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FOREWORD

This is the second year for the revised format for the annual report of activities at the

NIST Research Reactor. The general reaction to last year’s report has encouraged us to continue

in this format, but we welcome suggestions for change. Once again, we are including lists of

research topics, with affiliations, in lieu of short reports on all topics. In this respect, it should

be noted that many of the topics are generic, and represent several "experiments”, on different

materials or under different sample conditions. Further information may be obtained by writing

either directly to the authors, or to Mrs. Carol O’Connor, who will forward your request to the

appropriate person.

In spite of a number of problems, the reactor has established a good operating record

over the past year, with high reliability (percentage of scheduled time actually operated) and

availability (percentage of real time operated). The planning and preparation for the extended

shutdown for heat exchanger replacement is on track, with all components either on site or being

fabricated. In addition to the heat exchanger replacement, the shim control arms wiU be

replaced and the heavy water will be exchanged during this shutdown, along with a large number

of smaller maintenance items. Following this shutdown, the reactor should operate routinely at

20 MW for several years. The start date for the shutdown will be between March 17 and May
20, 1994, with the exact date determined by the availability of all items required to complete the

work (including the experimental changes discussed below). The duration of the shutdown is

estimated to be between 6 and 9 months.

The science program has made excellent use of the opportunities provided by the

performance of the reactor. Among a large number of possible highlights included in the body

of the report, I would call special attention to three. The new powder diffractometer is a

spectacular success, providing the prototypical free lunch—better resolution with much higher

intensity and the number of experiments has grown at an extraordinary pace. The 30 m SANS
spectrometers developed primarily for the study of macromolecules and microstructure for

materials science, have performed with outstanding success. However, it also makes possible

forefront condensed matter physics, as exemplified by the studies of the symmetry and dynamics

of flux lattices in superconductors. Finally, the use of a reflectometer to elucidate the origin of

the two length scales in the phase transition in Tb illustrates once again that instrument

development can drive science, as well as vice versa. The unifying theme in all three examples

is the close interplay between forefront research and instrument development—both are essential.

In the cold neutron project, three critical milestones were successfully met in the past

year. First, the safety case for the liquid hydrogen source has been made successfully,

fabrication is near completion, and only local approval is required for final installation. Second,

the cold neutron reflectometer is now on line, already oversubscribed, and producing outstanding

results on a broad variety of problems. Finally, construction was begun on the final instrument

for the CNRF—the spin echo spectrometer—with joint participation of Exxon Research and

Engineering and KFA, Julich. After the scheduled shutdown, with the new source installed and

the reactor at 20 MW, researchers at the CNRF can look forward to greatly improved

performance (approximately five times better).
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In summary, the past year has highly successful, with many gains in every area. As we
look forward to the coming year, with its multiple challenges and opportunities, we believe that

the successes of the year reported here will be the harbinger of the future.

Reactor Radiation Division
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ABSTRACT

This report summarizes all the programs which use the NIST reactor. It covers the

period for October 1992 through September 1993. The programs range from the use of neutron

beams to study the structure and dynamics of materials through nuclear physics and neutron

standards to sample irradiations for activation analysis, isotope production, neutron radiography,

and nondestructive evaluation.

KEY WORDS: activation analysis; cold neutrons; crystal structure; diffraction;

isotopes; molecular dynamics; neutron; neutron radiography;

nondestructive evaluation; nuclear reactor; radiation.

DISCLAIMER

Certain trade names and company products are identified in order to adequately specify

the experimental procedure. In no case does such identification imply recommendation or

endorsement by the National Institute of Standards and Technology, nor does it imply that the

products are necessarily the best available for the purpose.
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CHEMICAL PHYSICS OF MATERIALS

Research at the NBSR which falls into this

category typically involves inelastic neutron

scattering measurements of the dynamics of

molecular solids, various inclusion compounds, and

structurally disordered materials. These studies

yield detailed information on the atomic and

molecular interactions responsible for many
properties of these systems. For cases involving

either rotational excitations or hydrogen motions or

both, this information is difficult, if not

impossible, to obtain by other means. Further-

more, since thermal neutron wavelengths are

comparable to interatomic spacings, one is able to

ascertain the geometry of the various motions in a

way unmatched by other spectroscopic probes.

Each of these attributes is featured in one or more

of the examples that are highlighted here.

Fullerenes and Fullerides

• Rotational Dynamics and the Orientational

Potential in A3C(io Compounds
There continues to be intense interest in

understanding the structure, molecular potentials,

and phase transitions in fullerenes and newly

synthesized compounds and molecular derivatives

based on them.

The alkali-metal fullerides AsCgo (A = K, Rb)

crystallize in a face-centered-cubic (fee) structure

in which the alkali metal ions occupy the two

tetrahedral and one octahedral sites per Cgo ion.

The molecules randomly adopt one of two different

orientations that are energetically identical and

related to one another by a 90 ° rotation about one

of the Car^ian axes as shown in figure 1 (space

group Fm 3 m) [ 1 ]. In contrast to pristine C^,

where an orientational order-disorder transition is

encountered at 260 K [2], these compounds remain

orientationally ordered at temperatures close to the

decomposition temperature [3]. The sodium

fullerides NasCsCgo [4] and NajRbCeo [5], on the

other hand, are isostructural with €«,, adopting an

orientationally ordered simple cubic (sc) structure

(space group Pa 3 ) at low temperature. Further-

more the latter compounds transform on heating to

a fee orientational "liquid” phase (space group

Fm 3 m) [4 ,5]. As in pure inelastic neutron

scattering probes the orientational potentials

Figure 1. Three possible orientations of a C® in A3C60

(A = K or Rb), with respect to a fixed set of crystal-

lographic axes. The plane of the drawing is normal to

the [111] direction. The transformation from (a) to (b)

involves a 90® rotation about the [001] direction. The

transformation from (a) to (c) involves a —44.5®

rotation about the [ 1 1 1] direction. One of the pentagons

is shaded to illustrate these rotations. The two distinct

orientations in this figure are normally called "standard

orientations.

"

which secure these structures, providing informa-

tion as to how the intermolecular potential in

fullerides is modified by intercalation of alkali

ions.

Representative spectra for Rb2.6Ko.4C60, K3C60,

Na2RbC6o, and C60 are shown in figure 2 . In each

case the symbols are the experimental data, the

solid line is the total fit, and die dashed line is the

librational component which is represented by a

Lorentzian. The librations soften on going from

Rb2.6Ko.4C60 to C«, and the peak librational energy

in Na2RbC6o is closer to Ceo than to K3C60. In each

case the peak width is not resolution-limited, but

the peaks are much broader for the alkali-doped

systems than for pure C60. This is probably due to

greater dispersion of the librational branches and to

larger anisotropies in the orientational potential.

Single crystal measurements are required to ascer-

tain which of these effects is the more important.

An estimate of the rotational barrier in these

systems can be obtained assuming that a simple

sinusoidal hindrance potential is sufficient to

1



Figure 2. Inelastic neutron scattering spectra for

^3^6o> Na2RbCg(), and at Q~5.7 A'.

describe the orientational potential [2,6]. For

small amplitudes of libration, E, = (E\t,/B) •

{QH'kY, where is the potential barrier, 0 is the

hopping angle between neighboring potential

minima, B = 0.364 x meV is the rotational

constant for C«), and Ejji, is the librational energy.

From figure 1, we see ftat there are two possible

jump mechanisms for the merohedrally disordered

systems Rb2.6Ko.4^60 and KgCeo. The first involves

90° jumps about one of the twofold molecular axes

that are aligned along the crystallographic axes.

The second is a —44.5° jump about one of the

threefold molecular axes that is aligned along a

< 1 1 1 > direction. Using the librational energy of

the Ceo’s in KjCeo at 300 K (3.5 meV), we find

that Ea is roughly 520 meV for —44.5° jumps and

2050 meV for 90° jumps. NMR results [7] on

KjCa, show that molecular reorientations occur

through large angles with an activation energy of

(460 ± 60) meV, in good agreement with one of

the above estimates. Thus the neutron scattering

results clearly favor the more physically reasonable

model of —44.5° jumps about threefold axes. It

is worth noting that recent 2D NMR measurements

[7] suggest that jumps through a smaller angle

must also be present. It is also intriguing to note

that the principal orientation of the Ca molecules

in the low temperature phase of pure is

approximately halfway between the two possible

orientations of the C«) ions in KjCeo when the

molecule is rotated about a < 1 1 1 > axis. Perhaps

this orientation corresponds to a local minimum in

the orientational potential of the C«)’s in KjCa, as

well as to the global minimum in pure Ceo-

Figure 3 shows representative spectra for the

sodium fulleride Na2RbC«) at temperatures between

100 and 350 K with Q = 5.5 A *. Well-defined

peaks are observed at all temperatures at non-zero

energy transfer, and the Q dependence of the

integrated intensities of these peaks leads us to

assign them to librational modes of the Cgo ions

[8]

. The peaks also soften and broaden

appreciably as the sample is warmed to 350 K, the

maximum temperature of the measurements, and

the elastic line has almost completely disappeared

by this temperature. The situation is much more

reminiscent of solid Cgo, where the full widths of

the librations increase by a factor of six [9] on

^proaching the phase transition (at which

temperature they collapse into a single quasielastic

line), than of Rb2.6Ko.4Ceo or KjCa, where the

widths show little change with temperature. These

results suggest that NasRbCeo undergoes an

orientational melting transition somewhat above

350 K. This conclusion is consistent with high

resolution X-ray diffraction results [5] in which the

simple cubic reflections are absent above 400 K.

Thus in all respects, except perhaps its isotropy.

2



E (meV)

Figure 3. Representative NIS spectra of NajRbC^j in

the temperature range 100-300 K at constant Q = 5.5

A*'. The solid triangles are experimental points and the

solid lines are best fits, including a Lorentzian

component at non-zero energy transfer.

the orientational potential in NajRbC^, seems more

like that of Cgo than that of Rb2.6Ko.4Ceo or KjCeo-

The origin of this difference is demonstrated in

figure 4 where the measured low temperature

librational energies for different fullerides (and C^o)

are displayed as a function of the ionic radius of

the tetrahedral alkali ion. The dashed line at

1.12 A corresponds to the size of the tetrahedral

site in pristine C^. When the radius of the

tetrahedral ion (rj is less than this value, the

librational energy is roughly constant at

~2.8 meV, but when r^ > 1.12 A, the energy

increases with the size of the ion. Since the size

ionic radius (A)

Figure 4. Schematic diagram showing the dependence

of the librational energy at low ten^rature on the ionic

radius of the alkali ions occupying the tetrahedral

interstices in AjC^j fullerides. The dashed line at 1.12

A corresponds to the size of the tetrahedral hole in

pristine C^, and separates simple cubic (Pa 3) from fee

(Fm3m) solids.

of the ion plays a crucial role in determining the

librational energy, the repulsive A^-C interactions

must dominate die orientational potential for fee

merohedrally disordered fullerides. This strong

repulsive interaction results in a harder inter-

molecular potential [2] than in pristine Ceo [8], in

which the weaker C-C interactions favor "nesting"

of the bonds that fuse hexagons opposite

pentagonal (or hexagonal) faces of adjacent

molecules [3 ]. Furthermore, this interaction is

minimized by maximizing the A-C distances as the

Ceo ions present hexagonal faces to the tetrahedral

sites. In Na2RbC6o (and presumably in Na2CsC6o),

the repulsive A'^-C interaction is substantially

diminished due to the smaller size of the Na^ ion,

and it no longer restricts the ions to the two

orientations found in KjCeo and RbsCeo (Fig- 1 ).

The Coulomb part of the interaction then gains in

relative importance [ 10], leading to the observed

Pa3 structure, in which each C^o ion presents two

hexagonal faces and six hexagon-hexagon bonds to

its eight neighboring Na^ ions. At this same

orientation, the C60-C60 interactions are also

optimized by the nesting of a hexagon-hexagon

bonds in ihQ pentagons of the neighboring

molecules. The net result is an intermolecular

potential, and therefore librational energy, that is

comparable with that of pristine C«). There is also

a substantial decrease in the librational mode

energy in Na2RbC6o with increasing temperature.

3



reflecting considerable softening of the orienta-

tional potential, as the interactions become
disrupted by increasing amplitudes of libration.

This effect is again comparable with the effect in

pristine but markedly larger than in KjC^,.

• Rotational Dynamics of C70

X-ray and neutron diffraction measurements on

the fee phase [11,12] of the higher ftillerene C70

led to the identification of a well-defined transition

to a rhombohedral phase with little change in the

unit cell dimension and a rhombohedral angle of

— 85.6°. This suggests that the long molecular

axis is aligned along the unit cell diagonal. This

phase must have uniaxial orientational disorder

since the long molecular axis has fivefold sym-

metry which is incompatible with the 3 symmetry

of the unit cell diagonal. At even lower

temperatures, the crystallographic symmetry is

found to be monoclinic. In this case, symmetry

considerations allow the molecules to lock into a

fully orientationally ordered phase.

To investigate the low energy rotational

dynamics of C70 we have made neutron scattering

measurements on a — 0.5 g sample using the BT-4

spectrometer. In figure 5 we show representative

spectra at temperatures between 100 and 640 K
with Q = 5.6 A'^ At all temperatures the Q-

dependence of the energy-integrated scattering

intensity implies that the observed scattering is due

to rotational motion of the molecules [8,13]. In a

situation reminiscent of librational behavior is

observed at temperatures below the orientational

ordering transition near 270 K (Figs. 5a and 5b),

whereas we find no evidence for this type of

motion at and above room temperature (Figs. 5c

and 5d). Instead the higher temperature spectra

are well described at all Q by a quasielastic

component which is much broader than the instru-

mental resolution, suggesting that the ftillerene

molecules are undergoing some form of rotational

diffusion at these temperatures.

In spite of the qualitative similarity, there are

quantitative differences between our observations

for Cfio and C70. For instance, the low temperature

librational energy in C70 (1.8 meV at 10 K) is

much lower than in (2.8 meV at 20 K).

Furthermore the observed full widths are

substantially larger in C70 than in (1-8(5) and

0.4(2) meV at 10 and 20 K respectively), and they

Figure 5. Representative inelastic neutron scattering

spectra for at constant Q = 5.6 A‘‘: (a)

T = 100 K, (b) T = 200 K, (c) T = 300 K, and (d)

T = 640 K. The solid circles are experimental points

and the solid lines are best fits. The dashed lines show

the individual Lorentzian components of the fits.

change less with temperature. The difference in

moments of inertia between (I = 1.0 x 10^

kg m^ and €^(1// = 1.24 x 10^^ and Ij^ = 1.44

xlO"^ kg m^ is insufficient to explain the

difference in the observed low temperature libra-

tional energies, and the difference in l„ and Ij., the

moments of inertia of the C70 molecule about axes

parallel and perpendicular to the fivefold axis, does

not by itself account for the observed widths.

Thus the orientational potential must be softer and

more anisotropic for Cjq than for

These results can also be compared directly to

molecular dynamics calculations, providing a

stringent test of various interatomic potentials. For

4



instance, Cheng and Klein [14] have modeled the

intermolecular C-C interactions using a standard

Lennard-Jones potential. Their calculation results

in a librational density of states which peaks at

~1.2meV and has a width of 0.9 meV, both

considerably less than the experimental values.

This suggests that the model orientational potential

is softer by a factor of 2 than indicated by

experiment, again reminiscent of the situation in

Ceo [9,14] where the calculated orientational

potential was too small by a factor of 4. The

greater deviation between model calculations and

experiment in C«, arises from additional anisotropic

contributions to the orientational potential

associated with the nesting of short ("double")

bonds in the pentagons (or hexagons) of adjacent

molecules [2].

At 300 K and above, quasielastic scattering is

observed. In an attempt to ascertain the geometry

of the motion the coherent scattering function has

been calculated assuming each C70 molecule under-

goes random-walk isotropic rotational diffusion

uncorrelated with the motion of its neighbors.

This type of model was first developed by Sears

[15] and has been successfully applied to describe

the rotational motion of €«) in its plastic phase

[8,16]. The geometry of the diffusing molecule is

taken into account in calculating the powder-

averaged rotational component of the coherent

neutron scattering function Sr(Q,w) which is

expressed as a sum of Lorentzian functions:

= S (1)

^ = 1

where

5',=(2f+l) •

70 (2)

i'y=i

(3)

j/ are spherical Bessel functions, P< are Legendre

polynomials. Dr is the rotational diffusion constant,

and is the angle between the position vectors

R,, R,, joining the molecular center to atoms v and

v' within the same molecule. In eq. (1), the only

terms that are identically zero because of the

symmetry of the C70 molecule are those with f = 1

and f = 3.

In figure 6 we show the experimental measure-

ments at 525 K and spectra calculated with Dr =
1.5 X 10^° s’^ convoluted with the instrumental

resolution. Note that the only two parameters in

this comparison are an overall scale factor and Dr.

In selecting a value for the diffusion constant, the

complete lineshape was taken into account rather

than simply the foil width of the quasielastic line.

Clearly there is good, though not perfect, agree-

ment between our 525 K data and the isotropic

diffusion model, implying that at this temperature

the C70 molecules sample all orientations with

essentially equal probability, effectively averaging

out the anisotropy of the molecule. It should be

noted however that the polycrystalline nature of the

sample will tend to mask possible correlations or

small anisotropies in the motion.

At 300 K foe agreement between foe measured

spectra and foe isotropic diffusion model calcu-

lation is less good (Fig. 7). Since foe shape of foe

C70 molecule implies that diffusion about foe long

symmetry axis should occur at a different rate than

that of diffusion of foe symmetry axis itself, a

model for foe rotational dynamics of C70 molecules

has been developed in which foe motions of

adjacent molecules remain uncorrelated but each

individual molecule performs diffusive motion only

about a fixed molecular axis (which may or may
not coincide with foe long axis). The powder-

average rotational component of foe incoherent

neutron scattering function is then given by eq. (1),

with [15,17]:

00 70

^,=(8^)E I E
L=i p=l

and

t/ = pd;, (
5)

where Yl/(R,) are spherical harmonics with R,

specifies foe direction of atom v, and D," is foe

uniaxial rotational diffusion constant. If foe fixed

rotation axis is taken to coincide with foe fivefold

5



figure 6» Inelastic neutron scattering spectra taken at

several values of Q at 525 K, normalized to the same

total monitor count. The solid lines are the calculated

spectra convolutedwith the instrumental resolution using

an isotropic difhision constant of D, = 1.5 X lO'V*.

Note that the only two parameters in this con^jarison

are an overall scale factor and D,.

axis of the molecule, is only nonzero when f is

an integral multiple of 5. For Q < 6.5 A ^
contributions from tenns with f > 25 are essentially

negligible.

A detailed comparison between the two models

(uniaxial with = 4.0 x 10^® s'^ and isotropic

with D, ” 1.0 X 10^® s*0 and tibie experimental

data at 300 K is shown in figure 7; the uniaxial

model does not describe the experimental data as

well as the isotropic model. Discrepancies

between the isotropic model predictions and the

experimental measurements would perhaps be

removed with the introduction of a small amount of

anisotropy in the reorientational motion (i.e. intro-

ducing two slightly different diffusion constants D,,

and Dj^), but the present data do not warrant the

introduction of a second difrusion parameter. It is

Figure 7. Inelastic neutron scattering spectra taken at

several values of Q at 300 K, normalized to the same

total monitor count. The solid (dashee lines are the

calculated spectra convoluted with th;^ instrumental

resolution using an isotropic (uniaxial) difhision constant

of D, = 1.0 X 10‘® s-> (D“ - 4.0 X 10‘® s'*). Note

that the only two parameters in this comparison are an

overall scale factor and D,.

clear that all of die studies on fullerenes and their

compounds would be significantly enhanced by the

availability of suitably sized single crystals.

Hydrogen in Solids

• The Hydration Reaction in Portland Cement

The urgency of renewing the Nation’s aging

transportation infrastructure has stimulated new

interest in the materials science of Portland cement

concrete [18], in particular how the material

develops its strength as a fimction of time,

chemical composition and ambient environmental

conditions. The basic reaction in the formation of

6



concrete is the hydration of the Portland cement

component. The initial anhydrous phase consists

primarily of di-calcium silicate, tri-calcium silicate

and tri-calcium aluminate, abbreviated in cement

chemistry notation by C2S, C3S, and C3A, respec-

tively. When mixed with water, the C2S and the

C3S react to form calcium silicate hydrate (C-S-H),

which has a variable composition, and calcium

hydroxide (CH). The QA iso reacts very rapidly

with water to form CAH. The hydrated com-

pounds appear first as colloidal particles that

proceed to link together and eventually form a gel-

like structure. The microstructure then determines

the properties of the hardened concrete. Although

this general process has been known since the time

of LeChatelier, the state of the water molecules

within the hydrated structure remains uncertain due

to the amorphous nature of C-S-H and to the

composite nature of concrete. This renders a

detailed analysis of diffraction data difficult. We
have therefore employed quasielastic neutron

scattering (QNS) in order to obtain information on

the state of the water molecules as concrete cures.

QNS data were obtained using the BT-2 triple-

axis spectrometer. The time required to acquire

one scan was typically 3 hours. Measurements

were taken continuously for the first three days

after mixing. Thereafter, QNS measurements were

taken at increasingly longer time intervals. The
final data set was acquired 245 days after the

specimen had been prepared. The data were fitted

to a sum of a Gaussian function, G, having a

resolution-limited width and a Lorentzian, L(r), of

width r convoluted with the instrumental resolu-

tion. Thus the scattering function is given by

S^(Q,w)=^*G+B»L(r). (6)

The values of the coefficients A and B are directly

proportional to the amount of the bound and free

water molecules in the specimen respectively.

Consequently, this provides a simple index for the

amount of bound water in concrete [19]:

Note that bound water refers either to water mole-

cules immobilized in the C-S-H or to water that is

incorporated into the structure as OH.

Figure 8 shows the QNS spectra for early,

middle, and late stages of the hydration reaction.

Energy (meV)

Figure 8. Quasielastic neutron scattering spectra at

Q = 2.25 A‘‘ for Portland cement at various times after

mixing. The solid line is the total fit to the data while

the dashed line is the Lorentzian component. It is clear

that the hydrogen becomes immobilized as a fimction of

time.

Here the symbols represent the data, the dashed

line is the lorentzian component, and the solid line

is the total fit. As the hydration reaction proceeds,

the major contributor to the intensity shifts

dramatically from the Lorentzian to the Gaussian

component, clearly demonstrating that the water is

becoming immobilized. Furthermore, the width of

the Lorentzian component decreases over time.
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showing that the timescale of the motion of the

remaining unbound water is increasing.

The bound water index is displayed as a

function of time in figure 9. For the first day this

remained essentially constant at —20%, indicating

that very little hydration was taking place. After

16 days, however, the reaction has progressed to

the point where about 50% of the hydrogen has

become bound, and after 90 days, the bound water

index reaches a plateau of 70%, which indicates

that the hydration reaction has essentially stopped.

Thus the majority of the water reacts during the

first month, but after the first day.

Time (days)

Figure 10. The width of the Lorentian component as a

function of Q immediately after mixing. The initial

slope gives the diffusion constant which is comparable

to that of bulk water.

By this time, the Q-dependence of A is well

described by diffusion wi&in small spherical pores

of effective radius, R, given by [21],

2

m) = 37,(GR)

OR

Figure 9. The bound water index as function of time

for the hydration reaction of Portland cement. The solid

line is a guide to the eye.

In contrast to conventional methods, infor-

mation on the submicroscopic character of the

motion of the water molecule can be obtained from

the Q-dependence of the data. Figure 10 shows

the width of the Lorentzian function as a function

of for the fresh sample. The initial slope of

this curve is D, the diffusion constant. The value

ofD = (3.1 + 0.5) X lO 'W/s is consistent with

that of liquid water [20]. Thus in the early stages

of hydration the water content actually behaves as

though it were bulk water. However, after 116

days the width of the Lorentzian function is more

nearly constant, implying that the remaining

unbound water is no longer diffusing freely.

Instead the water molecules move in a restricted

fashion which could be either rotation or limited

translation, or a combination of the two.

To distinguish between these two possibilities,

the intensity of the elastic peak. A, is shown as a

function of Q in figure 1 1 for the data at 245 days.

where ji(QR) is a spherical Bessel function. The

best fit for this function is a bound water index of

0.75 and an R which is approximately 1 nm. This

value for the range of confined motion for the

water molecule agrees with the size of the "gel

pores" in concrete, estimated at 2 nm from

conventional drying experiments [20].

Figure 11. The intensity of the elastic peak as a

function of Q after 245 days of curing. The lines

represent the expected dependence for diffusion confined

to various pore sizes.
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Thus the time evolution of the state of the

water molecule hydration in Portland cement

concrete has been tracked on the molecular level

from the initial liquid condition to the final bound

state. These measurements demonstrate that QNS
is a powerful tool for investigating the hydration

processes of concrete and that it can provide

detailed understanding not achieved by other

methods. Since the technique is nondestructive, it

enables repeated measurements on the same

specimens over the course of the reaction. In

future research we will use QNS along with other

neutron scattering methods to study the influence

of various cement compositions and admixtures, as

well as environmental factors, on the progress of

the hydration reaction and related aspects of

microstructure development.

• Exdted>state Tunnel Splitting in NbCnH)^
So far, Nb(TiHX is the only known metal-

hydrogen system where H atoms undergo low-

temperature tunneling when trapped by a substitu-

tional impurity [22], Unlike tetrahedral H sites

close to a Nb interstitial defect such as O or N
where a 2-site double-well potential appears to be

the adequate description [23,24], there are

potentially 24 equivalent tetrahedral H sites close

to a substitutional Ti atom (Fig. 12). Previous

^SR measurements of Nbj.^^Ti^ (x = 0.001, 0.005,

and 0.010) [25] have ascertained that (acting as

a hydrogen tracer) is not localized over 2 or 24

sites, but rather, over 4 or 6 sites (as illustrated in

Fig. 12). At low temperatures, a tunneling peak

at 0.2 meV has also been observed [26], as well as

indications of further tunneling peaks which must

exist for an extended tunneling system. This

extended delocalization suggests the possibility of

multiple splitting of the excited state levels. We
were particularly interested in the first-excited-

oscillator state where the tunnel splitting must be

larger than in the ground state because the wave

functions of the first-excited state are more

extended and thus exhibit more overly. This was

indeed found to be the case for the excited-state

tunnel splitting (4+0.3 meV), observed spectro-

scopically for NbNo.007Ho.004 [24] using the BT-4

Be/graphite/Be filter spectrometer at the NBSR.
Encouraged by the previous measurements of this

interstitially doped Nb system, measurements were

Figure 12. Local structure around a substitutional Ti

atom (shaded) in Nb with the 24 nearest tetrahedral

hydrogen sites.

made of the first-excited state vibration spectrum

for a Nbo.99Tio.01Ho.01 sample.

The spectrum measured at 4.2 K (Fig. 13a)

shows a complex structure. Due to some non-

uniformity of the H content in the granular

sample, a nonnegligible contribution of an e-

hydride phase was present. As a measurement on

a e-NbHo.io9 single crystal at 10 K illustrates (Fig.

13b), the lowest e-phase vibration peak contributes

a shoulder at an energy of —115 meV. More-

over, Fig. 13b indicates the presence of a

previously unknown line at — 122 meV, which is

currently under further investigation. Nonetheless,

after taking account of the e-phase contribution to

the first-excited-state lineshape, a broad band

remains with clear evidence of multiple splitting,

suggesting complex tunneling effects.

Figure 13. High-resolution vibrational spectra at 4.2 K
of the first-excited oscillator state of H in (a)

NbTio.ojHooj and (b) €”NbHo.io9.
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This was confirmed by subsequent measurements

of the same sample on the MARI spectrometer at

RAL (Great Britain). A preliminary Bayesian

(maximum entropy) analysis of the most recent

MARI spectrum from a sample without e-phase

contamination gave evidence for a splitting of the

vibrational peak into 4 equidistant lines, suggestive

of H delocalization over more than two sites.

Further joint measurements using the BT-4 and

MARI spectrometers are currently underway to

investigate the temperature and Q-dependence of

the lineshape. The temperature dependence data

should elucidate the effect on the tunneling state of

the electron-hydrogen interaction above the 9-K

superconducting transition. The Q-dependence

should provide information about the local

extension of the tunneling system as well the

nature of the multisite wave function.

Low Energy Excitations in Glasses

Q(A')

Figure 14. The inelastic form factors measured at 2.8

meV for polyisobutylene. The data are corrected for

the Debye-Waller factor (the 270 K curve is reduced by

a factor of 5 and shifted upwards by . 15). The solid

lines correspond to parabolic fits, which suggest

vibrational behavior as the origin of the scattering.

Amorphous materials typically display low

energy excitations which exceed the estimated

density of states of harmonic vibrations. In fact a

broad feature, termed the "Boson" peak, is often

observed in the energy range of 0.5-5 meV, whose

origin is not yet well understood.

A proposal that tunneling of molecular units

might be its origin was tested on a polymer glass

polyisobutylene - (PIB) in which a Boson peak

appears at E - 2.3 meV. The Q-dependence of

this broad inelastic excitation was studied on the

BT-4 triple-axis spectrometer and shows that up to

Q ~6 A'^ the inelastic structure factor follows the

Q^ dependence expected for vibrational excitations

(Fig. 14). On the other hand, one would

anticipate an oscillatory behavior with Q if the

scattering were due to the tunneling of molecular

units. Furthermore, the intensity varies with

temperature following the Bose-factor. Thus, both

the temperature and Q-dependence of the scatter-

ing appear to contradict the tunneling proposal.

In order to determine the influence of the side

chains on the Boson peak, this low energy

scattering was studied for a series of metha-

crylates: polymethylmethacrylate (PMMA),
polyethylmethacrylate (PEMA), and polybutyl

mefoacrylate (PBMA). An increase of the mass of

the side chain, as one goes from methyl to ethyl to

butyl, should result in a decrease in the energy of

the Boson peak if it were indeed due to the side

chain reorientations. The observed dependence is

opposite to that expected: PMMA and PEMA
show a similar shape and position of the Boson

peak, but the peak is definitely shifted to higher

energy for PBMA (Fig. 15.) Thus the side groups

do not significantly contribute to the excess density

of states manifested in the Boson peak.

0.025

0.02

o 0.015
v>

0.01

0.005

Figure 15. The inelastic scattering spectra of PMMA,
PEMA, and PBMA exhibiting the Boson peak.

Finally the effect of crystallization on the

Boson peak has been studied for ethylbenzene. In

this system, an amorphous phase can be produced

by quenching the sample in liquid nitrogen. An
earlier study of amorphous ethylbenzene, found
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that at approximately 135 K, the elastic intensity,

which had been monatomically decreasing with

increasing temperature, increased dramatically. In

the present investigation the origin of this effect is

identified as the onset of crystallization from the

amorphous phase. A neutron diffraction study of

a partially deuterated sample as a function of

temperature reveals a liquid like pattern with a

broad (~2 A*0 peak centered at 1.7 A’^ for

temperatures of 130 K and below, whereas at

temperatures at and above 140 K there is a clear

pattern of crystalline peaks (Fig. 16).

Figure 16. A neutron diffraction pattern of

ethylbenzene as a function of temperature. The low

temperature sample was prepared in the amorphous

phase by quenching in liquid nitrogen. It is clear that

crystallization occurs between 130 K and 140 K.

This transition has a dramatic effect in the low

energy range of the inelastic scattering spectra.

Figure 17 shows that there is a strong enhance-

ment of intensity below 5 meV in the amorphous

phase compared to the crystalline phase. Since

this scattering is characteristic of the glassy phase

rather than the material itself, it is identified as the

Boson peak. To ascertain the role of the side

groups, measurements were made on fully and

partially deuterated ethylbenzene. Figures 17

(upper) and 17 (lower) show that the Boson

scattering is independent of whether or not the side

groups are deuterated, again indicating that it is

not due to the side chain dynamics. Thus while

the origin of the Boson peak in amorphous

materials has not been established, it has been

demonstrated that it does not arise from

tunneling of molecular units nor from the

dynamics of side groups in these diverse systems.

Figure 17. The inelastic neutron spectrum obtained on

the NIST cold neutron time-of-flight spectrometer. The

incident ^ergy is 5 meV. (upper) Ring deuterated

ethylbenzene in both the amorphous and crystalline

conditions, (lower) Fully deuterated ethylbenzene in

both the amorphous and crystalline conditions.
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MAGNETISM AND SUPERCONDUCTIVITY

Research in these areas has continued to cover

a wide range of topics, from the structure and

nature of magnetic coupling in artificially

structured multilayers, to the theory of polarized

neutron scattering from London superconductors

near the critical angle, to the magnetic ordering

and spin dynamics in oxide systems and heavy

fermion superconductors. The research topics

section provides an idea of the breadth of the

ongoing work; following are a few highlights.

Thin Films and Multilayers

• Epitaxial Multilayers

One area of research concerns the magnetic

properties of metallic superlattices. Early work

focused on rare-earth materials that exhibited long-

range exchange interactions, which typically

communicated easily through intervening non-

magnetic metallic layers. More recent interest has

centered on multilayers composed of transition-

metal oxides whose exchange interactions are short

range in nature. One system of particular interest

is superlattices of Fe304/Ni0 grown by molecular

beam epitaxy [1]. The magnetic order parameters

of the Fe304 spinel and the NiO rocksalt structure

have been determined independently by taking

advantage of the differing underlying cryst^

symmetries. The Fe304and NiO interlayers retain

their basic ferrimagnetic and antiferromagnetic

magnetic structures, respectively, but the

competition between the exchange interactions at

the superlattice interfaces leads to anomalous

magnetic ordering at temperatures spanning T^^i

for NiO (520 K) and Tc^ for Fe304 (858 K).

For these elastic neutron diffraction

experiments, the samples were oriented with the

[220] in-plane axis and [004] surface normal

defining tbe scattering plane. Figure 1 shows a

compilation of neutron diffraction scans taken at 9

K along the growth ((^ direction through the

(222), (111), and (220) peaks. The superlattice

sample in this case consists of 300 repeats of 34 A
of Fe304 and 68 A of NiO. The lineshapes of

these reflections differ dramatically. The (222)

scattering, which model calculations show is

dominate by NiO structural and Fe304 magnetic

contributions, has well-defined superlattice

Figure 1. Neutron diffraction scans taken at 9 K along

the growth (QJ direction through the (222), (111), and

(220) peaks. The sample consists of 300 repeats of 34

A of Fe304 and 68 A of NiO. The curves are fits to

Gaussian peaks. The (222) scattering has well-defined

superlattice sidebands, while the in-plane (220)

scattering is comprised of a single broad peak. The

(111) reflection has both a broad (dashed curve) and

narrow coir^wnent [1].

sidebands, while the in-plane (220) scattering,

originating from the Fe304 alone, consists of a

single broad peak. The coherence length along the

growth direction calculated from the full-width-

half-maximum of this reflection is 52 ± 5 A,

slightly greater than the width of an Fe304

interlayer. Complementary x-ray characterization

confirms that the registry of the Fe304 spinel lattice

is not retained across intervening NiO interlayers

because the orientation of the Fe tetrahedral sites

relative to the NiO rocksalt template is not unique.

The coherence of the Fe304 ferrimagnetic order
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thus is limited by stacking faults at the Ni0/Fe304

interfaces.

Contrasting with both the (222) and (220) data,

the (111) reflection has two distinct components,

broad (dashed curve in Fig. 1) and narrow

Gaussians. The width of the broad peak

approximates that of the (220) reflection, which

suggests that this component originates from the

Fe304 ferrimagnetic order. In addition, the

integrated intensity of this peak remains roughly

constant as the temperature is increased from 9 K
to 675 K, consistent with the Curie temperature of

bulk Fe304. The narrow Gaussian component

arises from the collinear antiferromagnetic order in

the NiO interlayers, coherent through more than

five superlattice bilayers. Upon heating, the

intensity of this peak decays smoothly to zero at

temperatures near or above T^ for bulk NiO. The
ordering temperatures for the Ni and Fe moments

appear to be distinct, but the former tends to

increase systematically with the relative Fe304

thickness in the bilayer. Mean field simulations of

related materials indicate that the exchange

coupling of the Ni and Fe spins at ^ interfaces is

responsible for the observed scaling of T^.

The basic features of these diffraction data can

be understood on the basis of a Hendricks-Teller

description of interfacial disorder. Such a model

reproduces the distinct superlattice sidebands

around the (222) peak, for example, as well as the

two-component lineshape of the (111) reflection.

However, the agreement is not quantitative. Work
is in progress to further develop the model as well

as to try and determine the crystalline and

magnetic profiles by inversion techniques.

• Diamagnetic Screening in Thin Film

Superconductors

In the last decade or so, polarized neutron

reflectometry has developed into a powerful

technique to determine the magnetization density

profiles in thin films and multilayer systems. The

technique is applicable not only to ferromagnetic

and ferrimagnetic layers, but also to diamagnetic

layers due to screening currents in super-

conductors. For this latter case the method in

principle, provides an absolute measurement of X,

and therefore polarized neutron reflectometry has

the capability to make a model-independent

determination of X(T). To interpret the reflectivity

data, the scattering has generally been calculated

numerically from an “optical potential” theory,

where the three-dimensional periodic nuclear

scattering potential is approximated by an average

nuclear potential of a continuum, and the magnetic

field inside the superconductor is assumed to have

the familiar (London) exponential decrease with

distance below the first critical field H^j, B(x) =
H exp(-x/X). The scattering problem then reduces

to a one-dimensional (1-d) Schrodinger equation

describing a neutron incident at angle 0 on a plane-

surfaced and semi-infinite superconducting sample

placed in an applied magnetic field H; to the

incoming neutron the sample is represented as a

simple potential barrier which consists of the

neutron’s nuclear interaction with the average

nuclear scattering potential and its magnetic

interaction with the screening supercurrents in the

sample. The change of the potential at the surface

is then

V(x)=(ll^)WZ> + M-fllexp(-2)-l] (1)

m X

where the first term is the nuclear potential and

the ± for the second (magnetic) term refers to

incident neutrons with spin up or spin down. Here

N is the number density and b is the coherent

nuclear scattering amplitude. When B is small

enough such that is below this potential

step the neutron is unable to overcome the barrier

and therefore is totally reflected. The critical

angles B^^ for each neutron spin state are defined

when the two energies are equal, and when B

exceeds the critical angle then the neutron has a

probability for both reflection and transmission.

We note that for thermal and cold neutrons B^ is

typically below 1°, and this is the conventional

regime for neutron reflectometers, while for very-

cold neutrons B^ can be much larger than 1°, and

for ultra-cold neutrons B^ 90°. The results

obtained apply to all these cases.

The potential in Eq. (1) is relatively simple

analytically, and we have found an exact solution

for R*(0,X) for this problem that is valid

throughout the entire angular range of interest [2].

Figure 2 shows the exact reflectivities R^(0) (dash-

dot curve) and R*(0) (solid curve) for three

different choices of the penetration depth X: (a)

400 A, (b) 1000 A, and (c) 1600 A. In this
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Figure 2. Reflectivity calculated for spin-up [R‘*^(0,X)

(dash-dot curves)] and spin-down [R'(^A) (solid

curves)] neutrons, as a function of 0, for three different

values of the magnetic penetration depth X : (a) X =
400 A, (b) 1000 A, and (c) 1600 A. The dashed-double

dotted curve in (a) is the reflectivity for H = 0 [2].

example we have taken typical parameters for the

neutron wavelength of 2.35 A, an applied field of

H=500 Oe, and a nuclear density of 4.98 • 10'^ A'^

appropriate for elemental niobium. First consider

the curves for R^(0). As $ exceeds 0/, R^(0)

decreases monotonically, and the larger X is, the

slower R^(^) decreases above 6^'^. This was the

type of behavior expected for both R'^C^) and R‘(^)

based on previous (numerical) results. The

behavior ofR (0), on the other hand, is surprising,

as it does not always decrease monotonicadly as a

function of 6 above For example, at X =

1000 A, R'(^) almost dips to zero immediately

above $; (Fig. 2b). Beyond this dip, R (^) is

slightly above R^(0), reflecting the fact that the

asymptotic value of the spin-down potential is

above the spin-up potential. Thus these spin-

dependent effects are most discernible in the

vicinity of the critical angles.

The ‘dip’ in the reflectivity profile for spin-

down neutrons shown in figure 2b was an

unexpected feature revealed by the analytic

expressions for R*(0,X). In actual reflectivity

measurements from thin films we typically see

oscillatory behavior in R*(0,X) due to interference

from the waves scattered from the front and back

surfaces of the sample. In the present case,

however, the sample is assumed to be infinitely

thick and hence this structure in R (0,X) must have

a different nature. This X-dependent resonance

effect is worth studying because it has the promise

of being developed into a sensitive way to measure

X. It turns out that it is the shape of the potential

curve that determines whether this total trans-

mission may occur. In contrast to the k^-

oscillatory type of resonant transmission, we refer

to the anomalous transmission discussed above as

the potential-profile-dependent and single-dip type.

Both have the same physical origin—the reflected

waves add up destructively. Indeed we have found

a similar anomalous transmission in a very simple

two-step potential profile.

We have focused this discussion on neutron

reflectometry measurements of the magnetic

penetration depth X in superconductors, as this was

the problem which led us to this investigation.

However, these results are not restricted to

neutron scattering; the exact solution for R*(0,X)

can be applied to other scattering problems where

the scattering potential has an exponential

dependence with distance. Another example for

neutrons is the problem of the magnetization at the

surface of a ferromagnet, where the magnetization

in the surface layer is expected to deviate from the

bulk as Ap{z) = Afi^exp{-z/^), where ^ is the

magnetic coherence length, and both Ap^ and ^ are

temperature dependent. Our solution can be

immediately applied to this system with ^

replacing X.

Oxide Systems

• Spin Dynamics of V^y03

One of the most astonishing effects of

electronic correlations are their ability to localize

electrons in so-called Mott-Hubbard insulators,

which cannot be accounted for by the conventional

band theory of solids. The discovery of high

temperature superconductors in copper oxides has

spot-lighted the importance of understanding Mott-

Hubbard insulators in transition metal oxides

because superconductivity in these systems is

believed to occur when doping such an insulator.
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V2O3 does not superconduct, but ever since the

discovery of its Metal Insulator Transition (MIT)

in 1946 Ais material has served as a model system

for theories of metals in the vicinity of a Mott-

Hubbard insulating phase. The insulating phase of

this material (T = 150 K) is a monoclinic,

commensurate antiferromagnet with conventional

spin wave excitations. In the metallic phase,

however, the magnetic order and spin wave
excitations associated with the insulator completely

vanish rather than evolving into convention^

paramagnetic scattering. This unusual result was

taken to indicate the disappearance of conventional

localized spins as the d-electrons formed bands.

Indeed little was known about electronic correla-

tions in the metallic phase apart from the fact that

they lead to strongly renormalized fermionic

quasiparticles when die metal is stabilized to low

temperatures in cation deficient samples.

The recent discovery of a low temperature anti-

ferromagnetic phase transition in metallic Vj-yOs

has led us to a completely new picture of the

metallic phase in the vicinity of the MIT [3].

Magnetic Bragg peaks of the metal were not found

at (1/2, 1/2,0), corresponding to the ordered

structure of the insulator, but instead appeared at

incommensurate positions. The peaks are resolu-

tion limited in width, placing a lower limit of 10^

A on the correlation length. The ordered moment
is 0.148(7) /Ib (for y= 0.027(3)) and the ordered

structure consists of nearly perfect planar

Honeycomb antiferromagnetic layers with a local

spin direction rotating an angle 1.43(7) w from

plane to plane. The chromium-like anomaly in the

resistivity and the strongly reduced staggered

magnetization below T^ indicate that the magnetic

order is an incommensurate spin density wave
formed among itinerant 3-d electrons. This is

confirmed by the large bandwidth and dispro-

portionately strong spin fluctuation spectrum which

we prob^ by inelastic magnetic neutron

scattering. Figure 3 shows a contour map of the

normalized dynamic spin correlation function at

low temperatures in metallic Vs-yOs. Contrary to

the spin waves of a localized-spin antiferromagnet,

which would give rise to two sharp ridges

emanating from each incommensurate magnetic

Bragg peak, the dynamic spin correlation function

consists of a single ridge as a function of energy

centered near each incommensurate magnetic zone

S(Q,cj) for Vi 9,303 at T= 1 .4K

(lOO

Figure 3. Contour map of the measured dynau d
spin correlation function, S(Q,a)) in V2.y03 (y = 0.027)

at T= 1.4 K [3]. The numbers on contour lines indicate

the value of S(Q,a)) in mbam/meV/hexagonal- unit-cell.

center. With increasing energy the peaks broaden

and move toward the commensurate antiferro-

magnetic Bragg point (101). This type of response

resembles that found in itinerant spin density wave

antiferromagnets such as chromium, where a

Fermi surface nesting instability gives rise to

strong enhancement of the Lindhard susceptibility

of the 3-d bands. The bandwidth or inverse rate

of broadening of the ridge is, however, far less for

V2.y03 (67(4) meV-A) than for Cr (900 meV-A)
indicating that quasiparticles on the relevant parts

of the Fermi surface have a larger effective mass.

A typical feature of Fermi-surface-related

instabilities is that the characteristic wave vector

changes with carrier density as the distance

between active parts of the Fermi surface changes.

The incommensurate wave vector does indeed

change with doping, but only by a small amount,

because in V2.y03the Fermi surface is large in the

vicinity of the MIT. It is therefore not too

surprising that the incommensurate spin corre-

lations uncovered at low temperatures in the cation

deficient sample turn out to be a characteristic

feature throughout the metallic phase of V2.y03.

We also have found that this entire Fermi-surface

instability is removed when entering the low

temperature insulating phase. This contrasts with

materials such as La2.xSr3^Cu04, where the Bragg

peaks of the commensurate antiferromagnetic

insulator emerge close to the place where the

Lindhard susceptibility of the metal is enhanced. It

appears that the MIT in V2O3 results from a

competition between two unrelated instabilities of
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a strongly correlated electron system: A Fermi-

surface nesting instability and a rhombohedral to

monoclinic structural transition which wipes out

the Fermi surface.

• Magnetic Excitons in Pr2Cu04
Studies of the magnetic properties of the

insulating R2CUO4 compounds and their electron-

doped superconducting analogs R2.xCe^Cu04
(R=Pr, Nd, and Sm) have demonstrated that these

materials exhibit a variety of interesting magnetic

behavior involving both the rare earth and the

copper spins. The Cu spins in the insulating

compounds order antiferromagnetically at high

temperatures, with in the range of 250-300 K,

and have very strong 2-d exchange in the a-b

plane. In the superconducting phase there is no

long range Cu order, but the large energy scale

provided by the exchange interaction within the

CUO2 planes has supported speculation that

magnetism may be directly connected with Cooper

pairing in these materials. The rare earth ions, on

the other hand, typically order in both the

insulating and superconducting phases at low

temperatures (e.g. 6 K for Sm). The coexistence

of long-range magnetic order and superconduc-

tivity in these systems has provided an interesting

situation where the interplay between the two

cooperative phenomena can be studied, particularly

for the light rare earths such as Sm and Nd where

it is clear that exchange interactions are dominant.

However, the nature and anisotropy of these rare

earth exchange interactions, and their possible

effect on the Cu-0 planes, was not clear. We
have been measuring the dispersion relations for

the Pr excitons in a single crystal of the parent

electron-superconductor system R2CUO4 . The
dispersion observed for excitations propagating

both within the basal plane and along the c-axis

directly demonstrates that substantial R—

R

exchange interactions exist in these materials, and

that these exchange interactions must be mediated

through copper-oxygen layers where superconduct-

ing pairs form.

The basic crystal-field level scheme for the

Pr"^^ ions in R2CUO4 has already been studied via

neutron measurements on polycrystalline

specimens by various groups, and the Pr^^ ground

state has been determined to be a non-magnetic

singlet and the first excited state is a magnetic

doublet at ~ 18 meV. For the present case where

the crystal field dominates ±e exchange, the

elementary collective excitations can be

conveniently described by linear combinations of

the single-ion crystal-field transitions which

propagate through the lattice. The dispersion

exhibited by these magnetic excitons is a direct

measure of the exchange coupling between the

magnetic ions. The fortuitous crystal-field level

scheme for Pr^^ in R2CUO4 provides us with a

model cuprate-superconductor system to investi-

gate these magnetic excitons and make a direct

determination of the exchange interactions in this

class of materials.

Figure 4 displays the measured dispersion

relation of the acoustic exciton mode covering

more than one Brillouin zone to illustrate the

periodicity of the excitations [4]. The vertical

dashed lines in the figure mark the zone

boundaries. The top portion of the figure shows

the dispersion propagating along the [ 110]

direction while the bottom portion corresponds to

propagation along the [100] direction. The

observed periodicity of the excitons is in

agreement with that expected for the reciprocal

lattice of the Pr chemical unit cell. Anticipating

that the dominant exchange interactions involved

are short range in nature, we have used the

magnetic exciton model to fit the measured

dispersion relations by including up to third-

nearest-neighbor exchange constants. The solid

curves drawn through the data in figure 4 are

calculated with the following parameters: D = 18

meV, c^Jj = 0.7 meV, %c^J2 = 0.8 meV, and

8aVj = -0.8 meV, where 7, is the exchange

constant between nearest neighbors. The

exchange parameter is a measure of the

coupling between nearest neighbor ions within the

a-b plane while J2 corresponds to the coupling

between those Pr layers that are separated by

oxygen layers. The uncertainties in the values of

these parameters are —0.1 meV. The remaining

parameter Jj is associated with the coupling

between those Pr layers that are separated by the

CUO2 layers. Thus \i Jj 7̂ 0 the exciton modes

propagating along the c-axis direction should

exhibit dispersion, which we have confirmed.

Finally we note for systems where the rare

earth ground state is magnetic, such as for Nd and
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Figure 4. Measured low teiiq>erature dispersion

relation of the Pr"^^ acoustic exciton mode in Pr2Cu04,

propagating in the [110] (top) and in the [100] (bottom)

directions. The solid curve is the fit of the magnetic

exciton model to the measured dispersion relation [4].

Sm, there is only a very small decrease in the

ordering temperature when the rare earth lattice is

diluted with (non-magnetic) Ce to form the super-

conducting materials. This argues that the

exchange interactions are likely of the super-

exchange type, and are not significantly affected

by the Ce dilution. For Pr2Cu04 we have been

able to provide direct evidence of substantial R—

R

exchange interactions in the electron super-

conductors. If conventional spin-depairing

theories ofmagnetic superconductors were applied,

the strength of these interactions would be

expected to be quite detrimental to super-

conductivity, irrespective of the Cu magnetism.

The realization that these materials are

nevertheless ‘high temperature’ superconductors

argues that a different type of superconducting

state is present.

Superconductivity

• Vortex Lattice in YBa2Cu307
The nature of the vortex state in the cuprate

high-temperature superconductors remains an issue

of great theoretical and practical interest. A
variety of experimental techniques has been used

to investigate the static and dynamic vortex

correlations in these materials. In contrast to

surface probes such as Bitter decoration or

scanning tunnel microscopy, which are restricted

to low applied fields, neutron scattering can

explore both the low-field and high-field regimes,

the latter being a theoretically interesting region

where the vortices interact strongly. This is also

the relevant region for prospective magnet appli-

cations of the copper-oxide superconductors. In

fact, the success of these experiments [5] depended

critically on the preparation of a large (
— 2.5 cm

diameter, —0.9 cm thick), high-quality single

crystal in a program devoted to device applications

of bulk YBa2Cu307 .

The small-angle neutron experiments were

carried out as a function of the angle of the

^plied magnetic field with respect to the

crystalline axes. There are two important angles

in these experiments, 6, the angle of the field with

respect to the twin planes, and x, which is the tilt

angle of the c-axis with respect to the scattering

plane. Figure 5 A—F shows data [5] for x = 0°.

For 0 = X = 0° (A), the scattering pattern

appears to have fourfold symmetry. This result

led previous investigators to conclude that the

intrinsic lattice is square, which would mean that

the binding energy between the twin planes and

the vortices would be a maximum. To investigate

this point further we oriented the crystal so that x
= 9° and 6 = 5° (G). This small angular offset

breaks the twin-boundary symmetry and causes a

single-domain triangular lattice to be formed in the

entire crystal, as evidenced by the hexagonal

diffraction pattern. Hence we conclude that the

intrinsic lattice is triangular, not square.

The dependence of the scattering on the angle

of the applied field with respect to the c-axis is

also shown in figure 5 (A—F). The eccentricity of

the diffraction pattern that develops with

increasing field angle is a result of the anisotropy

between die c and ab axes of the electron effective

mass; the ratio is —25. At small angles 6 the
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Figure 5. Small angle diffraction patterns of the vortex

lattice of YBa2Cii307 at 10 K. A through F are for x =
0®, and G through I are for x = 9®. A—F are for $ of

0®, 40®, 50®, 60®, 70®, and 80®, respectively. G—

I

are for 0 of 5®, 30®, and 60®, respectively [5].

orientation of the vortex lattice is determined by

pinning interactions between vortices and twin

planes, and the smooth variation of the data

strongly suggests that this pinning dominates for 6

<70°. For higher angles (F) the vortex lattice

consists of independent chains in the orientation

predicted by anisotropic London theory.

• Vortex Melting in Niobium

One of the most interesting and fundamental

questions concerning the vortex structures in

superconductors is whether or not they undergo a

melting transition. Early work in the cuprate

systems identified an irreversibility line,

suggesting that the basic vortex behavior was quite

different than for conventional superconductors.

In the low field regime below the irreversibility

line (Ti„) the vortices are thought to exist in a

lattice or glass, while in the high field regime

above Ti„ they melt into some kind of a fluid

phase. However, it has proved difficult to probe

the structure of these phases directly because

techniques such as Bitter decoration are restricted

to low fields, while neutron scattering experiments

have suffered from the low signal-to-noise

presently available for high samples. This

melting behavior was thought to originate from the

unique physical properties of the cuprates, namely

the large x, intrinsic anisotropy, and high thermal

energies available near T„ but a reexamination of

conventional superconductors has revealed that

they also undergo a melting phenomenon. We
have therefore been carrying out an extensive

series of small angle neutron scattering

measurements on a high quality single crystal of

niobium [6], where the signal-to-noise is several

orders-of-magnitude better than currently available

from the best high crystals.

The temperature dependence of the observed

widths of the magnetic vortex peaks is shown in

figure 6, obtained by cooling in an applied field of

2000 Oe. At low temperatures these widths are

instrumentally limited, and this is the best

resolution available on these SANS instruments.

At higher temperatures the width of the peaks in

the transverse direction begins to increase, while

the radial width remains resolution limited. We
have also taken a limited number of isothermal

measurements, and have found that above a certain

temperature the intensity and positions of the peaks

are reversible, while below they are irreversible.

The onset of broadening in the field-cooled data is

very close to where we observe this crossover

from reversible to irreversible behavior in this

sample, and thus we associate this broadening with

the irreversibility line and melting identified in

bulk measurements. However, the scattering still

exhibits sixfold symmetry, while an isotropic

liquid would exhibit a ring of intensity rather than

spots. Thus we describe this phase as a correlated

flux fluid. We see from the figure that an intrinsic

radial width is only observed close to T„ but even

here the sixfold symmetry is still preserved.

Indeed we find no evidence of a liquid-like ring of

scattering under any conditions.

The phase diagram we have determined is also

shown in figure 6 (bottom). The Hc2 phase boun-

dary is determined by SQUID measurements, I(T)

data, and by the field where the isothermal scatter-

ing vanishes. Good agreement is obtained between

these data, demonstrating that within our experi-

mental sensitivity the vortex scattering disappears

at Hc2 . We also show in the figure the field where

the flux begins to penetrate the sample, which is

identified as the sudden onset of vortex scattering
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Figure 6. Measured radial and transverse (angular)

widths as a function of ten]|)erature for an applied field

of 2000 Oe. The solid curves are a guide to the eye.

The bottom part of the figure shows the super-

conducting phase diagram for Nb [6].

as H increases above the observed The

irreversibility line (open squares) as determined by

our isothermal measurements, and the onset

temperature of the intrinsic transverse width (open

diamonds), are also shown in the phase diagram.

It is clear that they occur in close proximity to

each other, and both are well below Thus we
identify the onset of an intrinsic transverse width

with the irreversibility/melting curve identified in

bulk measurements, and the dotted curve is a fit to

a melting theory for comparison purposes.

The temperature dependence of the widths of

the vortex peaks must originate from the vortex

dynamics, and there are two alternative

explanations for these data. The first is that the

development of the transverse widths, coupled

with the irreversibility line we observe, signals the

transition to a fluid phase. In this case the

intrinsic radial width would simply be below our

instrumental limit until T is sufficiently close to

T^. A second possibility is tha; transverse

width is due to strong ineh scattering

assv ciated with the soft shear moc the lattice.

the ame mode that w ould be invo n me^'"mg.

The observed intensity from such l .JS Wf be

strongest in the transverse directic Ihi ve

ha sufficiently high resolutir ant lid

di: aguish elastic from inelasti tte: ve

wou’d expect to se a true 6-funct ak.

Wi:. ’ngs of inela"tic scattering: scat.-ring

WG. e convolve to a single . ^ened peak

wi e present jlution. 1 implication

wc ?«e that the ice has not } melted, and

th e observed . eversibility curve would not

bf jociated with melting. The melting might

thui be identified with the increase uf the width in

the radial direction This would correspond more

closely to the melting line identified in bulk

measurements on high k samples, and would

suggest that the melting curve is not strongly

dependent on k. While we favor the first interpre-

tation, we cannot rule out the second yet, but in

either scenario we have found that the basic six-

fold symmetry is preserved throughout. If this

vortex correlation originates from the underlying

crystal symmetry then an isotropic liquid would

oidy be observed if the crystalline anisotropy were

negligible. In all other cases a correlate flux

liquid is realized.
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CRYSTALLOGRAPHY

Instnimentatioii

Installation of the new 32-<ietector powder
diftfactometer at BT-1 was completed in the winter

of 1992/1993, followed by calibration and modifi-

cations to reduce background during the spring.

Routine operation was begun in June 1993; in the

ensuing four-month period, over 200 data sets

were collected on 95 materials, in spite of

continuing testing time during this period. This

dramatic increase in productivity over the old

diffractometer is the direct result of greater

intensity from the focusing monochromators and

the ability to scan a smaller angular 20 range

owing to the expansion from five to 32 detectors.

The time required for a fiill data set now ranges

from 2-16 hr (depending upon desired resolution

and sample size), compared to 24-48 hr on the

previous instrument. Patterns under the resolution

condition of the old dififactometer can be taken

about 20-25 times faster. Backgrounds are also

lower for the new instrument. Further improve-

ments in intensity this year will allow fiill patterns

to be taken in about 1 hr. At this writing scientists

from over 20 organizations have participated in

research with the new instrument. Experiments are

now being performed that would have not been

feasible in the past, for example, collection of data

on samples as small as 0.2 g or at 10 or more

temperatures in a single day. An important addi-

tional bonus is that data are obtained over a larger

angular range, with useful data up to about 160°

Si (531) Monochromator (X = 1.59 A)

26 compared to the previous 120° limit. These

additional data are particularly important for

refinement of site occupancies and the determi-

nation of relatively large crystal structures. The

design of the diffiractometer was described in the

previous Summary of Activities (NISTER 5120).

The diree automatically-selectable monochro-

mator choices (see Table 1) produce Gaussian line

shapes at both 1
'

and 15' incident collimation.

Table 1. Monochromator data

mono- take-off relative

chromator ai^le wavelength intensity

Cu 220 75® 1.5547 A 100

Cu311 90® 1.5398 A 63

Si 531
0O 1.5899 A 30

Figure 1 shows a region of the diffraction pattern

ofTb2Ti207 for four possible instrument configura-

tions. The experimental resolution curves are

presented in figure 2. These curves closely

approximate the calculated resolutions. TTie actual

resolution for an "ideal" powder may be slightly

better. FWHM’s are as low as 10 min. Most data

sets have been collected using die Cu 311

monochromator with 15' incident collimation,

which provides a good compromise between

intensity and resolution. The resolution available

on the new instrument is about two to four times

better than that of the old one at higher 26 (Q).

Cu (311) Monochromator (X — 1.54 A)

Collimation: l5'-30'-7' Collimarioa: 7'-30'-7' CoUiiaatioa: 15'-20'-7' CoUimatioa:

FWHM: 0.21* at 107* 25 FWHM: 0.18* at 107* 25 FWHM; OJO* at 105* 25 FWiai: 0.22* at 105* 25

Tune for data set: 4 hours Time for data sec 15 hours Time for sec 3 hours T^ for data sec 10 hours

Figure 1. Experimental data points with Gaussian fits of two peaks in die neutron powder diffraction pattern of

TbjTijOy for four possible BT-1 configurations. The times given for collection of a complete data set are

approximate, and should in fact decrease significantly with further instrument modifications.
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Figure 2. Experimental instrument resolution (full width at half maximum, in degrees) for 15' and 7' incident

collimation for the Cu 220 (), Cu 311 (O), and Si 531 (O) monochromators, obtained from the diffraction

pattern of Tb2Ti207 . For comparison between the two incident collimations, the resolution curve for the Cu 220

monochromator at 7' incident collimation is nearly coincident with that of the Cu 3 1 1 monochromator at 15' incident

collimation.

Crystal Structures

• New Hg Superconductors

Since the discovery of superconductivity in the

copper-oxide systems, the expectation has been that

these new materials would make widespread

commercial applications of superconductivity

viable. Due to the anisotropic superconducting

properties combined with generally unfavorable

mechanical and materials properties, however,

progress has been firustratingly slow, but now
applications involving not only thin films but also

wires are becoming a reality. From the materials

science standpoint, the hope is that new classes of

superconductors will be discovered with improved

superconducting and/or mechanical properties, and

therefore the community has been excited by the

recent discovery of superconductivity in a new
series of mercury-containing compounds, with

superconducting transition temperatures as high as

140 K at ambient pressure and over 160 K under

high pressure. One of the first orders of business

is to determine the crystal structure and phase

diagram of these new materials, in particular with

respect to the role of oxygen on the electronic

properties. Consequently we have undertaken

neutron powder profile refinements of these

materials in this laboratory.

The Hg-based series of materials is quite

similar to some of the other cuprate super-

conductors, in that it consists of a homologous

series of general formula HgBa2X„.iCu„02n+2+5
(where X is an element such as Ca), with the

superconducting transition temperature increasing

with the number of Cu layers in the unit cell.

Figure 3 shows the results [1,2] for the single layer

material (on the left) HgBa2CuO4 06 , designated

1201. The crystal structure is tetragonal (a =
3.883 A, c = 9.513 A), and is similar in some

respects to the electron-superconductor materials,

with the same space group (P4/mmm). The single

Cu-0 layer is to a first approximation in square-

planar coordination, with a Cu-0 separation of

1.94 A; the oxygen ions surrounding the Cu
actually form a distorted octahedron, but the apical

Cu-0(2) distance is 2.78 A. In all the super-

conducting samples we studied we found no

evidence of Cu occupying the Hg sites, in contrast

to a suggestion made in some early work [3] on

impure samples. One of the difficulties found in

the refinements for all these early studies was the

persistence of anomalous Debye Waller factors for

some of the atoms, which we traced to the

influence of a relatively small amount of an

unrefineable impurity phase in the samples. On
high purity samples these difficulties with the

thermal parameters do not occur, and the results

unambiguously demonstrate that Cu does not reside

on the Hg sites in the superconducting systems [2].

There are a number of interesting features of

this single-layer material. One aspect concerns the

doping, which is accomplished by adding a small
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amount of extra oxygen (less than 0. 1 for optimum

doping) into the centered position in the Hg plane

as shown in the figure 3. The doping appears to

be simil2U’ to the “superoxygenated” La2Cu04+s

system, rather than substitutional doping such as

for (La-Sr)2Cu04+5 or (Nd-Ce)2Cu04+a. This

raises an important question concerning the

possible role that the Hg-0 layers might play in

enhancing the superconducting transition

temperature. This is particularly significant

considering that the superconducting transition

temperature is 94 K, the highest of any single-layer

system, while the unit cell contains but a single

layer of Cu-0 separated by the rather large

distance of 9.5 A.

The structures of the double layer (1212) [4, 5]

and triple layer (1223) [6] materials are also shown

in figure 3. There is a direct analogy between this

series of materials and the homologous series

TlBa2Can.iCuB02n+3.5, with the same P4/mnmi space

group. The basic crystal chemistry is the same as

for Ae single layer Hg system in that the doping is

accomplished by oxygen in the centered position of

the Hg layers. The added CUO2 layers and

additional doping on the Hg layer increases the

superconducting transition from — 126 K for the

two-layer material to ~ 133 K for the three-layer

material. One of the interesting observations is

that the transition can be increased dramatically

with pressure [7], with T^’s up to 164 K having

been observed already. The question now is

whether these higher T^’s can be produced at

ambient pressure by appropriate chemicd

substitutions, and our present emph As is on

investigatingthe crystallography of such cnemically

substituted systems.

Hg - 1201 Hg 1212 Hg - 1223

Figure 3. Ciystal structures of the single layer (left), double layer (middle), and triple layer (right) mercury

superconductors.
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The Structure of La3Ti5Ali5037

The use of powder diffraction in structural

crystallography has again been extended with the

determination and refinement of the structure of

La3Ti5Ali5037, which has 60 atoms in the

asymmetric unit. This compound crystallizes in

space group Cc, with a = 22.5655(3) A, b =

10.9863(2) A, c = 9.7189(2) A, /3 = 98.569(2)°.

A starting model was obtained by applying direct

methods to a set of 1902 independent reflections

whose integrated intensities were measured on an

X-ray powder pattern collected at the Synchrotron

Radiation Source in Daresbury, UK. Neutron

diffraction powder patterns were collected on BT-1

using both the Cu 31 1 monochromator (X = 1.539

A) and the Si 531 monochromator (X = 1.589 A),

and the structure was refined using both data sets

simultaneously. The final agreement factors with

162 independent structural parameters were Rg =

6.69%, R^ = 8.79%, R, = 3.82%, x = 2.23.

LagTijAlijOjy consists of blocks of La2Ti207

interleaved with regions of LaA103 and Al2Ti05

type structures. The lanthanum atoms, two with

12 coordination and one with 11 coordination,

show great similarity to those found in the

pyrochlore type phase La2Ti207. These lanthanum

coordination polyhedra are linked by sharing of

faces to three of the TiO^ units. These titanium

containing units are also distorted in a manner

similar to that seen in La2Ti207, with three long

Ti-0 bonds and three short Ti-0 bonds. The

aluminum coordination polyhedra are also highly

distorted, with some of them having long (2.2-2.

3

A) Al-0 bonds similar to those seen in the pseudo-

brookite structure of Al2Ti05. Figure 4 is a view

of the structure looking down the c axis.

Technique Development

• Preferred Orientation

Although Rietveld’s original program for

structure refinement from powder diffraction data

contained provision for a preferred orientation

parameter, the refinement of a structure when the

sample did not consist of randomly oriented grains

has never been really satisfactory. In recent years

methods have been developed for measuring a

quantitative orientational distribution function

Figure 4. View of La3Ti5Al,5037 looking down [001 ].

Atoms, in order of decreasing size, are La, Ti, Al, and

O.

(ODF) for the crystallites in a textured, solid

sample. From this distribution function it is

possible to work backwards and, for each set of

reflecting planes, calculate an "effective

multiplicity" for a sample mounted in a particular

orientation with respect to the incident and

diffracted beam directions. This effective

multiplicity can then be incorporated in a Rietveld

refinement program to refine other structural

parameters.

As part of an ongoing Department of Defense

project, quantitative orientation distribution

functions have been measured for a number of

components fabricated from heavy metals, such as

tungsten and tantalum, in order to study correla-

tions between manufacturing procedures and

performance. Powder diffraction data have been

collected from these components with special

directions, a normal to the surface of a rolled plate

or a rolling direction, for example, mounted

parallel to the diffraction vector. These data have

been refined with a modified Rietveld program

with excellent results, showing that there is the

possibility of structure refinement in samples that
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(a). W-Liner, WBOT ND

(b). W-Liner. WBOT RD

Scattering Angle

Figure 5. The observed and calculated neutron

diffraction intensities from a highly textured tungsten

sample, (a) The normal to the plate parallel to the

diffraction vector; (b) the rolling direction parallel to the

diffraction vector.

are affected by preferred orientation. Figure 5

shows a pair of diffraction patterns collected from

a highly textured sample of tungsten in different

orientations, compared with fits to the data.

• Absorption Effects

Multi-detector powder diffractometers which

simultaneously sample a wide range of scattering

angles 2B require a powder container with high

symmetry in order to be able to usefully analyze

data over the entire angular range. To date, as

described in the International Tables for Crystallo-

graphy and other references [8,9], the magnitude

of the mean absorption has only been generally

available for the solid cylinder and sphere. This is

sufficient for materials with relatively small

absorption lengths /i. However, for materials with

large absorption, the standard way to reduce the

amount of absorption has been to decrease the

amount of material, either by using cylinders of

smaller diameter or by diluting with some other

weakly absorbing and diffracting material.

However, a method which provides superior

signal-to-noise is to arrange the material of interest

in a cylindrical annulus. This has several

advantages over merely using a cylinder of smaller

diameter:

1. For a given amount of material, the sample

radius can be increased, thereby intercepting

more neutrons.

2. There is less probability for true absorption.

3. The requirements for measuring the actual

absorption of the sample when the radius of the

sample is large are much less demanding, since

the sample thickness t for the absorption

measurement may be more precisely

determined.

The advantages over dilution of the sample include

not needing to render the sample useless for other

studies and not having extra scattering lines in the

powder pattern. In addition, for a given quantity

of sample, over certain angular ranges the

absorption is less for the annular sample shape.

We have written a program to numerically

calculate the absorption as a function of scattering

angle given values for yj: and t/R, where y, is the

linear absorption coefficient, t is the thickness of

the shell, and R is the radius of the outermost

cylinder [8]. These calculations reduce to those

given in [9, 10] when t/R = \.

The program has already been used for the

analysis of several powder patterns for samples

containing Hg [4] on the new BT-1 diffractometer.

A threefold gain in intensity was achieved in this

case by using the annular geometry. As an

extreme example of the benefits of this annular

geometry, transmission factors Afj^ for Cd in

several geometries and X = 1.5 A have been

calculated (see Fig. 6). The open circles show

in the annular geometry with a 2 cm outer

diameter and a thickness of 0.011 cm (so yi =1).

The solid circles show the transmission for the

same mass of powder in a solid cylinder, where

the absorption is more than two orders-of-

magnitude larger at small angles, and roughly a

factor of eight more at larger scattering angles.

Diluting the sample so that it uniformly ^Is die 2

cm cylinder provides an intermediate case, denoted
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by the open squares, with greater absorption at

smaller scattering angles.

Figure 6. Transmission for Cd in various geometries,

for the same amount of sample. O annulus, fit = 1.0,

t/R = 0.0107; # solid cylinder, fit = 13.57, t/R =

1.0; and dilute cylinder, iit = 1.98, t/R = 1.0.

Diffraction Data Center

One of the principal activities of the Data

Center was the widespread distribution of the

computer program MST*LA’11'1CE. This

program performs several functions, including: 1)

the determination of symmetry and the evaluation

of experimental error; 2) the generation of

transformation matrices relating any two unit cells;

and 3) the calculation of the reduced cell of a

lattice and the calculation and reduction of

specified derivative supercells or subcells.

It is not at all unusual for crystals to be

assigned to the wrong space group. The symmetry

determination feature of NIST^LATTICE can help

to prevent this by detecting lattice symmetry that

was not observed in die original structure

determination. The program has been installed in

the office of the Technical Editor of Acta

Crystallographica and is routinely used to check

submitted manuscripts for incorrect symmetry.

The International Union of Crystallography is also

proceeding to make the program available to other

journals that publish crystallographic results in

hopes of preventing publication of incorrect

information. There are also plans to incorporate

the theory and program into the software for

driving commercial diffractometers in order to

automate the data collection process in a logical

manner.
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SURFACE AND INTERFACIAL STUDIES

The determination of chemical and magnetic

density depth profiles from the analysis of neutron

reflectivity data, obtained at glancing angles of

incidence, is becoming more and more important

in the study of surface and interfacial phenomena

on a microscopic scale. That this is so is evident

from the very enthusiastic response to the "Work-

shop on the State-of-the-Art in Neutron Reflecto-

metry" sponsored by NIST in December 1993.

Approximately 100 scientists from academia,

national labs and industry, both domestic and

international, interested in a variety of surface and

interfacial problems in chemistry, physics, biology

and materials science participated in the two day

meeting.

In this section, we will highlight a few of the

many interesting neutron reflectivity experiments

performed in the last year at the NBSR. Specific

examples will be given in the fields of magnetism,

electrochemistry, critical behavior, and polymer

science.

Magnetic Systems

• Spatial Modulation of the Magnetic

Moment in Co/Pd Superlattices Observ-

ed by Polarized Neutron Reflectivity

The discovery of perpendicular magnetic

anisotropy in Co/Pd superlattices [1,2] has

attracted technological interest, while a related

topic of fundamental importance has been the

polarization of the nonmagnetic Pd atoms [1-3]

arising from the proximity of Co at the superlattice

interfaces. A "giant moment" as large as 0.4 /ig

per Pd atom occurs in dilute Pd alloys with

magnetic transition metals principally due to the 3d
- 4d hybridization of the impurities with the Pd

atoms [4]. For a Co monolayer on a Pd substrate,

a theoretical study [5] predicts that the Co
magnetization is enhanced by as much as 0.4 /ib

per atom and that the Co induces moments of 0.33

/xb and 0.24 /Xb per atom in the first and second Pd

layers respectively.

Bulk magnetization measurements [1-3] provide

widely-varying estimates of the Pd moment in

Co/Pd superlattices. In contrast with this techni-

que, polarized-neutron reflectivity is sensitive to

the depth-dependent moment distribution through

the superlattice and is insensitive to sample

volume. Thus it provides a means to probe

separately the magnetization through the individual

Co and Pd interlayers.

The specular reflectivity of x-rays and

spin-polarized neutrons from a Co/Pd superlattice,

[Pd 80 A
I
Co 60 A] X 20/Pd 300 A/Co lOA/GaAs,

grown by molecular-beam epitaxy have been

measured and modeled. In order to reduce the

number of variables in the neutron data analysis,

the spatial profile of the chemical composition of

the superlattice was first extracted from the x-ray

reflectivity. The fit reveals that the superlattice

interfaces are somewhat rounded, with Co atoms

present throughout the nominal Pd layer and vice

versa. This interfacial "mixing" could originate

from a combination of diffusion, atomic-scale

roughness or correlated roughness arising from

substrate miscut.

The neutron reflectivity studies were performed

on the BT-7 reflectometer with the samples

magnetized in-plane in a saturating field of 2300

Oe. Since neutrons interact with both the nuclei

and electron spins of the scattering material, the

refractive indices describing the reflectivity have

a structural and magnetic component. For a simple

ferromagnet, the refractive index can be written.

TT
>1

where N is the number density of the scatterers, b

their nuclear scattering length and p — is the

magnetic scattering amplitude where = 0.2695

X 10^ A//Xb and /x is the magnetic moment per

atom lying in the sample plane. The plus and

minus subscripts designate the indices for neutrons

polarized parallel and antiparallel to the sample

moment. Measuring both spin states one can, in

principle, obtain a spatial profile of the distribution

of structural and magnetic scatterers through the

sample using a model based upon the

one-idimensional wave equation for a stratified

medium. A detailed explanation of the model and

its application to polarized [6] and unpolarized [7]

reflectivity is provided elsewhere.
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The polarized neutron scans for at 38 K reveal

only a single superlattice reflection above the

dif^se background, as shown in figure la). The
+ and - cross sections were fit simultaneously to

the structure factor model [6] holding the

structural parameters constant. For this sample

the fit is guided principally by the critical angles,

which are related to the square of the total bilayer

moment, and by the relative intensities of the +
and - superlattice peaks, which are determined by

the difference between the magnetization in the

nominal Co and Pd layers. Following simple

Fourier-transform arguments, the absence of

higher order superlattice reflections limits the

sensitivity of the fit to the average moments

through the separate Co-rich and Pd-rich

interlayers.

The magnetization profile that generates the fit

(solid line) in figure la) is shown in figure lb).

The average magnetic moment in the nominal Co
interlayer equals 1.37 + 0.08 /ig per Co atom,

corresponding to 78% of the Co bulk moment

(1.74 /Ib)- The remaining 22% of the spins elude

experimental detection and are, therefore, either

disordered or aligned perpendicular to the sample

plane. Figure lb) iso demonstrates that the

magnetic density Ke(Np) of the Pd-rich layer is

smaller than would be expected if those Co atoms

dispersed through the layer exhibited the same

moment as those in the Co-rich layer. A depletion

of the magnetic moment in the nominal Pd inter-

layer is clearly observed, rather than the predicted

enhancement. This effect may, in fact, be

associated with the structural disorder revealed by

x-ray characterization.

In order to place limits on our moment esti-

mates, we have calculated reflectivity curves for

[Pd 80A|Co 60A]x 20/Pd 300A/Co lOA/GaAs
assuming that the Co atoms through the entire

bilayer order with 78% of the bulk Co moment
[dotted line in Fig. lb)]. As can be seen from

figure la), the differences between these curves

(dashed lines) and the actual fitted curves (solid

lines) are striking. Any enhancement of the

magnetization in the nominal Pd layer would

further diminish the amplitudes of the + and -

superlattice reflections, an effect not evident in our

data.

Since this analysis is highly sensitive to

differences between the magnetic densities of the

z (A)

Figure 1. (upper) Polarized neutron reflectivity of [Pd

80 A I
Co 60 A]X 20/Pd 300 A/Co 10 A/GaAs as a

function of wavevector ^ at 38 K in a saturating field

of 2300 Oe. The + and - cross sections are designated

by circles and squares respectively and the former is

vertically offset for clarity. The solid lines represent

the fit to the data, and the dashed lines describe the

reflectivities calculated assuming that the Co atoms

present in both the nominal Co and Pd interlayers are

magnetized with 78% of the bulk Co moment,

b. (lower) Magnetic scattering density profile for the

same sample obtained from the reflectivity fit in a). The

dashed lines mark the bulk densities of Co and Pd. The

dotted line describes the density profile calculated

assuming that the Co atoms present in both the nominal

Co and Pd interlayers are magnetized with 78% of the

bulk Co moment.

Co and Pd interlayers, either the Pd in this sample

is not polarized or the effect is very small. Using

neutron reflectivity or any other technique,

observation of subtle moment enhancements in a

narrow interfacial region (< 5 A) as predicted by

theory [5] requires a level of structural perfection

difficult to achieve in any metallic superlattice

system. Upon refinement of the structural quality,

specular reflectivity provides the means to detect

and place limits on these small, localized

enhancements and remains a topic for future

investigation.
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• Magnetic Semiconductor Multilayers

Artificial superlattice structures fabricated from

antiferromagnetic semiconductingcompounds offer

highly interesting prototypical systems for the

study of thin and ultrathin antiferromagnetic

layers. Experiments have been conducted on two

different classes of such systems: (i) superlattices

composed of alternating layers of zinc-blende (ZB)

Mn-VI and non-magnetic EI-VI materials which

essentially show the Type IQ antiferromagnetic

(AF) structure and (ii) EuTe/PbTe multilayers in

which both constituent materials crystallize in the

NaCl structure and the EuTe layers exhibit Type

n AF ordering. Some recent results for EuTe/

PbTe and MnTe/CdTe superlattices are described

below.

EuTe/PbTe Superlattices . The samples were

prepared by MBE on single crystal BaF2

substrates, with a (111) growth plane. EuTe is a

FCC Type II antiferromagnet [8] (T^ ~ 10 K) and

PbTe, a nonmagnetic semiconductor, is treated at

low T as an insulator. In EuTe/PbTe multilayers,

both constituent materials crystallize in the NaCl

structure. While in a bulk crystal there are four

Type n AF domain configurations corresponding

to the four equivalent (111) planes, in EuTe/PbTe

superlattices the lattice mismatch strain selects a

single configuration with the FM sheets parallel to

the EuTe layer plane. The superlattices have

previously been investigated by magnetic suscepti-

bility [9] and magnetization measurements [10].

An intriguing problem is how the behavior of

the superlattices changes with the number of (1 1 1)

spin planes in the EuTe layers. An odd number of

layers will produce a non-zero net magnetic

moment and hence may generate relatively strong

magnetic fields which decrease with distance as

H(r) ~ r^. If the thickness of the nonmagnetic

PbTe spacers is not too large, the fields could give

rise to significant interlayer coupling effects. Such

coupling would be indicated by charaaeristic

superlattice peak patterns in the region of the AF
reflection points for the Type n structure (e.g.,

(1/2 1/2 1/2)). In measurements on a [(EuTe)3 |

(PbTe)9] 4oo specimen, clear superlattice maxima are

observed [11]. However, a distinct superlattice

peak pattern is also seen from a sample with an

even number of spin sheets in the EuTe layers

(Fig. 2), suggesting that the observed interlayer

coupling may involve mechanisms other than those

of the simple model. One possibility is coupling

through weak ‘multi-pole’ fields which are

generated by the layers even though the numbers

of ‘up’ and ’down’ spins are equal—such fields

result from the planes of dipoles being shifted

^art in space [12]. Another is transfer of the

magnetic interactions through the PbTe layers by

carriers, in analogy to the RKKY mechanism in

metals—although the carrier concentration in PbTe
in the T < 10 K range is only ~ lO'^Vcm^, so

this effect should be much weaker than in metallic

magnetic superlattices.

Experiments in high external magnetic fields

parallel to the (111) plane show that the

superlattice peak pattern in the (1/2 1/2 1/2) point

region weakens wi± increasing H, and completely

disappears when the field reaches the value 6 T.

At the same time, a new superlattice peak pattern

emerges in the vicinity of the (1 1 \)ferromagnetic

Figure 2. Diffraction scan along the [111] axis in

0-space for a [(EuTe)3 1

(PbTe)9]4oo superlattice sample

("3/9" monolayers—upperplot), and a [(EuTe)4 |

(PbTe)iJ4Qo sample ("4/12" monolayers—lower plot),

showing a number of distinct superlattice peaks in the

region of the (1/2 1/2 1/2) AF reflection point (the

position of this point is at 0 « 0.84 A'*). The spacing

betwe^ these peaks, A0 = 0. 10 A'*, is consistent with

the elementary bilayer period in the sample (Dbl — 45

A). For clarity, the spectrum for the "3/9" san^)le has

been shifted upward in the intensity scale.
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reflection point. In samples with EuTe thicknesses

of 2 and 4 monolayers the interval between these

peaks, AQ, is consistent with the superlattice

periodicity (AQ=27r/DsL, where Dsl is the

elementary bilayer thickness). Surprisingly, for

the sample with three monolayers, the spacing

between the superlattice peaks is half that

corresponding to (see Fig. 3), indicating that

the induced magnetization in the EuTe layers is

additionally modulated along the [1 1 1] axis with a

2Dsl period. However, the exact nature of this

modulation, and whether it is related to the odd

number of spin planes in the EuTe layers, is yet to

be understood.

Figure 3. Scan along the [111] axis for a

[(EuTe)3 |(PbTe)9]4oo sample at 4.2 K at external

magnetic field 6 T, showing a number of distinct super-

lattice peaks induced by the held in the region of a

ferromagnetic reflection point (111). Surprisingly, the

spacing between these peaks, A0 = 0.07 A’’, is twice

as small as that corresponding to the elementaiy bilayer

period in this sample (Dbl 34 A). A strong (111)

reflection from the BaF2 substrate, occurring at Q =
1.76 A, has been erased.

MnTe/CdTe Superlattices . MnTe/CdTe super-

lattices belong to the family of artificial

multilayered structures composed from zinc-blende

(ZB) II-VI semiconducting compounds and Mn
chalcogenides using MBE or atomic layer epitaxy

(ALE).

Other known systems are MnSe/ZnSe,

MnTe/ZnTe, and MnSe/ZnTe. While naturally

existing crystals of MnTe have the NLAs structure,

the ZB form is a FCC Heisenberg antiferromagnet

with dominant nearest neighbor (NN) interactions.

Such a lattice is a well known example of an

inherently frustrated spin system with a ground

state degeneracy. Neutron diffraction studies show

that strain has a profound influence on spin

ordering phenomena and phase transition behavior

in such frustrated systems. Results for the

unstrained MnTe lattice and the strained layers of

the Mn-VI/Zn-VI superlattices have been reported

elsewhere [13-16]. Whereas the Mn-VI/Zn-VI

systems were all prepared by MBE, the MnTe/
CdTe samples were grown by ALE. In this

technique the thickness of the non-magnetic layers

can be made very small (^2 single monolayers).

With thinner CdTe spacers, the nonmagnetic

layer thickness becomes comparable with the range

of the Mn-Mn AF exchange, leading to observable

magnetic interlayer coupling effects not seen in the

Mn-VI/Zn-VI systems [17]. The widths of the AF
diffraction peaks indicate that in such

circumstances the magnetic interactions are

transferred through the CdTe layers, giving rise to

interlayer spin-spin correlations. Studies of

interlayer effects varying with CdTe layer

thickness have been planned to give insight into

the nature of weak long-range magnetic exchange

interactions in diluted semiconductors based on

II-VI compounds.

MnTe/CdTe is also an example of a system

with tensile strain in the magnetic layers which

produces a transition to an incommensurate helical

AF phase not observed in any other FCC anti-

ferromagnets. The strain (and therefore helical

period) increases with thickness of CdTe, but is

weak enough to allow investigation of the onset of

incommensurate helical effects. Difrfaction data

also show simultaneous occurrence of peaks

corresponding to the commensurate Type IE and

the incommensurate helical phase—such a

coexistence has never been seen before in any

Mn-VI/Zn-VI system. Theoretical analysis of the

phase diagram of frustrated FCC lattices in the

strain vs T coordinates [18] leads to the prediction

that in the region of weak tensile strain there is a

transition between an incommensurate and

commensurate phase; in the vicinity of this phase

boundary, small fluctuations of strain may lead to

simultaneous occurrence of both phases.

These experiments show that MnTe/CdTe and

EuTe/PbTe multilayers offer interesting examples

for the study of interlayer coupling phenomena in
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antiferromagnetic superlattices. Since ALE makes

it possible to grow very thin CdTe layers, the

former system offers an excellent prototype for

investigating interlayer coupling by short-range

exchange interactions. Due to the ‘layered’ nature

of the Type II AF structure in EuTe which enables

the growth of layers with ‘unbalanced’ AF
sublattices, the EuTe/PbTe superlattices provide an

excellent system for the study of interlayer

coupling by dipolar forces.

Ti Oxidation and Dissolution In Situ

Neutron reflectometry has been employed to

study the dissolution and electrochemical break-

down of anodic oxide films on Ti in contact with

a sulfuric acid electrolyte [19]. Such films play an

important role in corrosion resistance, catalysis,

and photochemistry in aqueous environments. A
teflon electrochemical cell is clamped to a thick Si

wafer, onto which has been sputtered a thin Ti

electrode. The region between the cell and the Ti

film is filled with 0.1 N H2SO4 electrolyte, and

electrical contacts are established between the Ti,

a Pt counter electrode, and a saturated calomel

reference. Neutrons are incident through the Si

substrate. Figure 4 shows a series of reflectivity

profiles for films formed by ramping the potential

at 1 mV/s to the anodic growth voltages indicated.

The solid lines are fits to a four-layer model,

consisting of Si, Ti, an oxide layer, and

electrolyte. The corresponding layer profiles are

shown in figure 5, where z is the height (Si is the

region for z < 50 A) and is a scaled scattering

length density. As the potential increases, the

oxide film thickens linearly at a rate of 14 A/V.

By 4 V the Ti is virtually all converted to oxide,

and at 5 V it appears that some of the Si has

oxidized as well, as indicated by the “bump” in

the scattering density. As the oxide thickens, the

total film thickness decreases, indicating that the

oxide film is dissolving slowly into the acid (at a

rate of somewhat less than ~ 1 A/h). Dissolution

is accompanied by roughening ofthe oxide/electro-

lyte interface.

Figure 4, Reflectivity curves of a Ti film in situ for

different growth voltages. Neighboring curves are

offset by two orders of magnitude for clarity. Solid

lines are hts to the data.

As received

1 V / SCE

2 V / SCE

3 V / SCE

4 V / SCE

5 V / SCE

Figure 5. Scattering density profiles for the data

shown in figure 4.
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To investigate the stability of these anodic

oxide films in reducing conditions, an oxide film

which had been formed at 3 V was kept under

cathodic bias at -2 V while the reflectivity was

monitored. Figure 6 shows the time evolution of

the fitted layer profile. For the first 30 hours both

the oxide and the metal absorb hydrogen, as

evidenced by the decrease in in both regions,

and the oxide surface grows substantially rougher.

At 30 hours the scattering density of the metal

rises suddenly, as hydrogen is evolved and Ti is

dissolved. By 39 hours most of the Ti and oxide

films have been dissolved away. It is believed that

this behavior is driven by the dissolution of the

oxide. Under anodic bias the oxide is self-

healing: dissolution is accompanied by oxidation

of the Ti underlayer so that the oxide remains the

same thickness. Under cathodic bias, however,

the metal maintains its thickness as the oxide

dissolves. When the oxide is sufficiently thinned,

local paths are formed between the electrolyte and

the Ti, which at these potentials is oxidized to the

soluble TF"^ [20]. TTie breakdown of the passi-

vating layer is thus identified in our study as a

consequence of a much higher rate of dissolution

for Ti over Ti02. There are obvious technological

ramifications for this result. A common method

of protecting certain metals is to bias them

cathodically. For Ti this method is not commonly

used, and these results suggest a microscopic

rationale for this. This study illustrates the utility

Figure 6. Time evolution of the scattermg density

profile of an oxide film mamtained at -2V.

of in situ neutron reflectometry to investigate

oxide films or other liquid/solid interfaces.

Anomalous Critical Scattering in Tb

The critical scattering that is present just above

the transition temperature of a crystalline

material arises from finite regions of die crystal

which undergo thermally-induced fluctuations into

the low-temperature ordered phase. The resulting

quasielastic lineshape measured in a neutron-

scattering experiment is well described by a single

Lorentzian function of q with a linewidth that is

inversely proportional to the average size of these

fluctuating regions. In 1986, high ^-resolution

x-ray measurements of the critical scattering

associated widi the cubic-to-tetragonal phase

transition in SrTiOs were reported which exhibited

an unexpected two-component lineshape, with the

second component having a much narrower width

[21]. A second component implies the existence

of a second length scale, and runs counter to our

current understanding of second-order phase

transitions in which only one divergent length

scale is present above T^. Much more recendy,

high ^-resolution neutron-scattering measurements

on Ho just above its magnetic-spiral phase

transition temperature revealed a similar

anomalous two-component lineshape [22]. Taken

togedier, these two seminal results suggest that the

narrow component may be a feature common to all

phase transitions in condensed matter systems.

Indeed, two-component lineshapes have also been

documented in both RbCaFg and KMnFj [23,24].

Studies on other systems are in progress.

Central to all of these investigations has been

the question concerning the origin of the narrow

component. X-rays, which probe crystal surfaces

to a depth of order 1 micron, cannot tell if the

narrow component is absent in the crystal bulk.

Neutrons, which do probe the bulk, have not yet

been able to separate surface and bulk contri-

butions. This question has now been answered

[25] through high ^-resolution neutron-scattering

measurements of the quasielastic scattering in a

cube-sh^ed single crystal of Tb which, like Ho,

exhibits a transition to a magnetically-ordered

spiral phase [26]. By use of a 300 micron wide

beam, it has been possible to isolate thin slices of

the Tb crystal. The finding is that the origin of
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the narrow component lies in the near-surface

volume or "skin” of the Tb sample, and not in the

bulk [25]. In this context the meaning of skin is

distinct from that of surface since the narrow

component is spread over several hundred microns

and not just one or two. Moreover, it is also

found that not all skins are equivalent. The

intensity of the narrow component scattering is

greatest in those faces which are orthogonal to the

c-axis face.

The neutron scattering experiments were

performed on the NBSR BT-7 reflectometer [27].

This reflectometer is ideally suited to this study

because the incident horizontal beam width can be

varied from zero to several nun (with an accuracy

of + .01 mm) using motorized slits positioned

upstream from the sample. By narrowing the

width of the incident beam to as little as 300

microns (0.3 nun), the near-surface volume of the

Tb crystal can be probed preferentially by trans-

lating the crystal face into the beam. In the same

fashion, scattering from the bulk can be isolated

by translating the center of the crystal into the

beam and reducing the spatial extent of the

scattered beam with exit slits and appropriate

collimation. The experimental scattering geometry

is shown schematically in figure 7a. With the Tb
[100] axis mounted vertically, the [001] direction

was aligned along the translation axis of a

motorized goniometer stage so that the neutron

beam sampled very narrow regions of the crystal

as depicted by the shaded area. Figure 7b shows

translation scans below the spiral transition

temperature = 229.5 K for two different beam
widths of 1.56 mm and 0.30 mm, with the spec-

trometer fixed at the (0,0,6) satellite peak position.

The translation scale was set so that zero

corresponds to the front face of the crystal. The
intensity scale for the wider beam setting has been

normalized to that for the narrower beam setting

to better contrast the markedly different profiles at

the crystal edge. Because the absorption is

constant as the crystal is translated through the

beam, the peak intensity remains constant until it

drops to zero when the crystal moves out of the

beam. This drop-off becomes much sharper with

a narrower beam.

Identical scans are shown above in figure

7c. In this case, as the beam approaches the

crystal c-axis face the intensity does not remain

constant. Instead, a truly remarkable enhancement

of the intensity is observed, persisting over a

limited range of 0.2 K above T^. The enhance-

ment is broad and weak for the wider beam setting

which is nearly one quarter of the full crystal

width. But at the narrowest beam setting, the

enhancement becomes sharper and larger. This is

an extremely important point because it demon-

strates that the quasielastic scattering is

concentrated near the face of the crystal rather

than in the bulk. The narrower the beam, the

greater the enhancement. At the narrowest setting,

the width over which this enhancement takes place

is of order 0.75 mm. Taking into account the

effect of the finite beam width, crystal miscut, and

scattering angle leaves an effective enhancement

width of order 0.2 mm.
The cause of the enhancement was determined

by comparing transverse-^ scans at the same

temperature taken at two different translations; one

slightly displaced from the crystal face where the

enhancement was maximum (6.75 nun), and one

at the crystal center (3.50 mm) [28]. In both cases

the distinctive two-component lineshape is present.

Whereas the peak intensity of the broad component

differs by only 6% in the two scans, that of the

narrow component changes by over 70%. The

constant background is the same within 4%. The

anomalous enhancement is therefore due to a

striking increase in the intensity of the narrow

component within the skin of the Tb crystal face.

The reason why a small, but finite, narrow

component is still present in the bulk is that the

incident beam illuminates square-shaped portions

of the skin at those points where the beam enters

and exits the crystal on the two faces orthogonal to

the c-axis Tb face. (Exit slits and vertical

collimation were used to eliminate the scattering

from the top and bottom faces of the crystal.)

Therefore these faces contribute a narrow

component as well. Indeed, if one assumes that

the narrow component is identically zero in the

bulk, then a simple geometrical model predicts an

anisotropy of order 5 between c-axis and

orthogonal faces, with the latter contributing the

most to the narrow component intensity. It is of

course still possible that the bulk contributes to the

total narrow-component intensity at both

translation settings. However, the data presented
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Figure 7. (a) Schematic diagram of scattering

geometry. The Bragg angle dg has been slightly

exaggerated for clarity, (b) Translation scans below T,,

at beam widths of 0.30 mm and 1.56 mm. Intensities

have been normalized to those for the narrower beam,

(c) Identical scans above showing the enhancement

at the c-axis face.

in figure 7c show that the skin, and not the bulk,

is the predominant source of this feature.

The microscopic explanation for the second

length scale is as yet unknown. One model put

forth is based on the presence of extended defects

such as dislocations which mediate the large scale

fluctuations [23]. Given the present results, these

defects would have to be populated most heavily in

the skin of the crystal, and in an anisotropic

fashion. Another intriguing possibility is that the

second length scde results from the boundary

condition imposed by the crystal surface on the

magnetic interaction driving the phase transition.

The fact that the spins in Tb are confined to the

basal plane below 7^, could then easily account for

the observed anisotropy between crystal faces.

Polymer Systems

• Chain End and Junction Distribution in

Ordered Diblock Copolymers

Block copolymers are commonly used for

industrial applications such as paints, adhesives

and compatibilizers. The area of thin films

(thickness < 1 fim) of such materials has recently

received notable experimental attention at a

fundamental thermodynamic level. A key feature

of block copolymers is a junction point that

prevents the two blocks from macrophase

separating, thus only microphase separation is

possiblebetween otherwise incompatiblepolymers.

This restriction however leads to a diverse range

of observable microstructures such as lamellae,

cylinders, spheres etc., and thus it is evident that

a thorough characterization of the blockjunction is

necessary to understand block copolymer ordering

behavior at a basic level. To this end we have

performed several neutron reflection measurements

on selectively labelled (deuterated) block

copolymers with different amounts of the

deuterated block; below we highlight only some of

our measurements that shed light on localization of

junction points in diblock copolymer thin films.

Figure la shows neutron reflection from a well

order^l pure diblock copolymer, poly (styrene-dg-

b-2-vinylpyridine) or dPS-KVP of total molecular

weight — 160 k. The film was spin cast on a

silicon substrate and annealed at 170 °C (well

above its ordering temperature) for 24 hours. This

diblock copolymer with a polystyrene content of

50% volume fraction forms thermally induced

alternating lamellar structure by preferential

segregation of dPS to the air surface and P2VP to

Neutron beam

Translation Tb
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Figure 8. (a, upper) Neutron reflectivity profile of

P(S-b-2-VP) diblock coplymer. The circles are experi-

mental data and the solid line is the calculated one from

scattering length density distribution shown in Figure

8b. (b, lower) Scattering length density profile used in

fitting.

the silicon surface. The open circles in figure 8a

represent experimental data, while the solid line

corresponds to the calculated reflectivity from the

model scattering length density profile depicted in

figure 8b. The density distribution of the 2500 A
thick layer shows a highly oriented lamellar

structure parallel to the silicon substrate. A
decrease of scattering length occurs near the air

surface due to an incomplete top lamellar layer

[29]. The interfacial width is about 30 A,

indicative of very strong segregation between the

two blocks. By comparison, Anastasiadis et al.

[29] reported interfacial widths of about 50 A in

another strongly segregated system PS-PMMA
(polystyrene-methamethacrylate). Differences in

interfacial widths reflect different values of the

Flory-Huggins interaction parameter, x, that

characterizes polymer-polymer interaction. A
positive value denotes an unfavorable interaction.

For dPS-P2VP its value is .08 [30], significantly

higher than that for PS-PMMA.
While the above measurements establish that

the dPS and P2VP are well segregated in the form

of alternating lamellae, they do not unequivocally

establish the localization of junction points within

the different domains. To this end we have

studied a junction labelled block copolymer

PS-dPS-P2VP of total molecular — 90 k.

Deuterated segments constitute about 30 vol % of

the polystyrene block. Figure 9a shows neutron

reflectivity from a spun cast thin film of the above

triblock. The scattering length density profile used

for the fit is shown in figure 9b. It is clear that

the small labelled block (and consequently the

chain junction) exists in a narrow region at the

interface between the two incompatible blocks.

Figure 9. (a, upper) Neutron reflectivity profile of

jimction-labeled diblock coplymer, P(S-b-d8-S-b-2-VP).

(b, lower) Scattering length density profile used in

fitting.
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• Phase Separation in Thin Films of

Polystyrene and Polyvinylmethylethene

Neutron and x-ray reflection were used to

investigate phase separation and film confinement

effects in thin film blends of deuterated

polystyrene (dPS 443 k) and polyvinylmethylether

(PVME 84 k). In general two factors are expected

to modify the phase diagram from its bulk

behavior (Fig. 10). First, depletion of PVME in

the bulk of the film caused by its preferential

segregation to both air and the silicon surface

could shift the phase diagram effectively to higher

compositions of dPS, for fixed film thickness.

Secondly, entropic confinement by virtue of

reduced dimensionality is expected to restrict the

length scale of fluctuations responsible for phase

separation normal to the plane of the film. Both

factors become increasingly important with reduc-

tion in film dimensions and proximity to the two

phase boundary. Here we report on some prelim -

inary thin film measurements on this classic lower

critical solution temperature (LCST) blend system.

Figure 10. Spinodal phase diagram for bulk

dPS(443 k)/PVME(84 k). For a 30% dPS/70% PVME
blend, the spinodal temperature is 150 °C. The asterisk

marks the temperature at which damping of reflectivity

oscillations is observed to occur.

Figure 11 shows neutron reflectivity from a

30% dPS/70% PVME film of approximately

1000 A heated to different temperatures under

high vacuum, allowing several hours for equili-

bration at each temperature. Figure 1 1 illustrates

that the film thickness oscillations get strongly

damped at the higher temperatures. Similarly,

x-ray reflection data measured in increments of

dPS/70% PVME, 1000 A thick sample. Solid, dotted

and dashed lines correspond to measurements taken at

110 ®C, 150 ®C, and 170 ®C, respectively. The

sample was heated in vacuum.

5 °C from 130 °C upwards show pronounced

damping of oscillations in the temperature range

160 °C - 165 °C for the same sample. Assuming

that the damping is associated with transition from

mixed state to two phase (binodal or spinodal), we
note that the film transition value of ^ 162.5 °C,

as indicated by the asterisk in figure 11, is well

above the bulk spinodal (and binodal) value of

~ 150 °C. When cooled to 130 °C, the oscil-

lation amplitudes came back reversibly within the

cooling span of an hour or two, similar to bulk

samples. In a thinner sample of ~ 450 A similarly

heated to 170 ®C, the oscillation amplitudes did

not come back reversibly at 130 °C in the same

time. When cooled under vacuum to room

temperature, a frozen spinodal decomposition

pattern was clearly visible under a high power

microscope. The above measurements are in

contrast to a 70% dPS/30% PVME, ~ 1000 A
thick film that did not show significant damping

with increase of temperature as measured up to

175 °C (inside bulk spinodal), and whose surface

remained smooth at the end of the heat cycle.

Thus we conclude that reflectivity techniques

and surface microscopy are potentially useful tools

for mapping the thin film phase diagram. Prelim-

inary results suggest that such a diagram is shifted

up in temperature from the bulk dPS/PVME phase

diagram. Efforts are currently underway for a

more comprehensive study of diis system, and to

establish generality using other systems.
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• Chemically Grafted Polymer Brushes

Tethered polymeric systems are commercially

important for modifying surface and interfacial

properties, colloid stabilization, etc. Conse-

quently, they have been the subject of numerous

theoretical, experimental, and simulation studies.

Most theories have focussed on predicting the

shape of the concentration profile of end anchored

chains immersed in good and poor solvents in the

"brush" (moderately high grafting density) regime.

Experimental measurements on such systems is

however difficult since typical end adsorbing

energies encountered are in the range of lO’s of

kpT, insufficient to retain the strongly solvated

polymer molecule. However, this problem can be

overcome by chemically grafting (lOO’s k^T), the

chains to a substrate. Here we highlight some of

our findings on one such system.

Neutron reflection was used to determine the

concentration profile of a high molecular weight

tri-chlorosilane terminated polystyrene (PS-SiClj

105 k), chemically end-grafted on to a polished

silicon wafer. Figure 12 shows neutron

reflectivity from a 105 k end-grafted PS "brush"

of moderately high grafting density immersed in a

good solvent, pure deuterated toluene. The

reflectivity shows a few small amplitude inter-

ference kinks (oscillations) that correspond to the

brush height in solvent. Due to the diffuse tip of

the brush, these oscillations are strongly damped.

The solid line in figure 12 is the calculated

reflectivity from the model profile depicted by the

solid line in figure 14. It takes the form

<^(z) = 0(0) [1 - (z/d)“] for z < d

where 0(0), d, and n are fitting parameters

corresponding to the polymer volume fraction at

the surface, cut-off length of the profile, and the

power law exponent. Additionally, the profile was

convoluted with a normalized gaussian to yield a

tail to the profile. All parameters were allowed to

float freely to best fit the data, and cross checked

with the polymer coverage measured by x-ray

reflectivity on the dry wafer in air. Best fit

parameters were n = 2.28 (slightly steeper than a

parabola) and d = 821 A. Such a pro^e results

from a complex interaction between polymer-

polymer (interchain) and polymer-solvent

interaction. In contrast, the solid line in figure 13

Figure 12, Neutron reflectivity from a 105 k end-

grafted PS "brush" of moderately high grafting density

in deuterated toluene. The solid line is a fit to the data

as described in text.

shows neutron reflectivity from the same wafer in

a poor solvent, cyclohexane at 9.5 °C, where

intrachain interactions become important as well.

The corresponding dashed profile in figure 13 is

essentially step like in accordance with predictions

of modem theories.

Figure 13. Neutron reflectivity from the same "brush"

sample as in figure 12, in a poor solvent, deuterated

cyclohexane.
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Depth Z (A)

Figure 14. Fitted concentration profile for tbe 105 K
"brush" in toluene and cyclohexane.
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MACROMOLECULAR AND MICROSTRUCTURE STUDIES

During the past year, three small angle

neutron scattering (SANS) instruments were in

operation at the CNRF for the first time for

macromolecular and microstructural studies on a

wide range of materials including polymers,

colloids and microemulsions, microporous media,

biological macromolecules, nanocrystalline metals

and ceramics, molecular composites, and liquid

crystals among many others. In its first year of

operation, approximately 85 experiments were

carried out on the new, high resolution, 30-m

SANS instrument on guide NG-3 that is partially

supported by the NSF through its Center for High

Resolution Neutron Scattering (CHRNS) at the

CNRF. A comparable number of experiments

were performed on both the 30-m SANS instru-

ment at NG-7, an instrument jointly developed by

NIST, Exxon Research and Engineering Co., and

the University of Minnesota, and the lower

resolution, 8-m Reactor/Polymers Divisions’

SANS instrument at guide NG-5. Roughly one-

half of the total beam time on the 30-m instru-

ments (-75% on the CHRNS SANS and -25%
on the NIST/Exxon/Univ. of Minnesota SANS)
was distributed among groups who submitted 71

proposals that were peer reviewed and allocated

beam time by the CNRF’s Program Advisory

Committee. In this section of this report, the

results of some of these studies, in which Reactor

Division scientists have had a major role, are

briefly described.

Inorganic Materials

• Ordered Mesopores in Silica

A new class of mesoporous materials prepared

with liquid crystal templates is being studied with

scientists from Mobil Research and Development,

where the materials were first developed, and the

University of California at Santa Barbara. The
materials have amorphous, silica-based frame-

works with highly regular arrays of uniform sized

channels whose diameters can be tailored in the

range from 1.5 to over 10 nm through the choice

of templating molecules and reaction conditions.

The cavity sizes in these materials are larger than

have been achieved in crystalline materials such as

zeolites, and afford new opportunities for

^plications as catalysts and adsorption media.

The SANS measurements carried out to date have

focused both on characterizing the pore structure

and on elucidating the liquid crystal templating

mechanism involved in forming the materials.

A typical SANS pattern from a UCSB-
prepared material that had been calcined to remove

the template fi'om the pores is shown in figure 1.

The material has a honeycomb pore structure that

gives rise to diffraction peaks that can be indexed

on a 2D hexagonal lattice and correspond to a

nearest neighbor pore spacing of 44 A and a pore

diameter of about 36 A. The structureless pattern

also shown in figure 1 was obtained after soaking

the material in a pore masking solution of 40%
H20/60% D2O which demonstrates that the pores

are fully accessible and that the scattering length

density of the pore framework is close to that of

bulk amorphous silica.

Figure 1 . SANS from a powder sample of mesoporous

silica with hexagonally ordered cylindrical pores. The

diffraction from the pores vanishes when die pores are

filled with an H2O/D2O mixture that has the same

scattering density as the silica framework.

Synthesizing these materials involves

combining a cationic surfactant solution (e.g.

tetradecyltrimethylammonium bromide, or

C14TAB) with a silica hydrogel under certain pH
conditions. The results ofSANS measurements on

these precursor phases, and their mixture, in

which the aqueous medium was 40% H2O/60%

D2O, are shown in figure 2. Under these contrast

conditions, the surfactant should dominate the
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Figure 2. SANS from the concentrated surfactant

solution (circles) and silica hydrogel (diamonds) that

when combined (squares) begins to form the ordered

mesoscopic structure seen in figure 1 for the final

product material.

scattering and the mesopore structure should be

seen through the organization of the surfactant

molecules within the framework structure. The

scattering from the surfactant solution (circles in

Fig. 2) has a prominent peak at Q ~ 0.075 A'^

corresponding to an intermicelle spacing of about

84 A, which is nearly twice the spacing of the

pores in the final product material. The scattering

from the silica hydrogel (diamonds) is, as expected

for this null contrast condition, nearly flat over the

Q-range of interest. The third pattern in figure 2

(squares) is from the slurry that forms when the

surfactant and hydrogel are combined. This

sample is probably multiphase, with both an

aqueous phase and a suspended solid phase, but

already shows the emergence of a peak near the

Qio position of the 2D hexagonal structure of the

mesopore material. These results clearly show

that die templating mechanism is more complex

than originally proposed in that the surfactant

molecules become organized into long cylindrical

micelles with an hexagonal, nearly close-packed

arrangement only when a source of silica is

present under proper pH conditions.

Measurements are continuing that will hopefully

further elucidate this process.

• Advanced Ceramics

The combination of the multiple small-angle

neutron scattering (MSANS) and conventional

SANS techniques makes it possible to measure

pore sizes from a few nanometers up to 10 fim.

Thus, the pore evolution during sintering of

ceramic compacts, formed from powders which

contain particles in the 0.1 fim to 1 fim size

regime, can be followed from the earliest sintering

stages through to the final stage. In collaboration

with Southwest Research Institute and NIST’s

Ceramics Division, MSANS, and SANS are being

used to study the effects of non-sinterable additives

on the pore size distribution of commercial

alumina powder compacts during densification.

The results indicated that the addition of large

fused alumina particles retards densification but

does not appreciably alter the final-stage effective

pore size. On the other hand, the addition of

small zirconia particles has little effect on

densification but greatly accelerates pore

coarsening, resulting in a much larger effective

pore size in the final sintering stage. Thus, SANS
and MSANS are enabling a direct statistically-

significant observation of sintering processes in

these materials.

In collaboration with Dow Chemical

Corporation and NIST’s Ceramics Division, a

comprehensive study aimed at understanding and

controlling the microstructural evolution during

processing of silicon nitride is underway. MSANS
and SANS measurements of isothermadly-sintered

silicon nitride doped with ~6 wt.% magnesia

have been performed to characterize the porous

microstructure from the largest to the smallest

pore sizes in the system. The samples were

sintered at 1600 °C for hold times between 0 and

180 minutes, providing sample densities ranging

from 73% to 93% of theoretical density (TD).

The density of the green body is 53% TD. Figure

3 shows the effective pore radii as a function of

%TD for both MSANS and conventional SANS
(Porod) analyses. The MSANS results show that

the largest pores in the system coarsen at densities

between 70% and 80% TD before becoming

smaller again as densification proceeds. On the

other hand, the Porod results show that the

effective size of the smallest pores in the system

decreases monotonically as the system densities.

Further measurements of samples with hold times

between 60 and 180 minutes are planned in order

to better understand the abrupt decrease in Porod

radius between 96% and 97% TD. A companion

study of isothermally-sintered yttria-doped silicon

nitride is planned to study the effect of this
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Figure 3. Effective pore radius versus %TD from

MSANS and Porod analyses for magnesia-doped silicon

nitride sintered at 1600 ®C for the number of minutes

indicated.

sintering aid on the evolution of the pore size

distribution during densification.

Preliminary experiments have also been

performed in collaboration with Northwestern

University on conventionally-reacted as well as

microwave-assisted reaction-bonded silicon nitride

(RBSN). During fabrication, the nitridation

reaction causes the pores in the original compacted

silicon powder to become filled with lower density

silicon nitride. MSANS studies show that the

effective radius of the largest pores in the system

decreases during densification for both microwave-

assisted and conventional RBSN. The final pore

sizes are very similar although there is some

suggestion of a more complicated morphology in

microwave-assisted RBSN. A Porod analysis

shows a larger drop in surface area for

microwave-assisted RBSN which would be

consistent with a more efficient filling of small

pores in this case. Further measurements are

planned to investigate the uniformity of

microwave-assisted RBSN compared to conven-

tional RBSN and to relate the microstructural

variations to strength and fracture toughness

studies.

• Nanostructured Ceramics

Nanostructured ceramics are those compacts

which have been formed from powders with nano-

sized particles of diameters typically less than

10 nm. Such powders are of interest since there

is evidence that superplastic forming can be used

to enable near-net-shape processing of ceramics.

This eliminates the need for costiy machining.

Since nanostructured compacts contain compara-

tively smaller pores, conventional SANS
techniques can be used to measure pore size

distributions as a function of densification. Such

studies have been performed on both air and

vacuum-sintered research-grade nanostructured

zirconia in collaboration with Rutgers University

and NIST’s Ceramics Division. Figure 4 shows

the scattering from samples sintered at 850 °C in

air and in vacuum. The vacuum-sintered sample

density is 95% TD whereas the air-sintered sample

density is 58% TD. Thus, the pore volume

fraction is much smaller in the vacuum-sintered

sample and the data do not exhibit the strong

interparticle interference peak seen in the air-

sintered sample, which has a much larger pore

volume fraction.

Figure 4. Log(I(Q)) versus log(Q) plot of the

scattering from nanophase zirconia sintered at 850®C in

air (58% TD) and in vacuum (95% TD).

The availability of samples of sufficient size

and uniformity to permit absolute calibration of the

scattering data has resulted in the development of

a fully quantitative microstructural model for this

system. The model assumes ellipsoidal pores in

the gaps between globular grains and t^es into

account interparticle interference effects. A
unimodal log-normal pore size distribution with

adjustable modal and median size is assumed,

consistent with TEM assessments of the grain size
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distribution. Figure 5 shows the log-normal

volume pore size distributions corresponding to the

best fits to the data from nanostructured zirconia

vacuum-sintered at 850 °C for three different

sintering times. The figure shows that the material

exhibits remarkable stability in pore size distri-

bution up to 95% TD. In addition, the mean pore

diameter at 95% TD is still less then 20 nm. This

is an important achievement since the ultimate

objective in fabrication is to obtain nearly full

density without major pore and grain coarsening.

Future experiments will focus on yttria-stabilized

and pressure-sintered nanophase zirconia systems.

0 5 10 15 20 25 30 35 40

R(nm)

Figure 5. Lognonnal volume pore size distributions

corresponding to the best fits to the data, using the

model described in the text, for nanophase zirconia

sintered at 850 ®C for the times indicated.

Compacts formed from commercial-grade

nanostructured zirconia powders have also been

measured in collaboration with Nanophase Tech-

nologies Corp., a participating company in NIST’s

Advanced Technology Program. The scattering

from these materials sintered in air at different

temperatures is qualitatively similar to that

observed from die research-grade samples

described above.

• Nanocrystalline Palladium

Nanocrystalline metals, with average grain size

on the order of several nanometers, have a number

of interesting properties including exceptional

strength. Because of the restriction on dislocation

generation and mobility imposed by the small

grain size, plastic deformation is inhibited and

consequently yield strength is increased. The

presence of defects, however, has a strong

influence on the mechanical properties and the

quantitative information on the defect structures

that SANS can provide is of great value in

reaching an understanding of the mechanical

behavior of these materials.

A systematic study of the defect structures in

nanocrystalline palladium, prepared by the inert

gas condensation and compaction technique, is

ongoing in collaboration with Northwestern

University and Argonne National Laboratory [1].

The scattering from the as-compacted material

(Fig. 6), which is typically only 85% of full

density, exhibits four changes in slope and is

indicative of three distinct defect sizes. The

source of scattering for all three sizes is thought to

be dominated by voids since the void volume

fraction derived from the q^-weighted integrated

cross section (the scattering invariant) accounts

fully for the measured density of the material.

The smallest voids (~ 1 nm), which produce the

leveling off in the scattering at the largest q
values, are identified as triple junction voids based

on positron life time studies. The next larger

voids are about the size of missing grains, and

scale with grain size (inferred from the broadening

of X ray diffraction peaks) in annealed samples.

The largest defects are of near micron size and do

not appear to change significantly with annealing

conditions. Efforts are continuing toward obtain-

ing more highly compacted material that hopefully

would have fewer defects and be sinterable to

nearly full density without appreciable grain

growth.

Figure 6. Small angle scattering from nanocrystalline

palladium before and after annealing at 800 ®C for 100

minutes.
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Biology

The use of the 30-m SANS instruments at the

CNRF to study biological systems has continued to

increase over the past year. The wide Q range

and high flux available make these instruments

well-suited for the study of a wide variety of

biological systems, from large biopolymer

matrices to small macromolecular complexes.

• Agarose Gels

Although agarose-based pulsed gel electro-

phoresis is widely used for the separation and

analysis of long DNA fragments, relatively little is

known about the microstructure of the agarose gel

matrix itself. Such information could be quite

useful because characteristics such as void size,

strand thickness, gel microheterogeneity and

correlations in spatial structure—as well as changes

that might occur when electric fields are applied-

can be expected to influence the way macro-

molecules migrate through the gels. In

collaboration with the NIH and the College of

Wooster, the structure of agarose gels has been

studied over a wide range of Q values from 0.05

nm’^ to 3.0 nm'^ spanning a length scale from

approximately 2.5 nm to 120 nm. These studies

have shown that SANS can be used to probe the

properties of the junctions formed between

individual agarose strands.

The effects of such factors as concentration,

cooling rate and solvent quality have been

examined. Subtle changes in gel structure are

observed when the pre-gelation agarose concentra-

tion or the cooling rate at which the gels are

formed is varied. In contrast, dramatic evidence

of structural rearrangement is observed when the

solvent quality is changed by the addition of

dimethyl sulfoxide, or when the temperature of the

gel is elevated above 70 °C. Figure 7 shows the

measured scattered intensities from 3% agarose in

D2O on a log(I(Q)) versus log(Q) scale as a

function of temperature. Below 70 °C, three

regions can be delineated: at small Q values

(0.05 nm'^ < Q < 0.25 nm‘^) corresponding to

length scales between 25 nm and 120 nm, a

I(Q) ~ Q"" power law behavior is observed; at

intermediateQ values (0.25 nm’^ <Q <0.8 nm’^,

an I(Q) ~ Q’^ behavior is observed where jS > a;

for Q > 0.8 nm'^ corresponding to length scales

smaller than 8 nm, log(I(Q)) is a slowly varying

fimaion of log(Q) appearing relatively "flat" when
compared to the other two regions. The value of

a is close to 2.0 and that of /5 is close to 2.5. The
Q* value at which the slope changes from a to jS

corresponds to a minimal size of « 3.5-4 nm for

the hydrogen-bonded Junctions between agarose

strands. The flat portion of the data in the high Q
region is due to scattering from structures of the

order of a few nanometers and is probably

associated with small molecular groups tied to the

agarose backbone.

log[Q(A-i)]

Figure 7. Lx)g(I(Q)) versus log(Q) plot of the small

angle scattering from 3 % agarose in DjO heated to the

ten^ratures indicated.

As the temperature is increased above 70 °C,

hydrogen bonds between strands are disrupted,

leading to a thinning of the interstrand junctions.

This is manifested by a shift in Q* to higher Q
values such that the /3 = 2.5 region seems to

dis^pear. When the temperature reaches 95 °C,

the gel is completely melted and the scattered

intensity changes dramatically to a smoothly

varying curve on a log(I(Q)) versus log(Q) scale.

The intensity at the smallest Q values decreases

markedly while that at the largest Q values

increases. This is expected since large correlations

between strands are no longer present while, at the

same time, the small molecular groups associated

with the agarose backbone enjoy enhanced degrees

of freedom.

Additional studies of agarose gels in the

presence of pulsed and steady-state electric fields
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are currently underway. Preliminary studies

indicate that pulsed fields result in structural

changes at the largest length scales measured while

steady-state fields have little or no effect. Thus,

these studies may become important in helping to

understand why large fragments of DNA can only

be separated using pulsed-field gel electrophoresis.

• Small Protein Complexes

Structural studies of the Troponin C/Troponin

I complex, a 6-nm diameter muscle regulatory

protein, have been completed in collaboration widi

the Los Alamos National Laboratory (LANL).

Deuterated TnC was complexed with nondeuter-

ated Tnl and measured at low concentration under

a variety of solvent conditions. The results

indicate that the TnC molecules are more extended

in the complex than free TnC dimers and that the

centers of mass of the TnC and Tnl subunits

coincide. Since data were obtained at higher Q
values with good statistics, more advanced

modeling of the shape of the complex as well as

die individual components is possible and such

analysis is currendy underway.

Studies of the effects of acetylation of the

protein core of the nucleosome, a 10-nm diameter

protein/DNA complex which forms the basic

subunit of chromatin, are continuing in

collaboration with LANL and the University of

California at Davis. The radius of gyration (Rg)

has been determined for both the acetylated and

non-acetylated complexes in dilute solution under

a variety of solvent conditions. In all cases, the

Rg values are found to be higher in the acetylated

complex. The results are currendy being

compared with models for various protein/DNA

arrangements. Measurements at higher Q values

are planned in order to more accurately determine

the particle shape in both the acetylated and non-

acetylated conformations.

Measurements of the distance between myosin

light chains in myosin and acto-myosin complexes

are being performed in collaboration with the

University of California at San Francisco. Such

measurements require high concentrations of

protein since small differences in spectra are being

sought. Thus, the samples are measured in

pelleted form which has necessitated the design

and construction of new demountable sample cells.

In addition, the first scattering experiments on

NCD, a 4 nm diameter motor protein involved in

chromosome aggregation, have been performed in

dilute solution. Future experiments will explore

changes in Rg under different biochemical

conditions and in the presence of non-hydrolyzable

ATP analogs.

Initial measurements on cyclic AMP receptor

proteins have been performed in collaboration with

NIST’s Center for Advanced Research in Biotech-

nology. The receptor protein (CRP) and its small

molecule ligand (cAMP) provide an important

model system for studying protein-ligand inter-

actions essential for the regulation of gene

expression in a large number of living systems.

Measurements performed in D2O solvent showed

that the conformational change induced in CRP by

cAMP binding resulted in a 20% decrease in its Rg

value. Measurements at higher Q values are

planned in order to obtain more detailed shape

information ofCRP in both its active conformation

with cAMP bound and its non-liganded inactive

conformation. Since the active complex binds

DNA, studies of the CRP/DNA complex and

related DNA binding receptor proteins will also be

performed.

The CNRF is continuing to provide the

necessary support to meet the specialized needs of

the biology community. The user’s biology

laboratory has been upgraded when possible and

cooperative arrangements have been made with

other biochemistry laboratories at NIST to provide

access to more specialized equipment as needed.

Polymers

Recent research efforts have focussed on the

morphology and phase separation of polymers and

on the rheology of complex fluids such as polymer

solutions, liquid crystals and microemulsions.

• Rheology of Dissolved Diblock Copolymers

The influence of shear on polymer and

copolymer structures has received considerable

recent attention due to its importance in polymer

processing (injection molding, extrusion, etc).

Understanding shear-induced order may lead to

improved processing conditions and therefore to

superior polymer materials.

A systematic study of the effects of shear on

concentrated diblock copolymer solutions is
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underway in collaboration with Brooklyn Poly-

technic University. The system chosen for the

initial measurements is monodisperse polystyrene/

polyisoprene (PS/PI) at a concentration of about

65% in dioctylphthalate (DOP). The copolymer

has nearly equal block sizes and at this

concentration orders with a lamellar morphology

below a convenient order disorder transition

(ODT) temperature of 39 °C. The solution was

sheared using the NIST-Boulder Couette shear cell

at temperatures both below and above the

quiescent ODT. Two distinct geometries corres-

ponding to a radially or to a tangentially incident

neutron beam were used. By monitoring the

relative intensities of the diffraction peaks from the

lamellae observed with these two geometries, their

orientation could be determined unambiguously.

It was found that below the quiescent ODT
both steady and oscillatory shear orient the

lamellae predominantly along stream lines

(lamellae are parallel to the shear cell wall).

Nearly perfect alignment was achieved with

oscillatory shear (200% strain), with peaks

observed only in the tangential geometry, whereas

under couette flow (steady shear) weak peaks were

also observed in the radial geometry indicating

some degree of misalignment (see Fig. 8).

Above the quiescent ODT, shear was seen to

induce ordering of lamellae along streamlines

starting at a characteristic shear rate which

depends on temperature. The degree of alignment

is characterized by a power law behavior with

shear rate. When the shear rate is rescaled, a

master curve (reminiscent of the time-temperature

superposition principle) is found for all tempera-

tures. This means that in order to attain a specific

degree of lamellar orientation, one could change

either the temperature or the shear rate alone.

SIMPLE SHEAR OSCILLATORY SHEAR

Figure 8. SANS from a concentrated solution of PS/PI in DOP with the neutron beam incident either radially (a

and c) or tangentially (b and d) to the Couette shear cell. Both steady shear (a and b) and oscillatory shear (c and

d) are represented.
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• Kinetics of Phase Separation of Polymer

Blends Mediated by Block Copolymers

Copolymers are often added to polymeric

materials in order to enhance compatibilization and

improve mechanical properties. Copolymers tend

to form interfaces between different materials

analogous to surfactants in microemulsions. The
goal of our joint investigations with Brooklyn

Polytechnic University is to better understand how
this local mixing affects the kinetics of phase

separation. This will hopefully lead to new
methods for controlling polymer microstructures.

Blends of polyethylbutylene (PEB) and poly-

methylbutylene (PMB) and their copolymers have

been studied. Deuteration of one of the

homopolymers was used to enhance the neutron

contrast. A set of three samples containing either

no diblock copolymer, 10% or 20% diblock

copolymer were first heated to a temperature of

250 °C (well above the order-disorder transition

temperature) for a few hours in order to allow for

equilibration in the single phase region and then

quenched to ambient temperature (kept at 25 °C)

just prior to measurements. The scattering was

monitored over tune. Even though the sample

temperature equilibrated to 25 °C within 3 to 4

minutes, sample changes manifested as an

evolution of the scattering patterns were observed

over long periods of time (many hours).

As shown in figure 9, a spinodal peak

appeared after a few minutes, moved to higher

scattering wave vector before reaching a maximum
and then moved to lower scattering wave vector

before disappearing "behind" the instrument beam
stop. The intensity at the peak position also

showed an unusual time dependence. Increasing

the diblock copolymer content slows down the

phase separation kinetics as well as keeps the

"domains" smaller which enhances compatibili-

zation during the early stages of spinodal

decomposition. The initial increase of the peak

position with time is not predicted by the linear

theory of early-stage spinodal decom-position. At

later times, fits of and gave

exponents a and b which are higher than predicted

for homopolymer blends. Our results show that

for up to 300 minutes, there is no clear scaling

region for the variation of the peak position with

time.

0 0.005 0.01 0.015 0.02 0.025

Q (Inverse Angstroms)

Figure 9. SANS spectra from a PEB/PMB blend

mixed with 20% PEB-PMB diblock copolymer at

various times after the tenperature quench from 250 to

25 ®C.

• Modeling of the High-Q Scattering from

Polymer Gels and Networks

Modeling of die scattering function for

polymer networks has been a challenge due to the

large number of possible pathways to transfer

correlations between two segments. In colla-

boration with H. Benoit (CRM Strasbourg), recent

progress has been made in the modeling of high-Q

scattering from polymer gels [2] and regular 2D
polymer networks [3]. Given a polymer gel with

constant functionality f containing branches of n

segments each, the high-Q scattering can be put in

the form (Kratky plot) Q^S(Q) = A + B/(y,

where the coefficients A and B can be expressed

as: A = 12/b" and B = 36[-2 + f(f-l)/2]/nb"

where b is the monomer segment length and where

theta solvent conditions have been assumed.

Expressions for good solvent conditions have also

been obtained. These expressions remain to be

tested experimentally on model gels with known

functionality and branch sizes.
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NEUTRON BEAM APPLICATIONS

Neutron Diffraction Measurement of

Residual Stress

Considerable progress has been made in the

last two years at NIST in a number of areas

relating to the neutron diffraction measurement of

residual stress. This includes the development of

new methods of sample alignment ("ALIGN”), the

development of a comprehensive data reduction

program ("STRESS"), and the design and construc-

tion of a new multipurpose double-axis diffracto-

meter with a number of state-of-the-art features

specifically for improved residual stress measure-

ment. The basic elements of the first two were

discussed in some detail in last year’s report; an

update of the third will be presented later in this

section. The main focus of this section will be on

recent applications of the neutron diffraction

technique to real problems, the solution of which

has been greatly facilitated by our recent advances

in methodology.

• Weldments

The fracture safety of welds may be

compromised by the residual stress state which is

usually unknown, the microstructure which may
contain crack nuclei, and compositional gradients,

especially that of hydrogen. Neutron techniques

can, in principle, provide critical measurements of

the above three phenomena and thus guide the

development of rational solutions to the associated

welding problems. A major portion of our experi-

mental effort in this past year has been devoted to

the study of the first of these elements, and has

ranged in scope from studies of prototypical

geometry weldments (to test finite element

models), to specimens relating directly to real-

world problems such as leaks in railroad tank cars

and bridge failures.

Evolution of Streses Around a Weld. Utilizing

the nondestructive character of neutron diffraction,

an ONR-supported study of the evolution of

residual stress patterns on a pass-by-pass basis was

begun in FY92 for a model system. Because of

micro-structural anisotropies in the original bainite

sample, studies were begun this year on a new test

specimen of high-strength low-alloy steel (HSLA-

100) with the same geometry as was shown in last

year’s report: a 15 x 15 x 1.9 cm^ plate, with a

v-notch weld channel. Measurements have been

made in the central plane around the notch before

welding and after one weld pass. Data collection

is in progress for the same specimen after two

weld passes.

At each of 25 sampling points in the base metal

(3 X 3 X 3 mm^ gauge volume), one or two

Bragg peak scans were made in the reflection

geometry, and at least four scans were made in

transmission. This provided sufficient information

to extract, without any assumptions or

approximations, three normal stress components

and one shear stress component. A few points in

the weld metal, which require separate analysis,

were also examined. The "stress-free" was

obtained from the unwelded plate, which was

confirmed to be essentially stress free by neutron

diffraction.

Certain features are noteworthy:

1 . A clear, highly-tensile stress field is produced

in the base metal in the measurement region

nearest the channel (gauge volume centers 3

mm from channel) for both transverse and the

longitudinal directions. The tensile stress

maximum (— 700 MPa) occurs in the longitu-

dinal direction and is approximately twice the

maxima in the transverse directions.

2. At gauge volume centers 8 mm away from the

channel, measured stresses are near zero or

somewhat compressive.

The neutron results for the axial and transverse

directions in the central plane of the plate are in

good qualitative agreement with results obtained by

x-ray diffraction for surface stresses around a bead

weld on a steel plate. The results, when complete,

will provide unique information not previously

available to welding researchers.

Testing models. A very active area in welding

science/technology is that of modeling weldments

by means of finite element methods (FEM). One

output of such modeling is the prediction of the

residual stress distribution produced by the welding

process. In a coordinate ORNL-NIST, ONR-
supported program we have determined the

residual stress distribution for a geometry amenable

to modeling: a spot-welded disk. The associated

ORNL modeling effort is in progress.
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A schematic of the HSLA specimen is shown

in figure 1, with the measurement region and the

2.0 cm diameter spot weld indicated on the 7.6 cm
diameter, 1.86 cm thick disk. The gauge volume

in this case was again 3x3x3 nurf, and the

(1 10) Fe reflection was used.

18.6

Figure 1. Schematic of the HSLA spot-welded disk.

The shaded area is the plane over which the gauge

volumes were centered. Dimensions are in millimeters.

The same specimen was examined prior to

welding and was found to be essentially stress free

so that do was obtainable. The value was

confirmed by examining the balance of stresses

normal to planes containing gauge-volume centers

(shown in Fig. 2), interpolating, and assuming

cylindrical symmetry of stresses.

Measurement Positions

Specimen

OuUine

Figure 2. Exact measurement positions of the 3 X 3 X
3 mm^ gauge volume centers on the shaded plane of

figure 1.

One of the notable results of this relatively

straightforward experimental study is that all six

stress components (i.e., three normal and three

shear) were determined at each of the measurement

points. This was possible because of the compact

geometry of the sample and the full-circle

goniometer mounted on the BT-6 instrument

which, together, allowed a broader-than-usual

range of sample orientations to be studied. To our

knowledge, this represents the first such

determination using neutron diffraction. The

residual stress distributions are shown in figure 3.

Like the v-channel weldment results, all of the

normal stresses near the weld-metal/base-metal

interface are tensile. In the context of the

modeling yet-to-be-done, the fact that the normal

stress magnitudes do not change monotonically

witii axial distance from the weld (e.g. for r < 5

mm) may provide a critical test of the calculations.

Tank-car Weldments. The Federal Railroad

Administration ofthe D^artment ofTransportation

(DOT) has a direct responsibility for the safe

transport of hazardous materials via tank cars.

One aspect of this responsibility has to do with the

effectiveness and durability of axial stiffeners

welded to older tank cars to increase tank shell

buckling strength. Analytical calculations

performed some years ago indicated that high

tensile stresses, which would promote structural

failure, may occur at the start- and end-points of

the skip welds used to attach the stiffeners to the

tank cars [1].

In a DOT-supported collaborative project with

the Metallurgy Division, we have made the first

determination of residual stress distributions in

skip-weld specimens of the type used for railroad

tank car stiffeners. A totd of four specimens

produced under different welding conditions, and

one unwelded specimen, were characterized. The

measured residual stress distributions through the

thickmess around the start and end points of the

weldments are not in very good agreement with the

analytical-model predictions. We find that only the

normal stresses parallel to the bead-on-plate

weldment direction are tensile. In addition,

although the maximum tensile stress measured is

comparable to the predicted value, the measured

change in stress with distance from the weld tip is

much less than the model calculations.
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Radial Stress Hoop Stress Axial Stress

distance (mm) distance (mm) distance (mm)

Radial/Hoop Shear Radial/Axial Shear Hoop/Axial Shear

Figure 3. Measured residual stresses on the measurement plane of the spot-welded disk. Symbols correspond to

those shown in figure 2.

Because of the nondestructive nature of the

neutron measurements, these same samples will be

characterized by x-ray diffraction so that complete

surface and subsurface residual stress distributions

will be available in the regions of interest.

Infrastructure Application. Although only a

few catastrophic bridge failures have occurred

(compared to the large number of bridge structures

in service), any failure is expensive to repair and

can result in loss of life. Of the failures,

undesirable residual stresses have caused or

contributed in many cases. Because of this the

Federal Highway Administration of DOT has, for

many years, sought a practical and reliable NDE
method for measuring residual stresses in bridge

structures, with particular interest in weldments.

Several candidate techniques have shown promise,

but only to a limited degree even in the laboratory.

A major difficulty has been that no primary

standard was available to confirm the correctness

of the results obtained with the candidate methods.

Very recently we have completed a preliminary

study of strains in a laboratory specimen of a T-

shaped full-penetration-welded stiffener for a

bridge girder. Strains transverse to the weld

direction were measured as a function of distance

from the weldment for an array of points

encompassing the thickness and width of the region

of interest. Very clear strain gradients,

asymmetric with respect to specimen morphology,

were present in the region examined. These

results indicate that great care must be taken in

interpreting measurements performed with field-

portable techniques which average over large

regions of the specimen.
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It is expected that a more comprehensive study

will be begun in this area in the near ftiture.

• Other Applications

Powder Metallurgy. Near net-shape manufac-

turing of metal components by low temperature

compaction of metal powders offers substantial cost

savings in materials and machining. However, a

major limitation of this technology results from the

fact that even relatively small tensile residual

stresses cause fractures because ofthe low cohesive

strength of interparticle bonds. It is therefore

critical to model fabrication processes and the

residual stresses they produce, and to measure the

stresses to test the models. The fragile nature of

the compacts makes neutron diffraction the only

viable method for evaluating these stresses.

In a collaboration with researchers from

M.I.T., initial studies have been completed on a

compacted iron powder. Although the measure-

ments are straightforward, in principle, the

predicted strains are on the order of 100 /^strain,

which is at about the limit of sensitivity of the BT-

6 instrument. At this level, such factors as density

gradients in the sample become very important.

This because of an effect of path length on

apparent d-spacing in wavelength-dispersive

measurements.

The first set of measurements, although very

encouraging, could not provide unambiguous

results because the density profile in the compact

(which is analogous to path length) had not been

measured. New specimens are being prepared at

M.I.T. for neutron diffraction study which will be

fully characterized as to density, and which will

test a number of different aspects of the processing

technique.

Squeeze-cast Metal-ceramic Composites.

Ceramic-fiber reinforced metal-matrix composites

(MCCs) are beginning to be used in applications

requiring good strength at high temperatures, good

structural rigidity and dimensional stability, light

weight, and good fabricability. One place that

automotive engineers see enormous potential value

for MCCs is as piston head reinforcements in

automobile engines. At present, questions relating

to residual stresses in the piston body, the squeeze

cast reinforced top of the piston, and the effect of

residual stresses on the performance of the

squeeze-cast component must be answered.

We have performed a preliminary study of

GM-provided aluminum-alloy matrix metal and the

alumina/silicate reinforcement fiber preform to

determine if neutron diffraction could characterize

residual stresses in these materials. The results

suggest that it should be possible in the aluminum

matrix, but unlikely in the ceramic fibers (because

of relatively low intensity and the complexity of

the overlapping alumina and silicate diffraction

patterns). Definitive measurements are in

progress.

• A New Double-Axis Spectrometer for Single-

Crystal Diffraction, Texture, and Residual

Stress Measurement (DASSATS)
DASSATS is a multipurpose neutron diffrac-

tion instrument that is projected to be installed in

1994 on BT-8. The current status is as follows:

A basic US-1 (BNL-design: Universal

Spectrometer 1) drum has been modified to allow

t^e-off angles up to 120° (20^) for residual stress

measurements (Fig. 4). Texture and single-crystal

diffraction will utilize a take-off angle of —25°.

An extensive primary and secondary beam
handling system has been designed for residual

stress measurements, that allows the choice of

potential sampling volumes from 25 x 25 x 25

mm^ to 1 X 1 X 1 mm^, with a beam limiter to

reduce the size of the reactor beam before it enters

the monochromator drum. The primary system

will slide in and out of the plug Aat is placed in

the monochromator drum. The diffracted beam

system will slide between the counter and the

sample table. The sliding action is meant to allow

for objects on the sample table to freely move in

space, while going from one scan to another or

even while perfonr ag some classes of scans.

When required, the slides will accommodate a set

of Soller slit blades.

An automated monochromator system with

remote controlled rocking, translation, etc., and

four different monochromators (on an elevator

system) has been designed. An elevator device to

shift a pyrolytic graphite filter in and out of the

beam will be incorporated. Its purpose is to

suppress the higher orders in the monochromatized

beam for single crystal and texture measurements.

Candidate position sensitive detector systems,

including one with a radial collimator option,

continue to be evaluated.
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On completion it is expected that DASSATS
will increase throughput for residual stress

measurements by at least a factor of five.

Figure 4. Partial schematic of "DASSATS", the new
residual stress, texture, and single-crystal diffractometer

to be installed on BT-8.

Neutron Diffraction Measurement of

Texture

• Continuing Studies ofShaped-Charge Liners

It is well known that the textures of

polycrystalline metals play a significant role in

plasticity and other important physical properties of

materials. However, the utilization of texture

information for the improvement of specific

materials properties or for the tailoring of

fabrication processes is not a common practice yet,

partly because of the difficulty of obtaining

quantitative three-dimensional orientation

distribution funaions (ODF). Very recently, a

comprdiensive ODF analysis program package,

called popLA, has been developed by Kallend, et

al. [2], which is designed to make modem ODF
analysis methods available to the general materials

science community. This is now incorporated for

routine use in our analysis software.

As a continuing project for DOD, complete

three-dimensional ODFs of several heavy-metal

shaped-charge liners, such as of tungsten,

molybdenum and tantalum, and fabricated with

different thermo-mechanical treatments, were

determined to find the correlations between the

measured textures and the macroscopic properties.

The orientation distributions determined from

the ODFs were so accurate that the texture-effect

corrections, based on the ODF, could be utilized in

the Rietveld profile refinement procedure.

Tungsten Shaped-charge Liners. The texture

of a tungsten shaped-charge liner, fabricated by the

HERF process from arc-cast ingots, was

investigated by neutron diffraction and three-

dimensional ODF analysis. Two 12 x 12 mm^
plates, were obtained from each liner, one from

25 mm below the apex (labeled WTOP), and the

other from 25 mm above the liner base Oabeled

WBOT). Four pole figures, (110) (200) (211) and

(310), were measured with 1.50 A neutrons at the

NIST research reactor for each sample. The

orientation distribution functions (ODF) of the

samples were obtained by the WIMV method with

orthorhombic sample symmetry.

The major texture components found in the

liner are summarized in Table 1. There are three

dominant texture components in the liner, i.e.,

(111)<101>, (100)<011>, and (112)<110>.
The section near the ^ex exhibited primarily an

(hkl)[110]-type texture, but the section near the

base showed not only the sheet-type but also a

strong fiber-type texture. The (112)<110>
component was strong near the apex of the liner,

but was considerably weaker near the base of the

liner. The part closer to the base had a higher

degree of texture (texture index of 2.0), than the

part closer to the apex (texture index of 1.9).

The orientation distributions determined from

the ODFs were used for the calculation of the

texture effect on the diffraction profiles. The

details of the application of ODF to the Rietveld

refinement is reported in the Crystallography

Section of this report.

Table 1. The intensities (mrd units) of the major

texture components, obtained from the two

different parts of the liner.

Textures W-BQT W-TOP
(100)[011] 14 12

[100]-fiber 7 2

(111)[101] 11 10

[lll]-fiber 6 1

(112)[110] 3 9

(115)[110] 1 8
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Molybdenum Shaped-charge Liners. The

crystallites orientation distributions of three

different conical molybdenum shaped-charge liners,

labeled COO, C20 and C40, fabricated with

different thermomechanical treatment processes,

were investigated by using neutron diffraction

measurements and three-dimensionalODF analysis.

Two specimens were obtained from each liner, one

from 25 mm below the apex and the other from 25

mm above the liner base. The pole figure data of

the four reflections, (110) (200) (211) and (222),

were measured from each specimen, using 1.25 A
neutrons. The ODFs of all the samples were

obtained by the WIMV method with triclinic

sample symmetry. The agreement between the

experimental and the recalculated pole figures was

excellent for all the samples.

Several distinct pole density peaks were

typically found from the sample orientation

distribution (SOD) maps of all six samples. They

are (lll)<uvw>, (100)<uvw>, and intensity

ridges extending from these peaks to (1 12) <uvw>
and (1 15)< uvw> . The pole density distributions

of the (lll)<uvw>, (100)< uvw> and (112)

<uvw>, as a function of the ^-angles, were

obtained from the three-dimensional SODs, and are

presented in figure 5. The solid lines in the

figures represent the distributions at the sections

near the apex, and the dotted lines represent those

at the sections near the liner base. The dotted

curves have generally higher base-line intensities

than the solid curves, which indicates that the

bottom part of a liner tends to have stronger

fiber-type texture than the part near the apex.

Plastic Anisotropy ofMolybdenum Liners . The

plastic strain ratio, commonly called the R-value,

is defined by R(q:) = eyy/e^, where a is the angle

of the stress direction measured from the rolling

direction (RD) of the sample, and Cyy and and

are the width strain and thickness strain,

respectively. The R-value is a parameter that

indicates the anisotropy characteristics of sheet

metals, and is related to the limit strains attainable

in fabrication processes, such as stretching or

deep-drawing. The R-values of the samples were

calculated from the coefficients of the Harmonic

ODF, using two different slip models: the

restricted glide model and the pencil-glide model.

The two sets of calculated R-values of the six

samples are given in Table 2. It is known that

kolj OOO: (liaXuvw]

Uoly OOO: (lOOXu^]

\L<Aj COO: (UlXuvw]

Figures. The (1 12)<uvw>, (100) <uvw> and (111)

<uvw> distributions of the COO-A sample as a

hmction of the jangle. The solid lines indicate the

distributions near the apex, and the dotted lines indicate

those near the base of the liners.

the drawability of a sheet metal is closely related to

the average strain ratio: R(a) = (R(0) + R(45)

+ R(90))/4, and the directional variation in the

plane of the sheet, commonly called the plane

strain ratio: AR = (R(0) + R(90) - 2R(45))/2.

The desirable values for deep-drawing are a larger

R (larger than 1) and smaller AR. The R-values of

the liners in Table 2 are less than 1 on average,

and hence predict a poor drawability. The small

values of the R are attributed to the presence of the

strong (100)<hkl> component in the samples.
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The criteria of the R values for the deep-drawing

of sheet metals are not necessarily valid for the jet

ductility performance of the liners. However, the

R-values are a simple 1-d parameter, and hence

may be easy to correlate with other plastic

properties, such as the lengths of the shaped charge

jets produced by the liners. Such correlations

should be investigated.

Table 2. The R-values as a function of the directions, obtained from the Harmonic ODF using the

restricted glide model (R) and the pencil-glide model (P). The R and the WR are also given.

Angles COO-A COO-B C20-A C20-B C40-A C40-B

R / P R / P R / P R/ P R /P R / P

0. 0.54/0.49 0.73/0.61 0.63/0.57 0.86/0.72 0.43/0.46 0.66/0.59

15. 0.81/0.67 0.69/0.62 0.64/0.60 0.75/0.67 0.50/0.51 0.63/0.58

30. 0.95/0.88 0.63/0.62 0.61/0.62 0.55/0.55 0.59/0.60 0.59/0.56

45. 1.17/1.17 0.60/0.59 0.59/0.62 0.49/0.52 0.64/0.66 0.59/0.58

60. 1.08/1.24 0.69/0.62 0.66/0.67 0.62/0.63 0.67/0.67 0.65/0.63

75. 0.85/0.83 0.82/0.75 0.73/0.74 0.87/0.84 0.64/0.67 0.72/0.69

90. 0.75/0.78 0.87/0.82 0.77/0.78 1.00/0.98 0.64/0.67 0.75/0.71

R 0.91/0.90 0.70/0.65 0.65/0.65 0.71/0.69 0.59/0.61 0.65/0.62

AR -0.53/-0.54 0.20/0.13 0.11/0.06 0.44/0.33 -0.il/-0.10 0.12/0.07

Neutron Autoradiography of Paintings

The Smithsonian Conservation Analytical Lab

(CAL)-NIST autoradiography research program

has concentrated in three areas: the continuing

study of paintings by 19th century American

artists, methodology development to improve the

efficiency of the autoradiography process, and the

renovation of a second laboratory.

The paintings studied by the Smithsonian this

year were attributed to Thomas W. Dewing and

included Landscape with Figures and The Reading .

Changes in the position of the heads of figures in

both paintings revealed an effort to create a feeling

of psychological distance between the figures.

These observations are important and were

presented in a special seminar to a group of

Smithsonian and University of Maryland staff and

students [3].

In addition to the Smithsonian’s program, two

paintings from the Kimbell Art Museum in Fort

Worth, Texas were studied. These included St.

Sebastian Tended bv Irene (Circle of Georges de

La Tour) and Cheat with the Ace of Clubs by

Georges de La Tour. This work was carried out

with the participation of paintings conservator,

Michael Gallagher of the Kimbell Art Museum and

other members of the museum staff.

In the area of methodology development, the

feasibility study of using scintillation screens for

improving the efficiency of registering the painting

autoradiographic signatures on films, and for direct

capturing of images via video/electronic means

showed good potential. Film speed enhancement

of more than 10 was confirmed with actual

painting study with no discemable loss in image

quality. The use of cold neutrons for painting

activation was also investigated with very good

results. Utilizing a scintillation screen for film

speed enhancement and a glancing-angle geometry

for activation by cold neutrons could give a

painting adequate radioactivity for autoradiography

study in an amount of time comparable to that

which would be required at a thermal column. A
cold neutron guide has a much lower level of

undesirable gamma rays and high energy neutrons

and offers further advantages in greater activation

sensitivity and easier accessibility.
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A collaborative program to investigate the use

of cold neutron guide and digital autoradiography

techniques was carried out in Berlin at Hahn-

Meitner-Institut (HMI). A 17th century Dutch

painting from the Picture Gallery in Berlin was

autoradiographed at the HMI cold neutron facility.

A portion of the autoradiographs were recorded

using FUJI photostimulable phosphor imaging

plates. A great increase in sensitivity was

observed over the standard film system. The

images were preserved in digital form and could be

readily processed.

In summary, methodology developments

provide opportunities:

1. To reduce the total exposure to the paintings

under study while maintaining autoradiography

quality.

2. To reduce painting activation requirements

through more efficient use of neutrons and

improved detection/imaging systems, thus

making possible autoradiography studies of

paintings at many other reactor facilities.

Traditionally, a minimum physical size and

neutron intensity are required before a

successful activation can be carried out for

autoradiography study of paintings. These

requirements are considerably relaxed by:

a) Using neutron guides where instead of

placing a painting perpendicular to the

incoming neutrons, the painting is placed

almost parallel to the beam, significantly

increasing the exposed area.

b) Improved efficiency of the imaging system

requiring lower radioactivity in the

painting.

3. To improve the painting pigment identification

process by increasing the time resolution in the

autoradiography exposure sequence—possible

because of the improved efficiency of the

activation and imaging procedures.

4. To incorporate computer image processing

enhancement in the filmless approach for

dissemination of autoradiography information.

5. To make autoradiography information more

accessible for distribution and comparison with

other painting analysis techniques.

Use of the second laboratory during the

exposure of film following irradiation was

implemented this year with its use for the Dewing
painting. Landscape with Figures . The environ-

ment is tightly controlled and the area is secured.

This additional space was also especially important

for the housing of paintings during die various

stages involved in preparation for the autoradio-

graphy study of Cheat with the Ace of Clubs .

CAL’s facility for neutron induced autoradio-

graphy at the NBSR has been operated under the

direction of Jacqueline S. Olin, Assistant Director

for Archaeometric Research, Conservation

Analytical Laboratory, Smithsonian.
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ANALYTICAL CHEMISTRY

Nuclear Methods Group

The development and application of nuclear

analytical techniques for elemental compositional

analysis of greater accuracy, higher sensitivity and

better selectivity are the goals of the Nuclear

Methods Group. A high level of competence has

been developed in bodi instrumental and radio-

chemical neutron activation analysis (INAA and

RNAA). In addition, the group has the capability

of using neutron beams as analytical probes with

both prompt gamma activation analysis (PGAA)
and neutron depth profiling (NDP). PGAA
measures the total amount of an analyte present

throughout a sample by the analysis of the prompt

gamma-rays emitted during neutron capture.

NDP, on the other hand, determines concentra-

tions of several important elements (isotopes) as a

function of depth within the first few micrometers

of a surface by energy analysis of the prompt

charged-particles emitted during neutron

bombardment. These techniques (INAA, RNAA,
PGAA, and NDP) provide a powerful combination

of complementary tools to address a wide variety

of analytical problems of great importance in

science and technology.

During the past few years, a large part of the

group’s efforts has been directed at the exploita-

tion of the analytical applications of cold neutrons.

These efforts are need^ to take full advantage of

the guided cold-neutron beams now available at

the new Cold Neutron Research Facility (CNRF).
The group’s involvement has been to design and

construct state-of-the-art instruments for both

PGAA and NDP using cold neutrons.

• SRM Analysis and Certification

The nuclear analytical methods has continued

to contribute to the Standard Reference Material

(SRM) certification effort; this year’s efforts

include measurements performed on a number of

SRMs including: Domestic Sludge, Automobile

Catalyst, Spinach Leaves, Fused Zirconia, Zircon

Sand, five Lubricating Oils, and a Fuel Oil.

Group members are serving as Technical

Champions for several of these new SRMs, and as

such are responsible for scientific decisions made

throughout the production and certification pro-

cesses of these materials. Several highlights of the

Group’s SRM work this year are described below.

Three nuclear analytical techniques (INAA,
RNAA, and PGAA) have been used to determine

30 different elements in the food reference

material SRM 1570a, Spinach Leaves. These

techniques provided 66% of the NIST data for this

SRM. Twenty-one elements have been determined

by INAA, 7 elements by RNAA, and 9 elements

by PGAA, with some overlap between techniques.

Of the 37 elemental determinations made by these

techniques, 43% have total overall aniytical

uncertainties of 2.5% (relative) or less at the 95%
confidence level, and over 70% have uncertainties

of 5% or less. It should also be noted that 11 of

the 30 elements are at the ultratrace concentration

level (i.e., less than 1 mg/kg). In addition, the

INAA analyses were made on samples of only 150

mg each, and thus provided homogeneity infor-

mation important for certification.

Another SRM that has been studied extensively

this year is the Estuarine Sediment, SRM 1646a.

Both the INAA and RNAA techniques have

analyzed this material, with a total of 14 elements

determined. Ten elements have been determined

by INAA and 5 by RNAA, with one element

determined by both techniques. One element,

antimony, appears to be inhomogeneous in this

matrix. Of Ae rest, the INAA data have average

uncertainties of 2.3%. The RNAA results have

average uncertainties of 5.5%, but three of the

five elements determined are at the ultratrace

concentration level.

Cold Neutron Depth Profiling (CNDP) has

been used to certify the concentration of in

SRM 2137, the new Boron Implant in Silicon.

The SRM has been certified to contain 1.018 x

10‘^ atoms/cm^ of ^®B with an uncertainty of 0.035

X 10'^ atoms/cm^. The 1 cm^ silicon pieces of this

SRM are intended for the calibration of secondary

ion mass spectrometry (SIMS) instruments, and is

particularly important in semiconductor research

and development applications. The depth distribu-

tion of the boron implant has also been studied by

the Microanalysis Group of NIST using SIMS, and

this information is provided on the certificate.
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• Neutron Actiyation Analysis Method
Development

Although NAA has been in use for many
years, new developments continue to provide

improvements in detection sensitivities, elemental

specificity, precision, and overall accuracy.

Particularly in the last few years, the NAA
technique has become one of the primary

analytical techniques for the certification of

elemental concentrations in biological SRMs. One
important reason is that NAA has unique quality

assurance characteristics which provide accurate

analyses and which often allow the analytical

values obUuned to be internally evaluated and

cross checked. In addition, the capability of

INAA for nondestructive analyses (eliminating

dissolution errors) and for homogeneity

determinations of ng/g level concentrations for

samples whose sizes are as low as 100 mg has

made this technique an important contributor to

trace element analyses at NIST. Furthermore, the

relative matrix independence of NAA has resulted

in applications to many other materials as well,

including high temperature superconductors, soils,

and fly ash, rocks and ores, etc.

Optimizing the gamma-ray counting conditions

for the various forms of NAA can generally

improve precision, increase sample throughput, or

both. This is especially important when counting

the very small amount of radioactivity from the

analysis of ultratrace quantities of impurities, for

example in semiconductor silicon or (after

radiochemistry) noble metals in human tissue.

Sensitivity can be gained by using high-efficiency,

low-background detectors; a subsidiary benefit is

that less radioactive material nee^s to be

generated, handled, and discarded. The sources of

background in gamma-ray detectors have been

reexamined at NIST and elsewhere in recent years,

with improved understanding. It is now clear that

with care in the selection of the materials from

which the detector and the shielding are

constructed, the only important source of gamma-
ray background is the interaction of cosmic ray

particles with the shield and the detector itself.

Experiments are underway to reduce this

component by active, anti-cosmic ray shielding.

The computer-controlled robotic sample

changer (RSC) which was obtained last year has

been extensively evaluated and optimized during

the current year. This system provides the

capability for continuous utilization of a detector

system and is C2q)able of precisely positioning

eight different types of sample containers, ranging

from a 100 ml polyethylene screw-top bottle (used

for radiochemically s^arated samples) to a “2/5

dram” polyethylene snapcap vial, or a 54 mm
diameter disposable plastic Petri dish. After an

extensive evaluation and optimization process, the

system will now provide a reliable and repeatable

positioning uncertainty of ± 0.51% (Is; n=12) at

3 mm distance from the detector, and 0.25% (Is)

for a 5 cm counting geometry. This system has

been used to provide certification data for two

Standard Reference Materials, SRM 1570a,

Spinach Leaves, and SRM 1646a, Estuarine

Sediment.

• Specimen Bank Research

The Biomonitoring Specimen Bank Research

Project has continued to support other agencies’

monitoring programs. These programs include the

EPA Human Liver Project (HLP), the NOAA
National Status and Trends (NS&T) program, the

NCI Micronutrient Program, the lAEA/NIST/

FDA/USDA Total Diet Study, the NOAA Alaska

Marine Mammal Tissue Archival Project

(AMMTAP), and the National Marine Mammal
Tissue Bank (NMMTB). Research has centered

on specimen banking protocols and improved

analytical methodology. The group uses

in imental and radiochemical neutron activation

ar= sis to determine element compositions of

tii > included in the National Biomonitoring

Specimen Bank (NBSB). In addition, participation

in intercalibration exercises with the project

participants and the development of QA materials

for various marine analyses has helped to enhance

the quality of the analytical results used in the

assessment of the environmental health of the

nation. During the past year samples have been

collected, processed, and archived in the NBSB for

the NMMTB and AMMTAP. Concentrations (or

upper limit values) for approximately 35 elements

have been determined using INAA for 29 marine

mammal livers. Mercury has also been

determined separately in fourteen of these livers.
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• Dietary Studies

A world-wide research program was initiated

by the International Atomic Energy Agency

(IAEA) in 1985 to obtain reliable data on the

average daily dietary intake of nutritionally

important elements in various developed and

developing countries. The United States is

represented in this project by three agencies with

multidisciplinary expertise: FDA (sampling

strategy), NIST/Nuclear Methods Group

(analytical methodology), and the USDA planning

dietary studies). All three agencies are providing

specialized knowledge for a meaningful interpreta-

tion of data. This international diet study is

unique in that all samples have been collected and

analyzed by identical, or strictly comparable,

procedures in each country, and with appropriate

QA to ensure data comparability. The measure-

ment program was completed at the end of 1992,

by which time approximately 450 samples have

been analyzed.

For this study, typical total diets have been

collected in 15 countries and analyzed for more

than 20 elements. After sample collection, the

diets were prepared and freeze-dried locally and

then transferred to the IAEA laboratory at

Seibersdorf (Austria) for homogenization, division

into smaller aliquots and distribution to a network

of experienced analytical laboratories which use a

wide variety of analytical techniques. The

analytes of interest include praaically all the

minor and trace elements considerexi to be

essential or of interest as possible food

contaminants, viz. Al, As, Ca, Cd, Cl, Cr, Cu, F,

Fe, Hg, I, K, Mg, Mn, Mo, Na, Ni, P, Pb, Se,

Sn, V, and Zn. The Nuclear Methods Group has

used INAA and RNAA to determine Cr, Fe, Hg,

Mo, Se, and Zn in all the samples, and Cd in

selected groups of samples. A preliminary

evaluation of Ae results has yielded a number of

interesting observations. For example, the

variability of the intakes of essential elements

among countries is relatively small (factor of 2 or

less between highest and lowest) for Cr, Cu, K,

Mg and Zn, and relatively large (around a factor

of 4 or more) for I, Mn and Se. Three countries

(Japan, Norway, and Spain) appear to exceed the

Provisional Tolerance Intakes (PTIs) for As.

However, this may be due to a high consumption

of organically-bound As in fish where the toxic

effect is minimal and the PTI does not apply. The

apparent high intake of Hg in the Iranian and

Turkish diets may indicate a cause for concern and

an extended study (followed by remedial measures)

may be warranted.

Presently, evaluation of the entire data set is in

progress, and a final report is anticipated by the

end of 1994. A portion of the results from this

investigation has already been extensively used by

the World Health Organization in formulating a

revised set of global recommendations for daily

dietary intakes of essential elements. This set of

recommendations is expected to be released by

March of 1994 as a monograph entitled, "Trace

Elements in Human Nutrition.”

• Neutron Activation—Mass Spectrometry

The collaboration with Brian Clarke and

colleagues at McMaster University on neutron

activation-mass spectrometry (NA-MS) has

continued to provide valuable information on

ultratrace levels of boron and lithium. NA-MS
couples nuclear activation to generate “^He and ^He

(from and ^Li, respectively) with the high

precision of mass spectrometry. Under ideal

conditions the detection limits are in the ng/g for

boron and in the pg/g range for lithium. It is

therefore well suited to an investigation of the

natural concentration levels of boron and lithium

in biomaterials; both elements present difficult

analytical problems for other methods. This is

especially true for the determination of sub-ppb

levels of lithium where other analytical techniques

face serious analytical difficulties, mainly caused

by contamination control and, in some cases, by

insufficiently low detection limits.

Over the past year we have determined B and

Li concentrations in a wide variety of biological

materials, including more than one hundred

individual food items, as well as several different

protein components of blood. Blood Li levels may

be both genetically and environmentally regulated.

An environmental contribution is deduced from the

relationship between the blood Li level and the

amount of the element ingested. No such

information is available for B, another element

present in ultratrace amounts in human blood.

Unusually high levels of Li and B in the waters off

northern Chile offer an opportunity to study the
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genetic and environmental regulation of these

elements in the blood of healthy subjects.

• Superconductivity Research

The group has undertaken an active role in the

NIST program on high-temperature superconduc-

tivity research. In cooperation with materials

scientists at NIST and elsewhere, we are

measuring impurities in superconductor starting

materials and final products, as well as

determining the stoichiometry of the major

constituents. The needs of the superconductivity

program have stimulated the development of

methods for accurate, rapid analysis of these

materials by both NAA and PGAA. In particular,

an effort is underway to establish an accurate

monitor-activation analysis technique at NIST.

Conventional NAA requires the irradiation and

counting of a standard for each element to be

determined in a given sample. Prq)aring

numerous standard solutions requires much labor,

and the accurate quantitation of unanticipated

activities in the gamma spectrum is not possible.

An elegant solution has been pioneered in Europe,

which uses a dimensionless compound nuclear

constant called ko, which can be measured much
more accurately than the cross sections and other

constants that comprise it. We have begun to

apply this ^proach to cold-neutron PGAA, which

is especially subject to systematic errors from

neutron scattering effects, and have found that the

ko ^proach for determining element ratios offers

all die advantages of internal standards in other

methods. We intend to apply the ko formalism to

delayed NAA as well.

• Neutron Depth Profiling

Incremental improvements in the NDP instru-

ment are continually being pursued. One of the

major parameters in determining the reaction depth

in NDP is the accurate determination of the

residual energy of the charged particles. Silicon

surface barrier detectors used at room temperature

are limited to about 10 keV FWHM resolution at

the charged particle energies of interest. Presently

we are working in collaboration with Texas A&M
University to improve the depth resolution by

using time-of-flight (TOP) techniques. The

residual energy of the heavy recoil particle are

determined by TOP via microchannel plate

detectors. Initial efforts are focused towards

profiling nitrogen distributions in semiconductor

materials with resolutions of a few nanometers.

Proof-of-principle experiments are nearly

complete, and an application p^er will follow

shortly.

A major application of the NDP facility in

1993 has been the characterization of a variety of

diamond-like frlms. The work has resulted in

three or more publications during the last year.

Analyses have been performed to determine the

boron dopant distribution in a single layer, and in

alternately doped multilayer deposits. Diamond-

like substrates are often used as the precursors for

electronic circuits ftiat require efficient heat

transfer, such as for devices operated in a vacuum

or with high-current components. Boron nitride is

one diamond-like material ideally suited for

analysis using NDP. NDP is currently being used

to establish die stoichiometry of the nitrogen and

boron in the matrix and reveal non-uniformities in

the film deposition profile.

• Prompt-Gamma Activation Analysis

A permanent, full-time instrument for cold-

neutronprompt-gamma activation analysis (PGAA)
has been constructed as part of the NIST Cold

Neutron Research Facility. This instrument allows

accurate nondestructive measurements of a number

of elements, including H, B, C, N, S and Cd.

Hydrogen has been particularly emphasized.

Detection limits, constrained by background, of

less than 10 micrograms have been achieved for

some samples. This capability is of value in

numerous applications where quantitative,

nondestructive analysis of small quantities of

hydrogen in materials is necessary. Further

background reduction by one to two orders of

magnitude is probable in the near future.

Sensitivities (counting rate per gram of analyte) for

a number of elements have been compared using

the new cold-neutron instrument to those obtained

with the thermal University of Maryland-NIST

PGAA instrument. Sensitivities for most elements

are a factor of four better with the cold-neutron

^paratus, as a result of the increased capture

cross sections for cold neutrons, and the systems

compact sample-detector geometry. Installation of

a Compton suppression system and an evacuated
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sample chamber will greatly lower background and

substantially improve measurements.

The PGAA system has been used for the

analysis of hydrogen and other elements in a

number of samples originating from NIST
programs and from the academic and industrial

laboratories with whom NIST collaborates. We
give below a series of examples to demonstrate the

utility of the method.

PGAA has found great utility in multielement

analysis, particularly of geological samples. The

method has been used to measure the concentra-

tions of 14 elements in the Allende meteorite (with

good agreement with literature values), and

chlorine and other elements in a number of

terrestrial basalts used in ^C1 studies. We have

also used PGAA to measure concentrations of 7

elements in glass capillaries used in neutron

focusing, element ratios in a number of substituted

yttrium-barium-nickel oxides, and Si/Al ratios in

mesoporous zeolites used as catalysts.

Numerous specimens of pure and substituted

Ceo fullerenes have been analyzed for hydrogen

(and simultaneously for other elements such as C,

S, K, and Rb) in support of neutron scattering and

chemical experiments. Many of these measure-

ments have been performed with the sample sealed

inside the aluminum container intended for the

scattering spectrometer. Early samples of Cgohad

been found to contain large amounts of

contaminant hydrocarbon, so high (0.9 wt% H) as

to vitiate the neutron scattering measurements that

were planned; repurification gave a satisfactory

product with about 600 mg/kg. Later samples of

C«, analyzed have been found to be vastly superior

in quality, some containing as little as 0.025 wt %
H. With substituted fullerenes we have often been

able to measure other elements. We have

measured the H/S ratio in a sample of C«,(S04H),

(1.0 + 0 . 1 , as expected), both major alkali and

impurity hydrogen in superconducting K3Ceo and

its Ke and Rb„ analogs, C and halogen in C6oBr24

and C60I4 , and argon in a sample of amorphous

carbon sputtered using an argon plasma.

Attempts to measure hydrogen in semi-

conductors and related materials have met with

limited success because the amount of hydrogen

present has usually been much less than expected.

Hydrogen has been measured in 1-g and 4-g

specimens of hydrothermally grown single-crystal

quartz, with fused quartz used as a blank. The
concentrations determined were found to be less

than 10 mg/kg, in agreement with infrared

measurements. In another application, hydrogen

was sought for in a 1 .0-fim phosphosilicate glass

film deposited on a quarter of a 15-cm silicon

wafer; the effective sample mass was 1 mg. The

net hydrogen content in this sample was < 5

/Ag/cm^. Hydrogen has also been measured in 1-g

samples of semiconductor-grade germanium, in

order to determine whether etching the crystal

increases the susceptibility for hydrogen

absorption. Hydrogen concentrations determined

in the crystals ranged from 50 - 80 mg/kg Ge;

surprisingly, no differences were observed

between the etched and unetched crystals.

An important application of cold-neutron

PGAA has been the determination of hydrogen in

metals, due to the possibility of hydrogen

embrittlement. A 2.6 hour irradiation of a 234-mg

sample of NIST SRM 354 (unalloyed titanium)

yielded a hydrogen concentration of 235 ± 30

mg/kg; the certified concentration is 215 ± 6

mg/kg. Hydrogen concentrations have also been

measured in two titanium-alloy Jet-engine turbine

blades. Both blades were taken from an engine in

which another blade had failed during service. A
hydrogen profile of each blade was created by

measuring hydrogen at numerous locations.

Hydrogen concentrations measured in the first

blade ranged from 140 + 40 to 210 + 40 mg H/

kg Ti, with an average concentration of 190 + 40

mg H/ kg Ti. The second blade exhibited higher

hydrogen concentrations as well as a larger

concentration gradient; H concentrations ranged

from 140 ± 40 to 750 + 50 mg H/ kg Ti, with an

average concentration of 480 ± 190. Higher

hydrogen concentrations were measured on the tip

and edges of the blade than at the base and in the

interior. The addition of Compton suppression

will greatly decrease the uncertainties for H
measurements in metals.

An important area of PGAA research this year

has involved the effects of neutron scattering.

Neutron scattering by hydrogen causes changes in

the analytical sensitivities (cps/mg) ofboth thermal

and cold neutron PGAA. The effects of thermal

neutron(TN) scattering on analytical sensitivities

can be quantitatively accounted for by elastic

scattering, i.e. scattering in which the average
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energy of the neutrons does not change. Effects of

neutron scattering on analytical sensitivities of cold

neutron (CN) PGAA are different from those of

TNPGAA. Results of initial studies indicate that

cold neutrons interacting within a room
temperature target, on average, gain energy upon

scattering, resulting in decreased sensitivities.

Experiments have been designed to determine

whether cooling the target alleviates the part of the

CNPGAA sensitivity decrease that is due to

neutron warming. If the temperature of the target

and the "effective temperature" of the neutron

beam were similar, there would be little or no

change in the average energy of the neutrons.

CNPGAA sensitivities for H have been

measured for spherical and disk-shaped targets of

tris-hydroxymethyl-aminomethane (9.15% H) at

room temperature and after cooling to liquid

nitrogen temperature (77 K) under vacuum.

Relative to sensitivities for the 298 K targets,

sensitivities for the cooled targets were enhanced.

Sensitivities for cooled disks showed the same

qualitative trends as those at 298 K, i.e.,

decreasing sensitivity with increasing targets

thickness, but with less decrease for the cooled

targets. Sensitivities for H in the room-

temperature spheres decrease with sample size, but

those at low temperatures are constant within the

uncertainties associated with counting statistics

(0.5% to 2.5%) and target positioning in the beam
(1-4%). Constant sensitivity for spherical targets

of varying diameters indicates that there is no

measurable change in the average energy of the

neutrons. Cooling these targets appears to

eliminate the sensitivity decreases that are caused

by an increase in the average energy of the

neutrons. Neutron scattering, even without energy

change, alters the path length of the neutron within

the target, so that the entire effect for disks is not

eliminated by controlling sample temperature.

However, that part of the sensitivity decrease that

is due to neutron warming is at the very least

mitigated and the remainder of the effect that is

due to inelastic scattering can be studied using

Monte Carlo methods.

• Focused Neutron Research

A long-range program to explore and develop

the analytical applications of focused beams of

cold neutrons has been initiated within the group.

The ultimate goal of this research is to produce

beams of neutrons which have intensities several

orders of magnitude greater than previously

available. Such beams will greatly enhance the

capabilities of both PGAA and NDP, and may
ultimately lead to a neutron probe for micro-

analysis. Glancing-angle reflective optics can be

used to transport soft x-rays and thermal neutron

beams through narrow channels, which act as

miniature versions of neutron guides commonly

used at research reactors. The advantage of the

narrow («10 fim) channels is that the neutron

beam can be bent more sharply than for the wide

(ja;50 mm) guides. Recent developments in the

manufacture of polycapillary fibers, with

thousands of channels having sizes of a few

micrometers, have enabled cold neutrons to be

guided and focused on a scale suitable for

laboratory needs. A high intensity beam on a

small sample area can be useful for improving

both the detection limits of individual elements and

the spatial resolution of neutron absorption

measurements in analytical research.

The NIST neutron focusing team has tested a

prototype focusing lens constructed at the

Kurchatov Institute in Moscow. This lens uses

721 lead-silica polycapillary fibers of 0.36 mm
outer diameter, each containing 1261 parallel

channels of 6fim, and with 36% open area. This

220 mm long lens has been examined with thermal

and cold neutrons of various spectral and spatial

dimensions. The lens compresses a beam of 29

mm diameter at its entrance to about 1 mm at the

focus, a distance of 104 mm from the exit. The

actual gain in intensity varies strongly with the

incident beam divergence.

More recently, we have tested a second

focusing lens consisting of 919 borosilicate glass

fibers. Each 0.44 mm diameter fiber contains 547

parallel channels of 14;im, with 55% open area.

This lens has a total length of 100 mm and a focal

distance of 57 mm from the lens exit. The size

and intensity of the transmitted neutron beam has

been determined using a high resolution video

radiation detector. The intensity distribution of the

beam at the focus is approximately conical with a

frill-width at half-maximum of 0.49 mm, and with

an average gain in intensity of about 20. These

experimental results agree well with those obtained

by computer simulation. This research is being
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performed in collaboration with X-Ray Optical

Systems, Inc. of Albany, New York, which has an

Advanced Technology Program award to develop

focusing systems for both x-rays and neutrons

using capillary optics.

• Detector Imaging Research

The Nuclear Methods Group, working through

a CRADA with CID Technologies Inc. and the

Surface and Microanalysis Science Division, has

developed a video radiation detector (VRD) based

upon a charge injection device (CID) camera and

image processing system. This system allows live-

time high resolution imaging of neutron and

charged particle fields. The VRD system is

essentially 100% efficient for the detection of

alpha particles above a few MeV energy and

emission rates as small as 10'^ Bq have been

localized. The system allows discrimination

between tritons, alpha particles, and fission

fragments. Spatial resolution of less than 12/im is

achieved by interpolating between pixels. Also the

charge injection device (CID) is sensitive to

visible, x-ray and UV photons, so that charged-

particle images can be correlated with optical

images of the sample.

We have used the VRD for characterizing

neutron focusing components for neutron intensity,

determination of the focal plane, and analyzing

individual elements in the focusing device.

Neutron field maps produced by the VRD have

been indispensable for the project. The location

and size of the focus can be determined much

more quickly with the VRD than by using a series

of photographic films. It has also been used for

detecting spontaneous emission of naturally

radioactive materials from minerals or contami-

nants in the analysis of environmental samples.

• Group Interactions

The strong interaction with industrial scientists

using NDP, PGAA, and NAA has continued

during the year with a growing number of guest

workers, research associates, and joint publi-

cations. For example, working this year with

researchers from SEMATECH, we have used

NDP to study various aspects of quality control

using CVD (chemical vapor deposition) reactors.

These measurements will be useful in optimizing

process yield and reliability as well as establishing

confidence for the industrial in-house analytical

techniques.

Smithsonian Institution

The Conservation Analytical Laboratory of the

Smithsonian Institution has maintained an INAA
research facility within the Nuclear Methods

Group at NIST for over 15 years. This facility,

which consists of two automated sample changers

and three gamma detectors with associated

electronics, provides high precision multi-element

chemical analysis for use in a wide range of

Smithsonian and Nuclear Methods Group research

projects. In the past year over 2500

archaeological samples have been analyzed in

support of Smithsonian research projects.

One of the more intensive studies using INAA
concerns Classic Maya pictorial polychrome

pottery. Created in what is now southern Mexico,

Guatemala, and Belize during A.D. 600-900, these

elaborate vessels represent one of the great

ceramic traditions of the world. By combining

traditional art historical methods and the

instrumental neutron activation analysis of the

ceramic pastes, the products of centers of Maya

ceramic production are identified and located.

More than 8,000 chemical analyses of excavated

Maya pottery permit a compositional

characterization of the Maya Lowlands and

provide a database against which the analyses of

nonprovenienced museum objects of "matching"

compositions can be attributed to particular

subregions in the Maya area.

In the course of research being conducted to

meet a given set of objectives, new and significant

possibilities can emerge—ones that were

completely unforeseen at the beginning of the

project. This is the case with the emerging

potential for linguistic and dialectical mapping of

the Maya region. While some of the glyphs found

on Maya vases once ware described as primarily

"decorative" in nature, they have been found

recently to have a strong syntactic integrity that

permitted various substitutions and elaborations,

one frequently repeated glyphic phrase is

recognized as primarily derived from the Cholan

Maya language family, but often incorporates

loans of non-Cholan forms of glyphs or dialectical

variations in the glyphic elements. Previously the
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nonprovenienced vessels in museums, the majority

looted from their resting places, were regarded

only as isolated, aesthetic curiosities of Maya
creativity. Using the chemically-derived

compositional atfributions of the pottery we are

beguming to map the distributional pattern of

dialectical variation. As we merged linguistically

reflected social distances with economic or

political information obtained in our study of die

trade in pottery, we move increasingly forward in

our interpretation of the archaeological record.

Food and Drug Administration

(D. L. Anderson, W. C. Cunningham,

S. G. Cap^, and T. R. Lindstrom)

The Food and Drug Administration (FDA)
maintains a neutron activation analysis (NAA)
facility in the reactor building of Ae National

Institute of Standards and Technology (NIST).

This facility is directed by FDA’s Center for Food

Safety and Applied Nutrition and provides

agencywide analytical support for special

investigations and applications research, NAA
complements other analytical techniques used at

FDA and serves as a reference technique and

confirmatory quality assurance (QA) tool.

Instrumental, neutron-capture prompt-7 , and

radiochemical NAA procedures (INAA, PGAA,
and RNAA, respectively) continue as the prime

nuclear analytical approaches. A radioisotope-

induced X-ray emission (RIXE) spectrometer

provides support for FDA programs which

monitor toxic elements in housewares (especially

Pb), and the low-level 7-ray counting facility

developed by the Nuclear Methods Group of the

NIST Inorganic Analytical Research Division is

used to determine the radionuclide content in

various matrices. This combination of analytical

techniques enables diverse multielement and

radiological information to be obtained for foods

and related materials.

The continued development and production of

biological standard reference materials (SRMs) is

vital to FDA’s analytical programs. FDA’s NAA
laboratory provided analytical assistance leading

to the element concentrations listed for ten

reference materials, developed by Agriculture

Canada and now available from the NIST Office

of Standard Reference Materials. Both INAA and

PGAA techniques were used. The reference

materials are—
NIST RM 8414 (bovine muscle powder),

NIST RM 8415 (whole egg powder),

NIST RM 8416 (microctystalline cellulose),

NIST RM 8418 (wheat gluten),

NIST RM 8432 (com starch),

NIST RM 8433 (com bran),

NIST RM 8435 (whole milk powder),

NIST RM 8436 (dumm wheat flour),

NIST RM 8437 (hard red spring wheat

flour), and

NIST RM 8438 (soft winter wheat flour).

QA is a continuing effort in FDA’s analytical

laboratories. The NIST ultralow-level gamma-ray

counting system was used to verify file ^^^Cs

activity concentrations in several maple symp test

portions. Four symps were also analyzed by the

Winchester Engineering and Analytical Center

(WEAC), FDA’s radioanalytical field laboratory.

The ^^^Cs activity concentrations ranged above

and below WEAC’s limit of detection (LOD,

approximately 1.5 Bq/kg). The results (listed

below) agreed very well.

Bq ‘^^Cs/kg

Symp ID FDA/NIST WEAC
A 2.92 ± 0.17 2.8 ± 0.5

B 4.94 ± 0.28 5.0 ± 0.6

C 0.15 ± 0.01 <LOD
D 0.25 ± 0.02 <LOD

In another QA exercise, general analytical

support was provided to FDA’s National Center

for Toxicological Research. A series of calcium

supplements were analyzed using INAA as a

reference for verification of independent analytical

results for calcium.

Dietay intakes based on PGAA data were

calculated for H, B, Na, S, Cl, and K in 234

foods from FDA Total Diet Study (TDS)

collection K1 1 (November, 1990 to January, 1991)

[1]. Fmits, vegetables, and nuts had the highest

B concentrations and supplied over 50% of the

dietary intake for B in eight age/sex groups.

Higher B concentrations in drinking water and

greater fruit and vegetable consumption could

significantly increase B intakes. Added NaCl

{Le., that introduced during processing or
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preparation) was estimated to account for about

half the dietary Na and Cl for 6-11 month-old

children and —75% of Na and —80% of Cl for

all other age/sex groups. An estimated 10% of

dietary Na was contributed by other additives,

e,g. , baking powder in grain products, emulsifying

agents in processed cheese, and a variety of

preservatives. Sulfur concentrations in food and

S intakes were dominated by protein- related

cysteine, with relatively little contribution from

food additives. Potassium and Na concen-trations

and intakes determined for collection Kll agreed

very well with the 1982-1989 TDS averages.

Thirty-six commercial houseware items and 87

ceramic test tiles (85 fired with hobby glazes and

2 blank bisques) were examined qualitatively for

the presence of Pb by using ^®^Cd-mduced L X-ray

emission [2]. For the housewares, the technique

provided fast, nondestructive analysis of areas

ranging from about 10 cm diameter (general

regions) to about 4 mm diameter (e.g., isolated

design regions). Lead was found in 25 of 28

ceramicware items and in all 8 other house-wares,

and in all the test tile glazes above the limit of

detection of 1 count per second (cps) for the Pb

X-ray. For housewares, Pb response did not

always correspond to Pb leachability. For 68 test

tile glazes labeled as containing Pb (39 of which

were also labeled as dinnerware safe), count rates

ranged from 290 to 730 cps, while for the other

17, labeled (with one exception) as “non-toxic,”

much lower count rates (5-61 cps) were observed.

Other elements found in the housewares or test

glazes were As, Au, Ca, Co, Cr, Cu, Fe, Mn,
Nb, Ni, Rb, Sr, Y, Zn, and Zr.

University of Maryland

The University of Maryland (at College Park,

UMCP) aerosol chemistry group has used the

NBSR reactor for instrumental neutron activation

analysis to characterize atmospheric aerosol

particles and gases for more ±an 20 years.

Detailed and accurate multielement analyses are

routinely achieved, nondestructively, for up to 40

elements in samples collected for periods of

several hours to a few days on various types of

filters and in cascade impactors which size

fractionate the aerosol into as many as 10 size

domains. Some of the elements measured, e.g..

As, Se, and Hg, are highly toxic and are,

therefore, of epidemiological interest, especially in

the Chesapeake Bay and Coastal Marine

environments. Equally important is that

information on elemental constituents remains a

powerful, fundamental tool with which

atmospheric sources, transport, and processes may
be elucidated. Current projects are discussed

below.

• Characterization of Submicrometer Aerosol

Particles

Detailed investigations of the size-distribution

and composition of urban aerosols are important to

the scientific community because they contain

information about the formation, sources,

transport, and atmospheric behavior of particles

containing toxic and nutrient substances, and

respiratory irritants. This work extends

measurement to very small (often < 100 /ig)

samples of submicometer aerosol particles size-

fractionated with low-pressure-drop Micro-Orifice

Impactors (MOI). In a recently completed study,

size-segregated aerosol samples were collected at

three sites near Washington, DC, an area

influenced largely by emissions from motor

vehicles, utility coal and oil combustion, and

municipal incineration; and at two sites in the

heavily industrialized Philadelphia area, to

determine the spatial variability in elemental size

spectra and relationships between modal diameter

and atmospheric aerosol origin and age, including

hygroscopic growth functions.

Samples were collected daily from 7 am to 6

pm EST at the three Washington sites in mid

August to late September, 1990; and at the

Philadelphia area sites from mid October to mid

November using 10-stage MOI which provided 7

size fractions in the range < 0.06 to 3 ^m. INAA
have now been completed for up to 40 elements on

74 MOI sets, representing > 600 individual

samples, laboratory blanks, and field blanks.

The results of this study confirm the existence

of fine structure in submicrometer aerosol and

suggests that particles from various sources remain

separated, i.e., unmixed over urban transport

scales. In the heavily industrialized Philadelphia

area, the size spectra show individual accumulation

aerosol peaks for elements such as Zn, Ti, and V
at modal diameters of approximately 0.1 /xm.
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These clearly represent the influence of plumes

from a municipal incinerator, titanium pigment

plant, and residual oil combustion, i.e., sources in

close proximity to the sampling sites. Elements

such as As, Se, and S, which have strong

components from distant sources and occur in

much wider peaks with modal diameters near 0.5

fim and represent what receptor modelers have

termed "regional" sulfate. Whereas classical

rec^tor modeling employs statistical techniques to

resolve the coniributions of generic source types

from ambient measurements of unfractionated fine

particles, our results demonstrate the resolution of

individual sources. This is a degree of resolution

not previously attained by statistical analysis of

unfractionated fine aerosol particles.

In addition, by fitting spectra containing single

peaks and correlating the fitted mass median

aerodynamic diameters against water activity, we
have developed the first hygroscopic growth

ftmction for V in ambient aerosol particles. As

discussed below, growth fimctions for various

elements are sorely needed to predict their dry

deposition fluxes, especially to natural waters.

• Chesapeake Bay Atmospheric Deposition

Study

Atmospheric deposition by wet and dry

processes is known to be an important source of

several anthropogenic, particulate-bound metals in

critically important waters such as the north

atlantic Ocean, the coastal mid-Atlantic waters,

and the Great Lakes. The Chesapeake Bay,

perhaps the world’s most productive bay, is

especially subject to deposition of anthropogenic

air pollutants as it lies in close proximity to

heavily polluted urban areas, e.g., Baltimore, MD,
Washington, DC, Norfolk, VA, and receives

polluted air masses from the heavily industrialized

Ohio Valley.

We are now in the third year of a project to

characterize the spatial and temporal variations in

the concentrations of various elements in aerosol

particles depositing on the Chesapeake Bay.

Aerosol particles with diameters smaller than 10

fim are sampled weekly at tiiree rural shoreline

sites, one at the Wye Research Institute in the

northern Bay, a second near the Elms educational

institute in the middle Bay, and the third at Haven

Beach located near Gloucester Point in the south

Bay.

Analyses have been completed for more than

450 samples, field blanks, <md laboratory blanks.

In addition to INAA, inductively-coupled plasma-

atomic emission spectrometry C^CP-AES), and

gr^hite fiimace atomic absorption spectrometry

with Zeeman background correction (GFAAS)
were also used. Analyses for Al, As, Cd, Cr, Cu,

Fe, Nm, Ni, Pb, S, Se, and Zn have been used to

estimate aerial dry dq)osition fluxes to Bay surface

waters as the product of the annual average

concentrations and dq)osition velocities (V^s)

determined from limited experimental measure-

ments on other waters reported in the literature.

The results indicate tiiat dry deposition fluxes for

many elements emitted from high-temperature

combustion sources are comparable to wet fluxes.

The dry deposition flu' of elements associated

with large pmticles or x)al or crustal materials

typically exceed the wei fluxes for these elements.

Deposition models suggest that particle size is

extremely important in determining deposition

velocities. Size is governed by tihe nature of the

source, coagulation, cloud processing, and

hygroscopic growlb. Over large distances,

atmospheric processes tend to homogenize sq)arate

particle populations. However, on the urban

scale, our submicrometer aerosol studies have

shown that aerosol particle populations from

individual source remain discrete, i.e., unmixed.

Thus, particle size, hygroscopic growth, and

deposition of various elements will differ for

particles emitted from different sources. To
investigate the importance of these effects, we
have collected size segregated aerosol samples

with micro-orifice impactors on the pier at the

Matapeake Police Station on Kent Island, and on

the Pier at the Chesapeake Biological Laboratory

in Solomons, MD. INAA of 15 sets of these

samples are in progress. Preliminary results show

that most of the deposition occurring under neutral

conditions at wind spe^s of 5 m/s (the mean Bay

wind speed) is account^ for by the fraction of the

elemental mass associated with large particles,

i.e., particles >5 /xm, aerodynamic diameter. For

example, at Matapeak, particles collected on stages

0 and 1 (diameters 21 and 7 fim) accounted for

85% of the deposition of S and V, despite the fact
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that only 10% of their mass resides in these

particles.

Federal Bureau of Investigation

The Elemental and Metals Analysis Unit

(EMAU) of the Federal Bureau of Investigation

(FBI) Laboratory irradiates samples for neutron

activation analysis (NAA) at the NIST reactor

facility. These samples are evidence in criminal

cases being investigated by the FBI, state, and

local jurisdictions throughout the United States.

The primary analysis is of lead projectiles (bullets

and shotshell pellets). In a typical case bullets

from a crime scene are compared with the bullets

from cartridges found in the possession of a

suspect. The samples are irradiated at NIST along

with an appropriate standard (SRM 2416, or SRM
2417) and then transported to FBI Laboratory

facilities for gamma-ray spectroscopy. By NAA,
samples are quantitatively analyzed for trace

amounts of copper, antimony, and arsenic. The

quantities of these trace elements found thus

characterizes each bullet and allows bullets to be

compositionally compared within a specific case.

Further, the lead data from approximately the last

ten years has been stored in a database. With this

database new samples can be compared to each

other and to all samples the FBI has analyzed to

give an idea of how common their composition is.

When appropriate. Special Agent Examiners

provided expert court testimony in these cases.

The FBI also occasionally irradiates copper

and steel samples at NIST. These analyses are

also quantitative determinations for the trace

elements present, and ultimately inter-sample

comparison. In addition to using

NAA to analyze samples from criminal cases,

several projects of note are being worked on this

year. Using NIST facilities EMAU has analyzed

bullet lead which was used as a testing standard in

a collaborative crime laboratory testing program.

EMAU is also participating in a study of the

effects of bullet fragments on brain tissue by

analyzing bullet lead before and after implantation

in the brain tissue of mice. On-going research

concerning the quantita-tive trace analysis of bullet

and shotshell pellet lead continues as questions

arise in criminal cases.
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NEUTRON METROLOGY AND DOSIMETRY

This project provides measurement services,

standards, and fundamental research in support of

national industrial competitiveness in areas related

to neutron physics. The industrial fields served

include materials development, scientific instru-

ment manufacturing, electric power production,

radiation protection, radiation ther^y, and

radiation hardness testing.

This project maintains, develops, and applies

well-characterized neutron fields for detector

development, methods evaluation, and standardi-

zation as needed for materials dosimetry in nuclear

reactor applications and for personnel dosimetry in

radiation protection. These neutron fields include

thermal neutron beams, "white" and monochro-

matic cold neutron beams, a thermal-column-cavity

fission neutron field, and ^^Cf fission neutron

fields, both moderated and unmoderated. The

calibration of these neutron fields is derived from

related artifacts, facilities, and capabilities

maintained by the project: the national standard

neutron source NBS-I, a manganous sulfate bath

for neutron source comparisons, a collection of

fissionable isotope mass standards (FIMS), a

collection of boron and lithium isotopic standards,

and spectroscopy facilities for both gamma rays

and alpha particles. In addition a larger volume,

higher fluence-rate fission neutron field, the

Materials Dosimetry Reference Facility (MDRF)
is maintained collalx)ratively at the University of

Michigan’s Phoenix Memorial Laboratory.

The group also carries out forefront research

at the CNRF in weak interaction physics and tests

of fundamental symmetry principles, develops

advanced measurement techniques in neutron inter-

ferometry, and performs experimental tests of

critical neutron transport data and computational

methods. The work in fundamental neutron

physics is reported in a separate section of this

volume. Highlights of other activities are given

below.

Neutron Fields and Standards

• Fission-Spectrum Neutron Fields for

Calibrations

NIST has developed and maintains both

and neutron fission-spectrum fields for

customer calibration work. The fission

spectrum is produced in a 30-cm diameter cavity

in the graphite of the NIST reactor’s thermal

column. This facility is called the Cavity Fission

Source. Its sample exposure position is the small

volume inside a cadmium pill box, between two

fissioning disks of ^U.
Customers’ dosimeters are irradiated to

certified fiuences of fast neutrons and then

returned to the customers for their analysis. By
basing the fluence certification upon calibration

transfer from ^^Cf sources calibrated in the NIST
MnS04 Bath Facility, traceable certifications are

available at an uncertainty level of about 2.5%.

Certified Neutron Fluence Standards for

HFIR . A timely example of the use of fission

spectrum neutrons to calibrate neutron dosimeters

for a customer is the recent assistance provided to

Oak Ridge National Laboratory (ORNL) in

examining the fast neutron dosimetry of the High

Flux Isotope Reactor (HFIR). In 1992, ORNL
dosimetry foil sets were irradiated at the pressure

vessel embrittlement surveillance positions of

HFIR to confirm calculated neutron exposure

histories. The results showed large discrq)ancies

between fiuences derived from threshold reactions,

such as ^Ni(n,p) or ^Fe(n,p), and fast fission

reactions, such as ^Np(n,f), and helium

accumulation fluence monitors, such as ^e(n,He).

Because fission product counting and helium

accumulation measurements are more complicated

than gamma counting single-isotope (n,p)

products, NIST was asked by the Nuclear

Regulatory Commission (NRC) to irradiate

dosimeters of each type to certified fiuences in the

Cavity Fission Source. These fluence standards

were provided to ORNL who verified that their

readings agreed with NIST certified values within

the stated uncertainties.

NIST was also asked to provide a measure of

the gamma-ray exposure at the dosimetry locations

at the HFIR pressure vessel wall, separated from

the core by 20 cm of beryllium and 70 cm of

water. At this depth of penetration, ORNL
calculations suggested a large gamma-to-neutron

ratio. Dr. William McLaughlin of the Radiation

Interactions and Dosimetry Group (NIST Div.

846) provided assistance and measured the gamma
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dosimeters contain 70% carbon, 25% chlorine,

and just 5% hydrogen, to reduce their sensitivity

to neutrons. The gamma measurement confirmed

ORNL calculations, which explain the neutron

dosimeter discrepancies in terms of photonuclear

response of the fission dosimeters and the

beryllium fBe + gamma neutron + *Be

neutron + 2 alpha). This quality assurance check

on neutron dosimetry was helpful in obtaining

authorization for HFBR’s return to operation after

a lengthy shutdown to study unexplained high

levels of embrittlement in test specimens which are

representative of the condition of the reactor

pressure vessel.

The Materials Dosimetry Reference Facility

rMDRF) . A new, high-intensity reference neutron

field for reactor dosimetry has been placed into

operation at the Ford Nuclear Reactor (FNR) at

the University of Michigan in collaboration with

NIST. Initial neutron spectrum characterization

has been accomplished and the fast neutron

population (E > 1 MeV) is referenced to both the

fission spectrum in the Cavity Fission Source

at the thermal column of the NIST Reactor and a

known “^Cf neutron source strength. MDRF
certified neutron fluences are established with

^*Ni(n,p)^*Co activation monitors. Further

refinement of the spectrum and fluence rate

uncertainties will continue in FY 94.

Designed and constructed by NIST, the MDRF
hosts calibration and validation experiments in

support of materials neutron dosimetry for the

nuclear power industry and for the metallurgical

community engaged in estimating radiation damage

in steel. This reference field is a natural extension

of a long-term NIST program to develop standard

and reference neutron fields for measurement

assurance applications and for testing new
detectors and techniques. Field characterization

and user operation of the facility is a joint effort

by the NIST and the Phoenix Memorial

Laboratory of the University of Michigan.

The MDRF complements the Cavity Fission

Source at the NIST reactor by providing a tenfold

increase in the fast-neutron fluence rate, a much
larger irradiation volume with modest gradients,

and a neutron spectrum similar to that at the inner

surface of a PWR pressure vessel. An option to

alter the intermediate-energy neutron rate is

afforded by installation of a filter liner. The

fluence rate (E > 1 MeV) is 2.7e“ cm'^ s*^ and

the neutron-to-gamma dose ratio is about 1 .0 .

• Thermal Column Irradiations and

Experiments

Superheated drop detectors mounted inside our

environmental chamber were irradiated in a beam
from the thermal column, to test a theory of

bubble production as a function of temperature.

This work was part of a Master’s thesis for a

student at the U.S. Naval Academy.

BF3 detectors were calibrated in a thermal

neutron beam for the DOE Environmental

Measurements Laboratory and for the Army
Pulsed Reactor Facility.

Certified fluence irradiations of gold wire

dosimeters were carried out for the Armed Forces

Radiobiology Research Institute.

Further testing was done on development of a

new ^®B ionization chamber. Isobutane gas was

tested as a substitute for the P-10 argon-methane

mixture used previously. The higher stopping

power of the isobutane did improve the sharpness

of the alpha particle peak in the pulse height

distribution, but a much higher operating voltage

was required. In some applications, the flamma-

bility of isobutane can impose restrictions on its

use. Further testing will be carried out to see if

the same improvement in pulse height distribution

can be obtained by just increasing the anode-to-

target spacing in the chamber while using the more

widely available P-10 gas.

• Filtered Beam Measurements

As part of an international comparison of fast

neutron fluence measurements under the auspices

of the International Bureau of Weights and

Measures (BIPM), NIST ^He detector

measurements of the 24.5 keV iron-filtered beam

were compared with the readings of a Bonner

Sphere transfer instrument which is being

circulated among various national standards

laboratories. The NIST ^He detector was

calibrated by transmission measurements at b th

the thermal column and at the monochron iC

beam at the neutron interfero-meter facility in me
cold neutron guide hall.
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• Neutron Flux Measurements at CNRF
Instrument Positions

Neutron flux (fluence rate) measurements were

made at five positions between the sample cryostat

and the filter of the SPINS instrument on NG-5.

The measurements were made with a small fission

chamber having a heavy deposit from the

NIST collection of Fissionable Isotope Mass

Standards.

Fundamental Neutron Physics

A number of major programmatic milestones

in the fundamental neutron physics were reached

in the last year. This program consists of a

number of collaborative experimental programs

involving NIST staff as well as researchers from

U.S. and foreign universities and laboratories. The
research efforts concern investigations in the

precise measurement of neutron properties,

development ofnew neutron optical techniques and

tests of fundamental physical laws. Among the

highlights of the past year was the first decay data

taken with the NIST neutron lifetime apparatus on

the end guide position NG-6. A detailed inter-

comparison of accurate neutron flux monitors was

carried out at the monochromatic beam at NG-7.

An additional milestone was reached with the first

successful operation of the multidegree of freedom

vibration isolation system at the neutron interfero-

meter position. Other highlights include the

installation of the new laser system for the

polarized ^He neutron spin filter developmental

program and the successful completion of the first

"user" experiment at the monochromatic beam
position at NG-7.

• Determination of the Neutron Lifetime

The NIST program aimed at the determination

of the neutron lifetime reached a major milestone

this year with the detection of decay protons at end

position NG-6. The new NIST neutron decay

detector (based upon earlier collaborative efforts

carried out at the Institut Laue Langevin in

Grenoble) incorporates a number of novel features.

The new multiparametric data acquisition system

allows a detailed study of background and a far

better identification of spurious events. A new
magnet with substantially improved homogeneity

and an active proton extraction system essentially

eliminates a potentially important class of

systematic effects.

Data collection with the new apparatus will

continue until the spring reactor shut-down. A
significant improvement on the previous

measurement is anticipated.

• Neutron Interferometry Installation

The past year has seen marked progress

toward the completion of the neutron interfero-

metry installation on NG-7. A novel, in-guide,

pyrolytic graphite monochromator has been

installed and is now operational. This design

provides highly efficient extraction of wavelength

selected neutrons with very low background. Two
experiments were carried out this year using this

beam.

The first experiment involved the inter-

comparison of two highly accurate neutron flux

monitors. The first of these is a "self-calibrating"

device based upon coincident detection of alpha

particles and ganuna rays following neutron

capture on A detailed description of this

work is given elsewhere in this report.

The second experiment took advantage of a

novel feature of neutron diffraction in single

crystals to observe the Coriolos acceleration.

According to the dynamical theory of diffraction,

the behavior of a neutron undergoing diffraction

very near the Bragg condition in a nearly perfect

single crystal will behave as though it has an

"effective mass" substantially less than its free

mass. In silicon, this effective mass is nearly six

orders of magnitude less than the free neutron

mass. Such a small effective mass implies that a

very small force applied to a neutron undergoing

diffraction will cause a greatly enhanced

deflection.

In this measurement, the diffracting crystal

was harmonically "rocked" with amplitudes in the

range of 10^ radian per second (comparable to the

earths angular rotational velocity). A neutron

undergoing diffraction in such a rocking crystal

will experience a Coriolus acceleration which will

be enhanced by the neutrons small effective mass.

Thus while the scale for the deflection of a free

neutron might be (an unobservably small) several

angstroms, the enhanced deflection is several

millimeters.

87



This deflection was measured in several

configurations in late 1993 and data reduction is in

progress. We anticipate that this project will

continue in the future with a series of additional

measurements using the small "effective" neutron

mass to explore other effects including the

gravitational deflection of neutrons.
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POLYMERS DIVISION PROGRAMS

Single chain characterization of polymers in

solutions as well as in bulk states has continuously

been an important area for neutron scattering

measurements. Small-angle neutron scattering

(SANS) and neutron reflectivity have also opened

new research opportunities in multiphase systems

and interfacial structures, especially with in-situ

flow rate dependence and time resolved measure-

ments. These studies have provided not only

fundamental understandings in multicomponent

polymeric systems but also technologically

important information in polymer blends/alloys

applications. A few of our projects are

summarized below.

Equilibrium Phase Behavior

• Thermodynamic Interactions in Model

Polyolefin Blends Obtained by SANS
The dependence of the Flory-Huggins

interaction parameter, x» on temperature,

composition, and chain length was investigated for

binary blends of amorphous model polyolefins,

materials which are structurally analogous to

copolymers of ethylene and 1 -butene. The

components were prepared by saturating the

double bonds of nearly monodisperse poly-

butadienes (78%, 88%, and 97% vinyl content)

with H2 and D2 , the latter to provide contrast for

SANS experiments. Values of x were extracted

from SANS data in the single-phase region for two

series of blends, H97/D88 and H88/D78, using the

random-phase approximation and the Flory-

Huggins expression for free energy of mixing.

These values were found to be insensitive to chain

length (one test only) and to the component

volume fractions for
<f)
= 0.25, 0.50, and 0.75.

Their temperature dependence (27-170 °C) obeys

the form x(D=A/T-fB with coefficients that

connote upper critical solution behavior, yielding

T^~40 °C for one blend series (H97A/D88) and

Tc~60 °C for the other (H88/D78). These

estimates are consistent with SANS pattern

changes and supplemental light scattering results

that indicate two-phase morphologies at lower

temperatures. The x(T) coefficients for the two

series are also consistent with the random

copolymer theory.

• Thermodynamic Interactions and
Correlations in Mixtures of Two Homo-
polymers and a Block Copolymer by SANS
Thermodynamic interactions in mixtures oftwo

homopolymers and a block copolymer were

obtained from SANS measurements. Experimental

SANS profiles from homogeneous, ternary

mixtures of model polyolefms-poly(ethyl

butylene)/poly(methyl butylene)/poly(methyl

butylene)b-poly(ethyl butylene)—were compared

with theoretical predictions based on the multi-

component random phase approximation (RPA).

The polymers were nearly monodisperse, and were

synthesized by saturating the double bonds in

anionically synthesized polydienes with H2 and D2 ,

thus yielding polyolefins with neutron scattering

contrast. The theoretical scattering profiles

depend on 16 structural parameters and 6 Flory-

Huggins interaction parameters, x, all of which

were obtained independently. The x parameters

were obtained from SANS measurements on

binary poly(ethyl butylene)/poly(methyl butylene)

blends. The SANS profiles obtained from the

ternary blends were in quantitative agreement with

the theoretical predictions over the observable q-

range (0.008 to 0.04 A ‘), and over a wide range

of block copolymer concentrations (from 10 to 80

volume % copolymer). This suggests that the

measured x parameters are consistent with the

original ideas of Flory and Huggins, that x is a

measure of monomer-monomer interaaions, and is

thus independent of block copolymer concen-

tration. Partial structure factors, related to

correlations in the concentration of individual

components, were examined by selective labeling,

and were also found to be in quantitative

agreement with the predictions of the multi-

component RPA.

• Localization of a Homopolymer Dissolved in

a Lamellar Structure of a Block Copolymer

Studied by SANS
The localization of deuterated styrene

homopolymer dissolved in a lamellar structure of

a styrene-2-vinylpyridine diblock copolymer was

studied in comparison with that of the end-part of

the block copolymer by observing diffraction from

the styrene and 2-vinylpyridine microdomains of
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deuterated styrene homopolymer/styrene-2-vinyl-

pyridine diblock copolymer blends by SANS.
Even when the average scattering lengths of both

domains were equal, that is, "phase contrast

matching" was theoretically achieved, diffraction

was definitely observed. From the diffraction

profiles in SANS and the dependence of domain

spacing on the volume fi’action of styrene

homopolymer, it is found that the homopolymers

are isolated in the middle of polystyrene domains,

though they are less concentrated in the middle

than the end-parts of the block chains.

• Molecular Weight Dependence of Lamellar

Domain Spacing of ABC Triblock Co-

polymers and Their Chain Conformations in

Lamellar Domains
The molecular weight dependence of the

lamellar domain spacing of isoprene-styrene-2-

vinylpyridine triblock copolymers in bulk was

studied over the molecular weight range from 40k

to 280k by using small-angle X-ray scattering

(SAXS). It was found that the lamellar domain

spacings of the triblock copolymers are larger than

those of styrene-2-vinylpyridine diblock co-

polymers with the same molecular volumes. This

result can be interpreted by theories of microphase

separation at the strong segregation limit, taking

into account the fact that the number of boundaries

in the repeating structure of triblock copolymers is

twice that of diblock copolymers. Moreover,

SANS studies imply that the middle block chain of

triblock copolymers is contracted along the

direction parallel to lamellae in the almost same

manner as the block chain of the diblock

copolymers.

• SANS from Dilute Blends of Deuterated

Polystyrene in Poly (vinylmethylether) and
Protonated Polystyrene

SANS has been used to study the radius of

gyration and thermo-dynamics of dilute blends of

deuterated poly-styrene (PSD) in a strongly

interacting matrix of poly(vinylmethyl-

ether)(PVME) and in a weakly interacting matrix

of protonated polystyrene (PSH). The PSD chain

is found to be slightly expanded in the PVME
matrix over the PSH matrix with the statistical

segment length for PSD being 7.3 A in PVME
versus 6.8 A in PSH. The Flory interaction

parameter, x/Vo, for the PSD/PVME blend is

found to be in approximate agreement with an

extrapolation of data from studies of x/Vo for

PSdA^VME at high concentration to the dilute

concentrations studied in this work. The concen-

tration dependence of x/Vo is close to linear and

shows no strong change in slope down to <^>=0.02,

the lowest concentration studied in this work.

Analysis of the temperature dependence of x/Vo

and the second virial coefficient, A2, indicates that

phase separation should occur for PSD/PVME in

the range of 200 °C for a sample with </>psD
~5%

.

• SANS of Independently Crosslinked Blends

of Deuterated Polystyrene and Poly

(vinylmethylether)

Blends of polystyrene (PSD) and poly

(vinylmethylether) (PVME) have been synthesized

where the PVME is crosslinked by an electron

beam in the presence of isopropanol (50% concen-

tration). Then the isopropanol is replaced by

deuterated styrene monomer and divinylbenzene

which is polymerized. This forms a second PSD
network which is crosslinked independent of the

PVME network. By producing samples by this

method it may be possible to synthesize indepen-

dently crosslinked blends which are thermo-

dynamically miscible. Previous attempts at

producing independently crosslinked blends of

PVME and PS have resulted in phase separated

blends, even in the temperature range where the

uncrosslinked blend is single phase. This is due to

the loss of entropy from the crosslinking reaction

and elastic energy contributions from the swollen

network driving the system into the two-phase

region.

• SANS Studies of Dendrimer Solutions

Dendrimer molecules are polymers formed by

a stepwise synthesis in which each additional layer

doubles the terminal functionality causing a highly

branched and densely packed structure. Work was

done in collaboration with Donald Tomalia of

Michigan Molecular Institute, who supplied poly-

amidoamine dendrimers of various sizes.

Dendrimers were obtained of ninth and tenth

generationshavingmolecular weights of 3.5 x 10^

and 7.0 x 10^ Daltons, respectively.

Single-chain scattering was measured by

extrapolation to zero concentration and both of
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these dendrimers showed higher order features.

Such features have been seen previously in

scattering from small objects such as latex spheres,

but have not been seen in dissolved single

molecules before. This indicates that these large

dendrimers are quite uniform.

The size and location of these features is

similar to that of either a sphere of uniform

density with an abrupt transition at the outside, or

a distribution that has a maximum segment density

away from the center and a zone of transition at

the outside.

Kinetics of Phase Separation

• SANS Studies of Space-Time Organization

of Structure in Polymer Blends

Self-organization of structure in polymer

blends via spinodal decomposition (SD) was

studied over a wide spatial-scale and time-scale

(both covering over 4 orders of magnitude) by

using a combined time-resolved SANS and light

scattering method. The system studied was a

binary critical fluid of deuterated polybutadiene

and protonated poly-isoprene having a narrow

molecular weight distribution in a weak

segregation limit. The scattering analyses made it

possible to study space-time organization of

various elements of the structure: (i) the global

structure; (ii) the interfacial structure such as the

mean curvature of the tangled interface, the

interfacial area density, and the interfacial

thickness; (iii) the "interphase", i.e., the interfacial

region with characteristic thermal concentration

fluctuations; and (iv) the local structure

characterized by the thermal concentration

fluctuations within each domain. In the late stage

SD, the form factor from the "interphase" was

found to be time-independent, having the q-

dependence of q'^-^.

• Effect of Initial Thermal Fluctuations on the

Time-Resolved SANS Study of the Self-

Assembly Processes of DPB/HPB Blends

Time-resolved SANS experiments have been

performed on the self-assembling process of a

mixture of deuterated polybutadiene (DPB) and

protonated polybutadiene (HPB) at the critical

composition. This mixture has an upper critical

solution temperature (UCST) type phase diagram

with the spinodal temperature at 99.2 °C.

Specimens held in the single-phase state (at T=Ti)
were quenched to a point inside the spinodal phase

boundary (at T=Tf) to induce phase separation via

spinodal decomposition (SD). In order to examine

the effect that thermal concentration fluctuations

present in the single-phase region have on SD,

three different T; = 102.3, 123.9, and 171.6 °C

were chosen while Tf was fixed at -7.5 °C. The

time-dependent SANS structure factor, S(q,t;Tf),

showed clear scattering peaks corresponding to the

early and intermediate stages of SD. The time

changes in the wavenumber qn,(t;Tf) and the

intensity Sn,(t;Tf) at the peak of S(q,t;Tf) followed

different paths depending on the sample tempera-

ture before quenching. This fact evidences a

definite effect ofthermal-concentration fluctuations

on SD (i.e., a significant "memory" effect). A
critical test of the linearized Cahn-Hilliard-Cook

theory led to the conclusion that this theory can

describe satisfactorily the early stage SD in the

deep-quench region.

Effect of Flow Field

• Shear-Induced Morphological Structures in

Triblock Copolymers

In-situ measurements of the SANS behavior of

a styrene-butadiene-styrene triblock copolymer in

a steady shear field were made as a function of

shear rate and temperature. The kinetics of the

scattering behavior after cessation of shear were

also examined. In the quiescent state, before

shear, an isotropic scattering pattern (in the x-z

plane) was observed due to randomly oriented

grains of a rod-like microstructure. At low shear

rates, the scattering becomes anisotropic, with a

set of peaks observed at low scattering angle,

normal to flow (z-direction). Above a critical

shear rate, a second set of peaks appeared at a

higher scattering angle. The peak positions

appeared to be consistent with reflections from the

100 and 1 10 Bragg planes of a hexagonally packed

cylindrical array; however, a more detailed

analysis indicate! the two sets of peaks were

related to two different structures. Upon cessation

of shear, the rate of change in the azimuthal

broadening of the first set of peaks was faster than

the broadening of the second set of peaks. The

ratio of intensities of the two sets of peaks also
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varied. Two possibilities for the new state have

been proposed which are consistent with the

scattering results. Transmission electron

microscopy (TEM) was the method chosen to try

and distinguish between these two models. TEM
on samples quenched after shear flow shows two

distinct types of grains, with different sizes and

packing of cylinders. The morphology of this

specimen, made at 0.585 s'^ and 100 °C, in the

"side-view” and "end-view" conditions confirm

that the primary structure is a hexagonally packed

array of cylinders, with an approximate 100 Bragg

plane spacing, dioo = 22 + 3 nm. A preferred

orientation of cylinders is seen, with the 110

planes parallel to the xy-plane of the shear

gradient. A secondary structure of small cylinders

is also evident, with approximate 100 Bragg plane

spacings of djoo =12 + 2 nm. This second

structure is oriented with the 100 planes parallel to

the xy-plane of the shear gradient. To our

knowledge, this is the first direct image of a new
morphology excited by shear and we believe it is

the first observation of two morphologies of this

type coexisting.

• SANS Behavior of PoIystyrene/DOP

Solutions at Ifigh Shear Rates

A careful examination of the prior SANS data

obtained on mixtures of deuterated and protonated

polystyrenes in dioctyl phthalate was conducted.

In the direction parallel to flow, the scattering at

low q is depressed at low shear rates, relative to

the quiescent scattering, then becomes enhanced at

higher shear rates. In contrast, the scattering

normal to flow remains fairly constant at low shear

rates, then becomes enhanced at higher shear

rates.

We believe that the near-isotropic increase in

the scattering intensity reflects a true shift in the

critical temperature instead of an effect due to

deformation of concentration fluctuations. Values

of the critical temperature, T^, were obtained as

function of shear rate. The data may be fit to a

power law which is different than what has been

previously observed in other systems.

To obtain a clearer representation of the degree

of anisotropy in the scattering, we examine the

quantity, 1/S|(q) - 1/Sj^(q), where S|(q) and Si(q)

are the sector averaged structure factors parallel

and normal to flow respectively. From the

predictions of Onuki and Kawasaki [1], 1/S|(q) -

1/Sj^(q) should scale as q^^ as q approaches zero.

We observe that the limiting slopes of 1/S|(q) -

1/Sx(q) plotted versus q scale as q", where the

exponent, a, is a ftmction of shear rate. The value

of a appears to vary between the mode coupling

value of 2/5 and 2. The shear rate dependence of

a may be fit to the empirical relation:

a = 2/5 + 8/5 [7t/(1 + yr)]

where r is a characteristic relaxation time.

For the direction normal to flow, we see that

S(q, 7=0)
- Si(q, 7) is invariant for lengths

greater than 1/q*. This result is in contrast to

prior results obtained on high molecular weight

polymer blends, where q* oc 7^'^. The observed

length scale compares favorably to the so-called

Debye lengfti, Xp, for the polymer molecular

weight of our solutions. Using this length and the

Stokes relation, a characteristic relaxation time can

be calculated, which is consistent with our results.

• Response of a Liquid Crystalline Polymer to

Shear as Studied by Neutron Scattering

The in-situ scattering profile and rheology of

a liquid crystalline polymer under shear flow has

been measured at various temperatures and shear

rates. A 21 wt% solution of poly(7-benzyl L-

glutamate) (PBLG) in deuterated benzyl alcohol

(DBA) was sheared at shear rates ranging from

0.07 s ' to 90 s ' at 55 °C, 65 °C, and 75 °C.

The neutron scattering pattern was collected at

X=5 A and 9 A to view the sample on different

length scales. Viscosity results demonstrate the

shear rate regime that was studied includes the

plateau and shear thinning regions (regions n and

m in the Onogi and Asada [2] scheme). 55 ®C is

near the gelation temperature of this system and

results demonstrate that at low shear (7 < 0.03

s"') there is an alignment perpendicular to the flow

for this temperature. This may be explained by

the theoretically predicted mechanism of "log

rolling." Further analysis has allowed the

correlation of molecular response (alignment) to

the shear flow and macroscopic response. We
have determined the existence of three regimes.

At low shear rates, there is a gradual increase of

the alignment of the molecule by the shear field.

At intermediate shear rates, the molecule is
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generally aligned by the shear with no shear rate

dependence on its alignment. Within this regime,

the viscosity is Newtonian. At higher shear rates,

there is an increase in molecular alignment found

with increasing shear rate. This is also the regime

where shear thinning is observed in the viscosity.

The transition between these three regimes has

been correlated to the first two relaxation times of

a rodlike polymer in concentrated solution.

Interfacial Characterization, Modification

and Fhase Separation with Reaction

• Structural Stabilization of Phase Separating

PC/Polyester Blends Through Interfacial

Modification by Transesterification Reaction

Competition between phase separation and

transesterification in immiscible polymer blends of

polycarbonate (PC) and a copolyester (PET) is

studied as a function of time and temperature by

DSC and SANS. We found that 1) Global

structure coarsens at T < 200 °C due to the

dominance of phase separation over transesteri-

fication and melts at T > 220 °C due to the

dominance of transesterification at the domain

interface. However, transesterification is slow but

still significant even at T < 200 °C. 2) An
intricate balance of transesterification and phase

separation rates controls global and interfacial

structures. 3) Interfacial structures become

measurable under certain conditions, and the

interfacial thickness between PC or PET and the

copolymers generated by transesterification

increases with time. 4) DSC results are consistent

with results obtained by SANS, but the latter is

more sensitive than the former and differentiates

the structural changes at different length scales

caused by phase separation and transesterification.

• Chain Ends and Junction Point Distribu-

tions in Ordered Block Copolymer Thin

Films

Lamellar ordering in nearly symmetric poly

styrene—poly 2 vinyl pyridine (PS-P2VP) block

copolymers was examined by neutron reflectivity

in thin film geometry. The PS blocks were

selectively deuterated at the junction points or at

the chain ends to determine their spatial

distribution within the lamellar domains. The

reflectivity analysis showed the PS-P2VP interface

to be extremely narrow (—25 A), with the

junction points confined to the interfacial region.

In contrast, the chain ends exhibit a broader

maximum in the center of the domains. Molecular

weight dependence of the chain end and junction

point distribution, and compatabilizing effects with

homopolymers are being investigated.

• Silica Filled In-Situ Composites

Organic-inorganic interpenetrating networks

were synthesized and characterized in an effort to

make silica-filled polymeric materials. The

samples were made by forming Si02 by hydrolysis

of tetraethylorthosilicate and by forming organic

polymer by the free radical polymerization of 2-

hydroxyethyl acrylate. No solvent was necessary,

but the loss of the hydrolysis product, ethanol,

caused some shrinkage. Hydrogen fluoride and

benzoyl peroxide were used to catalyze the

inorganic and organic polymerizations

respectively, and samples were made with a range

of relative rates of polymerization of the two

components.

SANS, SAXS, and TEM were used to

characterize the resultant morphology. When the

vinyl polymerization was more rapid than the sol-

gel reaction, macroscopic phase separation

occurred producing a very heterogeneous sample.

When the sol-gel polymerization occurred first a

very uniform two phase morphology resulted with

a characteristic size less than 10 nm. At relative

rates between these two extremes, dendritic

structures resulted. SANS results were consistent

with microscopy, giving power law scattering for

the dendritic structures.
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EXXON SANS RESEARCH AT THE CNRF

Exxon scientists have actively participated in

the research at the CNRF during the past year.

The NIST/Exxon/University of Minnesota SANS
instrument has been fully operational, giving

researchers the opportunities to perform many
fruitful experiments. Exxon scientists performed

experiments studying the microstructures of

systems which are both scientifically important and

relevant to the corporation’s technology needs.

Included in this section are short reports describing

some of these programs involving systems such as

polymer blends, polymer solutions, block copoly-

mers, polymer/surfactant assemblies, polymer

micro-emulsion interactions, binary fluids in

porous media and their phase behavior, surfactant/

micelle/emulsion systems, and asphaltene solutions.

Most of them utilized the SANS instrument at the

CNRF, some of them are neutron reflectivity (NR)

experiments. Exxon scientists have also started

exploratory experiments on neutron radiography/

tomography involving hydrocarbon systems.

Polymers

• Structure of Diblock Copolymer Aggregates

in Solution

The aggregation phenomena and the structure

of the aggregates of a series of anionically

prepared diblock copolymers in selective solvents

were studied by SANS. The diblock copolymers

of interest were poly(ethylene-ethylene propylene)

(PE-PEP) as well as poly(styrene-isoprene) (PS-PI)

with various ratios of diblock molecular weights.

Combinations of deuterium labeling were synthe-

sized to aid proper index matching for structure

determination. The solvents were composed of a

mixture of decane and deuterated decane to achieve

the desired contrast conditions. For the PS-PI in

decane system, we found spherical aggregates with

very narrow size distributions. The aggregation

number depends on the temperature and

composition. The minimum polymer concentration

for which micelle can be formed (CMC) is about

10 ppm at room temperature for the 10 K/7.5 K
molecular weight PS/PI system. At higher

concentrations (> 1% wt/wt), the aggregation

number (as determined by the low angle

extrapolation) is a strong function of die

temperature. It was found that the aggregation

number reaches an apparent plateau of 125 below

15 °C, and decreases almost linearly towards the

dissociation temperature of 65 °C. At higher

concentrations, an ordered phase was observed. At

concentrations above the over-lap concentration, a

crystalline phase was also seen. The type of

crystal structure depends on the core-to-corona

ratio. We also found by SANS that these

polymeric micelles are capable of solubilizing PS

homopolymers (the nonsoluble phase in decane) in

the core similar to the way surfactant micelles

form microemulsions. The swollen polymeric

micelles appear to retain the micellar aggregation

number of die diblock copolymers. This allows us

to vary the "grafting density" of PI on the PS

droplet in a continuous way. Our neutron spin

echo study of the PI dynamics using de Gennes’

elastic model can now be further tested as the

predicted cubic dependence of the relaxation time

as a function of the grafting density.

Systematic study of PE-PEP system yield the

PE platelet thickness as a function of the PE
molecular weight (weak dependence) and the

molecular weight ratio of PE/PEP (strong

dependence). It has also been found that the PE-

PEP platelet aggregate (formed in decane at room

temperature) could solubilize a limited amount of
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PE (the nonsoluble phase). The thickness of the

platelet (the PE) phase does not seem to be much
affected by the addition of homopolymer.

• Thermodynamics of Random Copolymer

Mixtures

Blends of polyolefins are important items of

commerce. Despite this commercial importance,

very little work has been done to directly

determine the thermodynamics of mixing in such

blends. There has been some neutron scattering on

polyolefin blends, including those ofpolypropylene

and polyethylene, those of various forms of

polyethylene, and those of polypropylene and

ethylene-propylene copolymer. TTie lack of basic

data on the thermodynamics of polyolefin mixtures

proceeds from two basic causes: the complications

due to crystallization for blends in the solid state,

and the similarities in physical properties (density,

refractive index) between these materials in the

melt. Both factors make it difficult to determine

miscibility and interactions at any temperature.

This is an unfortunate state of affairs, as one might

expect that many polyolefin blends of commercial

interest are near phase transitions as they are

commonly used. Since there are no strong,

specific interactions between these saturated

hydrocarbon polymers, they will not be completely

miscible over all ranges of temperature, com-

position, molecular weight, etc. On the other

hand, since the dispersive forces between them are

so weak (very small unfavorable enthalpy of

mixing), it should be possible to find regions of

composition and temperature where the blends of

high molecular weight polyolefins are single phase,

that is, where even the small entropy of mixing is

enough to offset the enthalpy of mixing. From a

scientific point of view, the simplicity of their

interactions means that polyolefin blends are also

of interest as models for polymer blends in

general. Developing such an understanding of the

miscibility of the polyolefins should have a number

of technological implications in terms of the

processability and properties of these materials.

In the work described here, the miscibility of

random copolymers of ethylene and butene with

each other has been examined. These polymers

have been made by the hydrogenation of poly-

butadienes with a range of vinyl content. Since the

saturation can be done with either hydrogen or

deuterium, we have been able to obtain precisely

matched versions of each polymer in the study,

differing only in labeling. The availability of these

polymers also allows for a test of the theory of

random copolymer miscibility. It was found that

the standard random copolymer theory does not

describe the data in that the interaction parameters

were not proportional to the square of the

difference in the compositions of the component

copolymers. Rather, blends of ethylene rich

copolymers had lower x values than corresponding

butene rich blends. From this work a catalogue of

solubility parameters (6) can be derived by using

the Hildebrand formulation of the interaction

parameters and a knowledge of how deuteration

affects the solubility parameter.

• Microphase Separation in a Model Graft

Copolymer
The interfacial properties of block copolymers

are of great interest because of their widespread

use as compatibilizers in the production of polymer

blends. In this application, their presence at the

interface between incompatible polymers lowers

the surface energy and thus stabilizes the mixture

against phase s^aration. Random copolymers and

graft copolymers are the most often used copoly-

mer structures. While fundamental experimental

studies have almost exclusively focused on the

more tractable diblock copolymers, we expect that

a study of the interfacial and phase bdiavior of the

more complicated, yet technologically more

important, graft copolymer would yield new and

useful information.

The model graft copolymer we study consists

of an elastomeric backbone of poly(ethyl acrylate)

(PEA) with pendant monodisperse thermoplastic

grafts of polystyrene (PS). Both SANS and

neutron reflectivity (NR) experiments were

performed to study the bulk and interfacial

properties of the graft copolymer with different

grafting ratio. In both studies, the PEA molecules

were partially deuterated to increase the contrast

between the two components of the graft copoly-

mer. For the SANS study, 0.5 mm thick films of

the copolymers were used. The films were formed

in a conventional press and heated to 130 "C for 3

min. They were then either quickly quenched to

room temperature, or annealed at 100 °C for 24

hr. All three samples (9%, 28%, and 48% PS
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contents by weight) showed some degree of micro-

phase separation of the PS grafts from the PEA
backbones, evidenced by a broad peak in the

scattering curve. The effect of annealing was to

increase the apparent microphase ordering. As

uniaxial strain is applied to the film samples by

stretching them using a stretching device, the

samples showed either conventional (i.e., affme

deformation, for 9% and 48% samples) or

anomalous ("butterfly" isointensity patterns, for

28% sample). In NR experiments, we observed

evidence for periodic structure in all three samples

(about 1500 A thick) spin coated on silicon

substrates, but it is exhibited most strongly in the

28% PS sample, which we believe to have a

lamellar structure and is confirmed by transmission

electron microscopy. This periodicity also

perfected itself as the samples were annealed.

• Conducting Polymers

A series of neutron scattering measurements

were performed on solutions of metallic and semi-

conducting forms of polyaniline in three different

organic solvents: dimethylsulfoxide (DMSO), N-

methylpyrrolidinone (NMP), and p-cresol. The

solubility of polyaniline in these solvents is greatly

enhanced by the addition of protonic surfactants

such as camphor sulfonic acid (CSA); the

surfactant dopes the semiconductor to a metal by

protonating the backbone and the aliphatic counter-

ion associates with the charged chains via Coulomb

attraction. The goal of the measurements was to

determine the molecular weight of polyaniline in

solution and to study the conformation of the

polymer as a function of solvent properties and

concentration of the solubilizing side-chains. Since

the solutions are polyelectrolytes, the effects of

passive salts on the conformation of the chains

were also studied. The data can be fit to a Debye

function to obtain an estimate of the radius of

gyration; from these data we obtain = 215 A.

Somewhat larger estimates of Rg were obtained

from scattering measurements on undoped poly-

aniline in NMP. The effect of adding salt to the

solutions of polyaniline was also studied. In

DMSO, the addition of salt greatly increased the

apparent radius of gyration. This may indicate

that adding salt causes aggregation in these

solutions. By contrast, in NMP, adding salt

seemed to cause a partial collapse of the polymer

chains.

• Blends of Amorphous-Crystalline Block

Copolymers with Amorphous Homopolymers
We have recently been examining polymers

with an amorphous polypropylene (PP) block and

a semicrystalline polyethylene-like (PE) block, as

well as blends of these with PP homopolymer.

The amount and molecular weight of the added

homopolymer has been shown to have a large

effect on the crystallization kinetics and room-

temperature morphology of the mixtures, and by

rheology it has been seen that these are microphase

separated well into the melt region. In this work

we performed SANS experiments to study the

structure of the block polymer both below and

above the melting point, and to see how this is

modified by the addition of homopolymer.

The polymers studied here have been made by

the hydrogenation of anionically polymerized

polydienes. Saturation of low vinyl polybutadienes

results in an analog of an ethylene-butene

copolymer with around 3 mole % butene. This is

close to the composition of linear low density

polyethylene, and we will designate this as PE.

Similarly, hydrogenation of poly(2-methyl-l,3-

pentadiene) gives an atactic polypropylene (PP).

The PE-PP diblock copolymers used here (DEP)

were made by hydrogenating a block polymer of

butadiene (PBd) and methyl pentadiene. The

characteristics of the polymers used are listed in

the following table:

wt% Mn Mw
Sample PBd (xl(P) (xlCP)

dDEP65 51.5 60.6 64.8

hDEP61 50.3 58.4 61.3

APP15 0 14.4 15.1

where M^ and M^ are number-averaged and

weight-averaged molecular weights, respectively.

The first diblock, dDEP65, has a partially

deuterated PE block in that perdeutero butadiene

was used as the monomer for its synthesis. The

last polymer in the list is a PP homopolymer with

a low enough molecular weight to mix well with

the PP block of the DEPs. These blends were

made by dissolving both the block polymer and the

homopolymer in xylene, followed by precipitation

into methanol.
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Since the diblocks are nearly symmetric in

composition, lamellar morphology was expected

and indeed seen by microscopy. In order to

measure the lamellar spacing and other morpho-

logical parameters by scattering, it is important to

produce samples with a preferred orientation of the

lamellae. We product well oriented samples,

which we examined perpendicular to the lamellar

planes as well as parallel to them.

The SANS results gave a lamellar spacing at

room temperature of about 52 nm for dDEP65.
The values of the spacing as well as those of other

morphological variables can be found by fitting the

data with a model. Three orders ofpe^ could be

distinguished in the scattering patterns. Addition

of APP15 increased this value slightly in line with

the amount added. With the SANS we could

watch how this changed with heating. Up to

75 °C (still below TJ, there was very little change

in the spacing. At 110 °C, however, the peaks

moved to higher angles, indicating a shrinkage of

the spacing to around 47 nm. Moreover, five

orders could be seen, indicating a more uniform

distribution of the spacing. The perpendicular-

view scattering can be used to determine the

interfacial thickness between the lamellae. Just as

in the parallel-view results discussed above, the

most dramatic change occurred when the samples

melted. At this point the thickness dropped from

6.0 to 1.8 nm. This is in line with the observation

of more orders described above.

Fluids and Microemulsions

• Phase Separation of Binary Fluids in

Confined Geometry

SANS experiments were performed to measure

the structure factor for a binary fluid, water/

lutidine, imbibed inside porous Vycor glass

(porosity 31%, average pore size 70 A). Previous

results have been reported that random field Ising

behavior was observed in such a system, as

proposed by the random field Ising model (RFIM).

However, our measurements performed at concen-

trations both near and away from the critical point

showed similar results, which do not agree with

the RFIM.
The experiments were performed under the

condition that the global concentration inside Vycor

is such that the scattering length density of the

fluid mixture matches that of the solid part of

Vycor. In the one phase region below the critical

temperature, the scattering was about two orders of

magnitude lower than that from a dry Vycor.

However, a small peak existed at a Q (scattering

wavevector) value larger than the Vycor peak

position. This small peak is due to a luditine-rich

wetting layer coated on the internal surfaces of the

porous Vycor, and it is confirmed by an indepen-

dent experiment in which we purposely coated the

internal surfaces with alkylsiloxane molecules

having contrast with Vycor, and filled the rest of

the pore spaces with hexane/deuterated hexane

mixture matching the scattering density of Vycor.

The scattering above the bulk critical

temperature into the two phase region can be fitted

with two major components: one describes

random one-phase rich domains, the other

describes (lutidine-rich) wetting layers on the

internal surfaces of the porous glass. Both

components grow with increasing temperature.

However, the size of the domains stops growing at

a value close to the average size of the pores. As

a result, the phase separation never becomes

macroscopic. This result seems to agree well with

a model based on pore confinement of the imbibed

fluid mixture. The experimental results suggest

that in a porous medium such as Vycor, where the

pore size is relatively narrowly distributed, the

main effect on the fluid mixture is confinement.

The fact that the size of the random domains never

exceeds the size of an average pore suggests that

the fluid mixture does not sense the randomness of

the porous medium, therefore, the random field

Ising behavior is not expected.

• Polymers in Microemulsion

SANS has been used to study the structure of

a complex system of a polymer in a microemulsion

cavity and the interaction between the various

components in the system. Microemulsion poly-

merization is used to obtain monodispersed high

molecular weight colloidal polymer particles with

the smallest possible radius, which are of signifi-

cant technological importance. The interaction

between the polymer and the microemulsion drop-

lets determines the physical properties of the

system which may differ from those of the micro-

emulsion itself. The properties of the polymer

may be also affected by the confinement in the
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droplet. Acryl amid is synthesized in a radical

polymerization by irradiating the monomers (7-

Cs^^^ at 600 rad/min 5-20 min) in a matrix of

water in oil/AOT (surfactant) microemulsion

system. Both heptane and toluene are used as oil.

Two types of polymers are formed, linear and

crosslinked. Specific labeling of the various

components allows selective study of the polymer

itself, the AOT shell of the microemulsion droplet

and the water-polymer core. We found that the

microemulsion-polymer complex is very different

from the parent microemulsion. Basically, without

the monomer present, the system phase separates

to oil and water phases. When adding acryl amide

monomers small micelles of about 20 A diameter

are formed. Polymerization of the monomer leads

to stable microemulsion droplets with a radius

varying from 100 to 200 A depending on the

composition of the system. Both the linear

polymer and the crosslinked one are inside the

microemulsion droplets; however there is an

exchange process of the water and the polymer

between different droplets. During the polymeri-

zation process the droplets increase in size to

accommodate the polymer.

Neutron Tomography/Radiography

The 3D study of fluid transport in porous

media with ~20 micron spatial resolution is the

goal of this exploratory effort. We had previously

constructed an x-ray microtomography/radio-

graphy system to study the 1-30 micron scales,

i.e., large pore geometry and pore connectivity.

Our current plan is to use cold neutron

radiography/tomography to measure 3D fluid

distributions with 20-100 micron resolution in 1-2

cm sized specimens. The contrast mechanism

makes neutrons well suited to this application.

Results reported by other workers show promise

but did not demonstrate sufficient spatial or opacity

resolution for our work. We have constructed a

2D CCD-based position-sensitive neutron detector,

and have tested it at both CT-W and at the NG7-
30M SANS instrument positions. The detector is

a modification of the x-ray detector that has

demonstrated ~ 1 micron resolution at Brookhaven

National Laboratory’s National Synchrotron Light

Source. Background radiation levels at CT-W
inside the Reactor Building would require extensive

shielding ofthe detector for successful tomographic

reconstruction. The much lower background in the

guide hall combined with coincidence filtering of

the radiogr^hy data has allowed the detector to

operate unshielded. A 1 cm diameter test

specimen has been scanned and reconstructed at

—60 micron spatial resolution (see Fig. 1). In the

configuration tested the statistical accuracy of the

detector is neutron flux limited, and it takes about

12 hr to complete a full scan for such a

tomography reconstruction at current neutron flux

conditions. Flux improvement after the reactor

shutdown in 1994 is expected to shorten the time

considerably. Continued development will address

the maximum spatial resolution of the detector and

the rejection of isotropic scattering from

specimens.

Figure 1. The image shown in the picture is a volume

raytrace of a 3D (200 x 200 x 150) map of the neutron

cross section of a regular BNC connector using our

neutron tomography scanner. The scan was obtained at

the NG7-SANS sample position with a wavelength of

5 A, 30% resolution and aU 8 guides in.
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UNIVERSITY OF MINNESOTA PROGRAMS

The University of Minnesota, through its

Center for Interfacial Engineering, is a member of

the CNRF’s participating research teams (PRT) in

small angle neutron scattering (SANS) (with NIST
and the Exxon Research and Engineering Co.) and

reflectometry (with NIST and IBM).

SANS

• Block Copolymer Phase Behavior Near the

Order-Disorder Transition

A comprehensive program has been estab-

lished to investigate the equilibrium phase behavior

of block copolymers in the vicinity of the order-

disorder transition. This program combines three

areas of experimentation: synthesis of model

materials, rheological testing, and small angle

neutron scattering. During the past year we have

expanded the materials base in this effort to
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include eight chemically distinct compounds. In

each case, the polymers are prepared by anionic

polymerization, and where applicable, catalytic

hydrogenation. This affords us control over the

location and amount of deuteration, which

provides the necessary neutron contrast. Overall,

we have prepared more than 70 polyolefin diblock

copolymers (PEP-PEE, PE-PEP, PE-PEE, PE-

VCH, PEE-PVCH, PEP-PVCH where PE, PEP,

PEE and PVCH refer to poly(ethylene), poly

ethyleneropylene), poly(ethyiethylene), and

poly(vinylcyclohexane), respectively), and 10

poly(styrene)-poly(vinylpyridine) (PS-PVP)

specimens. A cohesive picture has emerged from

extensive SANS experimentation on these

materials. Two new factors, fluctuations and

conformational asynunetry, that are not included in

the mean-field theories, have been shown to be

critically important in this class of amphiphilic

compounds. Our studies have led to the identi-

fication of two new complex layered phases,

hexagonally modulated lamellae (HML) and

hexagonally perforated lamellae (HPL), and we
have shown that the occurrence of these states is

coupled to the conformational properties of each

block. Fluctuation effects have been demonstrated

to drive the development of cubic phases, notably

the ordered bicontinuous double diamond (OBDD)
phase. By increasing the molecular weight of the

block copolymer, we have been able to eliminate

the occurrence of cubic phases in the phase

diagram. Overall, this work has led to a

quditatively different understanding of block

copolymer phase behavior, and has demonstrated

the gross deficiencies of the classical mean-field

theories near the order-disorder transition.

• Influence of Shear on Block Copolymer

Melts

During the past year we have finished

development of a general purpose solids shearing

device, and placed it in operation at the 30 meter

SANS instrument. This machine allows the user

to perform reciprocating steady shear deformation

on polymer specimens (or other soft solids) that

can range in thickness from about 0.1 to 5 mm,
and with strain amplitudes that extend from

roughly 50 to 1000%. The shear rate can be

adjust^ over four-orders of magnitude while

maintaining the sample temperature between 20

and 250 °C with a precision of about 1 °C.

Primary use of this instrument by the Minnesota

group has been with block copolymer melts. A
variety of experiments have been conducted on

model polyolefins that explore the shear-rate

dependence of the order-disorder transition

temperature, and the response of different ordered

microstructures to a hydrodynamic field.

Lamellae, cylinders, spheres, modulated layered,

and bicontinuous microstructures have been

subjected to shear deformation while concurrently

being examined by SANS. Each of these micro-

structures exhibits a unique frequency dependent

bdiavior, leading to domain orientation in some

cases, and shear induced phase transitions in

others. This knowledge will provide the basis for

developing processing schemes that exploit the

unique, and potentially anisotropic, properties of

block copolymers. The shear device has also been

used to prepare and characterize specimens of

poly(styrene)-poly(isoprene) diblock copolymers

with specific domain orientations that were then

used in a study of polymer diffusion in ordered

media.

• Microstructure and Aggr^ation Behavior

of Novel Glycerol-based Surfactants in

Dilute Aqueous Solutions

Surfactants in water at low concentration form

micelles, vesicles, and other dispersion aggregates.

The parameters that control the shape and size of

these aggregates are sometimes poorly understood.

In this program we are exploring the aqueous

microstructures of several novel glycerol-based

surfactants with polyoxyethylene head groups (EJ

of different sizes (Ej, Eg, E^g). Experiments have

focused on exploiting the scattering form factor of

dilute surfactant solutions, which relates directly to

the size and shape of surfactant aggregates.

Although these surfactants have a branched

conformation, the SANS result reveals that in

dilute aqueous solutions, the surfactant with E5

head group forms bilayers or vesicles while those

with Eg or E,g head groups form rod-like micelles

and spherical micelles, respectively.

• Microstructure of Siloxane ’Superspreader’

Surfactants in Dilute Aqueous Solutions

Some siloxane surfactants can facilitate water

spreading on certain hydrophobic surfaces such as
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polyethylene film, which other types of surfactants

do not wet. Our experimental evidence has shown

that the surfactant microstructure in dilute aqueous

solution is related to this unique ’supersprekling’

ability of these siloxane surfactants. SANS results

show that these siloxane ’superspreader’ surfac-

tants form planar microstructures such as vesicles

and bilayer pieces. One of the surfactants formed

a lamellar liquid crystal with a large inter-bilayer

distance on the order of 1CP A concentration below

1 wt%. The derived surfactant bilayer thickness

for this surfactant is consistent with &e molecular

dimensions. The bilayer dispersion formed by

these siloxane ’superspreader’ surfactants may play

an important role in facilitating spreading.

Siloxane surfactants that form micelles in dilute

solutions do not perform as ’superspreaders’.

Reflectometry

• Surface Segregation

Recent synthetic efforts in our laboratory have

dealt with the hydrogenation of polystyrene ^S) to

produce poly(vinylcyclohexane) (PVCH), a

saturated polyolefin with a glass transition 40

degrees higher than PS. This methodology has

been successfully used to hydrogenate poly

(styrene)- 1,2 poly(butadiene) to poly(vinyl-

cyclohexane)-poly(ethylethylene)(PVCH-PEE)and

Poly(styrene)-l,4 poly(butadiene) to poly(vinyl-

cyclohexane)-poly(ethylene) (PVCH-PE). These

materials are important from the perspective of

examining the relative importance of enthalpic and

entropic forces for surface segregation, since

PVCH has a higher cohesive energy density than

other saturated dienes but has a coil size (for equal

molecular weight) similar to PEE and significantly

smaller than PE. For a symmetric 50 k PVCH-
PEE diblock, neutron reflection shows us that PEE
is the surface active component, while for a

symmetric 14 k PVCH-PE diblock, PVCH is the

surface active species. We interpret this result as

segregation driven by local packing entropy for the

PVCH-PEE system and by long range

conformational entropy for the PVCH-PE system.

• Influence of Surfaces and Finite Film

Thickness on Block Copolymer
Morphology

The focus of this project is to determine the

influence of film thickness on block copolymer

morphologies (e.g., lamellae, hexagonal rods and

BCC spheres) and to assess the capability of the

surface to induce uniform order inside the film.

The symmetric polymers readily self-assemble

(above Tg) into lamellar structures driven by the

preferential segregation of one of the components

to the two surfaces. On the other hand asym-

metric copolymers with non-lamellar morphologies

do not easily order. Rod forming systems that are

hexagonally packed in the bulk, require annexing

above the order-disorder transition to create

registry between the surfaces and the ordered

microstructure. In a preliminary investigation of

a system that forms BCC spheres in bulk,

coordination of the cubic structure with the

surfaces was never observed. This result indicates

the limitation of the surface field in uniformly

ordering morphologies that do not conform with

the surfaces. At certain compositions bulk

polyolefin diblock copolymers exhibit order-order

transitions. In order to evaluate the influence of

finite film thickness on these transitions we have

examined films with —25 bilayers, 5 bilayers, and

3 bilayers. In the thickest film we managed to

reproduce the bulk phase behavior. The same

transitions could be obtained in the intermediate

thickness film during the heating cycle, but on

cooling the system did not revert back to the initial

state. However, the thinnest film did not show

any phase transitions. This study is a classic

example ofthe influence of reduced dimensionality

on phase transitions. Analogous examples of the

influence of film thickness can be found in the

liquid crystal literature. Confinement effects have

also been studied by depositing a thick Ge layer on

top of a block copolymer film that resided on a Si

wafer.

• Block Copolymer Mixtures in Thin Films

The main goals of this project are to

understand the influence of polydispersity on block

copolymer morphology and to obtain individual

chain density profiles of the short and the long

chains in a bimodal mixture. Blends of symmetric

copolymers (f = 0.55) which form lamellar micro-
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structures have been studied. The first important

question is whether these copolymers are mixed at

a microscopic level or whether macroscopic phase

separation occurs. Our results indicate micro-

scopic mixing. This has been concluded from the

results of a mixture containing 10% deuterated

polymer blended with 90% protonated polymer.

The presence of Bragg peaks in the reflectivity

clearly indicates an equal distribution of the

deuterated component in all the layers.

Furthermore, by selective deuteration we have

managed to extract individual segment density

profiles for bimodal mixtures. Our results show

that the longer chains stretch into the center of the

domain while the shorter chains are confined close

to the interface. Preliminary analysis indicates a

complex variation of the domain spacing with

volume fraction.
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CNRF INSTRUMENTATION DEVELOPMENT

FY93 saw very significant progress made in a

broad spectrum of CNRF instrumentation. This

includes the commencement of full operation of

the cold neutron reflectometer and medium
resolution time-of-flight spectrometer (TOF), and

installation and testing of parts of the high-

resolutionTOF spectrometer. Significantprogress

in the development of neutron capillary guides has

continued along with important developments in a

number of other areas.

Instrumentation related to Fundamental Neutron

Physics and to prompt-gamma activation analysis

and cold neutron depdi profiling is described

elsewhere in this r^ort.

New Instruments

• The NIST/IBMAU. Minn Neutron

Reflectometer

A neutron reflectivity program using the BT-7

thermal neutron reflectometer has already been

highly successful. From this, methods and

techniques were developed to be used in the new
cold neutron reflectometer installation of which

has been completed in the guide hall. In terms of

measuring absolute reflectivity the performance of

the instrument is already comparable to the BT-7

reflectometer, with additional improvements yet to

come. The horizontal sample geometry of the new

instrument has, as planned, been successfully

utilized for studying liquid-air interfaces, which is

not practical on the BT-7 instrument. The low

background of the guide hall has permitted the use

of a position-sensitive detector for grazing-angle

neutron diffraction measurements.

• The Medium-Resolution Time-of-Flight

Spectrometer

TTie medium-resolution Time-of-Flight (TOF)

Spectrometer on the NG-6 guide is fully

operational. The allocation of beam time through

the Program Advisory Committee officially

commenced in March 1993. During the past year,

progress has been made in severd areas.

Improvements in shielding have resulted in a

further reduction of the detector background count-

rates. Design and construction of a new 128-input

TOF interface between the data acquisition system

and the detectors is nearing completion. This will

allow full separation of the signals from the 107

TOF detectors, thus eliminating the present

necessity of detector pairing. Also, we have been

able to match better the enlarged horizontal

mosaics (—50’) afforded by the double-layered

monochromators by constructing and utilizing a

new Fermi chopper, operational in the 0.4-0.6 nm
wavelength range, with 80’ collimation instead of

the 40’ collimation previously available. Using

the new chopper without the 60’ collimator

between the monochromators results in intensity

gains of 3-3.5 over the 40’ choppers for the same

resolution. In the coming year, we anticipate

making further improvements in both detector

background and beam intensity.

• Multiple-Disk Chopper Time-of-Flight

Spectrometer

Ihis instrument will use a set of chopper disks,

and a partitioned guide, to produce pulses of

neutrons of a single wavelength at the sample

position. The first and last chopper pairs

determine the incident wavelength and the three

intermediate choppers remove contaminant

wavelengths and unwanted pulses [1]. There are

three slots in each of the disks belonging to the

first and last counter-rotating chopper pairs. By
appropriately phasing these disks the resolution of

the instrument can be changed, without having to

change the incident wavelength or the speed of the

choppers. The sample chamber will accept a

variety of cryostats or furnaces, providing the

capabUity to locate the sample at the correct

position and in the desired orientation. Detectors

will be placed 4 meters from the sample, in three

parallel banks. Their total active area will be

about 10 m^.

The complete chopper system was delivered in

May. It comprises four vacuum housings, seven

motor/bearing assemblies and disks, a VME-based

chopper control system, and a PC. Installation

and detailed acceptance tests were successfully

completed in June. At 20,000 rpm the measured

phase stability of the choppers, under several

different phasing conditions, was consistently <
83 ns (i.e. < 0.01°) standard deviation. A VAX
4000 has been programmed to control the
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choppers via the PC. A number of safety features

have been incorporated into the control system. In

particular, pressures in the chopper housings are

continuously monitored, and a high pressure

condition in any housing initiates a complete

shutdown, either through software or directly

through the chopper control hardware if the VAX
is not operating.

The guide, including an optical filter to remove

high energy radiation, will be delivered in early

1994. There has been progress in the design of

shielding, the sample chamber, the flight chamber,

and an oscillating radial collimator (ORC). The

ORC spans 170° of arc with blades at 2° intervals,

and it will probably be made using 0.1 mm
polyester blades coated with GdjOj. We have

developed theoretical analyses and performed

numerical calculations of the transmission

properties of (i) neutron optical filters and (ii)

oscillating radial collimators; this work has been

written up for publication.

As of October 1993 we received 119 detectors

and 112 amplifiers from the manufacturer; we
expect to receive 50 detectors and 50 amplifiers

each month until the order (presently 740 detectors

and 740 amplifiers) is complete. Following

delivery all units are extensively tested for

compliance with specifications. An 8-input

multiplexer is used for intrinsic background

measurements. This device is a prototype front

end multiplexer for the data acquisition system.

• "SPINS" Spectrometer

The SPINS (Spin Polarized Inelastic Neutron

Scattering) spectrometer was installed this year and

operated at fixed incident energies of 15 and 5

meV. However, it was determined that additional

shielding would be required, especially given the

increased intensities expected with conversion

from the D2O ice to liquid hydrogen cold source.

The shielding modifications were successfully

made during one of the scheduled reactor

shutdowns.

The first 100 Fe/Si supermirror plates from

which broad band and wide-angle transmission

polarizers are to be constructed were received.

Testing of the composite stack is planned as soon

as the construction of the bending device is

completed. The energy-dependent Drabkin flipper

construction was finished at Brookhaven National

Laboratory and is also scheduled for testing in the

near future.

Meanwhile, the Johns Hopkins University

condensed matter physics team, led by Collin

Broholm, has designed and built a special

horizontally focusing analyzer to be installed on

the triple-axis spectrometer as another option. It

is anticipated that the Johns Hopkins analyzer, the

Drabkin flipper, and the transmission polarizer

devices will be tested before the extended reactor

shutdown beginning in the spring of 1994.

• Neutron-Backscattering Spectrometer

The CNRF backscattering spectrometer is

currently under development and will be installed

on guide NG-2. The design of this instrument

incorporates several flux-enhancing elements

including a straight converging-guide section and

a phase-space-transform (PST) chopper. The

converging guide will increase the flux incident on

the PST chopper by a factor of 3 at the expense of

an increase in beam divergence. The PST chopper

then Doppler-shifts neutron energies up or down
depending on whether they are less than or greater

than 2.08 meV. This energy is set by the

^/-spacing between the (111) lattice planes of

silicon which cover both monochromator and

analyzer. Monte Carlo simulations suggest that

the PST chopper should enhance the flux incident

on the monochromator by a factor of 5 to 6 over

that from a stationary deflecting crystal. The

target energy resolution for the backscattering

spectrometer is about 0.7 fieW FWHM with a

G-range from 0.3 to 1.8 A'^ A Doppler-driven

monochromator, operating at top spe^, will give

a maximum neutron energy transfer of +50 /zeV.

Several major components of this instrument

have now been order^. These include a 20-ton

steel vacuum chamber which will eliminate air-

scattering, a spherically focusing analyzer array

which will stand 2 meters tall and span 165° in

angle, the PST chopper, and several elements of

the monochromator Doppler drive. The vacuum

chamber, designed by Christoph Brocker, has been

delivered. The analyzer array is scheduled for

completion by October of 1994. Other major

components of the backscattering spectrometer

which will be ordered by March 1994 include a

neutron velocity selector, which will limit the

bandwidth AX/X at a wavelength of 6.27 A to
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12%, and the supennirror sections needed to form

the converging guide. A schematic diagram of the

spectrometer layout is given in figure 1.

Figure 1. A schematic diagram of the neutron-

backscattering spectrometer.

• Spin Echo Spectrometer

The neutron spin echo (NSE) spectrometer is

being built and will be operated as a PRT facility

involving NIST, KFA-Jiilich, and Exxon Research

and Engineering. The KFA-Julich has recently

finished construction of a similar spectrometer.

The CNRF NSE spectrometer will be installed in

the end position on guide NG-5. The instrument

is optimized to maximize the neutron flux on the

sample (by keeping the length as short as

possible), while achieving as high a resolution as

practicable. The maximum Fourier time is

expected to be at least 9.2 x 10^^ s/m^ (i.e.

47 ns for 8 A neutrons, which corresponds to an

energy resolution of 14 neV). The design attempts

to r^uce the magnetic field coupling between the

two main coils in order to allow access to large

momentum transfers (up to 2 A"^).

The incident beam will be monochromatized to

— 10% by a mechanical velocity selector (to be

delivered in 1994 by Domier), and polarized by a

transmission cavity similar to the one described

below for SANS use. Provisions have been made
for the possible use of a reflection polarizer at

longer wavelengths or a Drabkin flipper for better

monochromatization of the beam.

The main coils and carriers are presently under

construction and delivery is expected near the end

of 1994.

Other Instrumentation

• Capillary Neutron Optics

The principle of multiple mirror reflection from

smooth surfaces at small grazing angles enables

the transport of neutron beams through poly-

capillary fibers of narrow hollow channels of

diameter of - 10 /im. These miniature neutron

guides can be used to construct focusing lens for

neutron absorption techniques in analytical and

materials research for increasing the spatial

resolution of the measurement and improving the

detection limits for individual elements. The
transmission properties of the polycapillary fibers

depend critically on the glass composition, the

bending radius, the surface smoothness and the

internal diameter. These properties need to be

understood if the capillaries are to be used

efficiently to construct a high gain focusing device

[2]. We have performed experimental measure-

ments, computer simulations and analytic

calculations to support the design of neutron

focusing lenses.

We have studied the properties of individual

polycapillary fibers of various compositions [3],

and performed cold neutron transmission measure-

ments on both straight and bent fibers of different

lengths using a high-resolution position-sensitive

video radiation detector. The transmission

efficiencies depend strongly on the divergence of

the incident beam. Provided that the reflectivity

of the inner surface is close to unity, the

transmission loss is linearly proportional to the

average number of reflections that neutrons make

travelling along the channel. The transmission

through bent polycapillaries is important because

the bending of the fibers makes the redirecting of

neutron beams possible. We have also performed

divergence measurements on the transmitted beam
for both straight and bent polycapillaries.

These experimental results have been compared

with a ray-tracing simulation [4]. Good agreement

between the two has been obtained by considering

in the simulation only reflectivity losses caused by

absorption. We conclude that the influence of

other loss mechanisms on reflectivity, such as

surface roughness and waviness, are not significant

compared with the absorption loss for the boro-

silicate fibers. This program has enabled us to

characterize the expected performance of a neutron
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focusing lens placed at the end of a ^*Ni guide

tube. An order of magnitude increase in neutron

intensity within a submillimeter focal spot is

predicted.

The size of the beam at the focus for a given

wavelength depends on the focal length of the

lens, the critical angle of the fibers, the radius of

the polycapillary fibers, and numerical aperture of

the lens. We obtain an optimum focal length of

the lens by maximizing the current density at the

focus for a given size of the focal spot. This

length depends on the critical angle averaged over

the spectrum transmitted by the lens [5]. We have

also calculated the distribution of polar angles for

trajectories which may be propagated through a

cylindrical channel. We can then determine the

transmission and the beam profile at a given

distance from the end of the channel as a function

of polar angle [6].

We have studied a prototype neutron focusing

lens with a focal length of 104 mm, and shown

that a cold neutron beam can be focused to a size

of 1 mm with a gain of order three. The actual

characteristics depend on the divergence and

spectrum of the incident beam. The neutron trans-

mission of the fibers, and consequently the gain of

the lens, depends on the neutron wave-length. In

addition the gain depends on the compatibility of

the angular divergence of the beam with the

angular acceptance of the fibers. A second lens of

focal length 57 mm has also been tested [7]. The

intensity distribution of the images taken by the

detector at different distances around the focus

indicates (see Fig. 2) the focused intensity with a

conical distribution rising up from the surrounding

background. The full-width at half-maximum is

0.49 mm, with an average gain in intensity of

about 20. These experimental results agree well

with those obtained by computer simulation.

Figure 2. Intensity distribution of images at different

distances around the focus.

• A Transmission Polarizing Cavity for SANS
A transmission polarizing cavity, similar to that

developed for use at the ELL [8], is currently

imder development for the NG-3 SANS spectro-

meter. Shown schematically in figure 3, the cavity

consists of silicon plates with an Fe/Si supermirror

coating that form a V inside a section of Ni-coated

neutron guide. The cavity is designed to polarize

a wide beam (5x5 cm^ over a range of wave-

lengths (5-15 A) by preferentially reflecting

neutrons of one spin state out of the beam.

Figure 3. A schematic representation of a polarizing

cavity. The incident beam enters the cavity between

guide walls and in^inges on a polarizing Fe/Si super-

mirror. The setting angle, a, is fixed so that up spin

neutrons are reflected and exit through the guide walls

(perhaps after multiple reflections). Down spin

neutrons are transmitted through the polarizer to be

used for the polarized-neutron SANS experiments.

The performance expected from the polarizing

cavity has been investigated by Monte Carlo ray

tracing. Figure 4 shows the transmission of both

the up and down spin neutrons through the cavity

as a fiinction of wavelength. The solid lines show

the ideal transmissions assuming (i) that reflectivi-

ties are 100%, (ii) that there are no losses due to

diffuse scattering, and (iii) that Si absorption is

negligible. Under such conditions, there would be

no transmission of up spin neutrons through the

cavity beyond a wavelength, X, of ~5 A. Ideally,

the transmission of down-spin neutrons is 100%

except between X = 9-20 A (or = 0.75-2).

Over this range a ^7% loss occurs as a result of

down spin neutrons which "glance" off the super-

mirror and have enough increased divergence to

escape through the guide wall. When absorption

losses due to the 1.5 mm thick Si substrate are

considered, up-spin neutrons are still completely

removed, as shown by the dashed curves in figure

4. Transmission of down spin neutrons, however,

is reduced to ~75% over the useful range of

wavelengths.
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Prototype supermirrors for the SANS polarizer

have been obtained that have a polarizing

efficiency greater than 90% when the angle of

incidence is between 1/2 and 3 times the critical

angle of Ni The Fe/Si multilayers are coated

on 1 .5 mm thick Si wafers that are flat when free-

standing which simplifies the construction of the

device. The large difference in the critical angles

for the two spin states 1/2 6^^ and 3 0^; for the

"down" and "up” spin states respectively—enables

a relatively large convergence angle a to be used

(a = 2 0NJ for a wavelength of 4.7 A in the

present case) which facilitates polarizing a wide

beam over a broad range of wavelengths.

V“
0 0.5 1 1.5 2 2.5

Wavelength (A)

Figure 4. The calculated transmission of up and down
spin neutrons for the polarizing cavity shown in figure

3 obtained using Monte Carlo ray tracing. The solid

lines are calculated assuming that the supermirrors are

ideal—i.e. they reflect perfectly and exhibit no losses

due to either diffuse scattering or absorption. The

dashed lines better reflect the expected performance of

the polarizer by considering losses due to Si absorption.

Further details are as follows: AX/X = 0.15; Si

substrate thickness = 0.15 cm; and a = 0.96°.

The Hydrogen Cold Source

The design of a new liquid hydrogen cold

source for the NBSR was described in last year’s

annual report. The design and safety reviews for

this source are now complete, and fabrication and

assembly are now well underway, in preparation

for installation in the reactor during the scheduled

shutdown for heat exchanger replacement in

March 1994. During this shutdown, which is

estimated to last 6-9 months, the old DjO source

and the bismuth/lead tip will be removed, and

replaced with the new source. The LH2 source is

a 2-cm thick spherical annulus with an outside

diameter of 32 cm, a volume of 5 liters, and a 20-

cm diameter exit hole to fully illuminate the

neutron guides (see Fig. 5)

During the past year, the Monte Carlo

simulations (using MCNP) related to source

neutronics and heating have been substantially

extended. A complete model of the core of the

NBSR, including detailed modelling of the fuel,

has been developed and used to derive both source

heating (7-ray and neutron) and a surface source

for neutronic calculations. With the new results,

we have confirmed that source heating will be less

than 1 kW, and were able to make design changes

to ease fabrication with confidence that the heating

effects were allowable. The neutronic calculations

have confirmed our earlier estimates of perfor-

mance which were based on an empirical surface

source. The predictions of these calculations

indicate that for neutrons with energies less than 5

meV the new source will provide gains of more

than five over the present source.

In order to test the thermal hydraulic behavior

of the new source, which incorporates a novel

geometry, a full scale glass model of the cryostat

and associated hydrogen transfer lines was built by

the NIST Chemical Sciences and Technology

Laboratory at Boulder. As noted above, refined

MCNP ciculations indicate that less than 1 kW
will be deposited in the LH2 and the A1 chamber

by neutrons and gamma rays during normal

operation. The tests demonstrated that at least

2200 W can be removed by the proposed natural

circulation loop. They also demonstrated that the

system is very stable when operated with two

phase flow in the return line, and that the response

to sudden changes in power dissipated is rapid and

smooth, with a new equilibrium established

virtually instantaneously. From measurements of

system mass, the void fraction in the hydrogen

cold source will vary from 12% to 8% as the

pressure changes from 0.8 bar to 1.5 bar. In

addition to verifying the overall thermal hydraulic

performance ofour proposed system configuration,

the measurements revealed a number of potential
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Figure 5. Plan view of the hydrog^ cold source in the cryogenic beam port of the NBSR.

problems, which led to revisions of the moderator

chamber detailed design.

The proposed hydrogen cold source was the

subject of two outside reviews in the past year.

An analysis of the nature of the hazards related to

the new source was submitted to the Nuclear

Regulatory Commission (NRC), who in turn had

the analysis reviewed externally. The NRC ruled

in May that the liquid hydrogen cold source "does

not present an unreviewed safety question", and

can therefore be installed under the provisions of

10 CFR Part 50.59, subject to the approval of the

NBSR Safety Evaluation Committee. In March, a

panel of outside experts on cold neutron sources,

cryogenics, and reactor safety was brought to

Gaithersburg for a two-day technical review of all

aspects of the design, safety, installation and

operation of the LH2 source. They concluded "the

design of this cold source is technically sound and

introduces no unresolved safety issues."

Another milestone in the project was passed in

May when the acceptance test of the new helium

refrigerator was successfully completed. The

refrigerator can operate at 3.5 kW, with a helium

discharge temperature of 14 K. It ran 40 days

without a failure, but was twice shutdown by AC
power interruptions due to thunderstorms.

Modifications to the control system are now being

designed which will reduce the susceptibility of the

refrigerator to the most common electrical failures

(which are of extremely short duration). In cases

in which the refrigerator is shut down by power

interruptions, an automatic restart capability is

incorporated to minimize down time.
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High Field Superconducting Magnet for SANS
R. W. Erwin*®, J. W. Lynn*®, and L. Santodonato*®.

Sliding Hate Shear Device for SANS
K. Koppi*3 and F. S. Bates*^.

The Cold Neutron Backscattering Spectrometer

P. M. Gehiing*®, C. W. Brocker*^, R. Christman*^,

and D. A. Neumann*®.

Stress Test of Graphite for the Phase Space

Transform Chopper

C. W. Brocker*2, P. M. Gehring*®, D. H. Fravel*®,

and D. A. Neumann*®.

Test of Analyzer Crystals for the Backscattering

Spectrometer

B. Frick^, P. M. Gehring*®, D. A. Neumann*®, and

C. W. Brocker*2.

Graphite Mosaic for the Phase Space Transform

P. M. Gehring*®, D. A. Neumann*®, and C. W.
Brocker*^.

Modeling of Neutron Focusing Lenses

D.F.R. Mildner'*, H. Chen^ R. G. Downing'*, Q. F.

Xiao*'*, and J. W. Swider*^.

Neutron Transmission of Polycapillary Fibers

H. Chen'*, D.F.R. Mildner^, R. E. Benenson**, Q.

F. Xiao*'*, and V. A. Sharov^’*'*.

The Neutron Spin Echo Spectrometer

N. Rosov*®, J. M. Rowe*®, and M. Monkenbusch^.

Affiliations

*Army RD&E Center

^rookhaven National Lab

^CSTL, NIST Boulder

'‘Inorganic Analytical Res. Div.

^Institut Laue-Langevin

®Inst. of Roentgen Optical Sys.

^Johns Hopkins University

*KFA Jmich

Polymers Division
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"SUNY (Albany)
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’^NESCO Service Company

GUEST RESEARCHERS AND COLLABORATIONS

Experimenters from outside the Reactor

Radiation Division have played a most important

role in the scientific programs at the NBSR since

its earliest days. In fact, the great majority of the

experiments carried out on its neutron beam

instruments involve the active participation of

users from industry, universities, other federal

agencies, and other divisions of NIST. The

construction and operation of the CNRF, a

national user facility, has meant that, in recent

years, the user involvement has greatly increased,

making the NBSR user program the most extensive

at any U.S. research reactor. This trend is likely

to continue for a number of years, not only while

the CNRF instrumentation rises to its full

potential, but also as modernization of equipment

in the reactor confinement building permits more

experiments to be carried out on each instrument.

The increasing number of external research

participants, i.e., non-division scientists who have

been directly engaged in research projects based

on the NBSR, is evident in figure 1, which also

indicates that the RRD staff are a small, although

essential, component of the total number of

researchers who have performed experiments at

the reactor. External participants are often

involved in more than one experiment in any one

year, but are counted only once per year in figure

1 . The rightmost column of figure 1 represents

participants from 46 U.S industrial laboratories, 72

universities, 29 other government institutions, and

78 foreign institutions.

The growth in user participation has occurred

through several modes of access, the most

important of which is one that offers the CNRF
instruments to all qualified researchers through a

process of proposal submission and peer review.

In this formal proposal system, which is now
entering its third year of operation, calls for

proposals are issued twice yearly to a mailing list

of more than 1500 scientists, with proposal forms

and detailed information about the available

Figure 1. Research participants at the NBSR.

instrumentation. Soon after the proposal deadline,

the proposals received in response to a call are

mailed out for external peer review. The final

decisions for beam time allocations are made by a

Program Advisory Committee (PAC), which com-

pares the proposals on the basis of the written

reviews. The third and fourth calls for proposals,

issued during fiscal year 1993, the period being

reported on here, attracted 155 proposals, as

compared with 90 in the previous year, which was

the first year of operation of the system. The

NSF-funded Center for High Resolution Neutron

Scattering (CHRNS), which comprises one of the

two 30-m SANS di^actometers and the SPINS

cold-neutron triple-axis spectrometer, is now
approaching its full capacity to serve users in

terms of number of available instrument-days, but

the major NBSR upgrades scheduled for 1994 will

mean a qualitative improvement in performance in

1995. The fraction of total beam time reserved

for general users is 75% on the CHRNS 30-m

SANS, and 67% for other CNRF neutron scatter-

ing instruments, except for PRT instruments (see

below), on which 25% is set aside for general

users.

Figure 2 shows the growth in the number of

proposals for the neutron scattering instruments in
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the CNRF for the first four proposal cycles.

Proposals for chemical analysis stations (Cold

Neutron Depth Profiling and Prompt Gamma
Activation Analysis) are not included here since

they are now being handled on a different basis, as

discussed below. SANS proposals accounted for

all of the first round proposals shown in this chart,

and 55% of those in the fourth round. In future

proposal rounds, one can expect the SANS
machines to remain the most popular instruments,

but the number of SANS proposals compared to

the total will decline as time goes on. The

approval rate for proposals submitted was fairly

high, about 70% for the last round, but the

number of instrument-days allocated as a fraction

of those requested was less than 60%. The

proposals show a good distribution among
scientific disciplines, and are becoming

increasingly diverse in succeeding propose

rounds. Polymer Science is the most heavily

represented area, especially for SANS and

reflectometry, but numerous proposals were also

received for experiments on other areas of

materials science, biology, condensed matter

physics, chemistry, and complex fluids.

80

12 3 4

Proposal Round

Figure 2. Neutron scattering proposals submitted to the

CNRF in FY 1992 (rounds 1 and 2) and FY 1993

(rounds 3 and 4). Solid portions of the bars indicate

accepted proposals.

The 30-m SANS diffractometers were the only

neutron scattering instruments offered for

proposals in the first two rounds, while the last

two have also offered the cold neutron reflecto-

meter, the medium-resolution time-of-flight

spectrometer, and the SPINS triple-axis spectro-

meter. The reflectometer has shown very good

performance since its initial operation, and has

immediately stimulated an oversubscription in

terms of proposals and beam time requests. Since

the reflectometer is a PRT instrument with only

25% of the time reserved for the proposal system,

other means are being considered to accommodate

more applicants interested in this increasingly

popular technique. Another instrument which has

immediately experienced heavy demand from users

is the new high-resolution powder diffractometer.

Because it is not a CNRF instrument, it is not at

present part of the proposal system, but has been

accessed through collaborations on an individual

basis and through more formal cooperative agree-

ments with two university groups.

The past year marked the introduction of

inelastic scattering capabilities in the CNRF guide

hall, with the commissioning of the medium-

resolution time-of-flight and the SPINS triple-axis

spectrometers. Two other major inelastic instru-

ments, the back-scattering spectrometer and the

high-resolution time-of-flight spectrometer, will

begin operation in 1995. Finally, a contract has

now been signed with German suppliers to

fabricate major components of the neutron spin-

echo spectrometer, which is an ultra-high

resolution inelastic scattering instrument.

Two of the CNRF instruments—the cold

neutron reflectometer and one of the 30-m SANS
diffractometers—were built by participating

research teams (PRTs), consortia of several

institutions which shared the cost of instrument

development and construction. On these instru-

ments, 75% of the beam time is reserved for PRT
members, and 25% for general users through the

CNRF proposal system. The PRT research

programs are discussed in other sections of this

report.

Access to the analytical chemistry stations is

handled somewhat differently from the CNRF
neutron scattering instruments because the duration

of experiments can vary from a few hours to

several weeks, depending on the nature of the

proposed project. Proposals can be submitted on

the standard CNRF proposal form, but use of the

forms is not required, and less formal proposals

submitted directly to the instrument scientists (G.

Downing, (301) 975-6286; R. Lindstrom, (301)

975-6281) are considered immediately and are not
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presently sent out for external peer review. The

CNDP station carried out user experiments with

16 external groups in the period October 1992

through September 1993, and has made formal

Cooperative Research and Development Agree-

ments (CRDAs) with four organizations, Intel

Corp., Linfield College, X-ray Optical Systems,

and Schott Glass, with another CRDA under

discussion with Nuclear Analytical Associates.

The project with X-Ray Optical Systems has the

potential for bringing an entirely new technology,

i.e, glass-fiber-based neutron focussing optics, to

the marketplace.

The fundamental neutron physics stations in

the guide hall operate in yet another mode. The

experiments at these two stations, a dedicated cold

neutron beam at the end of the NG-6 guide, and

the neutron interferometry station on NG-7, are

typically of much longer duration than for other

CNRF instruments, and involve highly specialized

equipment. For example, the first experiment on

the NG-6 end station is a two-year project to

measure the neutron lifetime, in which most of the

time is spent in equipment development, testing

and calibration. External participation in such

experiments requires long-term and costly

commitments and a more thorough and inevitably

slower review than offered by the formal user

proposal system becomes necessary. An advisory

conunittee separate from the PAC has been estab-

lished to review the use of the fundamental physics

stations, in order to ensure that they properly

serve the needs of their research community.

Although the NBSR instruments outside the

CNRF are not part of the formal proposal system,

they are made widely accessible in several other

ways. The most common of these, and the usual

way prior the operation of the CNRF, is through

direct collaboration with NIST staff. This does

not imply that the NIST staff must take a leading

role in the measurements, but that there must

enough common scientific interest to justify the

use of NIST beam time and the efforts of local

scientists and technicians. Three triple-axis

spectrometers, a high-resolution powder diffracto-

meter, a polarized beam reflectometer, a residual

stress and texture facility, and a station for neutron

optics, are extensively used for such collaborative

research. In some cases, the involvement of non-

NIST groups is through more formal arrangements

resembling the PRT agreements of the CNRF. A
group from the U.S. Army participated in the

development of the BT-4 and BT-6 spectrometers,

and has been stationed at the NBSR for more than

20 years. Other long-term cooperative programs

with the University of Maryland, Johns Hopkins

University, the University of California at Santa

Barbara, and MIT are currently active. Similar

arrangements with other university and industrial

research groups are being considered.

The Division makes a special effort to

accommodate experimenters who can make a case

for immediate access based on clear scientific

urgency. If the planned experiment is to be

carried out on a CNRF instrument, a short

proposal can be submitted which is quickly

reviewed and assigned beam time if approved by

the PAC. Alternatively, NIST staff members can

be contacted to arrange collaboration for use of a

non-CNRF instrument, or for employing NIST
beam time on a CNRF instrument.

Several non-NIST programs are also served by

the NBSR through the provision of services such

as irradiation, radiography, and materials

characterization. Examples include a program

with various art galleries for autoradiography of

paintings, a program with the FDA for characteri-

zation of food and drugs, and activation analysis

services for the FBI. Shorter-term projects receive

use of NBSR facilities on an as-needed, case-by-

case basis. Depending on its nature, a project may

be arranged as a collaboration with NIST or as an

independent study by the outside agency. In some

cases, non-NIST researchers perform proprietary

research using NBSR facilities. In such cases, the

researchers’ institutions are assessed charges on a

full-cost recovery basis.

The trends to increasing guest researcher

activity, and to increasing diversity in user

experiments, will undoubtedly continue for a

number of years. The improvements that will be

made during the extended shutdown in 1994 will

have a major effect on future prospects. The

operation of the NBSR at 20 MW, and the instal-

lation of the new cold source and the last three

neutron guides, means that the NBSR will come

back on line in late 1994 with markedly enhanced

capabilities for neutron beam experiments, and a

greater number and variety of user experiments

will become practicable. Encouraging use of the
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NBSR and the CNRF by the broadest possible

community, and fostering the development of new
applications for neutron beams, will remain

primary missions of the Division.

For further information on the use of the

instrumentation at the NBSR, contact Bill

Kamitakahara at (301) 975-6878, or any RRD staff

member.

REACTOR OPERATIONS AND ENGINEERING

In spite of several operational problems,

reactor on-line time reached 75% which was

higher than the previous year. This corresponds

to more than 95% of scheduled operating time.

Operating staff proficiency continues to be

high. Five senior operators passed their NRC
conducted operating requalification examinations

with perfect scores. A new staff member
successfully obtained his initial senior operator

license.

Fuel utilization is still the best in the United

States. The fifth generation of fuel has extended

the operating cycle by 25% to more than five

weeks compared to an equivalent of less than one

week when the reactor first operated. Aside from

the significant financial savings, this will result in

fewer refueling operations and shutdowns.

A major reactor upgrade program is scheduled

to begin this spring to coincide with the

installation of the new liquid hydrogen cold source

which is expected to last 6-9 months. Included in

the upgrade are:

- Replacement of the main heat exchangers

- Replacement of two auxiliary heat

exchangers

- Major modifications to the primary,

secondary, and auxiliary cooling systems

- Installation of cooling water filtration

system

- New primary ion-exchange columns with

associated piping and custom shielding

- Disposal of radioactive waste

- Replacement of the control rods

- Replacement of the heavy water

- Refueling system upgrade

- Reactor control room upgrade

In this regard, 70 metric tons of heavy water

has been purchased from the Italian Government at

very favorable rates. This will assure long term

availability of heavy water for the reactor.

Upgrade of reactor instrumentation has already

been initiated with installation of a new advanced

267-unit annunciator system.
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PERSONNEL ROSTER

Staffing

The Division staff is organized formally into

three groups, as shown in Table 1; however, staff

are utilized where necessary, irrespective of group.

Below the group level of organization, personnel

are grouped into research teams according to their

predominant interest. Once again, these groupings

are not hard and fast—there are many overlapping

interests. These teams, including long-term guest

researchers, are shown in Table 2. A number of

"non-resident" Ph.D. students and continuing

collaborators from universities and industry are not

listed.

It should be noted that members of the Cold

Neutron Project are included in the teams by

scientific interest, even though in most cases, their

predominant responsibility is for CNRF instrument

building and/or operation. In fact, they have only

30% of their time given to the conduct of research,

while 70% is dedicated to the facility. Likewise,

many members of the Neutron Condensed Matter

Science Group have sizable CNRF responsibilities,

which may amount for as much as 1/2 time when

needed.
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Table 2. RRD Research StafHng

Chemical Physics of Materials

Staff: N. F. Berk

J.R.D. Copley

P. M. Gehring*

W. A. Kamitakahara*

D. A. Neumann
J. M. Nicol*

D. Reznik^

J. J. Rush (Leader)

T. J. Udovic

Long Term Visitors: J. Cook*

S. F. Trevino®

Crystallography and Diffraction Applications

Staff: V. L. Karen

A. D. Mighell

H. J. Prask

E. Prince

A. Santoro

J. K. Stalick

Long Term Visitors: P. Brand*

C. S. Choi®

Q. Z. Huang*

M. Mrose

R. Morris^

Magnetism and Superconductivity

Staff: J. A. Borchers

R. C. Casella

R. W. Erwin

J. W. Lynn (Leader)

N. Rosov*

Long Term Visitors: C. Broholm®

T. Giebultowicz’

T. Grigereit*

V. Nunez**

1. Sumarlin*

Microstructure and Macrolecules

Staff: J. G. Barker*

C. J. Glinka (Leader)

B. Hammouda*
S. Krueger*

W. Orts*

Long Term Visitor: M. Y. Lin^
*

Surfaces and Interfaces

Staff: P. D. Gallagher*

C. F. Majkrzak (Leader)

S. K. Satija

D. G. Wiesler*

J. A. Dura^

Long Term Visitor: H. Zhang*

Engineering and Instrument Development:

Staff: A. E. Heald*

P. Kopetka*

J. G. LaRock*

D. J. Pierce*

1. G. Schroder* (Leader)

R. E. Williams*

Long Term Visitors: C. Brocker**

R. Christman'*’*

J. J. Moyer'*’*

Scientific Assistance and Technical Support

G. Baltic* W. C. Knill

D. Bostian* D. Kulp*

D. Clem* H. P. Layer*

W. Clow M. J. Rinehart*

W. E. Dickerson* L. Robeson*

D. H. Fravel* W. H. Rymes
W. Gorman* L. Santodonato

P. H. Graham* R. H. Williams

T. A. Green* T. Thai*

G. C. Greene* P. Tobin*

P. Klosowski*

*Primarily associated with CNRF
*University of Maryland

^Exxon Res.& Eng. Co.

^Institute Laue-Langevin

^Nesco Design Co.

^NRC Post-Doc

^Johns Hopkins University

^George Mason University

®Army RD&E Center

University of California, Santa Barbara
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RESEARCH AND ENGINEERING STAFF

J, G. Barker

N. F. Berk

N. A. Bickford

J, A. Borchers

D. E. Brady

R. C. Casella

J.R.D. Copley

W. E. Dickerson

J. A. Dura

R. W. Erwin

P. D. Gallagher

P. M. Gehring

o SANS instrumentation and research

0 Condensed matter theory

o Scattering theory for microstructure analysis

o Computer software for graphics and data analysis

o Reactor operations

o Reactor irradiations

0 Reactor utilization

o Thin-film analysis

o Artificially modulated materials

o Magnetism

o Electrical/electronic engineering

o Nuclear reactor instrumentation

0 Condensed matter theory, including high T^.

o Group theory analyses of neutron scattering from condensed matter

o Fundamental physics, especially as related to reactor experiments

0 Time-of-flight spectrometer development

0 Neutron instrumentation conceptual design

o Condensed matter physics

o Neutron scattering instrumentation

0 Microcomputer interfacing

o Nuclear and engineering physics

o Combined molecular beam epitaxy and neutron

reflectivity/difffaction instrumentation

o Surface, interfacial, and epitaxial physics

o Metastable phases in artificial materials

o Magnetic materials

0 Phase transformations

o Spin echo techniques

0 Cryogenics

o Neutron reflectometry instrumentation

o Interfacial phenomena in polymer systems and complex fluids

o Neutron backscattering instrumentation

o Magnetic and structural phase transitions in disordered systems

0 Dynamics of high T,. materials
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C. J. Glinka

P. H. Graham

G. C. Greene

B. Hammouda

W. A. Kamitakahara

V. L. Karen

P. Klosowski

P. A. Kopetka

S. Krueger

J. G. LaRock

H. P. Layer

P. J. Liposky

J. W. Lynn

C. F. Majkrzak

0 SANS microstructure of metals and porous media

o Magnetic materials

o Cold neutron instrument development

o Engineering design

0 System and user software for cold neutron instrumentation

0 Spectrometer and data acquisition systems interfaces

0 SANS from polymers, liquid crystals, and colloids

0 Dynamics of polymers in solution

0 Scattering from sheared fluids

0 The CNRF guest researcher program

0 Dynamics of disordered solids

0 Condensed matter physics

0 Crystallographic database development

0 Theory of lattices and symmetry

0 Neutron and x-ray diffraction

0 Scientific data visualization

0 Numerical computer modeling

0 Data acquisition software and hardware

0 Mechanical engineering

0 Cold source design

0 Electro-mechanical systems

0 Small angle neutron scattering instrumentation

0 Microstructure of materials

0 Biological problems

0 Mechanical engineering

0 Neutron instrumentation design

0 Electronics and data processing

0 Advanced instrumentation

0 Fundamental physics

0 Design engineering

0 Nuclear systems and components

0 Condensed matter physics

o Magnetic and superconducting materials

o Neutron scattering methods

0 Condensed matter physics

0 Polarized neutron scattering and instrumentation development

o Neutron reflectivity measurements
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A. D. Mighell 0 Crystallographic database development

0 Single crystal and powder difttaction

0 Theory of lattices

D. A. Neumann 0 Molecular and layered materials

0 Condensed matter physics

0 Neutron and x-ray scattering instrumentation

J. M. Nicol 0 Properties of catalysts and adsorbates

0 Molecular materials

0 Division safety

J. H. Nicklas 0 Mechanical engineering

0 Reactor fuel design

0 Reactor engineering support

W. J. Orts 0 SANS instrumentation

0 Neutron scattering and reflectivity from polymers

0 Polarized neutron small angel scattering

D. J. Pierce 0 Mechanical engineering

0 Neutron instrumentation design

H. J. Prask 0 Residual stress measurement

0 Neutron NDE of hardware

0 Neutron NDE instrumentation

E. Prince 0 Structural properties of alloys, catalysts and minerals

0 Advanced crystallographic refinement methods

0 Software for materials structure analyses

T. M. Raby 0 Reactor operations

0 Nuclear engineering

0 Reactor standards

D. Reznik 0 Condensed matter physics

0 Dynamics of High materials

0 Dynamics of fiillerenes

N. Rosov 0 Spin echo techniques

0 Phase transformations

0 Magnetic materials

J. M. Rowe 0 Orientationally disordered solids

0 Hydrogen in metals

0 Cold neutron research and instrumentation

J. J. Rush 0 Catalysts and molecular materials

0 Hydrogen in metals

0 Inelastic scattering methods
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L. Santodonato

A. Santoro

S. K. Satija

I. G. Schroder

J. K. Stalick

M. A. Suthar

J. F. Torrence

T. J. Udovic

D. G. Wiesler

R. E. Williams

o Condensed matter physics

o Cryogenics

o Structure of electronic and structured ceramics

o Theory of crystal lattices

o Powder diffraction methods

o Low-dimensional molecular systems

o Fractal aspects of microporous media

o Neutron reflectometry

o Cold neutron instrumentation development

0 Nuclear and engineering physics

o Optical devices for neutron transport

o Neutron and x-ray diffraction

o Inorganic chemistry
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