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Neutron diffraction at simultaneous
high temperatures and pressures, with
measurement of temperature by neutron radiography
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ABSTRACT

The commissioning and operation of apparatus for neutron diffraction at simultaneous high
temperatures and pressures is reported. The basic design is based on the Paris-Edinburgh cell using
opposed anvils, with internal heating. Temperature is measured using neutron radiography. The
apparatus has been shown in both on-line and off-line tests to operate to a pressure of 7 GPa and
temperature of 1700°C. The apparatus has been used in a neutron diffraction study of the crystal
structure of deuterated brucite, and results for 520°C and 5.15 GPa are presented. The diffraction data
that can be obtained from the apparatus are of comparable quality to previous high-pressure studies at
ambient temperatures, and are clearly good enough for Rietveld refinement analysis to give structural
data of reasonable quality.
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Edinburgh (PE) cell, in which pressure is applied
using two opposed anvils mounted in a way that

Introduction

THE pioneering work of Jean-Michel Besson,
Richard Nelmes and co-workers has enabled
neutron diffraction from samples at high pressures
using time-of-flight methods to become feasible for
routine studies (Besson ef al., 1992; Nelmes et al.,
1993; Besson and Nelmes, 1995). The work of this
group has led to the development of the Paris-

permits use of sample volumes that are large
enough for neutron beams. Examples of minerals
studied using PE cells include brucite (Parise et al.,
1993; Catti et al., 1995), portlandite (Pavese et al.,
1997), FeS (Marshall et al., 2000), FeSi (Wood et
al., 1995, 1996), hydrogarnet (Lager and von
Dreele, 1996, 1997), cristobalite (Dove et al.,

2000), muscovite (Catti et al., 1994), gypsum
(Stretton et al., 1997) and Phase A (Kagi et al.,
2000), in addition to a variety of ice phases
(Loveday et al., 1997; Klotz et al., 1999). Neutron
diffraction is a particularly useful method for the in
situ study of mineral crystal structures for several
reasons, including the high sensitivity of neutrons
to H atoms, the relatively high scattering power of
oxygen atoms compared to heavier metallic ions,
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the ability to study magnetic structures, and the
fact that the form factor for nuclear scattering is
independent of scattering vector.

Until recently, the PE technology could only be
used at ambient temperatures or lower. Zhao et al.
(1999) reported the development of an internal
heating version of the PE cell, and used this for a
study of the equation of state of molybdenum
(Zhao et al., 2000). The ability to perform
diffraction measurements at simultaneous high
pressures and temperatures will allow us to
perform in situ crystallographic studies of
minerals under conditions approaching those of
the inner earth. In this paper we report the
independent development and commissioning of a
PE cell with internal heating that differs in several
respects from that of Zhao et al. (1999). The cell
has now been tested up to simultaneous pressures
and temperatures of 7 GPa and 1700°C respec-
tively. We also report here the first results from
the use of the internal-heating high- P/T PE cell in
a study of deuterated brucite. Brucite was chosen
for the test case because it has a crystal structure
that is non-trivial whilst not being unnecessarily
complicated, because there are ambient-tempera-
ture high-pressure results available for compar-
ison (Parise et al., 1993; Catti et al., 1995), and
because it is a hydrous phase.

The issue of measurement of temperature at
high pressures is not trivial In principle,
thermocouples could be used, as in the apparatus
of Zhao et al. (1999). However, a previous study
on the effect of pressure on the emf induced in a
standard Chromel-Alumel thermocouple has
indicated that the corrections are important in
high-pressure and high-temperature measure-
ments (Getting and Kennedy, 1970).
Furthermore, these corrections have been
measured only to 3.3 GPa, and no reliable
pressure correction exists for higher pressures.
In addition to these general issues, insertion of a
thermocouple into a typical PE set-up has several
other disadvantages. These include: (1) The
thermocouple will displace a considerable frac-
tion of the gasket, which will reduce the
mechanical performance. During our preliminary
tests, we observed that this was the source of all
blow-out failures at high pressure and tempera-
ture. (2) The thermocouple will introduce
imperfections into the furnace by creating a
hole, which will increase the possibility of
furnace rupture, and give rise to thermal leaks
of the set-up, which will lead to non-uniform
thermal gradients inside the sample. (3) To record
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an accurate sample temperature, it is necessary to
introduce the thermocouple through the sample
capsule. This configuration may give rise to a
diffraction signal from the thermocouple which
will contaminate the diffraction pattern from the
sample. There may also be occasions when
thermocouple materials will react chemically
with the sample, or when the sample needs to
be loaded in a liquid state. (4) When the sample
assembly is under pressure, the size of the gap
between anvils will be of the same order as the
outside diameter of the thermocouple. Thus it
reduces the ability to reach higher pressures when
heating. (5) Any thermocouple will become the
critical part of the set-up. The experiments will
depend on the success of the thermocouple, since
breakage of the thermocouple will mean the end
of the experimental run. Breakages are not
infrequent, and we have found that thermocouples
can only survive the application of pressure if the
sample can be pressed into a pellet prior to
loading into the high- P/T" assembly.

We have therefore explored the possibility of
using neutron absorption resonance radiography
(NARR) methods to determine the temperature
(Fowler and Taylor, 1987; Mayers et al., 1989).
This is a non-invasive method for measuring
temperature, in contrast to the use of thermo-
couples. As discussed below, it is also relatively
quick. The NARR approach has the disadvantage
of requiring an explicit measurement, and does
not provide any control or pre-setting capabilities.
However, we show here that the radiography
method is simple to implement, and gives
precision to within +20 K.

The programme of work reported in this paper
has been carried out on the high-pressure facility,
HiPr, of the PEARL beamline at the ISIS
spallation neutron source (UK). There are technical
advantages in using a time-of-flight neutron source
with energy-dispersive measurements for high-
pressure studies as compared to a steady-state
source with angle-dispersive measurements, not
least because it is possible to use a small fixed
range of scattering angles around 90° to facilitate
effective beam collimation and reduction of
scattering from the sample environment.

Paris-Edinburgh cell with internal heating

The basic design of our PE cell with internal
heating is shown in Fig. 1. The principle of the PE
cell is that the sample is confined within a gasket,
which is held between two opposed anvils. For



HT/HP NEUTRON DIFFRACTION

72 mm

Insulating
ceramic

Graphite

. AANNNNNANANN 55

T TTTTTITIITA

Electrical
contacts

heater
Sample
Graphite
disk AR Gasket

Fic. 1. (Upper) Schematic design of the anvil assembly of the Paris-Edinburgh cell. (Middle) Schematic design of
internal heating components. (Lower) Photographs of the Paris-Edinburgh cell with power supplies connected.

our work, we have substantially modified the
geometry of the anvils compared to their usual
design. To date, all neutron diffraction experi-
ments using the PE cell use a toroidal shape for
the anvils (Besson and Nelmes, 1995). In order to
maximize the volume of the sample, we
developed a new geometry for the WC anvils
with a conical profile. This is preferable to the
hemispherical shape because of its mechanical
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strength, compression efficiency, and reduction in
uniaxial stress (Le Godec, 1999).

The sample, which is usually mixed with an
internal calibrant powder such as NaCl or MgO, is
located inside a high-resistivity graphite furnace.
This serves both as a heater and as a pressure
transmitter. The heat is generated by an electrical
current, which reaches the graphite heater through
the anvils and the electrical contacts. The
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assembly of sample and furnace is then loaded
into a ceramic gasket. The choice of the gasket
material is crucial We tested many gasket
materials, including magnesium oxide, zirconium
phosphate (as used by Zhao et al., 1999), zircon
and pyrophyllite, against the following criteria:
(1) the gasket must be a good electric and thermal
insulator; (2) the gasket must have sufficient
mechanical strength to support high pressures at
high temperatures; (3) the gasket must not have a
significant plastic flow within our new anvil
geometry and high pressures and temperatures;
and (4) the gasket must have low absorption and
minimum scattering of the neutron beams.

We eventually selected pyrophyllite for the
gasket material, having demonstrated its excellent
thermal and mechanical properties in tests
performed at the French synchrotron LURE and
at the European Synchrotron Radiation Facilities
ESRF. Tests of its neutron transparency after
thermal treatment were carried out at ISIS. These
tests will be described in more detail elsewhere
(Le Godec et al., in press.). We also found that a
confining ring of Teflon placed around the gasket
is necessary to maintain the integrity of the
pyrophyllite gasket at high pressures and
temperatures. The geometry of this ring has

been optimized to improve the efficiency of the
compression and, hence, to give the maximal
pressure.

Another important criterion is that the equip-
ment should have excellent stability of pressure
and temperature over the time scales of a neutron
diffraction measurement. The time scale for a
measurement is significantly longer than for a
synchrotron X-ray diffraction experiment, which
is typically <1 h. Temperature stability is
achieved using a regulated power supply. For
example, in off-line tests, a sample held under
pressure at 1000°C showed a maximum drift of
the temperature of less than +2°C for over 8 h.

The major source of pressure instability during
high P/T experiments comes from an increase in
the temperature of the anvils. Specifically, at high
pressures and temperatures, the hot anvils
increase the temperature of the oil in the PE
cell, leading to an increase in the oil pressure and
hence an increase in the pressure in the sample. In
order to solve this problem, we developed a
cooling system involving water circulation around
the anvils. We found that this device is very
effective, and gives the required pressure stability.
Further details will be published elsewhere (Le
Godec et al., in press.).
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Fic. 2. Neutron absorption spectrum of the high-pressure/temperature Paris-Edinburgh cell containing a foil of
tantalum. The resonance line from the tantalum foil used in the present analysis is marked by an arrow.
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To summarize, we have shown that our
equipment is able to generate stable pressures to
7 GPa, and stable temperatures to 1700°C, on a
set-up with a sample volume of 65 mm®. The
performance can be increased further with
reduction in sample volume.

and scintillation block is surrounded by a thin
(50 pm) cylindrical aluminium foil reflector to
enhance light collection. The components are
shown in Fig. 3. The detector exhibits good pulse
height resolution, and to a first approximation, the
neutron detector efficiency is close to the neutron
absorption efficiency, which was calculated to be
75% at 10 eV.

Measurement of temperature using neutron

absorption resonance radiography

. Analysis of resonance spectra
Basic idea ysis of P

The idea of using NARR as a means of
determining sample temperature was initially
pioneered by Fowler and Taylor (1987), and
developed further by Mayers and co-workers
(Mayers et al., 1989; Frost et al., 1989). The
basic idea is to measure the energy or wavelength
dependence of the neutron absorption resonance
by a heavy atom in a heated sample. The width of
the resonance will be increased by the Doppler
effect from the thermal motions of the atoms in
the sample. If a simple metal is used, the phonon
frequencies will be relatively low, and for
temperatures above the Debye temperature the
vibrational amplitudes will be given by classical
equipartition and will be independent of the force
constants. As a result, the width of the resonance
should be independent of pressure.

Fowler and Taylor (1987) provided information
about a number of potential atomic nuclei that can
be used for NARR measurements. We use
tantalum as our absorbing foil. This choice was
partly determined by the resonance spectrum of
the empty PE cell. The various pieces of the high-
pressure equipment contain many metals as
primary or trace components (e.g. tungsten,
nickel), as shown in Fig. 2. A useful resonance
is at 10.34 eV, with corresponding wavelength
8.9 pm. Fowler and Taylor (1987) noted the
Doppler effect of this resonance should be
relatively easy to measure, and it is well separated
from other resonances in the absorption spectrum.
For this work, we used a foil disk of 50 pm.

Radiography detector

For our NARR experiments a new high-efficiency
neutron monitor for HiPr was developed. This is
based on a scintillation detector. The active
scintillation element is a ®Li-enriched glass, with
dimensions 7 X 7 mm in cross-section and 25 mm
deep in the direction of the neutron beam. One of
the long faces is viewed by a ten-stage linear
photomultiplier tube. The photomultiplier tube
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Photomultiplier tube

The exact expression for the width of the
resonance line depends on a number of factors,
some of which are geometric in origin. In the
earlier work of Fowler and Taylor (1987) and
Mayers et al. (1989), a first-principles analytical
analysis was discarded in favour of an empirical
analysis, by comparing measurements against
calibrations. These workers considered the ratio
of the absorption spectrum at a given temperature
with that at ambient temperature; the ratio spectra
obtained from our measurements are shown in
Fig. 4. The shapes of these ratio spectra are not
symmetric about the midpoint, which is primarily
due to the sloping backgrounds. Therefore we
chose instead to use curve fitting on the raw
spectra, and extract the fitted widths of the
resonance lines as the fundamental quantity. We
found, somewhat surprisingly, that the absorption
profiles could be fitted accurately using Gaussian
functions:

Scintillator crystal

Reflective aluminium cap

Fic. 3. Components of the neutron resonance monitor.
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I = Lexp(—(h — %)*/267%)

where ) is the midpoint of the resonance when
plotted as beam wavelength, A, I, is the peak
absorbance, and o is the width of the peak
resonance. Examples of two fitted absorption
profiles are shown in Fig. 5.

The approach we have chosen to work with is
to carry out a series of calibration runs with a
thermocouple and a small ceramic pellet, with the
sample assembly under nominally zero pressure —
actually a small load is applied to the cell in order
to lock the components in place. Measurements of
the resonance spectrum were performed for
temperatures to 1000°C. The squares of the
fitted widths, 02, of one set of calibration curves
are shown as a function of temperature in Fig. 6.
The data can be fitted by a straight line. Different
series of calibration tests showed that the slope of
this line is a constant, independent of the actual
experimental configuration. However, we find
small offsets of the line for different sample
loadings. This offset can be easily calibrated in a
measurement at ambient temperature for any new
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Fic. 4. Ratios of the tantalum resonance spectra at
various temperatures with that at ambient temperature.
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sample loading. A number of tests have shown
that the resonance line width at ambient
temperature is independent of pressure, as
anticipated in our description of the basic
principles above. The first data, which are
reported here, are of lower accuracy than our
more recent tests, which show an accuracy to
within 20 K. We have identified strategies to
improve the accuracy further, and these will be
discussed elsewhere. It should be noted that the
typical accuracy of thermocouples is of the order
of +1%, which is equivalent to an accuracy of
+ 10 K at 1000 K, and our calibration has relied
on thermocouple measurements.

Commissioning experiment: deuterated
brucite at high pressures and temperatures

Experimental details

The high-P/T" apparatus was used for a crystal
lographic study of deuterated brucite. The sample
was prepared following the method of Parise et al.
(1993). The sample of brucite was mixed with
powdered NaCl in a ratio of 3:2. The NaCl had
two roles, first to assist with pressure transmission
through the sample, and the second to give a
calibration of the pressure following the measure-
ment of the equation of state (Decker, 1971).

Measurements of the diffraction pattern were
obtained on the PEARL beamline at ISIS for
various pressures and temperatures following
sequences in which either sample loading or
temperature were changed separately. Eventually
the sample was heated above 800°C at 5.2 GPa, at
which point the brucite decomposed. This
decomposition reaction is catalysed by the
reaction of brucite with the NaCl used for
calibration and pressure transmission
(Shmulovich and Graham, 1996).

Results

The diffraction pattern from a measurement at
5.15 GPa and 520°C is shown in Fig. 7. The
crystal structure at each temperature was refined
with the Rietveld method, using the GSAS
program. Thermal motions of the atoms were
represented using isotropic atomic displacement
parameters. Two different structure models were
used for all temperatures and pressures, one using
a single position for the H atoms, and the other
using a split-site representation for the positions
of the H atoms. It should be noted that the
splitting of the H over three sites may not imply
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static symmetry breaking, but provides a repre-
sentation of a single site with highly anisotropic
and anharmonic thermal motion. The details of
the refined structure at 5.15 GPa and 520°C are
presented in Table 1, and the structure shown in
Fig. 8.

The key concern is the quality of the data that
can be achieved with the high-P/T" apparatus as
compared with high-pressure measurements at
ambient temperature, and here we compare
measurements of the pressure-dependence of the
unit-cell volume and O—D bond length with
previously published data. In Fig. 9 we show the
pressure-dependence of the volume of the unit
cell at ambient temperature. The data are
compared with the data for Mg(OD), of Parise
et al. (1993) and the data for Mg(OH), of Catti et
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Fic. 7. Diffraction pattern of deuterated brucite at 5.4 GPa

refinement.

al. (1995). The latter data were also obtained at
ISIS (on the Polaris diffractometer), and the
former data were obtained at the IPNS source.
The agreement between our data and the earlier
data is very good. In Fig. 10 we show the pressure
dependence of the O—D bond length at ambient
temperature. The bond length is extracted from

TABLE 1. Structural parameters for Mg(OD), at
5.15 GPa and 520°C obtained from Rietveld
refinement using both single-site and three-site
representations of the positions of the D atoms (as
described in the text). The space group is P8ml.
Mg fractional coordinates are 0,0,0; O fractional
coordinates are 1/3,2/3,z; D coordinates in the
single-site model are 1/3,2/3,z; and D fractional
coordinates in the three-site model are x,2x,z
Values for the thermal displacement parameters
are not reported because they are affected by beam
absorption.

Single site Three-site
a (A) 3.0987(3) 3.0987(3)
c(A) 45631 (12)  4.5628 (12)
Unit cell volume (AS) 37.945 (8) 37.943 (8)
(0169) 0.217 (4) 0.220 (3)
D(z) 0.393 (7) 0.405 (5)
D(x) - 0.271 (5)
0-D length (A) 0.81 (2) 0.91 (2)
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and 550°C. The curve is the result of a Rietveld

the results of the Rietveld structure refinements,
and in Fig. 10 we show the results from both the
single-site and split-site models for the H atoms.
The single-site O—D distance is slightly shorter
than that from the split-sitt model, which is
consistent with our interpretation of this model in
terms of thermal motion. The split-sitt O—D
distances compare well with the distances from
Parise et al. (1993). Catti et al. (1995) used only a
single-site model for the H positions, but
corrected their O—H distances for thermal
motions. This leads to a lowering of the O—H
distances, consistent with our data. Both the
uncorrected and corrected distances of Catti et
al. (1995) are shown in Fig. 10.

Results for the volume of the unit cell for the
sample temperatures and pressures used in the
experiment are shown in Fig. 11. Increasing
temperature can cause a slight change in pressure,
and changing pressure can lead to a small change
in temperature for constant power, so we are not
able to report systematic measurements. However,
the effects of increasing both temperature and
pressure, leading to expansion and contraction
respectively, are clear from Fig. 11. From the
Rietveld refinements we also obtained the O—D
distance as a function of both temperature and
pressure. Within the error bars, this distance
appears to have little dependence on either
temperature or pressure. A more detailed analysis
of the crystallographic data will be presented
elsewhere.
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FiG. 8. Crystal structure of deuterated brucite refined from the diffraction data at 5.4 GPa and 550°C, showing the
split sites for the H atoms.

Finally, we also report an important observa-
tion, which is summarized in Fig. 12. It is often
found that increasing pressure leads to a broad-
ening of Bragg peaks due to pressure gradients
established in the sample. We found the same for
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Fic. 9. Pressure dependence of the volume of the unit
cell at ambient temperature obtained in the present
experiments (blue squares and connecting lines),
compared with the data from Parise et al. (1993) on a
deuterated sample (green diamonds and connecting
lines), and from Catti et al. (1995) on a hydrogenate d
sample (red circles and connecting lines).
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our samples. However, on heating, the Bragg
peaks are sharpened back to their initial widths. In

1.05

0.95

0.85

Pressure (GPa)

Fic. 10. Pressure dependence of the O—H bond length
obtained at ambient temperature in the present study,
showing the distances for both single-site (blue) and
split-site (red) refinements of the hydrogen positions,
which are compared with the results from the split-site
refinements of Parise et al. (1993) (black, with
connecting lines) and the results from the single-site
refinements of Catti et al. (1995) with (light green, with
connecting lines) and without (dark green, with
connecting lines) corrections for thermal motion.
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Fig. 12 we show a compression/heating cycle. At
each point in the cycle, the width of the Bragg
peak obtained from the Rietveld refinement is
noted. The important point is that at ambient
temperature, the width of the Bragg peaks
increased on increasing pressure, but on heating,
the widths reduced to their initial values, and we

found that they remain sharp after cooling to
ambient temperature. The sharpening of the Bragg
peaks arises because annealing at elevated
temperature enables the deviatoric stresses to be
relieved spontaneously, and this annealing is
effective even after cooling back to ambient
temperature. This suggests that internal heating

800 [T T )
E .26us-
700 ]
2 32 us 3
& 600; 29 us @—» 0 ]
Ll o @27 ps
= 500 | ]
3 5 ]
S 400 -
g ' PVus@—»0 ]
E) 300 38 us @33ps
200 £ @ 55 s E
100 | E
74 us 31us 31ps ]
|||||||I|| > I T N T T T

0
0 1 2 3 4 5 6

Pressure (GPa)

FiG. 12. Schematic plot of the effect of temperature on the widths of the Bragg diffraction peaks. The points and lines
with arrows indicate the cycle of measurements, and the numbers give the refined values of the Gaussian line widths.
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may be useful simply as a means of reducing
pressure gradients, even if temperature is not of
direct interest in the experiment.

Conclusion

We have reported the development and testing of
a version of the Paris-Edinburgh cell for high-
pressure time-of-flight neutron diffraction studies
with internal heating. The cell has been tested to
7 GPa and 1700°C, and work is being carried out
to extend these limits. One of the novel features of
our apparatus is the use of neutron absorption
resonance radiographic methods for measurement
of temperature.
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