applications of

materials in radiation environments as well.

TABLE 3: Fundamental Studies of Radiation Effects

Flux (n/cm^s)
Fluence
(n/cm2)

Irradiation Volume
(cm3)

Temperature (°C)
Environment

f(0
time dependence

f(E)
flux spectrum

Defect
Generation

10»-10'2
1O'5-1O2I

<500
(for controlled
environment)
4K - 700°C
Controlled
Variations
Controlled
Variations
Controlled
Variations

Microstructure
Evolution

lo'O-in'6
10l 1-1023

<500
(for controlled
environment)
4K - 700°C
Controlled
Variations
Controlled
Variations
Controlled
Variations

Transport

J010_l016

10'>-1023

<500
(for controlled
environment)
4K - 700°C
Controlled
Variations
Controlled
Variations
Controlled
Variations

Phase
Transformations

I0l°-10'6
IO11_1O23

<500
(for controlled
environment)

4K - 700°C
Controlled
Variations
Controlled
Variations
Controlled
Variations

Sputtering

]OlO_iol6

10* '-ID**

<500
(for controlled
environment)
4K - 700°C
Controlled
Variations
Controlled
Variations
Controlled
Variations
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In fundamental studies of radiation damage, it is not appropriate to rate the relative merits

of various radiation sources. Each source is useful in addressing specific issues

associated with the nature of the damage event. Where the capabilities of two sources

overlap (for example, a spallation neutron source and an ion accelerator), both can be

used in a complementary fashion to determine if our fundamental understanding of

damage mechanisms is valid and to test the predictive capabilities of our models.

D. Accelerator-Driven Neutronic Systems

Spallation neutron sources have been proposed for a number of practical applications

including the transmutation of longer-lived radioactive nuclear wastes, tritium

production, energy production, etc. Peak neutron fluxes at the target edge in these

devices have been proposed to approach 1016n/cm2sec, higher than that found in any

existing high flux nuclear reactor. In addition, the target and accelerator window must

tolerate a proton flux of 1015p/cm2sec for periods of several years. Materials problems

due to neutron radiation effects in the target and surrounding blanket and structural

components will be extreme and, in many ways, are similar to those encountered in

advanced fission systems. Irradiations in PSS relate directly to these applications.

III. EXPERIMENTS WITH SPALLATION NEUTRONS

TO MEET THE CHALLENGES

The relative utility of the pulsed spallation source compared to a dedicated materials test reactor

is reflected in the Michelin Rating in Tables l-3~that is, although there are needs beyond PSS,

the PSS could have utility in radiation effects research and, in fact, offers some unique

opportunities, as described below. In that light, a radiation effects facility (REF) on a PSS would

be useful; and, the following features of this facility are desirable:

• Hard neutron spectrum-Radiation damage is promoted by the higher energy neutrons.

Hence a hard (vs. thermal) spectrum is desired. This means the REF should be located

close to the target and away from moderator/thermal beam tubes.

• Adjustable spectrum—Since it is desired to vary <|)(E), some opportunity to place

absorber/moderator in the vicinity of the specimen target area is desirable. In fact, this is

one of the advantages of a PSS over a reactor, in that greater flexibility to modify the

spectrum without impacting the operation of the facility may be possible.
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Large irradiation volumes—As noted above, large irradiation volumes are desirable for

large sizes/numbers of specimens and/or environmental control. This implies that the

volume is also readily accessible for the purpose of installing provisions for

environmental control, instrumentation, rapid specimen change-out, etc. Again the

possibility of relatively large, environmentally controlled irradiation volumes is a

potential advantage of a PSS.

Post irradiation examination (PIE)--Since radiation effects experiments result in

substantial radioactivation of specimens, need will exist for the ability to handle

irradiated specimens for the purpose of post-irradiation examination. Ideally, a rapid

transfer to on-site hot cells should be a feature. PIE facilities should include

instrumentation for microstructural analysis (TEM, FIM, etc.) and testing (mechanical,

physical, chemical, etc.).

Ability to examine irradiated specimens with other neutron interrogation techniques-One

of the unique capabilities a PSS could offer is the ability to analyze irradiated specimens

with some of the microstructural interrogation techniques that are available with

spallation neutrons, e.g., small angle neutron scattering (SANS); this might be

accomplished, for instance, by rabbit tube transfer of specimens between an REF and a

SANS station on the PSS.

A. Fission Reactors

Recognizing the importance of achieving high damage levels in many materials, closely

matching the neutron spectrum of interest and the complications introduced by pulsed

neutron irradiations with pulse spacings greater than ns, it must be stated that a pulsed

spallation neutron source alone will not satisfy all of the primary needs of the radiation

damage community for the purpose of developing materials for future fission reactors.

Moreover, it is clear that the Advanced Neutron Source-as it is currently evolving-will

not provide adequate volumes of environmentally-controlled irradiation space to

accomplish these goals either. While both of these sources do offer some unique

opportunities in radiation damage research and should be built (at least in part for these

reasons), the needs of the radiation damage community will still require one or more

additional neutron sources with the primary function of radiation damage research.



Page 7-12 Nuclear Engineering and Radiation Effects

In addition to the generic features that would be desirable for a PSS, an additional unique

fission-related application, which may be well suited to a spallation neutron source,

would be to use a sufficiently moderated spallation neutron spectrum to "drive" the

fission process in a fission fuel pin or an array of pins to test their irradiation

performance. This would include both fuel and clad testing. The system would be

inherently subcritical, so criticality issues would not be a concern. Fuel performance

could be monitored and controlled in a number of useful ways. As an example, a closed-

loop (water) flow system could allow cladding corrosion issues to be examined in a well

controlled environment. Other fuel performance aspects which are inherently difficult to

test in critical systems could also be examined with relative ease. For example, fuel pin

response to extreme transient conditions under irradiation could be examined with minor

consequences for safety. Such experiments would not be possible at all in a reactor. This

experimental application of spallation neutrons is, in many ways, similar to other

accelerator-driven nuclear systems described below, but may provide unique research and

development opportunities of interest to the present light water and advanced fission

reactor community.

B. Fusion Reactors

Materials experimentation at lower flux and fluence in support of special fusion

materials, shielding, and magnetic materials development is much more appealing at a

PSS facility. These materials experiments require lower flux levels, consistent with those

to be available at the facility, and typically require real-time measurement of materials

performance and control of experimental conditions. In fact, some of these experiments

could take substantial advantage of the pulsed nature of the neutron flux to examine

transient or dynamic effects vhich are otherwise difficult to assess. Beyond studies

relating microstructural evolution to irradiation conditions, experiments to understand the

influences of irradiation o'i physical properties (optical, electrical, magnetic, etc.) are

critical to the development and use of a wide variety of materials for nuclear fusion.

Some general examples of these types of materials experiments with an indication of

irradiation environment and instrumentation needs are discussed below.

The first category of irradiation effects studies of fusion materials involves cryogenic (4

K) irradiation of magnet materials. Three classes of experiments are needed to address

this issue: in situ magnetoresistance measurements on the copper stabilizer, in situ

magnetoresistance measurements on the superconductor, and shear strength testing of
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organic (and possibly inorganic) insulators under a compressive load. The high neutron

to gamma ray ratio from a spallation neutron source is important for assessing the role of

neutron versus gamma damage in organic insulators. Spallation neutron studies would

complement and expand the limited cryogenic radiation effects data base available from

fission reactor sources. It would be desirable to have the capability to modify the

irradiation spectrum at a spallation neutron facility to allow for more comprehensive

studies on spectrum effects to be performed. Typical irradiation times for the cryogenic

studies would range from about 1 week to 1 month and a high duty factor of the neutron

source is essential.

A second category of fusion materials experiments would involve irradiation of ceramic

insulators at temperatures ranging from ambient to about 700° C, in order to examine the

effects of irradiation on the mechanical properties, volumetric swelling, and electrical

properties. The latter measurements would need to be performed in situ. Due to a

general lack of data on radiation effects on ceramics at these conditions, spallation

neutron studies would add valuable information to the existing data base. In addition,

comparison between fission reactor studies and spallation neutron results would generate

useful information on the effects of different irradiation spectra. Recent studies have

shown that ceramics are particularly sensitive to variations in irradiation spectrum. Since

a fusion reactor irradiation source is not currently available for radiation effects testing,

spallation and fission reactor neutrons are both needed for a quantitative assessment of

the importance of the irradiation spectrum.

In situ measurements are also needed on ceramic insulators during irradiation in order to

determine their dielectric properties at frequencies between 100 MHz and 100 GHz. In

this third category of experiments, the irradiation temperatures range between about 80 K

and room temperature. The capability to moderate the spallation neutron spectrum to

investigate spectral effects would be desirable.

A fourth category of fusion materials experiments would address the response of optical

materials to neutron irradiation. In this category, the pulsed nature of a spallation neutron

source is advantageous because the kinetics of defects responsible for optical property

changes could be investigated. In this regard, it would be advantageous to be able to

occasionally modify the irradiation pulse frequency. Irradiation temperatures of interest

range from room temperature to about 500° C.
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The final category of fusion materials that would be suitable for spallation neutron studies

is that of high heat flux materials. Although the damage fluxes available at spallation

neutron sources are too low to investigate lifetime damage levels of high heat flux

materials, spallation neutrons could be used in conjunction with fission reactor studies to

investigate spectrum effects on the interfaciai bonding between high heat flux tiles and

the underlying structure.

C. Fundamental Studies of Radiation Effects

Traditionally, experiments using neutrons are performed in nuclear reactors and are thus

subject to the constraints inherent in such an environment. In a number of areas, a

spallation neutron source would offer a dear advantage over reactors for performing

basic neutron irradiation experiments. The key benefit lies in the experimental flexibility

provided. Additionally, the use of spallation neutrons would provide unique

opportunities unavailable in reactor-based sources.

Fundamental studies examining defect production, kinetics, phase transformations, etc.,

require a wide range of experimental variables (flux, fluence, energy spectrum,

temperature, environment). Accurate control of these variables is critical to the success

of an experiment. Not only must these irradiation parameters be well-defined, but it is

necessary to have the capability to make systematic variations in individual parameters.

A spallation source would conceivably provide such capability more readily, and in the

case of some variables better, than that achievable in a reactor environment. Better

control of neutron flux is intrinsic since the flux is not coupled to transients in reactor

power or affected by spatial variations induced by control rod adjustment. More accurate

temperature control can also be achieved in the absence of coupling to the reactor power

and by the substantial reduction in gamma heating rates.

An application of this will be found in experiments measuring kinetic processes during

irradiation (e.g., radiation-enhanced diffusion, radiation-induced segregation). The low

damage rates characteristic of neutron irradiations require substantial fluences (> 1 dpa)

and, therefore, long times to achieve the minimal detectable mass transport in an

experiment. Although a number of neutron experiments observing enhanced diffusion or

segregation have been performed, they are plagued by uncertainties associated with flux

and temperature (as described above) for the typically long duration of the irradiation.

Only well-controlled experiments using ion beams have provided accurate, quantitative



Nuclear Engineering and Radiation Effects Page 7-15

data on these transport phenomena. A spallation source would provide a similar well-

controlled neutron environment that would permit the extraction of quantitative kinetic

data with an accuracy comparable to other irradiation techniques. It will also permit

kinetic studies that examine the effects of changes in temperature without changes in

neutron flux.

Another aspect of the flexibility of a radiation effects facility at a PSS is the capability for

in situ irradiation studies. The accessibility allows the instrumentation necessary to study

dynamic and real-time effects such as resistivity, conductivity, growth, creep and optical

response. In situ experiments can also take advantage of the pulsed nature of a spallation

neutron source to observe the kinetics of defects responsible for transient physical

property changes. For example, optical and dielectric properties in insulators vary with

time following exposure to a burst of neutrons. Electron/hole recombination effects are

responsible for these transient properties over the picosecond to nanosecond time scale

following a pulse, while point defect migration and recombination are effective at longer

times (msec or longer, depending on irradiation temperature). Depending on the

repetition rate of the pulsed neutron source, transient effect experiments (e.g., optical

absorption, dielectric spectroscopy) can be performed that are designed to probe the range

of time scales associated with the above mechanisms.

A spallation source also offers other unique opportunities in fundamental radiation effects

studies. Issues such as defect survivability have been shown to depend critically on

primary recoil energy spectrum which is directly related to the spectral characteristics of

the neutron flux. The spallation source would provide a unique spectrum, differing from

a fission reactor neutron source, that would further contribute to an understanding of

spectral effects. A significant fraction (< 5%) of high energy (E > 20 MeV) neutrons is

produced in the spallation process. Despite being only a small fraction of the total

neutron population, this high energy component is expected to contribute 15-20% of the

displacement damage in medium Z materials. It will be of interest to study this damage.

Experiments may also take advantage of the pulsed nature of neutron production.

D. Accelerator Based Transmutation of Waste

Among the items that must be addressed are the calculation and measurement of

spallation neutron fluxes, nuclear reactions resulting in transmutations and He

production, and energy transfer to irradiated materials by both elastic and inelastic events.
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These require improvements in computer codes along with improvements and extension

of nuclear and damage energy cross section libraries to energies above 20 MeV for more

elements. Transmutation cross sections should be determined for H, He and heavy

products for a variety of elements to be used in such a machine.

This radiation environment will be more aggressive and damage rates will be higher than

any studied to date. Improvements are required in our understanding of defect production

by atomic recoil events at enerf >.es over ten thousand times the displacement threshold

energy. The total number of displaced atoms is not, in itself, a fully reliable gauge of

property changes produced under irradiation; detailed understanding of energy, dose rate

and transmutation effects is required. Property changes due to high fluxes of spallation

neutrons must be determined on model alloy systems to provide a fundamental

understanding for prototypical studies on engineering candidate materials. Diffusion

driven changes, such as atomic mixing, segregation, creep, swelling and gas or

transmutation precipitation, must be understood in this irradiation environment at relevant

temperatures. Equivalent studies are required for high fluxes of high energy protons on

window and target materials. A spallation neutron source offers a prototypical neutron

environment for experimental studies required for an accelerator waste burner. Although

neutron fluxes would be substantially lower, the fundamental understanding of defects

and property changes created in this environment would be achieved.
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I. INTRODUCTION

Condensed matter physics is the fundamental science of large numbers of interacting particles. In

spite of its basic nature, enshrined by P. W. Anderson's dictum that "many is different," it is of

immense practical importance because it underlies many important technologies, ranging from

specialty steels to electronic devices.

In the following, we first discuss how condensed matter physics might evolve in the next decade,

then describe why an advanced neutron source is essential for this evolution. Beyond generalities,

we mention particular experiments made possible by the source, give rough specifications for the

instruments required and point out areas where spallation neutron sources offer advantages over

reactors.

II. OPPORTUNITIES IN CONDENSED MATTER PHYSICS

The basic challenge in condensed matter physics is to discover and understand the collective

behavior of large numbers of interacting particles. Table 1 provides a "road map" to some topics

which are of current interest and the materials which exhibit these phenomena. The columns

marked S indicate the areas which we believe are of potentially Seminal importance in modern

physics. Progress in these fields could represent a significant increase in our understanding of

condensed matter and/or holds promise for great technological impact. In the remainder of this

section, we explore, in more detail, the importance of some of the topics outlined in Table 1.

A. Superconductivity

One of the most fascinating discoveries of the 20th century is superconductivity. The

discovery of this unique phase in metals resulted in an immense amount of theoretical and

experimental work aimed at elucidating the underlying physical mechanism. This work has

led to a good understanding of the superconducting state in terms of electron pairing for

simple metals. At the same time, superconductors have developed great practical

importance in magnets for applications as diverse as magnetic resonance imaging and

particle accelerators.

Recently, superconductivity has been discovered in several new classes of materials such

as high-Tc copper oxides, heavy Fermion metals, and fullerenes. The related phenomenon

of superfluidity appears in quantum liquids such as 3He and 4He. These apparently diverse
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systems share the common feature that they contain strongly interacting particles. They

are, at present, not well understood either experimentally or theoretically. The solutions to

these problems are fundamental to obtaining a more complete understanding of the behavior

of strongly-interacting systems, where it is very simple to write down the underlying

equations of motion, yet impossible, today, to obtain even numerical let alone analytical

results to guide experiments. The solutions are of practical importance as well. For

example, a more complete understanding of high-Tc materials could lead to the ability to

develop materials with even higher critical temperatures and critical currents. Such

developments would make these materials of even greater technological relevance in the

next century.

TABLE 1: Topics in Condensed Matter Physics*

Insulators

Semiconductors

Metals

Random & Amorphous

Jquids

Multilayers

Nano-Phase

2D-Electron Gas

Gels & Aero-Gels

Jquid Crystals

Mesoscopic

Super-

conductivity

Snu+

S

S

s

Magnetism

Snu+

n

Snu+

n

Sn

n

u+

n

Phase

Transformations

n

n

Sn

n

n

S

n

Sn

Optical &

Electronic

Properties

S

Se+

Sne+

Sn

S

S

Non-

Equilibrium

Phenomena

Sn

S

Sn

S

S

Structure &

Dynamics

n

n

Sn

Sn

Sn

n

n

n

Sn

S

•Each column represents a fundamental phenomenon in condensed matter physics, each row

represents materials which exhibit these phenomena. S indicates areas of Seminal interest to

the entire field of condensed matter physics, n, n+ and e + indicate areas where neutrons,

muons or positrons are expected to make crucial contributions to progress.
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B. Magnetism

The magnetic behavior of matter is another area of fundamental interest. Magnetism occurs

in electronic systems with strong correlations and, even now, continues to surprise and

challenge. Magnetic phenomena are most pronounced in metals and insulators containing

elements with unfilled electronic shells such as transition metals, rare earths or actinides.

Atomic correlations can compete with band formation leading to diverse, often surprising

behavior. Small changes in electron density or the strength of atomic correlations can result

in transitions between metallic, insulating, and superconducting behavior.

In insulators, and where atomic correlation energies far exceed the energies involved in

band formation, the magnetic properties can be described as resulting from interacting

localized spins. Such materials provide important model systems in which to study the

quantum many body problem, which is still fundamentally unsolved for two and three-

dimensional systems. In the past, studies of classical model systems, to a large extent by

neutron scattering, have been crucial in forwarding a comprehensive understanding of

spontaneous symmetry breaking and collective excitation from ordered states. More

recently, however, it has become clear that interacting spin systems need not undergo

conventional symmetry breaking phase transitions but can remain strongly fluctuating as

T—»0. Examples included low dimensional and frustrated magnets. In the coming decade,

we expect to determine under which circumstances such quantum disordered ground states

occur, what is the nature of collective excitations, and to what extent the quantum

disordered ground states can be separated into universality classes. Because the research

deals with the most basic physical properties of quantum many body problems, significant

discoveries could have a very broad scientific and technological impact. For example, the

Higgs mechanism to explain the quark mass relies on the same relativistic quantum field

theory that describes the one dimensional spin one Heisenberg antiferromagnet.

Technological impact can be direct, resulting, for example, in improved permanent magnets

for electric motors and generators, or indirect, as basic scientific discoveries enhance our

ability to exploit the quantum nature of solids.

Magnetism in artificially structured solids, such as magnetic multilayers or granular

nanophases, is another field with growth potential. These systems display anomalous

electronic behavior, such as giant magnetoresistance, that can be of importance in

information storage and other technologies.
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C. Phase Transitions and Non-Equilibrium Phenomena

Phase transitions are ubiquitous in condensed matter physics. Solids and liquids exhibit a

wide variety of phases, each with a unique set of properties. While transitions between

phases are a universal feature of condensed matter, they appear in many guises, ranging

from the first order freezing of liquids to the more subtle superfluid and superconducting

transitions. Phase transformations influence the strength, compositional range, and

mechanical properties of solids, many of which are industrially important. Understanding

the changes in structural organization of complex fluids, liquid crystals, and micelles

underlies technologically important applications in electronic displays, detergents, oil

recovery, and environmental restoration.

Some aspects of phase transformations, particularly second-order transitions, have become

well understood. However, there still remain areas where the basic physics has not been

elucidated. Many of these areas involve materials with engineered microstructures, such as

nanophase materials and metallic multilayers. Other areas have only recently become

amenable to theoretical treatment. For example, the phenomena of Bose localization and

the effect of random potentials on the superconductivity or superfluidity of thin films have

only recently been studied theoretically. All these become amenable to study through

advances in instrumentation, such as those permitting the study of the kinetics and critical

dynamics of transitions, powerful examples of which will be available at a 1 MW PSS.

A related subject is the area of non-equilibrium physics, which includes a broad range of

phenomena ranging from pattern formation and chaos in macroscopic systems to growth

mechanisms and the kinetics of phase transition on microscopic scales.

D. Structure and Vibrational Excitations

The structure and vibrational excitations of liquids and solids are always central in

understanding their behavior. The importance of a firm understanding of the structure of

materials is well illustrated by the high-Tc superconductors where the oxygen stoichiometry

and coordination determine the electron density in the CuO2 planes. The study of

vibrational excitations (phonons) will remain crucial as a tool for determining interatomic

forces. Vibrational excitations in artificially structured and disordered materials are

different from those in perfectly crystalline solids and are also subjects of great fundamental
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interest. For example, collective excitations in disordered systems, such as gels, cannot be

characterized in the conventional framework. Instead, new forms of collective excitations,

such as fractons, must be invoked.

III. EXPERIMENTS AT A SPALLATION SOURCE

Condensed matter physicists can use a wide variety of experimental probes. Conventional bulk

measurements such as transport, susceptibility, resistivity, and specific heat are often the first to

indicate interesting phenomena. Detailed understanding of novel properties, however, often

necessitates using the full range of experimental techniques. These include a variety of scattering

probes such as neutrons, x-rays and electrons, implantation of slow muons and positrons;

microscopy tools, including the Scanning Tunneling Microscope (STM); assorted electron

spectroscopies and nuclear resonance techniques. The great variety of probes offers the modern

physicist an unprecedented view of nature at the atomic level. Each of these probes has advantages

and disadvantages that will determine the class of problems for which it is best suited.

Neutrons are unique among all probes in that they couple to atoms and spins in a simple and well-

understood manner. Thus, scattering cross sections are directly proportional to correlation

functions with straight-forward physical meanings. In short, the scattering experiment itself does

not constitute a physics problem. Advantages also accrue to neutrons because scattering and

absorption cross sections do not vary systematically with element number Z. Furthermore,

magnetic and nuclear cross sections are comparable. Thus, oxygen nuclei are just as visible as

copper nuclei, as are the unpaired spins of Cu2+ ions. A final and far-reaching advantage of

neutrons is that inelastic experiments are exceptionally easy to perform.

Neutron scattering experiments themselves benefit from the following advantages of a pulsed

spallation source: (1) The source is naturally suited for time-of-flight spectroscopy. The benefits

following from this include (a) the ease of installing large solid angle detectors of scattered

neutrons, (b) a lack of backgrounds due to higher-order reflections and incoherent scattering

associated with crystal monochromators which are not needed here, (c) high efficiency of

monochromatizing and energy analyzing elements at all wavelengths in direct geometry machines

where a Fermi or disk chopper selects the incident wavelength and flight time fixes the outgoing

neutron energy, (d) automatic discrimination against fast neutron backgrounds from radioactive

(e.g., U) samples. (2) The source is off during data collection. Experiments are performed in the

intervals between proton impacts on the target when the background is low. (3) The source has a

large dynamic range particular in the high energy range. Extensive moderator options and the non-
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equilibrium nature of the pulsed source moderator spectrum guarantee that inelastic spectroscopies

can access phenomena with energy scales ranging from 10"9 eV to above 10 eV, and

correspondingly, length scales from microns to less than 0.01 A.

In the next subsections, we describe, in more detail, how condensed-matter physics would benefit

from an advanced pulsed source.

A. Ouasiparticles in Metals and Superconductors

Neutron scattering has provided unique information on the properties of simple

superconducting materials. Examples include studies of the lattice dynamics, which give

information on the electron-phonon coupling, and diffraction from the flux lattice in type II

superconductors.

More recently, the ability of inelastic magnetic neutron scattering to probe quasiparticle

excitations near the Fermi surface in metals has been of importance in the study of

superconductivity. In addition to information about the quasiparticle band-structure, a

direct measure of the momentum dependence of the energy gap function in the

superconducting state is obtained. With the higher fluxes and more efficient instruments of

an advanced pulsed neutron source, we plan to extend these experiments to other systems.

For example, measurement of the superconducting gap and electronic excitations in less

magnetically correlated systems such as conventional superconductors will be possible. At

an advanced spallation source, the large detector solid angle of time-of-flight instruments

will be naturally suited to the study of metallic continuum scattering and its modification by

superconductivity. The epithermal neutrons available at such a source will be needed to

access the quasiparticle continuum in most metals.

B. Magnetism

Neutron scattering is the technique of choice for studying the magnetic properties of

materials. The unique coupling of the neutron to magnetic moments provides detailed

information on the magnetic structure and excitations that is not available with other

techniques. Magnetic fluctuations such as spin waves and crystal field/intermultiplet

transitions are difficult to study with any other technique. This is especially true of opaque

metals and when the wavenumber dependence of the excitations is sought. With more

intense sources, these measurements can be applied to a wider variety of materials and
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systematic studies as a function of temperature and field. In addition, the high intensity of

epithermal neutrons available at an advanced spallation source will provide a powerful tool

for observing > 0.1 eV excitations which, while hitherto virtually inaccessible to neutron

scattering, determine so many of the interesting properties of solids.

C. More Information from Smaller Samples

So obvious that it can be easily overlooked is the ability of more powerful neutron sources

to enable routine measurements of the structure of collective excitations of exotic materials

in ever smaller quantities. Every interesting new material is available initially in small

quantities, and high quality single crystals are often never available except as small

samples. There is an increasing tendency for these new materials to be structurally

complex, demanding additional resolution. Recent examples of such materials are high-Tc

superconductors and fullerenes. We confidently predict that there will always be fresh

examples. With multidetector time-of-flight spectroscopy at a pulsed source ten times more

powerful than ISIS, inelastic scattering experiments from polycrystalline materials will

become so fast to perform that such measurements will be feasible to use as a tool for initial

characterization of novel materials. Thus, for a 20g sample of a magnetic insulator with a

bandwidth of 200 meV, the complete powder averaged dynamic spin-correlation function

could be measured at a 1 MW spallation source in less than 10 min with energy resolution

of 1 meV. This is breath-taking when considering that such a measurement provides an

extensive characterization of the material containing more detailed information than

combined magnetic susceptibility and specific heat measurements.

D. Phonon Lifetime Measurements

As discussed above, phonon dispersion relations, h co(q), probe the strength and range of

interatomic forces. Different information is contained in the phonon linewidths which

measure the lifetime of the excitations. Current neutron sources do not permit sufficient

energy and momentum resolution to measure intrinsic phonon linewidths, except in

unusual cases. With lOx better resolution, phonon linewidth spectroscopy would come of

age. Improving the resolution by this amount while maintaining reasonable data rates is

possible using a combination of fast rotor technology and position sensitive detection in an

advanced, time-of-flight spectrometer at a pulsed spallation source. Perhaps the most

interesting physics to be addressed is the low-frequency electronic response of metals and

superconductors as revealed in the electron-phonon interaction at short wavelengths.
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Measurement of the contributions of individual phonons to the net spin pairing energy of

superconductors will be possible. Because the electron-phonon decay channel is closed to

phonons with energies below that of the superconducting gap, linewidths provide a way of

probing possible anisotropies in the superconducting energy gaps. In the case of high

temperature superconductors, these measurements can, in principle, distinguish between

different types of superconducting pairing.

E. Quantum Liquids

The microscopic structure and dynamics of quantum liquids such 3He and 4He are of

fundamental interest since these materials in their liquid and solid forms are prototypical

strongly interacting quantum systems.

Neutron scattering has provided detailed information on the structure and dynamics of

quantum liquids, such as the nature of the phonon-roton collective excitations, the

condensate fraction in the superfluid, and the nature of the magnetic ordering in 3He at low

temperatures. However, there are many phenomena of fundamental interest that cannot be

investigated with the currently available neutron sources. For example, detailed

measurements of the atomic momentum distribution of liquid 3He, where Fermi statistics

dominate the behavior, are limited by the resolution and flux available at current sources.

Such studies would be particularly interesting near the superfluid transition at 2 mK where

a gap in the Fermi distribution is expected.

Studies of the collective excitations in helium have provided fundamental insights into the

dynamics of highly correlated quantum liquids. Unfortunately, many of the most

interesting areas, at present, are beyond the scope of current measurement techniques. The

collective excitations of liquid helium in randomly interconnected geometries, for example,

cannot be studied at present. These systems are of central importance in understanding the

effects of disorder on Bose transitions in restricted geometries and disordered films. This

area has received intense study both theoretically and via other experimental techniques.

However, a complete picture will not emerge until neutron scattering measurements become

possible. A similar situation exists for the bulk superfluid phase of liquid 3He, regarding

the collective excitations in the superfluid phase, where complicated pairing mechanisms

exist.
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Pulsed neutron sources are universally recognized today as being especially suited for

research on quantum fluids. This follows from the efficiency of the multidetector time-of-

flight technique in the study of liquids as well as the essentially unlimited range of available

neutron wavelengths. We are thus certain that a 1 MW pulsed spallation source will be the

premier U.S. facility for neutron scattering from quantum fluids.

F. Non-Equilibrium Phenomena in Magnetism

Another frontier of statistical physics is that of non-equilibrium phenomena associated with

phase transitions. The interesting experimental quantities are precisely those correlation

functions measured in neutron scattering experiments.

An example of a problem is the real-time development of order (or disorder) in a magnet

after a sudden change of temperature, pressure, or magnetic field. To measure this

effectively requires the accumulation of a magnetic diffraction pattern within a time slice

short compared to the characteristic time for changes in the magnetic structure. In general,

one would like to acquire the diffraction pattern as quickly as possible. We anticipate being

able to do this within fractions of a second using white beam time-of-flight methods at a

next generation spallation source, representing a qualitative change in the ability to study

phase transition kinetics. Fast time experiments with moderate Q resolution are necessary

to study problem.'., involving nucleation and growth. In addition, very high Q-resolution

(AQ = lCHA"1) experiments probing subtle time-dependent changes in correlations at late

times would elucidate issues such as non-equilibrium scaling and domain coarsening.

These require a high resolution spectrometer with a consequential loss of intensity but,

fortunately, the time scales involved can be longer, so that adequate counting statistics may

still be obtained.

Another exciting possibility is that of real time inelastic scattering experiments. Transitions

between phases are generally accompanied by changes in the spectrum of elementary

excitations including crystal-field levels, magnons and phonons. The excitations are highly

sensitive to changes in local symmetry and the degree of long range order. In situ real time

measurements of the excitations in a system out of equilibrium would provide a unique new

source of microscopic information. To date, there have been virtually no experiments of

this sort, in large part, because the long counting times necessary for inelastic scattering

eliminate the possibility of useful measurements. The increased efficiency of certain forms

of neutron spectroscopy at a spallation source combined with the ability to phase a periodic
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pertubation of the sample environment to the neutron pulse may yield an important new tool

in the study of non-equilibrium phenomena.

In the entire field of non-equilibrium experiments, especially those of the single-shot

variety, the pulsed source confers the essential advantage of nearly simultaneous

measurement of the correlations and excitations over a wide range of wave numbers and

frequencies.

G. Extreme Environments

Extreme environments represent one of the most obvious and productive frontiers of

science. Many of the key discoveries in condensed-matter physics ranging from the

original discovery of superconductivity to the first observation of the quantum Hall effect

were made for samples subject to temperatures, magnetic fields, and pressures considered

extreme at the time. Also, studies of the systematic variation with pressure and magnetic

field of phenomena including superconductivity, magnetism, and band formation have

provided an excellent database for testing concepts in quantum many-body physics.

Neutron scattering has the great advantage in this context of being a penetrating probe

which can reach a sample through inches of suitable materials associated with maintaining

an extreme environment. A next generation spallation neutron source will provide unique

opportunities to characterize materials under extreme conditions.

This follows from the ease with which unwieldy sample environments, such as large

cryostats and magnets, can be incorporated in time-of-flight instruments, which generally

are spectrometers with fixed sample tables. In addition, many extreme environments such

as high magnetic fields and lasers are themselves pulsed and would be most efficiently used

if phased to the high brilliance pulsed neutron source.

IV. INSTRUMENTATION

A. Sample Environments

As an overall concern, the availability and control of many different forms of sample

environment are of the utmost importance to fully realize the potential of an advanced

spallation source. In particular, we have discussed taking advantage of the fact that in

many cases the environment must only be maintained for the duration of each spallation
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pulse = 1 u,s. Such sophisticated ancillary equipment operating in a pulsed mode will

require substantial technical expertise at the facility in order for it to operate in a satisfactory

manner.

B. Neutron Scattering Instrumentation

It is crucial to the scientific success of the project that ample resources and talent be devoted

to the careful design of flexible and optimized instrumentation. For example, in direct

geometry time-of-flight spectrometers, it is important that a wide variety of choppers be

available and easily interchangeable so that resolution may be carefully matched to specific

experiments.

In all experiments related to magnetism or superconductivity, the availability of polarized

neutrons and polarization-sensitive detection would be a tremendous advantage. At

present, employing this technique is often too costly in neutron flux. Given the great

advantages of fully polarized instruments, a substantial effort should be made to develop

neutron polarization equipment for time-of-flight instrumentation.

Table 2 gives specifications for a set of neutron scattering instruments necessary to perform

the neutron scattering experiments discussed in this document.

C. Muons

We have not given specific attention to muons, pions, and positrons in the main body of

the text because the key purpose of the PSS is to provide neutrons. Even so, the PSS

should follow the example of ISIS and construct a low Z target for surface muons. Muons

have proven a valuable tool, complementary to neutrons, for probing certain properties of

solids. Of greatest interest to condensed-matter physicists are:

1. Magnetic field inhomogeneities in type II superconductors. Muon Spin

Relaxation (H-SR) measurements of such inhomogeneities can be performed very

quickly and yield absolute values for magnetic penetration depths as well as

information on flux pinning and vortex dynamics.
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2. Frozen spins. p.SR spectroscopy can readily detect magnetic moments

whose fluctuation times exceed 10 jxsec and is, today, the best technique for

screening new materials for small moment magnetism.

TABLE 2: Neutron Scattering Instruments for

Condensed Matter Physics*

Pol

p

p

p

p

p

p

p

p

p

p

Detection

20 ,0

20 ,0

20 ,0
20 ,0
2 0
2 0
20 ,0

20 ,0

20,0
20,0

Mode

I

I

I

I

I

I

F

W

W

I

h O(meV)

min
100

-0.5

1

1

100

500

0.01

-

-

1

max

2-103

0.5

100

200

3-1O3

10-103

2

-

-

400

AftCD
10-100

10"3

0.1%

1%

0.5%

5

0.01

-

-

1%

Q(A-1)

min
1

10-4

0.5

0.5

10

10

.1

0.1

0.1

0.1

max
10

0.1

5

5

35

100

2

5

5

5

AQ
0.2

IO-4

0.05

0.2

0.2
1

0.05

0.01

10-10"4

0.01

Typical Experiments

High energy x"(Q.CO) in
transition metals
Statics & dynamics of
vortex lattices
Phonon Linewidths

Itinerant Magnetism

n(p) in liquids

n(p) in hydrogenous solids

Quan tum AFM &
Quantum tunneling
Time resolved diffraction.
Survey of diffuse scattering
High resolution diffraction

Pulsed high field exp.

*List of specifications for important types of neutron scattering instruments required at an
advanced spallation source. P indicates fully polarized instrument. 20,<|> indicate which of
scattering angle and azimuthal angle need be detected. I means monochromatic incident beam,
F is monochromatic detection, W indicates white beam diffraction. When a percentage is
indicated for the energy resolution, it is relative to the incident energy.

3. Sample requirements are much less stringent than for most neutron

experiments. JISR specimens generally weigh 100 mg and need not be oriented

single crystals.

In view of 1-3, \iSR beamlines will greatly enhance the efficiency of the neutron

scattering program at the PSS because they will, for example, enable researchers to

determine in advance the feasibility of vortex lattice (the cross section of which is a

strong function of the magnetic penetration depth) and small moment detection

during diffraction studies. We anticipate that these beamlines will take advantage of

new muon moderation technologies so that depth profiling and surface studies will

be routine. Possibilities for positron and pion spectroscopy might also be explored.
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I. INTRODUCTION

In addition to its well documented utility as a tool for materials, engineering, and biological

research, the neutron itself is a particularly interesting object for scientific investigation. Studies

of the properties of the free neutron, as well as studies of the elementary interactions between

neutrons and matter, have come to be known as fundamental neutron physics. The results of this

work, which has developed in parallel with the evolution of modern, intense neutron sources,

have important implications for elementary particle physics, for astrophysics and cosmology, for

the determination of fundamental constants, for the investigation of the essential symmetries of

nature and for investigation of fundamental phenomenology. At contemporary neutron sources,

fundamental neutron physics typically involves a relatively small fraction (perhaps 5%) of the

beamlines and instrumental resources. Notwithstanding this rather modest allocation of

resources, the scientific accomplishments of the fundamental neutron physics program are

recognized as being among the most widely appreciated basic science results to emerge from

modern neutron sources. The importance and intrinsic interest of activities such as the four-

decade-long search for a neutron electric dipole moment, of investigations with bottled 'Ultra

Cold Neutrons' (UCN) and of neutron optical experiments using neutron interferometers have

been followed and are understood by a very broad technical audience which extends well beyond

the neutron science community. Fundamental neutron physics has been the theme of a series of

workshops and symposia. In lieu of specific references, the interested reader is directed to the

proceedings of these workshops as an entree to the relevant literature. (1-5)

The character of fundamental neutron physics research is qualitatively different from most other

research activities that are anticipated at a neutron user facility. While most neutron scattering

measurements use fixed instruments (perhaps with rather minor modification), fundamental

neutron physics experiments often employ rather complex apparatus specifically constructed for

one measurement. Such an apparatus may require many man-years for development and

construction (and often very sizable capital investments) and may collect data for a period of

months. With rare exceptions, the support for the construction of the apparatus is provided by

outside agencies and is not provided by the neutron facility. It is quite typical that such an

experiment arises from the realization that a tantalizing problem, perhaps in a rather remote field

of physics or astrophysics, is best addressed, or is only addressable, at an intense neutron source.

This insight is likely to develop among researchers outside the neutron physics community.

Thus, an intense neutron source can serve as an important resource for a very broad scientific

community.
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It is a consequence of the rather singular nature of fundamental neutron physics research that a

rather high degree of institutional flexibility is required if a fundamental neutron physics

program is to be successfully maintained at a spallation neutron source. It is essentially

impossible to anticipate the different characteristics of all potential experiments. All that can be

done is to make the best effort to ensure that important capabilities are present in the design of

the facility. To ensure that the most broadly applicable facility is constructed, it will be

important to include this user community throughout the design phase.

The wide variety of fundamental neutron physics investigations implies a wide variety of

required beam characteristics. There is a large subset of these experiments which require

maximum time integrated neutron flux. Given the availability of steady state sources with higher

time averaged fluxed, a 1 MW spallation source will likely not be the source of choice for such

measurements. Alternatively, there are other investigations which can benefit from the unique

time and energy structure inherent in a spallation source.

We have identified three general areas in which a 1 MW spallation source may be expected to be

appropriate. These are described in detail in the following sections. For some of these studies, a

pulsed spallation source is the only feasible source. These will be specifically noted. The three

general areas which we have identified are conveniently characterized by the energy scale of the

relevant neutrons and include A) Ultra Cold Neutrons , B) Cold and Thermal Neutrons and C)

Epithermal Neutrons.

II. ULTRA COLD NEUTRON SOURCES AND APPLICATIONS

Ultra Cold Neutrons (UCN) are neutrons with energies low enough that their motion can be

manipulated by gravity, magnetic fields, and by total external reflection from appropriate

materials. The long observation times available with UCN and the ease with which they can be

completely polarized make them ideal for measuring some of the most important properties of

the neutron. An UCN installation at an intense spallation neutron source could produce

significant results to aid in our understanding of the symmetries which lie at the heart of the

current 'Standard Model' of particle physics.

Perhaps the most poorly understood symmetry violation is that of time reversal symmetry (T).

T-violation has important consequences for both particle physics and cosmology. The apparent

baryon asymmetry of the universe can be naturally understood in the framework of Big Bang

cosmology if T-violation is present at some level. The existence of T-violation has been inferred
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only from measurements in the neutral kaon system. Although the Standard Model can

incorporate the T-violation seen in the kaon system, it is still possible that this effect is the

manifestation of a new force of nature. Any observation of T-violation in another system would

be a result of fundamental importance.

An important test of T-violation that can be improved with an intense UCN source is the search

for the neutron electric dipole moment (d). The present upper limit on the dipole moment,

obtained using UCN, is 4 x 10"26 e-cm. Although presently limited by systematic effects related

to magnetic field fluctuations, higher UCN densities would be invaluable in understanding and

reducing these effects on this very significant measurement.

The violation of parity symmetry (P) has been known for decades. The further observations

leading to the structure of the low energy weak interactions and the phenomenon of 'maximal'

parity violation have been incorporated into the Standard Model, in which only the left-handed

components of the quark and lepton spinors participate in charged weak currents. This property

of the weak interaction is put into the model 'by hand' and might be vulnerable to modifications

in which parity conservation is actually restored at higher energies. Precise measurements of the

observables available in neutron beta decay provide an important check on this aspect of the

theory.

The most precise measurements of the neutron lifetime have used UCN. With higher UCN

densities, one could not only improve the lifetime measurements but also consider precision

measurements of the decay correlation coefficients. From lifetime measurements in combination

with a precise measurement of the beta decay asymmetry, for example, one can extract the vector

(gv) and axial vector (gA) coupling constants and, by comparison with muon decay, the

Kobayashi-Masakawa matrix element Vud- Since VUd is by far the largest element (and the KM

matrix should be unitary), a precise measurement gives an important check of the Standard

Model. Other measurements could be used to search for non-standard weak couplings.

The most important limitation on the measurements with UCN is, of course, the low densities of

UCN available (approximately 90/cm3 at the ILL). The high peak neutron flux produced at

spallation neutron sources is, in principle, ideal for UCN production, as the steady-state UCN

density can scale with the peak flux rather than the time-averaged flux. For a 1-MW spallation

source, UCN densities from two to three orders of magnitude greater than the ILL source seem

possible. A source of such intensity would allow, for example, the precision of neutron decay

parameters to be improved by an order of magnitude.
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In order to exploit this promising potential, two components for a UCN facility are crucial: an

efficient cold moderator and a cold neutron to UCN converter. Current liquid hydrogen

moderators at pulsed sources produce high fluxes of cold neutrons. Since most of the UCN

experiments of interest do not require the sharp time structure needed for most other spallation

source instruments, there is room for improvement in designing an appropriate moderator for a

UCN source which places more emphasis on moderation efficiency. It would also be important

to match the characteristics of the moderator to the envisioned UCN production mechanism.

Of the methods that have been considered for converting cold neutrons to UCN, three seem to

show promise for a spallation source: back-reflection from a crystal or multilayer mirror moving

in phase with the neutron pulse, downscattering from phonons in superfluid helium, and

downscattering from phonons in solid deuterium films. The UCN density available from the first

technique, which has been demonstrated experimentally, is limited by Liouville's theorem to the

original UCN density in the source. Aggressive development of this relatively straightforward

technique in combination with a good cold moderator could produce UCN densities of 104-

105/cm3. The advantage of the other two techniques is that they are dissipative and are,

therefore, not limited by Liouville's theorem. Downscattering from superfluid helium has been

demonstrated to produce UCN at densities which are quite high in the helium. Technical

difficulties due to the high heat load on the cryostat near the cold moderator are less stringent

relative to reactor sources due to the lower gamma production at a spallation source.

Unfortunately, it is somewhat cumbersome to extract the UCN from the superfluid helium

source. Ideally, one would like to perform the experiment in the helium; and such an experiment

has been proposed for the neutron electric dipole moment. Although solid deuterium films are

not as efficient as the liquid helium in producing UCN, their less stringent cryogenic demands

may allow enough flexibility in their design to be competitive UCN sources. Inclusion of any of

these UCN sources into a new PSS will lead to useful fundamental physics results.

III. PHYSICS WITH COLD AND THERMAL NEUTRONS

A. Angular Correlation Measurements

While most of the measurements of angular correlations in neutron beta decay

experiments would benefit primarily from a more intense continuous source of neutrons,

a subset should be able to use the pulsed cold beams at a 1 MW spallation source to

advantage. A spallation source offers high brightness and can provide strong suppression
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of backgrounds due to the low duty cycle. In particular, backgrounds are a substantial

problem in neutron beta decay experiments as the detectors are sensitive to gamma rays.

It appears feasible to produce neutron beam pulses of order 1 m length and sufficient

intensity at a 1 MW spallation source to allow precision measurements of angular

correlations in some limited cases. In addition to the reduction in background due to the

duty cycle (of order 10%), prompt gamma backgrounds can be strongly suppressed, as

the only neutrons in the beam during the measurement time are within the detector decay

volume. The important requirement for the measurements is the maximum neutron

intensity available rather than a very sharp pulse width of the neutrons.

B. Neutron Optics and Fundamental Physics with Cold and Thermal Neutrons

Advances in coherent neutron optics and neutron interferometry have contributed

significantly to our present understanding of fundamental quantum processes. The high

average flux of a 1 MW spallation source will make it interesting for these types of

experiments. However, a source like this will only be competitive for investigations that

explicitly use and need the time structure of the pulsed neutron source.

One field of fundamental neutron optics research that will depend on the time structure of

the beam is the physics of adaptive coherent optics for neutrons. Here it is especially

important to investigate light or sound induced, possibly holographic, structures in media

to create diffractive optics (in the simplest case gratings and zone plate lenses) for

neutrons. Since these optical elements are dispersive, the correlation of neutron energy

with time in a pulsed source would allow compensation by actively adapting the

characteristics of the optics.

Another area ideally suited to a pulsed source is the investigation and creation of coherent

neutron cavities. This would allow much more precise measurements to be made than

with present neutron interferometers. The pulsed structure and high peak brightness of a

spallation source are big advantages for filling these cavities.
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IV. EPITHERMAL NEUTRON PHYSICS

A. Fundamental Symmetries

The compound nucleus system, accessible through capture of epithermal neutrons in the

energy range 1 eV to 1 keV, provides a unique system for the study of symmetry

violation. The effects of symmetry violation, exhibited in the mixing of nearby

compound nucleus levels, are greatly enhanced by small energy spacings and by different

kinematic factors for opposite parity levels. In the case of parity violation, enhancements

of order lOMO6 result in the observation of parity-violating asymmetries c • k (the

correlation of neutron spin and momentum) as large as 10%!

A second feature of the compound nucleus that is very important to these measurements

is the statistical nature of the system. There are of order 106 single particle components

making up the wave functions of each compound nucleus resonance. The matrix

elements of operators, such as the symmetry-violating Hamiltonian, between these states

can be regarded as random variables. The statistical theory of nuclear spectra has been

very successful in describing systems such as energy level spacings and amplitudes. The

salient feature of this model is that it is the average values of matrix elements and level

spacings that contain physical information. Any individual matrix element is not

meaningful. An ensemble of measured parity-violating asymmetries can be used to

determine the value of the mean-square matrix element of the parity-violating weak

interaction. The first efforts to connect this rms matrix element to the strength of the

weak NN interaction have recently begun and show great promise as a technique to

extract the weak meson-nucleon coupling constants.

The enhancements demonstrated and understood in the compound nucleus system can be

used to construct sensitive searches for a violation of time reversal invariance. There are

two possible T-odd correlations that can be studied. One is the P-odd, T-odd correlation

a • (I x k) which requires a polarized neutron beam, polarized nuclear target, and an

analyzer for neutron polarization. The second is the P-even, T-odd correlation a • (I x

k)(I • k), which requires a polarized neutron beam and an aligned nuclear target. It has

been theoretically predicted that these experiments will benefit from enhancements

similar to those seen in the case of parity violation. The magnitude of the expected

enhancement has been calculated to be of order 102to 103. A measurement of the three-

fold correlation at the level of 1% should allow one to detect T-violation at the level of
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tyj = 10-4, better than the best present experimental limits. If a non-zero effect is not

observed, then the upper limit for the T-violating correlation must be determined for a

number of resonances in order to establish an upper limit on §j. One must, therefore, be

able to resolve resonances up to several hundred eV. It is likely that this technique can be

pushed to the level at which some models of CP violation predict non-zero effects,

moreover, with proper (possible) moderator design, the required pulse resolution can be

provided at an advanced PSS.

In order to carry out a program of such experiments at a 1 MW spallation source, one

would need access to a flight path with sufficient floor space to install three polarized

target systems along the length. The first of these should be located as close to the

moderator as possible. A repetition rate of 40 Hz is reasonable for these experiments.

The area in which the needs of this program are different from the materials science

program is in proton pulse width. The experiment is optimized with as short a proton

pulse width as possible. A longer pulse length, such as 400 nsec, can be accommodated

with longer flight paths and corresponding loss of solid angle.

B. Experiments on the Electric Interactions of the Neutron

Experimental investigations of the electric and magnetic structure of the neutron have

been and will be a cornerstone of testing our present day understanding of the strong

interaction. With the emergence of sophisticated QCD-based models of the nucleon, new

precision measurements of the electric polarizability and the mean square charged radius

of the neutron will provide new tests to be met by theory. These experiments, as

described below, can only be significantly improved at a pulsed neutron source and will

benefit enormously from the characteristics of the spallation source.

Recently, the first measurement of the electric polarizability of the neutron was

completed. This experiment involves a measurement of the total scattering cross section

of 208pfj from 50 eV to 100 keV neutron energy. The high brightness and low

background of a spallation source will make a more accurate measurement possible. This

is especially important, as comparison with present experiments on the proton indicates a

possible difference from the neutron. While a new generation of more accurate proton

experiments is planned, a much more precise neutron experiment requires a new pulsed

neutron source.
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Another fundamental property of the neutron is its charge distribution. The neutron

electromagnetic form factors are deduced from electron scattering experiments at MeV

energies. In contrast, the mean square charged radius of the neutron can be directly

measured in low energy (10 meV to 100 eV) neutron-atom scattering. With the advent of

more accurate models of the nucleon, a precision measurement of the mean square charge

radius of the neutron will become important in the future. There are several methods with

the potential to have the required significant improvement but all of them depend on a

bright, low background pulsed neutron source.

C. Nuclear Astrophysics

Models that attempt to describe nucleosynthesis in the early universe require as input,

cross sections for various nuclear processes, such as (n/y), (n,p) and (n,a), often on

unstable nuclei. The availability of a very intense pulsed source allows measurement of

many of these cross sections on very small amounts of unstable target material, in

relatively short time. Some of these measurements, such as the cross section for 7Be(n,p)

have already been performed. With a more intense source, the number of targets

available for study will be greatly increased.

V. OTHER CONSIDERATIONS

A. High Energy Neutrons

An unmoderated spallation target can produce beams of neutrons with energies up to

nearly the proton beam energy, offering the possibility of carrying out measurements on

neutron-proton bremsstrahlung, search for dibaryon resonances, neutron-induced pion

production, equilibrium and pre-equilibrium emission, fission and giant resonance

properties. These experiments require a rather narrow proton pulse width, of order 1

nsec, which could, in principle, be obtained by directing a few micro-pulses from the

linac proton beam toward a bare target, with no significant effect on the main beam.

B. Neutrinos and Muons

The future directions in neutrino physics are almost certain to be primarily in searching

for new phenomena. New physics might be found in effects due to neutrino mass and

mixing and from precision measurements showing deviations from the Standard Model.
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Intense pulsed sources could provide substantial improvements in these efforts, but most

likely will require the production of neutrinos from the decay-in-flight of pions. As this

requires targeting and focusing elements aimed at maximizing production of pions rather

than neutrons and massive detectors close to the production target, the requirements to

carry out an interesting neutrino effort may be largely orthogonal to those of spallation

neutrons.

As in the case of neutrinos, fundamental muon physics will focus on new phenomena

(rare decays) and precision measurements. However, it appears thai these measurements

would benefit primarily by higher brightness continuous beams rather than pulsed beams.

VI. SUMMARY AND CONCLUSIONS

A. Fundamental neutron physics represents a vigorous and important part of the

science which has been carried out at available intense neutron sources over the past few

decades. This work has evolved with each new source generation and may be expected to

continue to develop at a 1 MW spallation source. Such a source will continue to provide

important and intellectually stimulating scientific results. This work would place very

limited demands upon the facility resources and would largely be supported by outside

agencies.

B. The character of fundamental neutron physics investigations is essentially

different from that of most neutron scattering experiments. A sensitivity to this

difference during both the design and operation of the source will be critical if a

successful scientific endeavor is to ensue.

C. A successful program in fundamental neutron physics will emphasize those

investigations for which the time and/or energy structure of a pulsed source is most

suited.

D. A 1 MW spallation source offers the possibility of providing a uniquely intense

source of Ultra Cold Neutrons. Such a source could provide a qualitative change in the

character of UCN research. It would have particular application to the detailed study of

neutron beta decay as a precise test of the standard model of particle physics. The

incorporation of such an UCN source is the highest priority for fundamental neutron

physics at an intense spallation source.
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E. While most cold and thermal neutron experiments in the field of fundamental

neutron physics are likely to have a steady state source as the source of choice, one may

anticipate a limited number of selected experiments which can utilize the time structure

of a spallation source for background reduction or other reasons. Sufficient flexibility in

the layout of the spallation facility should be maintained to accommodate such projects.

F. The high flux of epithermal neutrons available at a 1 MW spallation source will

provide a unique opportunity to perform a broad class of experiments like symmetry

violation tests which include novel tests of time reversal invariance and investigations of

the internal structure of the neutron and its dynamics by its electric interactions. Such

measurements are unique to a spallation source and the accommodation of such work

should be given high priority.

REFERENCES

1) T. von Egidy, editor, Fundamental Physics with Reactor Neutrons and Neutrinos, Institute of

Physics, 1977.

2) B. Desplanques, F. Gonnenwein, and W. Mampe, editors, Proceedings of the Workshop on

Reactor Based Fundamental Physics, J. Physique Colloque C3, 1984.

3) G.L. Greene, editor, The Investigation of Fundamental Interactions with Cold Neutrons,

National Bureau of Standards Publication 711, U.S. Government Printing Office, 1986.

4) D. Dubbers, W. Mampe, and K. Schreckenbach, editors, Proceedings of the International

Workshop on Fundamental Physics with Cold Neutrons, Nucl. Instr. and Meth. A284, 1989.

5) G. Badurek, H. Rauch, and A. Zeilinger, editors, Proceedings of the International Workshop

on Matter Wave Interferometry in the Light of Schrodinger's Wave Mechanics, North-Holland,

1987.


