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Abstract
The new neutron time-of-ﬂight (TOF) diffractometer HIPPO (High-Pressure-Preferred Orientation) at LANSCE
(Los Alamos Neutron Science Center) is described and results for quantitative texture analysis of a standard sample are
discussed. HIPPO overcomes the problem of weak neutron scattering intensities by taking advantage of the improved
source at LANSCE, a short ﬂight path (9 m) and a novel three-dimensional arrangement of detector banks with 1360
3
He tubes, on ﬁve conical rings with scattering angles ranging from 2y=10 to 150 . Flux at the sample is on the order
of 107 neutrons cm 2 s 1. A large sample chamber (75 cm diameter well) can accommodate ancillary equipment such as
an automatic sample changer/goniometer used in this study. This instrument was used to measure the texture of a
round-robin limestone standard and extract orientation distribution data from TOF diffraction spectra with different
methods (Rietveld harmonic method, Rietveld direct method, automatic ﬁtting of individual peak intensities), and the
results compare favorably. Also, there is good agreement with results obtained on the same sample measured at other
facilities, but with greatly reduced measuring time for HIPPO.
r 2003 Elsevier B.V. All rights reserved.
PACS: 61.12.Ex; 81.40.Ef; 83.80.Nb
Keywords: Neutron diffraction; Texture analysis; Rietveld

1. Introduction
In 1997, as part of the Spallation Source
Upgrade project, the University of California
Materials Research Diffractometer, proposed by
a consortium of UC faculty and National Laboratory researchers was chosen as one of the three
new diffractometers to be built at the Los Alamos
Neutron Science Center (LANSCE) [1]. This
*Corresponding author. Tel.: +510-642-7431; fax: +510643-9980.
E-mail address: wenk@seismo.berkeley.edu (H.-R. Wenk).

diffractometer, more recently known as HIPPO
(for High-Pressure-Preferred Orientation, two of
its main functions) started a user program in
summer 2002 and in this paper we are presenting
ﬁrst results of quantitative texture analysis, together with a description of the unique features of
this instrument and streamlined procedures of
data analysis.
The diffractometer was built to attract mainstream chemists, materials and earth scientists to
neutron diffraction to take advantage of outstanding features of neutrons for materials analysis that cannot be achieved with conventional and
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synchrotron X-rays. Among the primary advantages of neutrons is their low attenuation by most
elements that makes it possible to study large
sample volumes (1 mm3 to several cm3) that are
representative of the bulk properties, compared to
the surface sensitivity of X-rays or electrons. It
also enables the construction of environmental
cells to investigate samples under conditions of
high and low temperature, pressure, stress or
magnetic and electric ﬁelds. Parallel with the low
attenuation goes the weak interaction of neutrons
and matter, compared to electrons and X-rays,
and thus normally long counting times are
required. The aim to obtain high count rate was
a prime consideration in the design of HIPPO in
order to be able to investigate time-dependent
processes, as well as representative sample series,
for instance of varying chemical composition or
deformation history.
Preferred orientation (or texture) is one of the
characteristic features of many polycrystalline
materials and, combined with the single crystal
anisotropy, the main cause of anisotropic physical
properties of bulk solids. Neutron diffraction was
ﬁrst applied by Brockhouse [2] to study textures in
magnetic nickel but only in the 1980s, with the
wider availability of neutron sources, did it become
a viable method and presently several beamlines in
different facilities are used routinely for texture
analysis. A conventional neutron texture experiment employs monochromatic radiation. The
detector is set at the Bragg angle 2y for a selected
set of lattice planes h k l. The pole densities
corresponding to this set of lattice planes in
different sample directions are obtained by rotating
the sample around two goniometer axes, to cover
the entire orientation range and several pole ﬁgures
are measured consecutively. This method is analogous to the X-ray pole ﬁgure goniometer method.
It is also possible to use position-sensitive
detectors, which simultaneously record intensities
resulting from diffraction of monochromatic
radiation along a ring (1-D), or over an area (2D), rather than at a point. In the case of 1-D
position-sensitive detectors, the ring can be
mounted on a diffractometer so that it covers the
whole 90 range of goniometer coordinate w [3] or
that it records a continuous 2y range [4,5].

Another method to measure a spectrum simultaneously is at a ﬁxed detector position but with
polychromatic neutrons and a detector system that
can measure the time of ﬂight (TOF) of neutrons
and discriminate their energies [6,7]. In this case a
detector, ﬁxed at a scattering angle, records a
whole spectrum with many Bragg peaks. Positionsensitive detectors and TOF have been combined
[8]. With a 2-D position-sensitive detector, as it is
available at IPNS (Intense Pulsed Neutron Source
at Argonne National Laboratory) and LANSCE,
a whole pole ﬁgure range can be recorded
simultaneously [9]. A disadvantage of this technique is cumbersome data extraction due to geometric distortions and numerous non-linear
corrections. Therefore, point detectors are preferred, but instead of a single detector, several
detectors can be used simultaneously. This concept
has ﬁrst been introduced at the pulsed neutron
source in Dubna, where the NSHR diffractometer
uses seven detectors at different diffraction angles
in the same plane [10] and the newer SKAT
diffractometer uses 24 detector tubes, 60 mm in
diameter, arranged on a ring at a ﬁxed diffraction
angle (2y=90 ) [11]. With such multidetector
systems fewer sample rotations are necessary to
cover the pole ﬁgure. The Dubna system was the
basis for the design of HIPPO, except that detector
coverage was greatly increased, with not only one,
but ﬁve rings of detector panels at constant 2y and
up to 384 tubes of 12 mm diameter in a ring.
The reliability of neutron pole ﬁgure measurements was highlighted by excellent results of a
round-robin experiment in which over 15 facilities
participated [10,12,13] and, if it were more
available, neutron diffraction would clearly be
the method of choice for bulk texture measurements. The round-robin experiment documented
that pole ﬁgure measurements with neutron
diffraction of the same sample by different
laboratories are much more reproducible than
those with conventional X-ray diffraction, mainly
because of better statistics and absence of instrument-dependent defocusing and absorption corrections. In this report, we will use this same
standard round-robin sample, an experimentally
deformed limestone, with HIPPO and illustrate
that satisfactory results can be obtained both with
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individual peak analysis and ﬁtting of spectra with
the Rietveld method. In general, neutron diffraction texture measurements have the advantage that
they can be performed on coarse-grained samples
and still provide good grain statistics [14], are
easily extendable to non-ambient conditions [15]
and provide information about magnetic as well as
crystallographic orientation in polycrystals [16].

2. Instrument characteristics
In designing a diffractometer, a balance must be
made between intensity (decreasing approximately
with 1/L2, where L is the ﬂight path length) and
resolution (increasing approximately with 1/L).
The goal for HIPPO was to have the highest count
rates available at the cost of only moderate
resolution, which was achieved by an instrument
design consisting of detectors covering a large
surface, and a short ﬂight path. In HIPPO, the
sample is at a 9 m distance from the moderator
which consists of a decoupled high-intensity/lowresolution water moderator of 2.5 cm thickness
with a square surface of 13  13 cm2. The timeaveraged ﬂux on a sample, with the proton
accelerator operating at 120 mA, is B2.4  107
neutrons cm 2 s 1 for neutron energies in the
‘‘thermal’’ (o0.4 eV) range suitable for diffraction
work.
The usable range of the TOF frames on
HIPPO’s 9 m ﬂight path covers 0.5–24 ms. Beyond
24 ms, the incident intensity from the moderator is
so low that no usable data can be obtained.
Therefore, for a 20 Hz operation, which gives a
50 ms frame, there is no ‘‘frame overlap’’ effect
with a Bragg reﬂection from a previous TOF
frame appearing as a background feature.
To maintain resolution characteristics that are
independent of detector azimuthal angle, the
collimation system views a circular portion of the
moderator surface 12 cm in diameter and produces
a circular beam with a maximum diameter of 2 cm
at the sample position. Additional ‘‘shadow
shield’’ collimators can be positioned closer to
the sample as needed to reduce the penumbra
scattering. Collimator inserts ﬁtted after the last
collimating element can be used to produce beams
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down to 5 mm diameter as needed. Beyond the
sample position is a beam stop.
1360 3He detector tubes are arranged in 50
panels on ﬁve rings (banks) surrounding the
incident beam (Fig. 1). The detector layout
comprises ﬁve angular ranges covering both low
and high angles and characteristics of each range
are listed in Table 1. The d-spacing is determined
from the chosen TOF frame of 0.5–24 ms. The
detector panels are tilted relative to the scattered
neutron paths to give a more constant resolution
across their surfaces. The tilt compensates for the
change in 2y due to the ﬁnite angular range
covered by each panel with a corresponding
change in the sample-to-detector ﬂight path. The
total detector coverage is 4.74 m2, compared with a
detector area for HIPPO’s predecessor HIPD
(High-Intensity Powder Diffractometer) at
LANSCE of 0.44 m2. Detector panels are composed of sets of 10 atm 3He detector tubes with
lengths ranging from 46 cm for the backscattering
angle to 15 cm for the most forward scattering
angle.
The large sample chamber is built to accommodate a variety of ancillary equipment. It has an
opening 60 cm above the neutron beam centerline
with a ‘‘standard’’ diameter of 75 cm, allowing
interchange of ancillary equipment with other
LANSCE beamlines. The walls of this chamber
are 6.3 mm aluminum to minimize attenuation of
scattered neutrons while maintaining structural
stability. The 90 panels view the sample through
1.5-mm-thick aluminum windows. For most experiments, the chamber is not evacuated during
the course of an experiment. A range of ancillary
equipment is available for HIPPO and we just
mention cryogenic equipment (displex system
capable of ca. 10–300 K), high temperature vacuum furnaces (300–1500 K), a torroidal anvil
high-pressure cell (30 GPa and 2000 K), a multiposition sample changer, a kappa geometry 3circle goniometer and a load frame. Only the
automated sample changer was used for this
experiment (Fig. 2).
Data acquisition details for HIPPO are outlined
in Table 2. The width of each TOF bin, DT, is
chosen such that DT/T is equal to the TOF bin
factor. These are chosen for each detector to give
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Fig. 1. Schematic view of the HIPPO diffractometer with ﬁve banks of detector panels arranged on rings. For scale a sketch of a fairly
large person is added. The distance from the 150 panels to the 10 panels is 3 m.

Table 1
Detector speciﬁcations for HIPPO
No.
tubes

Area
(m2)

d Range
(
(A)

Resolution
(%)

8
10
12
12
8

192
240
288
384
256

1.08
1.08
1.08
0.96
0.54

0.12–4.80
0.17–6.90
0.35–13.9
0.65–26.1
1.19–47.5

0.37
0.74
1.8
4.6
9.2

50

1360

4.74

Nominal
angle

No.
panels

2y=150
90
40
20
10
Total

( wavelength range and the
The d ranges are for 0.5–9 A
resolution DT/T=Dd/d is full-width at half-maximum over
position.

approximately 10 TOF bins across the nominal
resolution width anticipated at each scattering
angle and about 30 TOF bins across the base of
the peak. However, most experiments on HIPPO
do not use all detectors; for example, texture

measurements as described here only use
2y=150 , 90 and 40 banks because of the low
resolution of low-angle detectors.
2.1. Data acquisition system (DAQ)
The DAQ uses commercial VXI crates controlled by VME Power PC single-board processors. Each VXI crate hosts up to eight TOF
modules; each module can service up to 16
detector tubes. The system has 13 VXI crates;
two each for the 150 and 10 detector banks, and
three for the 2y=20 , 40 and 90 detector banks.
Data are transferred from the DAQ to a data
processing and display PC over a 100 Mbit/s
network. Total save time between runs is currently
30 s, but will further decrease in the future, as
required for instance for kinetics studies.
The user controls the instrument through the
Graphical User Interface (GUI) or Perl scripts that
provide access to the system to allow initiation of
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Fig. 2. The automatic sample changer that can accommodate 32 texture samples (or 100 powder samples). In the image shown, texture
samples are mounted on vanadium rods.
Table 2
Data acquisition details for HIPPO
Nominal
angle

TOF bin
factor

2y=150
90
40
20
10

0.0004
0.0008
0.0012
0.0016
0.0032

Total

No.
tubes
192
240
288
384
256
1360

TOF
ch./tube

Total
TOF ch.

10,344
5001
3298
2461
1222

1,986,048
1,200,240
949,824
945,024
312,832
5,393,968

data collection, display of spectra, control of
special environment equipment, etc. Due to the
short count times possible with HIPPO, automation of DAQ and sample changes, orientation
changes, or changes of sample environment parameters like temperature was implemented. The
detector systems are attached to the real-time
portion, which captures the data in digital form
and generates the TOF histograms. The data of a
ﬁnished histogram are then transferred from the
TOF module to the PC server that creates the
Nexus/Hierarchical Data File (HDF, http://
www.neutron.anl.gov/nexus) for archival. These
HDF ﬁles contain data for all individual detector
tubes and are over 20 MB in size. Generally, they
are of little interest to the end user. The raw data

are, therefore, binned for each detector panel or, if
orientation information is not important, for all
detector panels of a bank. This requires accurate
calibration to determine the exact position of each
detector tube and the corresponding ﬂight path.
Also, for texture experiments it is necessary to
determine the detector efﬁciency. Both can be
achieved with a powder standard with precisely
known lattice parameters and a similar geometry
as the actual sample. This standard (CaF2 is
commonly used) must be measured periodically to
ascertain that the alignment of the instrument and
electronic components has not changed and also to
determine if all individual detector tubes are
working to speciﬁcations. With the calibration ﬁle
the raw data are then binned into a compact
ASCII ﬁle in GSAS format (GDA, GSAS format
[17]) that is provided to the user for further
analysis. Fig. 3 displays portions of all spectra
from the limestone sample for 2y=150 , 90 and
40 detectors for one sample rotation position. As
is immediately obvious, the resolution decreases
with decreasing diffraction angle. Within one bank
relative intensities of a given diffraction peak vary
from detector to detector. This is an indication
that the sample displays preferred orientation and
the intensity differences are used to extract
quantitative texture information as will be described in the next section.
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Fig. 3. Diffraction spectra for limestone recorded by detectors
on banks 2y=150 , 90 and 40 for one rotation setting.
Relative intensity variations illustrate presence of texture. Some
spectra are more closely spaced due to variations in detector
sensitivity. Resolution decreases with diffraction angle.

3. Texture analysis of limestone
3.1. Experimental
The goal of this work is to quantitatively
establish the texture measurement capabilities of
HIPPO. This is best done by using a standard

sample with a well-known texture. We chose to use
the experimentally deformed limestone that served
as a round robin [12]. The cube (approximately
1 cm3) with rounded corners was mounted on a
thin Al rod shielded with a Cd foil for minimal
diffraction interference and inserted into the
automatic sample changer (Fig. 2). The sample
changer enables unattended automated processing
of up to 32 texture samples or up to 100 powder
samples, without a need to open the sample
chamber or close the shutter. In the sample
changer, a sample in the tray is rotated into
position, then grabbed by an arm on a goniometer
with two rotations centered on the incident beam
(only one was used in this study). Spectra were
recorded for 15 min of beam time. No incident
beam monitor was available during this run cycle
and due to slight variations in proton current the
neutron ﬂux was not constant, requiring additional corrections during the texture reﬁnement.
The sample was rotated in eight 22.5 increments
about the vertical axis (i.e. the axis of the sample
chamber and perpendicular to the incident beam).
The sample was measured twice, in September
2002 with 30 detector panels and in January 2003
with 28 detector panels (two were defective at that
time). We will mainly use the newer data set.
Raw data were binned as described above and
output in GSAS format that served as data for the
texture analysis. Data from 30 panels (2y=150 ,
90 and 40 banks) and eight rotations provided a
total of 8  30=240 spectra (224 for the second
measurement). The raw spectra, normalized by the
average incident spectrum, for the 2y=40 bank
are shown in Fig. 4 (bottom) ordered ﬁrst
according to rotation increments (eight) and each
set stacked according to detector panels (12). This
ﬁgure is from the ﬁrst set of measurements,
because it illustrates better some of the complexities that arise with a multidetector diffractometer
such as HIPPO and requires rather sophisticated
data processing.
Diffraction peaks are clearly visible as vertical
lines, but the lines shift slightly both as function of
rotation for a single detector and for the same
rotation but among different detectors. The ﬁrst
shifts are due to the fact that the sample precesses
(i.e. the rotation axis does not coincide with the
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Fig. 4. Plot of diffraction spectra for 2y =40 bank for the ﬁrst
set of measurements. Twelve panels in a stack representation
for eight rotations (arrows mark panes). Peak shifts and
variations in background intensity indicate problems with
sample alignment and instrument calibration. Bottom: Measured spectra (corrected for incident beam spectrum); top:
spectra after Rietveld ﬁt. Dark colors are high intensities.

sample axis), mostly due to misalignment of the
sample on the holder. (In the second set of
measurements this sample alignment problem
was improved.) The second and more signiﬁcant
oscillation (shifts in d-spacings among panels)
stems from the fact that the ﬂight path for the
various detectors was not the same as during the
calibration, due to sample misalignment. This is
particularly critical for low-angle detectors
(2y=40 ) with tubes highly inclined to the beam.
There are also clear variations in background
intensity (and corresponding peak intensities),
both as function of rotation and detector. The
ﬁrst intensity variation suggests that the sample
rotates in and out of the beam center, or that the
incident beam intensity varies in the course of the
experiment due to variations in proton current.
The second variation is due to differences in
detector efﬁciencies. For example, detector panel 9
has much lower count rates than the other detector
panels on the 40 bank. All these factors need to
be considered in the data processing and proper
corrections need to be introduced. (Note that the
positional corrections are required not only for
texture experiments but also for all diffraction
experiments with HIPPO.)
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Texture analysis takes advantage of the HIPPO
feature that many detectors are available and each
detector records intensities from differently oriented crystals according to Bragg’s law that
requires that lattice planes are in reﬂection
position for incident and diffracted neutron beam.
The orientation of lattice plane normals that are
measured with individual detectors is best shown
in a pole ﬁgure representation and Fig. 5a
illustrates the coverage with the 30 detectors
relative to incident beam (X) and axis of sample
chamber (center). If the sample is rotated in eight
increments of 22.5 about the vertical axis the
coverage is greatly improved (Fig. 5b). Note that
the coverage is best near the periphery. Only the
low-resolution 2y= 40 detectors contribute to the
coverage near the center of the pole ﬁgure. In these
plots, angular locations of the detector panels are
shown with small symbols, representative of the
center of the detector panel. In reality, each
location extends over a larger area determined by
the size of the panels which limits the angular
resolution (10–20 ).
There are various ways to extract texture
information from diffraction spectra. We will
show two basic methods and compare results.
The ﬁrst method is to use the Rietveld method [18]
of whole spectra ﬁtting by reﬁning instrumental,
structural and textural parameters from all 240
spectra simultaneously. The second method is the
more conventional approach to extract peak
intensities for some diffraction peaks directly from
the spectrum. This method is necessary if spectra
contain interferences, e.g. diffractions from ancillary equipment such as furnaces.
3.2. Data analysis using the Rietveld method
The ﬁrst approach relies on the Rietveld method
to ﬁt whole TOF spectra. There are presently two
software packages that enable texture determinations with the Rietveld method. GSAS [13] uses a
direct reﬁnement of parameters with a diagonal
matrix approach. The program offers many
options for crystal structure determination/
reﬁnements but for texture it is restricted to
the harmonic method. Because derivatives for
the least-squares optimization are computed
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Fig. 5. Pole ﬁgure coverage with 30 detectors for 2y= 150 , 90 and 40 banks (different symbols). Sample chamber axis is in the
center. Incident neutron beam is at X. (a) Coverage with single setting. (b) Coverage with eight 22.5 sample rotations as used in this
study.

analytically it is relatively fast. MAUD [19] uses a
Marquardt least-squares ﬁt approach with a
numerical derivative computation. The latter
provides more ﬂexibility for incorporating different models in the reﬁnement, but the reﬁnement is
slower than with GSAS. The gap in speed has been
reduced by reducing redundant computation
through object-oriented techniques. For texture
studies, MAUD has the advantage that different
algorithms, even non-analytical ones, can be used
to obtain the orientation distribution function
(ODF) in Fourier space (harmonic method), as
well as in direct space (e.g. WIMV and maximum
entropy). In a previous contribution, we have
veriﬁed that for the harmonic method and
identical constraints GSAS and MAUD produce
similar texture results [20]. Here we use MAUD
exclusively, in part because the present version of
GSAS cannot analyze more than 99 spectra
simultaneously.
Initial data are spectra as those shown in Fig. 3
but for eight sample rotations. A d-range from 1.0
( was selected. Instrumental parameters,
to 4.0 A
background function, microstructural features
(relative isotropic crystallite size and r.m.s. microstrain), crystallographic parameters (lattice parameters, atomic positions) and texture were reﬁned.
Instrumental uncertainties for HIPPO required us
to reﬁne several correction functions as well. Two
correction functions are related to the sample: a
sample position (causing peak shifts) and a sample
scale factor (because the sample was potentially

not in all rotations in the center of the beam and
because of changes in proton ﬂux). Eight sample
correction parameters were reﬁned for each rotation increment. (For the second set of measurements the sample precession and position errors
reﬁned nearly to zero and were then successively
excluded from the optimization procedure.) Two
correction functions are used to account for
detector uncertainties. A detector scale factor
was reﬁned to correct for detector efﬁciency, but
assuming that the characteristics did not change in
the course of the experiment. A separate offset
parameter for each detector was reﬁned to adjust
for sample misalignment. Thirty (28 for the second
experiment) detector correction parameters were
reﬁned for each. We did not reﬁne an individual
scale factor for each spectrum, as is done in GSAS,
because such scale factors are highly correlated
with texture and inﬂuence the solution. The
correlation coefﬁcients between scale factors and
texture coefﬁcients (in the harmonic method) are
on the average three times higher if all individual
scale factors are reﬁned, than reﬁning a single scale
factor for each panel and rotation increment (the
maximum correlation coefﬁcient is about 6 times
higher). The results obtained from the ﬁrst
measurement were in good agreement with those
of the second, after applying all the corrections,
and we will just present the results for the second
measurement.
The reﬁnement proceeded in cycles on 224
spectra simultaneously. First instrument and
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background parameters were reﬁned (54 and 18,
respectively). In a second step, crystallographic
parameters were added to the reﬁnement (cell
parameters, one isotropic B factor and fractional
coordinate x for the oxygen) and subsequently
peak proﬁle parameters and sample displacement
errors for a total of 82 parameters. Finally, texture
parameters were added also. For texture, the
harmonic method and direct methods were used.
In the case of direct methods, the newly developed
version of WIMV that allows data to be entered at
arbitrary positions (rather than the conventional
5  5 grid), called EWIMV was employed. Fig. 6
shows one spectrum from a 2y=150 detector and
the ﬁtted curve for EWIMV. The computer used
was an Apple Powerbook G4/800 MHz with 1 GB
of RAM. The computation time for the last cycle
of three iterations (sufﬁcient to ensure convergence
of the solution), including the texture parameters,
was of about 1.5 h for the harmonic method (with
a memory requirement of about 700 MB) and
55 min for the EWIMV algorithm (with a memory
requirement of about 300 MB).
In the case of the harmonic reﬁnement, the
expansion was carried to a maximum order
Lmax=8 (113 coefﬁcients for trigonal crystal and
triclinic sample symmetry). The memory requirement for the Marquardt least-squares reﬁnement is
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at least equal to the number of reﬁned parameters
times the number of data points. For Lmax=8, the
total number of parameters is 195 and the 224
spectra add to a total of 458 915 data points (the
number of data depend on detector bank and
selected d-range). Thus, the calculation requires
more than 700 MB for double precision ﬂoating
point arithmetic. L>8 would require more than
1 GB of memory, exceeding the limit of our
computer. From the ODF, some pole ﬁgures were
recalculated and results for the harmonic method
are shown in Fig. 7a. The initial sample orientation was arbitrary and pole ﬁgures are therefore
oblique, when compared with those reported
previously [12].
The EWIMV algorithm was derived from the
WIMV method [21] to provide a better integration
between the Rietveld method and the texture
computation. The main differences of EWIMV
relative to WIMV are: (a) the ODF cell path for
each individual measurement and reﬂection is
computed explicitly for the true measurement
angles, no longer requiring a regular grid coverage
and interpolation, (b) the tube cell projection of
the paths, in analogy to the ADC (Arbitrarily
Deﬁned Cells) method [22,23], improves the
smoothness of the ODF, (c) a modiﬁed iteration
algorithm based on an entropy principle increases

Fig. 6. Spectrum, normalized for incident beam, from a detector panel of the 2y=150 bank with recorded data (dots) and ﬁt (line)
using the MAUD Rietveld method with EWIMV.
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Fig. 7. Pole ﬁgures for standard sample of experimentally deformed limestone calculated from the ODF. Equal area projection, linear
contours (in multiples of a random distribution). (a) Rietveld reﬁnement with harmonic method, expansion to Lmax=8. (b) Rietveld
reﬁnement with the EWIMV method. (c) Same as (b) but graphically smoothed with a Gauss ﬁlter. (d) Individual peak extraction
method, with ODF calculated from ﬁve incomplete pole ﬁgures such as that in Fig. 8b. (e) Comparative results for the EWIMV method
for data obtained on the instrument D20 at ILL.
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Table 3
Lattice parameters and atomic coordinate x of oxygen and
temperature factor B reﬁned from the limestone standard
specimen with MAUD

HIPPO harmonic
HIPPO EWIMV
ILL-D20
IPNS-GPPD [19]

(
a (A)

(
c (A)

xO

4.9815(1)
4.9816(1)
4.98129(3)
4.9824(1)

17.0837(2)
17.0838(2)
17.0764(2)
17.0774(4)

0.2556(1) 0.706(2)
0.2557(1) 0.706(2)
0.2558(1) 0.800(7)
0.2556(1)

B

speed and convergence, (d) different cell sizes can
be selected. In the present implementation only cell
sizes that, if multiplied by an integer (>1) result in
30 , can be used. For the analysis of limestone, the
best results in terms of ODF coverage and
smoothness were obtained for a cell size of 10
and the default tube projection distance equal to 2
times the cell size. The convergence of the solution
was obtained always after 10 iterations. Texture
results for EWIMV are shown in Fig. 7b. In the
EWIMV pole ﬁgures the individual cell pattern is
visible, particularly for the 006 pole ﬁgure. It is
useful to assess the quality of the data, e.g. by
ascertaining that there are no large deviations
between individual cells or sporadic values. By
graphical smoothing of the pole ﬁgure pixel values
with a Gauss ﬁlter, the cell boundaries disappear
and we obtain a smoother visual effect, without
changing minima and maxima signiﬁcantly and
this pattern is similar to the results of the harmonic
method (Fig. 7c).
For comparison, the same analysis with
EWIMV was performed on a data set measured
on the same sample with the new D20 diffractometer at ILL (Institut Laue Langevin) [24]. For
D20 monochromatic neutrons
are used
( and a 1-D position-sensitive
(l=1.290713 A)
detector collects data over an angular range of
120 . The coverage was assured by a regular mesh
in w and f of 10  10 and two o positions (50
and 125 ). Only the peripheral part of the pole
ﬁgure was measured (90–60 ). Recalculated pole
ﬁgures are shown in Fig. 7e.
Results for crystallographic parameters are
shown in Table 3. They illustrate that lattice
parameters as well as atomic positions (x for
oxygen and temperature factor B) for both

585

approaches compare favorably and also agree
with values obtained earlier with the IPNS GPPD
diffractometer [19]. The calculated standard deviation for lattice parameters may not represent the
true error. For TOF data, lattice parameters are
very sensitive to instrument calibration and sample
positioning and, for monochromatic neutrons, to
the exact wavelength produced by the monochromator.
For the ﬁrst set of measurements, corresponding
to Fig. 4, the rotation center displacement in the
plane normal to the incident beam reﬁned to –
2.26(1) and –2.46(1) mm in two orthogonal
directions. This displacement is the cause for the
sinusoidal variation of peak position with detector
panel. A sample precession error radius of
0.963(4) mm and arbitrary starting angle of
24.0(2) determines the peak shift with rotation.
For the second set of measurements the correction parameters reﬁned as follows. No displacement of the rotation center was found and the
precession-dependent correction parameter for
position reﬁned to a value of 0.002(3) mm, i.e.
the sample precessed on a circle of this radius
around the diffraction center. The rotation-dependent intensity scaling parameter reﬁned to values
ranging from 0.902(1) to 1.205(1). The detector
correction parameters for position (the DIFC
parameter in GSAS that converts TOF to dspacings) reﬁned to a unique value for the 150
and 90 banks, but to values ranging from
(
1941.35(9) to 1981.58(9) A/ms
for panels of the
40 bank. We mentioned earlier that we associate
this with the different geometry of the texture
sample and the calibration standard, which is
particularly sensitive for low-angle detectors. The
detector scale parameter reﬁned to values ranging
from 0.993(1) to 1.69(1) for panels of the 150
bank, from 0.466(1) to 1.428(3) for the 90 bank,
and from 0.620(1) to 1.35(1) for the 40 bank.
Note that there are large variations for scale
parameters of panels within one bank.
3.3. Texture extraction using individual peak
intensities
Using the Matlab software environment a program was written to extract integrated intensities
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Fig. 8. Pole ﬁgure determination with individual peak intensity extraction method: (a) coverage of pole ﬁgure with data. Circle size is
proportional to intensities of (0 1 2); (b) interpolated and contoured (0 1 2) pole ﬁgure that is used to calculate the ODF.

of diffraction peaks from TOF spectra. A pseudoVoigt peak shape is assumed and positions of one
or several (in our case ﬁve) peaks are selected on
one spectrum. The program then ﬁts the pseudoVoigt function to the peak by adjusting position
and intensity and subtracting background. This
is done automatically in the whole series of
240 spectra. These data need to be corrected for
factors discussed with Fig. 4. Peak shifts due to
misalignment are taken into account by position
reﬁnement. Peak intensities are ﬁrst normalized
by the absolute TOF intensity spectrum of the
incident neutron beam speciﬁc to each detector
panel which was obtained by measuring
incoherent scattering from a vanadium sample
and accounts for systematic efﬁciency variations
between individual detector panels of a bank,
and corrected by a y-dependent Lorentz factor.
These corrected integrated intensities were then
entered into the pole ﬁgure as shown for 0 1 2 in
Fig. 8a, with circle size proportional to the
intensity. By triangular interpolation values
for the standard 5  5 pole ﬁgure grid were
obtained (a contoured pole ﬁgure is shown in
Fig. 8b). This pole ﬁgure is incomplete and the
center is not covered. From ﬁve incomplete pole
ﬁgures (w= 90 to 50 )—012, 104, 006, 110 and
113—an orientation distribution function (ODF)
was calculated with the WIMV method as
implemented in the software BEARTEX [25] and
normalized complete pole ﬁgures were recalculated
(Fig. 7d).

4. Discussion
With the successful texture analysis of the
standard sample of limestone we have demonstrated that the new HIPPO diffractometer at
LANSCE is capable of measuring textures quantitatively. A glance at Fig. 7 (and also comparing
HIPPO results with those measured on other
diffractometers [9,10,12,13,19] documents that
textures from HIPPO are very similar, both in
pattern and pole densities, with those from other
facilities measuring the same sample. This is also
conﬁrmed in Table 4 that gives values for the
texture index F2 [26] and maximum and minimum
of the ODF. A considerable difference is the time
required for data collection. For HIPPO, one
sample with eight rotation increments was measured in 2 h, compared to the D20 where
measurements took around 20 h, and at Dubna
the texture measurement of a sample takes well
over a day. With HIPPO’s automatic sample
changer textures on sample series of over 10/day
can be measured without operator intervention.
It was also reassuring to see that different
methods of texture analysis provide similar results
but a brief discussion of differences and advantages of each method is appropriate. If wellseparated individual peaks exist, the peak extraction method is fast, easy to use and does not
require much computing power. However, in the
presence of signiﬁcant instrumental uncertainties
affecting the measured peak intensities, as in the
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Table 4
Texture index and minimum and maximum values for the ODF
as obtained by the different procedures
Analysis

Texture
index

Minimum
(m.r.d.)

Maximum
(m.r.d.)

Hippo-harmonic
Hippo-EWIMV
Hippo-individual intensities
ILL-D20-EWIMV

1.226
1.301
1.251
1.308

–0.053
0.188
0.171
0.247

2.896
4.79
4.70
3.34

present work (see discussion of Fig. 4) the Rietveld
method will generally provide more accurate
texture information because experimental uncertainties are constrained by a physical model. The
individual peak method must be applied if
spurious parasitic peaks (e.g. from ancillary
instruments such as furnace metal [27]) preclude
the use of the Rietveld method.
Texture analysis with the Rietveld method is
now well established. The harmonic method and
direct methods produce similar results for weak
texture, though the ODF maximum and minimum
is smaller, when computed with the harmonic
method. Because of the smoothing effect of
harmonic functions, the harmonic pole ﬁgures
may have a more pleasing appearance than the
EWIMV pole ﬁgures where discrete cells are
visible. But a word of caution is appropriate.
Expansion to order 8 does not provide a very high
resolution (in the range of 45 ) and most X-ray
texture analyses use expansions to order Lmax=24
or higher. The weak texture of the limestone
standard is reasonably expressed with low- order
harmonic functions but for sharper textures the
method may be problematic. Xie et al. [20]
illustrated that irregular coverage, combined with
variable detector efﬁciencies and absorption effects
produces serious artifacts. Also the problem of
ghost correction due to omission of odd components in the expansion becomes relevant [28].
Whereas all pole densities are positive, the
harmonic ODF has negative values (Table 4).
This, and the weaker ODF maximum, points to
the presence of ‘‘ghosts’’ [29]. No ghost corrections
are implemented in any Rietveld texture code.
For direct methods MAUD provides resolution
ranges from 2.5 to 15 . In the case of the current
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conﬁguration of HIPPO, the angular resolution of
a detector panel exceeds 10 and is the limiting
constraint for the angular resolution of the texture.
This is to some extent governed by the binning
scheme and can be changed by software in the
future. In the present computation, the resolution
employed for the direct methods was of 10 as
displayed by the cells in the pole ﬁgure. It is very
useful to see in the EWIMV pole ﬁgures no sharp
variations between cells that would suggest poor
data quality or major deﬁciencies in the analysis.
The discrete appearance can easily be alleviated by
smoothing (Fig. 7c). General advantages of the
Rietveld method over the use of individual peak
intensities are that results are less subject to
systematic errors and problems with peak shape
and overlaps because the solution is constrained by a
physical model, allowing fewer degrees of freedom.
However, the introduction of additional scaling
parameters to account for uncertainties in diffraction
intensities, recorded with different detectors at
different times, increases the number of degrees of
freedom in the reﬁnement and leads to a loss of
texture information. Highest resolution of the
texture function can only be achieved if the number
of scaling parameters is minimized and this includes
detector sensitivity as well as precise monitor counts.
The new data for limestone establish HIPPO as
an efﬁcient instrument to measure preferred
orientation. However, while quantitative texture
analysis is feasible, it still requires considerable
expertise from the user, both in conducting the
experiment and in the analysis of data. In
conclusion, it should be mentioned that texture is
an important function of the HIPPO diffractometer but this instrument has much broader
capabilities. A 500 ton torroidal anvil press (TAP98) achieves p–T conditions of 30 GPa and 2000 K
for fairly large sample volumes (o500 mm3).
Vacuum furnaces with vanadium and niobium
heating elements provide temperatures to 1800 K
for investigations of reaction kinetics (this furnace
can also be used for in situ texture studies). The
automatic sample changer enables routine measurements of powders for crystallographic studies.
It is anticipated that investigations of magnetic
materials will be a future application of this
versatile instrument.
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