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INTRODUCTION
The recent development of accelerator-based pulsed neutron sources
has led to the widespread use of the time-of-flight technique for neutron powder diffraction. The properties of the pulsed source make possible unusually high resolution over a wide range of d spacings, high
count rates, and the ability to collect complete data at fixed scattering
angles. The peak shape and other instrument characteristics can be
accurately modelled, which makes Rietveld refinement possible for
complex structures. In this paper we briefly review the development of
the Rietveld method for time-of-flight diffraction data from pulsed
neutron sources and discuss the latest developments in high resolution
instrumentation and advanced Rietveld analysis methods.
EARLY HISTORY OF THE TIME-OF-FLIGHT RIETVELD METHOD
The first Rietveld refinement using time-of-flight neutron powder
diffraction data was performed in 1974 to analyze the monoclinic phase
of KCN from data taken in a high pressure cell [Decker et al 1974]. This
experiment was part of an extended program using the time-of-flight
technique with a neutron chopper on a reactor source to study the
structures of materials at high pressure. The time-of-flight technique
was chosen for this work because it made possible the collection of data
at a fixed scattering angle for which the scattering from the pressure
cell could be excluded by viewing the scattered neutrons only through a
narrow window in the cell.
The time-of-flight technique proved ideal for structural studies at high
pressure and a number of experiments [Worlton & Beyerlein 1975,
Jorgensen et al 1978, Jorgensen 1978, Cartz et al 1979, Jorgensen &
Clark 1980, Cartz & Jorgensen 1981, Jorgensen et al 1984] were
performed between 1974 and 1979 using two different time-of-flight
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diffractometers at Argonne's CP-5 reactor.
were analyzed by the Rietveld method.

In all of thes<J cases the data

The first analysis code for time-of-flight data was written at Argonne
National Laboratory and incorporated features that specifically
addressed the problems encountered in high pressure diffraction experiments I_Worlton et al 1976]. For example, the code was capable of
fitting up to four phases. This feature was included so that data from a
pressure calibrant such as CsCl could be analyzed along with the sample
data. The sample pressure was then accurately determined from the
refined lattice constant for the calibrant. These first codes for Rietveld
analysis of time-of-flight data were not actually based on the constantwavelength code developed by Rietveld [1969] (and were, in fact,
written with no knowledge of Rietveld's earlier work). There were
three important differences. First, and most obvious, the extrinsic
variable was time-of-flight, not scattering angle. Second, the variation
of the resolution function with time-of-flight could be described by a
simple function,
R(d) = Ad/d = (A + Bd2)l/2,

(1)

where d is the d spacing, which is linearly proportional to the time-offlight, t, and A and B are instrumental constants. Third, since the flux
on the sample is a function of wavelength, the calculated intensity
model included a wavelength-dependent term for the incident flux.
TIME-OF-FLIGHT DIFFRACTOMETERS AT REACTOR SOURCES
Although the resolution of the early reactor-based time-of-flight
diffractometers was not high by present standards (Ad/d ^. 0.006)
[Worlton et al 1976]' the peak shape function was almost perfectly
Gaussian as is shown in Figure 1. This ability to model accurately the
peak shape and its wavelength dependence undoubtedly led to the
success of the Rietveld method for this application. However, except for
high pressure structural studies, the time-of-flight technique did not
enjoy widespread use. One of the reasons is that, for a chopper-based
diffractometer, the variation of the instrumental resolution with
wavelength is opposite that which is most useful, i.e. the resolution is
worst at short d spacings where the heaviest peak overlap occurs. This
instrument property arises directly from the way the neutron pulses
are formed. With a chopper, the width of the pulse in time-of-flight, t,
is constant. Thus the resolution, Ad/d = At/t, is simply proportional to
1/d.

In spite of this limitation, the time-of-flight technique can be used to
achieve unusually high resolution by collecting the complete diffraction
pattern in back scattering. The overall instrumental resolution function
has the general form [Worlton et al 1976]:
R(d) = Ad,d = l(At/O- + (A0 coiB)2 + ^AL/L)2]1^

(2)

where 8 is the scattering angle and L is the total path length from the
point the pulses are formed to the sample and then to the detector.
High resolution can be achieved in a straightforward way by placing the
detector at 29 approaching 180° and making the path length, L, long,
which also lengthens (he overall time-of-flight, t.
Steichele and Arnold [1973] demonstrated this concept with a high
resolution, back-scattering time-of-flight diffractometer at the Garching
reactor. The flight path was 145m long and utilized a neutron guide
cube to maintain flux. Since a single mechanical chopper cannot produce a short pulse and then remain closed long enough for the neutrons
to travel such a distance, multiple choppers were used to form the
desired pulse and eliminate additional pulses that would otherwise lead
to unwanted "frame overlap".
All of these early time-of-flight diffractometers employed a principle
called time focusing [Carpenter 1967] to increase the usable detector
area, and thus the count rate. The concept of time focusing is based on
the fact that the variable one wishes to measure is actually the d
spacing, d, not the time-of-flight, t. From Bragg's law,
X = 2d sine,

(3)

and the de Broglie relation,
X = h/mv = ht/mL,

(4)

where h is Planck's constant, m is the neutron mass, and v is the
neutron velocity, one can immediately derive that
d = ht/(2mL sinG),

(5)

and it becomes apparent that if the detectors are placed on a locus
defined by
L sin9 = constant,
neutrons scattered at different angles from the same d spacing will be

(6)

detected at the same time-of-flight. Since L in equation (6) is the total
path length, the desired detector arrangements are not physically
realizable in all cases [Jorgensen & Rotella 1982, Jorgensen et al 1989a).
For example, if the incident flight path (source to sample) is much
longer than the scattered flight path (sample to detector), as was the
case for the high resolution instrument of Steichele and Arnold [19731,
the multiple detectors can be placed on the time-focused locus only in
back scattering (where the sin function is slowly varying).
TIME-OF-FLIGHT DEFFRACTOMETERS ON PULSED SOURCES
Many of the shortcomings associated with time-of-flight diffraction on
reactor sources have been overcome by advanced instrument designs
implemented on the pulsed neutron sources [Jorgensen & Rotella 1982,
Jorgensen et al 1989a, Windsor 1981, Brown et al 1982]. The ability to
form neutron pulses without a chopper provides several advantages.
For example, the effective source area can be much larger than is
straightforward to achieve with choppers. Additionally, the ratio of the
pulse width to the time between pulses can be optimized.
At a pulsed source, the pulses are produced when a short burst of high
energy neutrons produced by spallation in the target are moderated to
thermal energies in a nearby moderator of comparably small
dimensions, as shown in Figure 2 [Carpenter 1977, Carpenter et al
1978]. The initial high-energy neutron burst from the target is very
short (less than 1 |is). The thermal neutron pulse duration, which is
longer, depends on the moderator temperature and physical design and
on the moderated neutron energy [Graham & Carpenter 1972]. One
might estimate the pulse width as the distribution of times required for
thermal neutrons to diffuse to the front surface of the moderator. Thus,
higher energy neutrons exhibit shorter pulses. To first order, the pulse
width, At, is proportional to wavelength, or equivaleatly, At/t is
nominally constant. Because of this, the undesirable resolution
characteristics of chopper-based spectrometers are largely overcome.
Furthermore, the time between pulses can be independently controlled
to eliminate "frame overlap".
The limitations in achieving time focusing by detector placement have
been overcome by a newly-developed method called electronic time
focusing [Jorgensen et al 1989a]. The concept is straightforward. The
detectors are placed in any convenient arrangement (for example, at a
constant distance from the sample) and the data for each detector are
separately time encoded. These individual detector data are then
combined into a single histogram by computing the flight times for each
detector that correspond to the same d spacing and then combining the

appropriate (constant d spacing) time channels. This focusing
computation can either be done in real time (while the data are being
collected) or later as a separate step. The real-time electronic focusing
approach was used for the time-of-flight powder diffractometers at
Argonne's Intense Pulsed Neutron Source [Jorgensen et al 1989a].
These instruments cover a wide range of d spacings by employing
detectors at various angles between 12° and 157°.
A similar procedure has been used at the High Resolution Powder
Diffractometer, HRPD, at ISIS for the past three years [David et al 1988].
At ISIS the diffraction patterns are collected with time bin widths that
vary in a logarithmic manner as a function of time-of-flight (i.e. At = at).
Typically, on HRPD and POLARIS ( a medium-resolution, high-intensity
powder diffractometer at ISIS) At (bin width) = 10~4t and 10"3t
respectively. This logarithmic time-binning scheme has two significant
advantages: first, over the whole diffraction patrern each Bragg peak is
spanned by roughly the same number of time bins, and, second, time
focusing can be achieved simply by including a channel-number offset
for each detector in the computer memory, i.e., a simple register shift
permits real-time detector focusing.
RIETVELD REFINEMENT WITH PULSED NEUTRON SOURCE DATA
Although the development of pulsed neutron sources motivated and, in
some ways, made possible the development of advanced time-of-flight
diffraction techniques, the characteristics of the pulsed source presented some challenging problems in applying the Rietveld method.
The most important is the peak shape and its wavelength dependence.
The neutron pulse from the moderator is highly asymmetric in time.
The leading edge is very sharp, because the first neutrons to emerge are
almost coincident with the high energy neutron pulse hitting the spallation target, while the trailing edge decays according to the moderator
size and temperature. For most instrument designs, the other contributions to the resolution function are nominally Gaussian. Thus, the
overall peak shape is the convolution of a Gaussian term with a function
that describes the initial neutron pulse, and is highly asymmetric and
non-Gaussian.
Windsor and Sinclair [1976] used a two-parameter asymmetric Gaussian
peak profile to obtain reasonably good fits for nickel powder data from
a pulsed source at the Harwell Linac. Later, analysis of high resolution
nickel data on a 14m backscattering diffractometer required a more
complex peak shape function based on a Gaussian leading edge and a
second Gaussian trailing edge with an exponential tail [Windsor et al
1980, Cole & Windsor 1980]. An entirely empirical approach was

demonstrated by Mueller et al. who used a tabulated numerical peak
shape function to fit data for Th 4 Di5 from the ZING-P pulsed neutron
source at Argonne [Mueller et al 1977, Jorgensen et al 1978].
These first attempts at applying the Rietveld method to spallation
pulsed neutron source data demonstrated the feasibility of the technique, but were difficult to apply and obscured the basic physics leading to the unusual peak shape. The first peak shape function that
enjoyed widespread use in time-of-fiight Rietveld codes was that
proposed by Jorgensen et al [Jorgensen et al 1978, Carpenter et al
1975], based on a convolution of separate rising and falling exponentials
that represented the time dependence of the initial neutron pulse with
a symmetric Gaussian term that represented the other contributions to
the peak shape. The integrals can be done in closed form and the
resulting peak shape function has the form:
= ap[exp(u)erfc(y) + exp(v)erfc(z)]/[2(a+p)],

(7)

where erfc(y) = l-erf(y) and erf(y) is the error function, and
u = a ( a o 2 + 2t)/2,
y = (ao 2 + t ) / K 2 a ) ,

v = P(pc 2 - 2t)/2,
z = (pa 2 - t)/K2a).

(8)

a and P characterize the rising and falling exponentials used to model
the time dependence of the neutron pulse (with respect to a reference
time t* that corresponds to the maximum of the pulse),
exp(at*), t*<0

and

exp (pt*), t*>0,

and a describes the width of the Gaussian component.
With a, p and a as adjustable parameters, this function provided a precise fit to the observed peak shapes, as shown in Figure 3 [Jorgensen et
al 1978, Carpenter et al 1975, Albinati & Willis 1982]. The
incorporation of this peak shape function into a Rietveld code, however,
required that the wavelength (or d spacing) dependence of a, P, and a
be specified. This information was obtained from dii'fraction data for
standard samples and the required dependence empirically fitted to
analytical functions by Von Dreele et al [1982] to produce the first
widely used pulsed-source time-of-flight Rietveld code.
Subsequent codes are mostly based on this same peak shape function,
sometimes with minor modifications, and have been very successful.
However, a recent code written by Izumi et al. [1982] uses a more
complex peak shape function, the Ikeda-Carpenter function [Ikeda &

(9)

Carpenter 1985], that provides an improved fit to the peak shapes at
small d spacings or where cold moderators are used because it models
more accurately the time dependence of the initial neutron pulse under
such conditions. This peak shape and the related Robinson-TaylorCarpenter peak shape described in the next section have proved to be
successful in high resolution studies at ISIS.
THE PEAK SHAPE IN HIGH RESOLUTION TIME-OF-FLIGHT POWDER
DIFFRACTION DATA
The Ikeda-Carpenter (IC) function [Ikeda & Carpenter 1985] represents
the state-of-the-art description of the neutron pulse shape emanating
from a moderator at a pulsed neutron source. It is a rather complicated
function consisting of epithermal (slowing down) and thermal (storage
term) components. The function is illustrated in Figure 4 along with
another popular peak shape description ascribed to Robinson, Taylor
and Carpenter (RTC). Although the Ikeda-Carpenter function more
appropriately describes the shori-wavelength epithermal region, both
functions oversimplify the line shape function in the 'switching' region.
However, for the purposes of profile fitting, these lines shapes are
adequately precise.
The computation of the IC and RTC functions is easily tractable with
modern day computers
However, with the advent of high resolution
time-of-flight powder diffractometers, the folding of sample broadening
contributions into the instrumental line shape must be accounted for.
The most flexible method of tackling this problem is based on a Fourier
transform algorithm. This method follows from an important property
of Fourier transforms associated with the convolution of two (or more)
functions.
Consider a peak shape, p(x), resulting from the convolution of instrumental, q(x), and sample, r(x), broadening contributions.
Mathematically this is written as:

r
p(x) =
q(x')r(x-x')dx'.
J-

Symbolically we can write this as
p(x) = q(x) * r(x).
where -k denotes convolution.

(11)

It may be shown [see, for example, Champeney 1973] that the
corresponding Fourier transforms P(k), Q(k), and R(k) are simply related
by the product equation
P(k) = Q(k)R(k).

(12)

For complete convolutions, the product rule for Fourier transforms also
holds; i.e., if
p(x) = q1(x)*q2(x)^....*qn(x)*r1(x)->!rr2(x)TV....TVrm(x),

(13)

P(k) = Q1(k)Q2(k)....Qn(k)R1(k)R2(k)....Rm(k).

(14)

then

A good example of the success of the Fourier transform approach to
peak shape description is provided by the study of oxygen loss in
YBa2Cu3O7_x [David et al 1989]. YBa2Cu3O7_x possesses a wide range of
stoichiometry for x = 0 (95K superconductor) to x ~ 1 (insulating
antiferromagnet). Samples of nominal composition x = 1 were prepared
by heating cold-pressed slabs of YBa2Cu3Og 9 at 850°C in vacuum (10~4
Ton-) for 12h. Diffraction data recorded on HRPD at ISIS indicated that
the material had transformed to the anticipated tetragonal structure.
Standard profile refinement was performed using a Voigt •& doubleexponential peak shape function. However, the attempts at refinement
were only modestly successful because of a pronounced anisotropic,
asymmetrical broadening associated with the c axis (Figure 5). Given
that the c axis expands substantially on removal of oxygen, it was
hypothesized that this broadening was caused by an oxygen gradient
within the slab with the lowest oxygen content on the surface of the
slab. Assuming linear variations of c versus oxygen stoichiometry and
oxygen content versus depth into the slab, the effective scattering
density for the resulting c-axis microstrain distribution may be
expressed as a truncated quadratic equation, y = 3tA2/ri3 for 0 < tA < "H
and y = 0 elsewhere, where r] is the time range over which the
scattering extends and t^ is the time-of-flight within this range. Note
the r) is a function of hkl, being maximum along c and zero for hkO
reflections. The precise formula is given by
il = to(Ac/c)(ld/c) 2 ,

where tg and d are the time-of-flight and d spacing associated with the
hkl reflection, c and Ac/c are, respectively, the c axis and fractional shift
in c axis, and 1 is the third Miller index. Accordingly this additional

(15)

functional contribution was folded into the existing Voigt it double
exponential function and Rietveld refinement performed. The improved
fit is evident from a comparison of Figures 5 and 6. Chi-squared
improves from 4.59 to 1.69: the weighted profile R-factor decreases
from 14.2% to 8.5% against an expected R-factor of 6.6%. Most
importantly, the refined average oxygen content changes from 6.038(8)
to 6.075(5) with an estimated variation, from the width of the truncated
quadratic function, of ~ 0.2 formula units of oxygen across the slab. This
result not only highlights the complexity of peak shape that is necessary
for successful Rietveld refinement of high resolution data, but also the
care required in preparation of oxygen-deficient samples of
YBa 2 Cu 3 0 7 . x .
ANISOTROPIC LINE-BROADENING IN TIME-OF-FLIGHT POWDER
DIFFRACTION DATA
Although of no particular benefit in standard Rietveld refinement, the
roughly constant Ad/d resolution of a time-of-flight powder
diffractometer is particularly useful in the study of structural phase
transitions and the analysis and separation of crystallite size and
microstrain broadening. In the former case, the advantage of constant
Ad/d resolution rests in the fact that all orders of reflection are split by
the same amount. With the large range of available d spacings it is not
uncommon that splittings are observed in 3 or 4 orders of a given
reflection. This permits a uniquely detailed description of structural
distortions and pseudosymmetry. For example, two different
measurements of the monoclinic angle of NiO at 90.05953(4)'J and
90.06051(6)° on HRPD (ISIS) were accounted for by the differences in
ambient temperature during the experiment (15°C and 23°C). In the
case of size/strain effects, the excellent resolution at long d spacings
permits the easy discrimination of size and strain effects. For crystallite
size effects, it is easily shown that
Ad* = Ad/d2 ~ 1/P, where (P = crystallite size),
i.e., Ad/d ~ d / P .

(16)

By contrast, for microstrain, <£>,
<£> = Ad/d = Ad*/d*.
Thus, peak widths vary linearly with time-of-flight for sample strain
and the instrumental resolution function and quadratically for
crystallite size effects. These contrasting width variations can be
extremely pronounced when several orders of reflection are available.

(17)

in

With the advent of high resolution instrumentation such as the HRPD at
ISIS, sample broadening in general dominates the intrinsic instrumental
line shape. A modification, SAPS (Structure And P_eak S_hape
refinement), of the Rietveld technique has been developed at ISiS to
analyze peak broadening in a model-independent manner [David et al
1988]. Instead of accounting for the peak width by using a smooth
functional variation that is parameterized in time-of-flight, the Gaussian
and Lorentzian components of each peak may be separately refined.
This results in a multi-parameter Rietveld problem. To ensure
convergence, the widths of weak peaks may be constrained or the
widths of closely overlapping peaks may be refined together. This
approach often leads to substantial improvements in the Rietveld
Refinement of high resolution data and has the distinct advantage that
no assumptions are made about a particular line-broadening model.
A good example of the use of this Rietveld modification is provided by
the analysis of data for LaNbO4 collected on the HRPD at ISIS [David
1990J. High resolution neutron powder diffraction data were collected
at a series of temperatures from a 1 cm3 sample of LaNbC>4 Each run
lasted for approximately 30 minutes. A small portion of the range of d
spacings surveyed is shown in Figure 7. There is clear evidence of a
structural phase transition. Indeed, the refined lattice parameters
indicate a large monoclinic distortion that collapses in a mean-field
manner at the transition temperature. The monoclinic shear angle is
displayed in Figure 8.
Examination of the diffraction data collected at temperatures near the
phase transition reveals significant broadening, particularly of some
hkO reflections. Standard Rietveld refinement with data obtained below
180°C and above 540°C proceeded routinely. However, at intermediate
temperatures the refinements became progressively worse as the
sample temperature approached that of the phase transition. Indeed,
differences between diffraction patterns recorded at room temperature
and the transition temperature were extremely pronounced. Using
SAPS the peak widths were refined as independent variables.
Structural parameters for LaNbO4 t n a t were unbiased by an imposed
peak broadening model were thus obtained. A selection of the
(Lorentzian) peak width components so refined are presented in Table

These peak widths were then analyzed to determine the origin of the
line broadening. Refinements at various temperatures revealed a
pronounced temperature dependence that diverges around T c . The
anomalous Lorentzian broadening of the 220, 220 and 112,112
reflections are displayed in Figure 9. The ratio of the slopes above and

11

below T c is 2:1 within experiment erTor, as predicted by mean-field
theory. The predominant nature of the Lorentzian broadening is
consistent with microstrain effects described by a second rank tensor.
Accordingly, anisotropic Lorentzian strain and particle size effects
described by a second rank tensor formulation were added in
convolution to the standard time-of-flight peak shape. The full-widthat-half-maxima formulae used were
= ^ 2 ; rsizc = ^

(18)

where

2[T23klb*c*cosa* + ri 3 hla*c*cosp* + ri2hka*b*cosY*].
Rietveld refinement at a number of different temperatures indicated
that the anisotropic broadening resulted from microstrain rather than
size effects. This anomalous behavior is restricted to the ab plane; no
extra broadening is associated with the c axis. The refined values
shown in Table 2 clearly indicated microstrain anisotropy within the ab
plane.
The anisotropic broadening of the Bragg peaks (microstrain) in LaNbC>4
may, as with the monoclinic lattice distortion (macrostrain), be described
in terms of a second rank tensor. The principal axes of the ellipsoid
representing the microstrain broadening is rotated by 21° from a*. This
agrees to within experimental error ( - 2 ° ) with the orientation of the
principal axes of the spontaneous macrostrain hyperbola for all date sets
collected between (Tc - 50°) and T c .
The coincidence of the orientation of microstrain (obtained from line
broadening considerations) and macrostrain (calculated from peak
splittings associated with monoclinic symmetry) was unexpected and is
at present unexplained, although the microstrain broadening is
probably associated with crystal imperfections such as dislocations. For
the purposes of the present paper it highlights the immense amount of
detail that may be derived from the RietveM refinement with powder
diffraction data when sophisticated models for the peak broadening are
employed.

(19)
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WAVELENGTH DEPENDENT EFFECTS IN TIME-OF-FLIGHT RIETVELD
REFINEMENT
The total number of neutrons, i.e., the integrated intensity, of a Bragg
reflection measured in a time-of-flight powder diffraction experiment is
given by Buras and Gerward [1975]:

j

_ IQ(X) £ (X)X4 V 8 A hkl (X) E h k l (X) j 1 F h k l i 2 COS6A8
4VC2 sin26

The formula holds for the full Debye-Scherrer cone.
is as follows:

(20)
The notation used

io(X) = incident neutron flux at wavelength X,
£(X) = detector efficiency at wavelength X,
= attenuation coefficient for reflection hkl,
= extinction coefficient for reflection hkl,
V s = sample volume,
V c = unit cell volume,
j = reflection multiplicity,
Fhkl = structure factor,
29 = Bragg angle.
The first four symbols in the above list are wavelength dependent and
must be correctly evaluated for a precise Rietveld refinement to be
obtained. The product I0(X)£(X) is usually determined by measuring the
incoherent scattering from vanadium and accounting for inelasticity and
multiple scattering effects. Although this is a non-trivial calculation
that depends on the vanadium sample geometry (which should be
identical to the sample configuration), cross-calibration with in-beam
monitors is sufficient to allow normalization to proceed using corrected
monitor spectra. The analysis of extinction and attenuation effects as a
function of wavelength is more complex and requires detailed
consideration. However, Sabine [1988] and Sabine, Von Dreele and
Jorgensen [1988] have recently shown that severe extinction can be
correctly modeled (if anisotropic) and, therefore, is not an impediment
to time-of-flight Rietveld refinement.
Similarly attenuation, (including
absorption, self-attenuation, and multiple scattering) may be refined to
good precision in most cases using a simplified attenuation description
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[Sabine, this book].
The combined refinement of scale factor, temperature factors,
attenuation, and extinction may lead to correlated or unstable Rietveld
refinements. In refinements where accurate temperature factors are
required, the experimental evaluation of sample attenuation using a
combination of monitors before and after the sample is essential. For
the case of a slab-shaped sample the sample attenuation may be shown,
to a good approximation, to be given by the formula
A{\)= [R-(X) - l]/[21n(R(X))]

(21)

where R(X) is the ratio of neutron counts in the downstream and
upstream monitors.
PRECISION AND ACCURACY WITH TIME-OF-FLIGHT RIETVELD
REFINEMENT
The high resolution and large accessible range of d spacings
(particularly short d spacings) in a time-of-flight powder diffraction
measurement in principle permit the determination of atomic
coordinates and temperature factors in moderately complex crystal
structures with both high precision, i.e., small standard deviations, and
high accuracy, i.e., agieement with the physically correct values (as
established by independent measurements). Assuming a constant Ad/d
resolution, simple calculations show that the number of resolved peaks,
N R , in a time-of-flight powder diffraction pattern is of the order of
N R = l/[3(Ad/d)]

Allowing a factor of -7:1 for the ratio of the number of resolved peaks
to structural parameters refined to high precision implies that for
(Ad/d) ~ 5 x 10"4 (as obtained on the High Resolution Powder
Diffractometer HRPD at ISIS) the number of potential structural
parameters in a high-precision study is approximately 100. As a test of
these assumptions, the crystal structure of deuterated benzene was
investigated with the HRPD [ISIS Report 1989]. The recent singlecrystal neutron structure refinement by Jeffrey et al [1987] and
theoretical calculations by Filippini el al. [1989] provided rigorous tests
for the powder data collected on HRPD.
Benzene, C^U^ is one of the most important organic molecules, forming
the basic building unit of all aromatic compounds. Because of its central

(22)
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role in organic chemistry, benzene has been extensively studied by
numerous experimental and theoretical techniques. The simplicity of
the chemical formula, CgHg, belies, however, the complexity of its crystal
structure. As a result of a complex packing configuration, benzene
adopts an orthorhombic structure, space group Pbca (Z = 2), with a
moderately-sized unit cell (a = 7.3550 A, b = 9.3709 A, c = 6.6992 A, V =
461.7 A3).
Benzene melts at 6°C. A powder sample was, therefore, prepared by
grinding 5 cm3 of deuterated benzene in a glove box under a cnld
nitrogen atmosphere. The sample was then loaded into a cylindrical
vanadium can and rapidly cooled to liquid helium temperatures (4 K) to
avoid problems with preferred orientation. Data were collected at the
high resolution 2 m position (Ad/d ~ 5 x 10"4) on HRPD for approximately nine hour;. (174 jiA-hr). The raw data were corrected for
incident flux (using a vanadium calibration), and cryostat and sample
attenuation. The last correction was derived from a measurement of the
transmitted neutron flux and showed significant structure from
multiple-scattering self-attenuation effects.
Rietveld refinement was performed with the powder diffraction package
developed at RAL [David et al 1988] based upon the Cambridge
Crystallography Subroutine Library. The data ranged in d spacing from
0.606 A to 1.778 A, consisted of 5382 points, and included 1040
reflections. Small impurity peaks were present in the diffraction
pattern. They were caused, somewhat remarkably, by the vanadium
sample can and cryostat heat shields, even though vanadium has a nearzero coherent neutron cross section. At present, these peaks have not
been considered in the data analysis. With the use of a peak shape consisting of a double-exponential decay convoluted with a Voigt function
(itself the convolution of Gaussian and a Lorentzian function) an excellent least-squares fit to the powder diffraction data was obtained as is
shown in Figure 10. Perhaps most remarkable about this Rietveld
refinement profile is the intricate detail of the data at small d spacing
arising from the unusually high resolution of the HRPD. These data
provide a graphic example of the large amount of information that can
be obtained from powder diffraction data when a high-resolution
diffractometer is employed and when the sample itself exhibits a narrow
intrinsic Bragg peak width.
The refined structural parameters, including 18 atomic coordinates and
36 anisotropic temperature factors, are listed in Table 3. Table 3 also
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lists bond lengths, uncorrected for libration, obtained in the present
study and from the work of Jeffrey et al. [1987]. The agreement is
good, with few statistically significant differences, these probably
resulting from systematic errors in the powder diffraction data.
Experimental and theoretically calculated anisotropic temperature
factors are presented in Table 4. With the exception of the B22
temperature factors for three carbon atoms, there is a remarkable
agreement between the temperature factors obtained from the HRPD
powder data and from the single-crystal data.
The results obtained from Rietveld refinement with HRPD data are only
marginally inferior to the best single crystal data. The two
experimental techniques agree closely with each other, and both differ
from the theoretical calculations [Fillipini & Gramaccioli 1989],
particularly in the values obtained for the anisotropic temperature
factors for the deuterium atoms. The powder diffraction experiment
thus strongly supports the single crystal study and indicates that
further improved theoretical calculations are required. The quality of
these powder diffraction results represents the present state of the art
at ISIS. Further improvements in normalization procedure and
multiphase analysis are currently under development and should lead
to a precision and accuracy in moderately complex structure
determination that compare favorably with the best single crystal
results.

SPECIAL SAMPLE ENVIRONMENTS
One of the natural advantages of the pulsed-source neutron diffraction
technique is the ability to provide complete data at a fixed scattering
angle. For the case of special sample environments, the angle can be
chosen to provide the best possible collimation so that the sample can
be probed with no unwanted scattering from the surroundings
[Jorgensen 1988]. Although there are advantages for all types of special
sample environments, the most import cases are those in which the
sample containment vessel must be close to, or in contact with, the
sample.
The clearest example of such a case is diffraction at high pressure,
where the pressure cell, in fact, must support the sample. As was
already mentioned, diffraction at high pressure was the first
widespread application of the time-of flight technique, using chopper-
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based instruments at reactor sources. This work has continued at the
pulsed neutron sources and, of course, has benefited from the
improvements in both resolution and flux. Jorgensen has recently
reviewed structural studies at high pressure using time-of-flight
neutron powder diffraction [Jorgensen 1990]. The most important
advance resulting from the high flux and resolution at the pulsed
sources has been the ability to solve and then refine unknown
structures from the powder diffraction data. For example, the structure
of KNO3-IV was solved by indexing the observed d spacings to obtain
the unit cell, determining the space group from the observed
extinctions, and then refining by the Rietveld method for a trial
structure based on analogy to other structures in the literature [Worlton
et al 1986]. The most complex structure solved to date from neutron
powder diffraction data taken at high pressure is that of ND4F-II
[Lawson et al 1989]. The structure contains 24 molecules in a 1024 A 3
hexagonal unit cell.
More recently, many of the newly discovered oxide superconductors
have been studied by time-of-flight neutron powder diffraction as a
function of pressure. Some of these compounds exhibit the largest
pressure dependence of the superconducting transition temperature,
dT c /dP, observed for any superconductors [Murayama 1989]. The goal
of neutron diffraction measurements at high pressure is to determine
whether pressure-induced changes in particular structural features can
be correlated with the changes in T c . Such information provides an
important test of models proposed to explain the behavior of these
compounds in terms of the distribution of charge. The bond lengths
determined from Rietveld refinement are used to determine the charge
distribution. Figure 11 shows the Rietveld refinement profile of data
for YBa2Cu3C>6.93 at a pressure of 0.58 GPa [Jorgensen et al 1990b]. The
data were collected on the Special Environment Powder Diffractometer
at Argonne's IPNS with the sample in a helium-gas pressure cell
specially designed for time-of-flight diffraction. One of the most
striking features of these data is the complete absence of any scattering
from the pressure cell. This is achieved by incorporating neutron
shielding embedded in the walls of the pressure cell to eliminate all
scattered neutrons except those scattered from the sample at 28 = 85°95° [Jorgensen et al 1990b]. Using this technique, it is possible to
achieve Rietveld refinements for samples in high pressure
environments of a quality equal to that achieved under ambient
conditions.
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Another area in which the time-of-flight technique has had major impact
is for high temperature diffraction. Here, for achieving high
temperatures with small thermal gradients it is advantageous to have the
walls of the furnace fairly close to the sample. Again, the ability to
collect data at a fixed scattering angle (typically 20 = 90°) is a clear
advantage. Perhaps the most famous high temperature neutron
diffraction experiments in recent years are the studies of oxide
superconductors in which oxygen site occupancies varied over a wide
range. In the case of YBa2Cu3C>7_x these experiments must be done in
atmospheres with controlled oxygen partial pressures [Jorgensen et a)
1987, Jorgensen et al 1989b]. From the data, the site occupancies of
particular oxygen sites are obtained by Rietveld refinement as shown in
Figure 12. These high temperature in situ measurements are then
correlated with the superconducting properties for oxygen-deficient
YBa?Cu3O7_x, which vary as a function of both the oxygen concentration
and the ordering of oxygen atoms on the available sites [Jorgensen et al
1990].
FUTURE DEVELOPMENTS
Although remarkable advances in time-of-flight powder diffraction
methods at pulsed neutron sources have occurred in recent years, these
methods may be properly viewed as being in their infancy. The
ultimate flux capabilities of the spallation pulsed neutron sources have
not yet been reached. Based on presently known design concepts, one
to two additional orders of magnitude in flur. appears feasible [Lander &
Emery 1985]. Ciearly this will allow the design of yet another
generation of sophisticated instrumentation. Many new instrument
design concepts are already known, and are awaiting the opportunity to
be tested. These future developmf nts will undoubtedly include the
extension of experimental capabilities to higher resolution, smaller
samples, and more rapid data collection for real time measurements. At
the same time, it is clear that the general concepts of Rietveld
refinement, i.e., the concept that a calculated model of the diffraction
data can be compared directly with the complete diffraction profile, will
be expanded to allow access to the new information available in the
data. In a single refinement with such data, one could expect to obtain
not only the crystal structure parameters, but also such information as
the parameters describing commensurate or incommensurate structural
modulations [see, for example, Izumi, this book], the magnitude and
direction of macrostrain and microstrain, parameters describing the
texture, and the configurations of point and extended defects including
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the local pair distributions thru give rise to diffuse background
scattering.
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FIGURE CAPTIONS
Fig. 1.

Comparison of a measured diffraction peak for the chopperbased time-of-flight diffractometer at Argonne's CP-5 research
reactor with a calculated Gaussian.

Fig. 2.

Arrangement of the ^paliation target and moderators of the
Intense Pulsed Source Neutron Source at Argonne National
L a b ' ^ t o r y (from Carpenter 1977, Carpenter et al 1978). High
energy protons from the accelerator strike a cylindrical uranium
target. The high energy neutrons thus produced in the target
by spallation are moderated to lower energies (typically room
temperature or below) in three hydrogenous moderators (A, B,
and C) surrounding the target. Because of the relatively small
dimensions of the moderators, a fraction of the neutrons in the
final beam are undermoderated (i.e., possess energies higher
than the moderator temperature). Neutron instruments view
the surfaces of these moderators.

Fig. 3.

Comparison of the 211 Bragg peak of iron, measured at
Argonne's ZING-P spallation neutron source, with the calculated
function of equation (7). (From Carpenter et al 1975, Jorgensen
et al 1978).

Fig. 4.

Schematic illustration of the functions that are convoluted to
produce the Ikeda-Carpenter and Robinson-Taylor-Carpenter
time-of-flight peak-shape functions.

Fig. 5.

Observed and calculated profiles for a portion of the time-offlight powder diffraction data for YBa2Cu3O7_x The isotropic
line-shape model gives a poor fit, particularly for 001
reflections.

Fig. 6.

Observed and calculated profiles for a portion of the time-offlight powder diffraction of YBa2Cu3O7_x. The line-shape model
containing the convoluted anisotropic truncated quadratic
function (see text) gives an excellent profile fit for all reflections.

Fig. 7.

Diffraction patterns from a 1 cm 3 sample of LaNbO4 recorded as
a function of temperature. The peak splitting associated with
the ferroelastic phase transition is evident.

Fig. 8.

The variation of the monoclinic angle of LaNbO4 as a function of
temperature. Least square fitting confirms a mean-field
behavior and a transition temperature of 483.0(1) °C.
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Fig. 9. Refinement of individual peak widths for LaNbC>4 reveals a
pronounced temperature dependence that diverges around the
phase transition temperature, T c . The distinction between 220
and 220 (similarly, 112 and 112) peak widths is consistent with
strain effects described by a second rank tensor.
Fig. 10. The final Rietveld refinement profile for data from benzene
obtained on the HRPD at ISIS. The first four frames show the fit
for d spacings from 0.5 to 2.0 A. The final two frames show the
tit for the range 0.68 to 0.78 A on an expanded scale in order to
better illustrate complexity of the data and the quality of the fit
at small d spacings. Tick marks at the top of each plot indicate
the positions of the Bragg reflections. A difference curve
(observed minus calculated) plotted in units of the statistical
uncertainty, a, (square root of the number of counts) is plotted at
the bottom. The dotted lines in the difference curves are at

Fig. 11. Rietveld refinement profile for YBa2Cu3C>6.93 at 0.58 GPa in a
helium-gas pressure cell. Scattering from the aluminum
pressure cell is completely eliminated by incorporating neutron
shielding in the walls of the cell in order to restrict the scattered
beam to neutrons scattered from the sample at 20= 85°-95°.
[From Jorgensen et al 1990b]
Fig. 12. Site occupancies of three of the oxygen sites in
versus oxygen partial pressure at a constant temperature of
490°C. The site occupancies are obtained from Rietveld
refinement of neutron powder diffraction data taken in situ in a
flowing atmosphere. An orthorhombic-to-tetragonal transition
occurs where the occupancies of the (0,1/2,0) and 1/2,0,0) sites
meet. In the tetragonal phase these two sites are symmetry
equivalent. (From Jorgensen et al 1989b).
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TABLE 1.
Part of one of the output files from SAPS from the refinement with data
for LaNbO4 near the phase transition. The Table contains Miller indices,
hkl, along with peak intensities, I, and standard deviations, o~(I). If
I/o(I) is greater than a predetermined value (12 in this particular case),
peak widths are refined. For I/a(I) < 12, peak widths are fixed (note
zero standard deviations for some F). In this example the usual TOF
functional form for a was refined, All individual Gaussian widths were
fixed.
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-1
1
-1
-2
1
2
0
2
0
-2
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1
-1
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1
0
1
1
2
1
2
1
2
0
2
0
0
1
0
1
1

5
5
4
4
1
1
1
1
2
2
0
0
4
3
3
2
2

663.8
540.2
3646.5
3460.5
715.1
2443.0
2192.0
836.2
461.3
579.9
10.3
0.7
121.4
361.6
303.1
9352.3
10061.0

20.5
20.6
37.8
38.5
24.2
31.0
28.3
26.5
29.5
30.7
35.4
35.7
43.7
45.4
30.3
89.6
98.0

25.3
43.1
49.7
45.5
112.5
40.7
38.5
97.4
89.7
58.2
42.2
42.8
45.9
49.6
49.8
114.4
93.5

o(r)

a

a(a)

3.9
5.3
1.7
1.7
8.5
2.1
2.2
6.6
10.3
6.5
0.0
0.0
0.0
0.0
0.0
2.7
2.3

51.8
51.9
55.9
56.2
56.7
57.1
57.3
57.7
59.0
59.6
64.9
65.8
70.6
76.2
76.5
77.0
77.7

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
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TABLE 2.
Refined anisotropic strain broadening terms for LaNbO4 versus temperature.

T(°C)

Hi

r22

Ti2

240
270
300
330
360
380
400
420
450
460
470
480

205(15
198(15)
183(15)
227(20)
190(15)
214(20)
257(20)
266(20)
400(25)
460(40)
840(40)
2200(200)

402(20)
366(20)
392(20)
378(20)
447(25)
462(25)
417(25)
598(30)
676(30)
770(40)
1320(50)
3800(250)

600(300)
900(300)
1600(300)
1500(300)
2500(400)
2300(400)
2600(500)
3900(600)
6500(1000)
8700(1500)
15300(3000)
36000(5000)
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TABLE 3.
Refined structural parameters for benzene from neutron powder
diffraction data collected on the HRPD. Space group Pbca, Z = 2, molecular
symmetry = T, a = 7.3551(3) A, b = 9.3712(4), c = 6.6994 A,
V = 461.76 A3

Atom

x/a

y/b

z/c

B

iso

(x 10"4A2)

Cl
C2
C3
Dl
D2
D3

-0.06120(15)
-0.14023(15)
-0.07770(15)
-0.10853(15)
-0.24908(20)
-0.13821(20)

0.14123(10
0.04469(10)
-0.09689(12)
0.25050(15)
0.07682(15)
-0.17136(15)

-0.00519(20)
0.12722(15)
0.13264(20)
-0.01187(25)
0.22600(20)
0.23703(20)

68(6)
66(6)
77(6)
202(9)
202(9)
203(9)

R p = 13.2%, R wp = 15.7%, R exp = 10.8%, %2 = 2.1 (usual R-factor notation)
Benzene:
C1-C2 =
C2-C3 =
C1-C3 =
mean =
Single
C1-C2
C2-C3
C1-C3

Bond-lengths (4K) (uncorrected for libration)
1.3940(20) A
Cl-Dl = 1.0825(30) A
1.4047(30) A
C2-D2 = 1.0815(30) A
1.3948(20) A
C3-D3 = 1.0836(25) A
1.3978(15) A
mean = 1.0825(20) A

crystal neutron diffraction (15K) (after Jeffrey et al. [1987])
= 1.3969(7) A
Cl-Dl = 1.0879(9) A
= 1.3970(8) A
C2-D2 = 1.0869(9) A
= 1.3976(7) A
C3-D3 = 1.0843(8) A
mean = 1.3972(5) A
mean = 1.0864(7) A

27

TABLE 4.
Anisotropic temperature factors (xlO 4 A 2 ) for benzene at low temperatures
Lines 1 and 2:
Harmonic lattice-dynamical calculation at 15K and OK
respectively [Fillipini & Gramaccioli 1989].
Line 3: Neutron single crystal diffraction data (15K) [Jeffrey et al 1987].
Line 4: Neutron powder diffraction data (4.2K) [ISIS Report 1989]
Atom

Cl

C2

C3

Dl

D2

D3

Bn
90
77
79(2)
77(7)

B22

B33

66

89

58

77

67(2)
42(6)

88(2)
87(7)

87

82

B

23

3
3
4(1)
1(5)

Bl3

B12

7

0

0
7(2)
5(5)

7
6(2)
-3(4)

17

6

17

9
9(2)
12(4)

84
71
74(2)
71(7)

79

70

-2
-2

81(2)
58(7)

79(2)
68(6)

0(2)
9(4)

17(2)
26(5)

86
73
81(2)
83(7)

79
72
75(2)
57(7)

82
70
82(2)
92(7)

10
10
10(1)
0(5)

11
11
14(2)
18(5)

-3(2)
-1(4)

11

39
39

38
38

25(2)
22(6)

46(2)
31(5)

56
55

56
56
35(2)
33(5)

173

212
199
239(3)
267(9)

11
12(2)
19(5)

215

5

202
208(3)
225(9)

5

216
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224(3)
218(8)

114(2)
121(7)
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170
183(2)
170(8)
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217
204(3)
212(8)

228
215
214(3)
241(9)

208

171

199

158

60
59

171(2)
155(8)

199(3)
214(8)

58(2)
75(6)

165

-8(2)
-2(6)

88(2)
120(6)

37
36
61(2)
66(7)

6

-5

-2
-1
-18(4)
-20(5)
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in Situ at 490° C
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