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ABSTRACT
We have developed a technique for neutron diffraction experiments
at pressures up to 40 GPa using a Paris-Edinburgh press at the
PLANET beamline in J-PARC. To increase the maximum accessible
pressure, the diameter of the dimple for sample chamber at the
top of the sintered diamond anvils is sequentially reduced from
4.0 mm to 1.0 mm. As a result, the maximum pressure increased and
finally reached 40 GPa. By combining this technique with the beam
optics which defines the gauge volume, diffraction patterns sufficient
for full-structure refinements are obtainable at such pressures.
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1. Introduction

Neutron diffraction is a powerful tool for determining the position of hydrogen atoms in
crystals and magnetic structures. For its usefulness, neutron diffraction experiments are
widely conducted all over the world. However, when compared to synchrotron x-ray diffr-
action, the attainable pressure is very limited mainly due to the restricted flux of the
neutron source and the resulting necessity for the use of a large sample. Despite the
difficulty, many scientists have tried to extend the maximum pressure limit by developing
high pressure devices [1,2]. As a results, the high pressure studies up to 50 GPa have been
conducted in early 2000s [3]; however the studies were limited to experiments that
observed only a few Bragg reflections. The recent emergence of intense-pulsed neutron
sources such as SNS (Oak Ridge, U.S.A.) or J-PARC (Tokai, Japan) changed the situation.
These facilities enable quick data acquisition owing to large neutron fluxes and the
time-of-flight (ToF) method [4]. These characteristics promote neutron diffraction exper-
iments under high pressure conditions.

Among the presses invented thus far, the Paris-Edinburgh (PE) press and diamond anvil
cell (DAC) have enabled neutron diffraction experiments above 10 GPa. The highest
pressure for full-structure refinement that has been published to date using these two
devices is 26 GPa [5] and 52 GPa [6], respectively. As exemplified in this comparison, the
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DAC is a promising device for extending the pressure limit of neutron diffraction exper-
iments. However, data taken with DACs are less accurate than that taken with a PE
press for two reasons: the sample volume is very small (10−2–10−4 mm3), making it very
difficult to achieve a low signal-to-noise ratio [7]; and the precise correction of the diffrac-
tion intensity is difficult due to the ‘diamond dip’ (i.e. the loss of the incident neutron beam
at a certain wavelength by the Bragg reflection of a single-crystal diamond) [8]. Actually we
are also trying to establish the structure analysis using a DAC, but the error of the corrected
intensity is beyond 20%. On the other hand, these shortcomings can be avoided in the
case of a PE press equipped with polycrystalline diamond anvils because it has relatively
large sample volume (typically 25–50 mm3), and the diamond grains of the anvil are ran-
domly oriented.

In this study, we report our experimental results on attempting to extend the high
pressure limit of neutron diffraction with a PE press by reducing the diameter of the
dimple for sample chamber at the anvil top. To conduct these experiments, we prepared
a series of anvils with different dimple diameters (DDs) and compared their performance in
terms of pressure generation, data quality, and the applicability of the obtained data to
Rietveld analysis.

2. Experimental

To generate pressure, we used a PE press (MG63 VX4 [9]) equipped with double toroidal
anvils made of sintered diamond (COMPAX 5913) and tapered backing seats. The load
applied to the anvils was regulated with an automated volumetric pump (Sanchez tech-
nologies, S16/DC30000). To reveal the dependence of the dimple diameter on pressure
generation, we prepared a series of anvils with DD = 1.0, 1.5, 2.0, 2.5, 3.0, 4.0 mm. The
profile of each anvil is shown in Figure 1, together with the available sample volume.
Here the profile of the anvil with DD = 4.0 mm is identical to that displayed in [10]. In
designing the shape of the dimple with different diameters, its depth relative to the diam-
eter is reduced as the dimple diameter decreases, taking into account the saturation of the
pressure generation caused by the dead volume for the dimple.

We used several pressure markers, such as MgO, NaCl, YbD2, to determine the pressure.
The pressure was calculated based on the equation of state (EOS) for each marker [11–13].
In the experiments, a powder sample was loaded in a pair of TiZr encapsulating gaskets,
together with a pressure transmitting medium of 4:1 mixture of deuterated methanol and
ethanol. The wall at the hemisphere part of the encapsulating gasket was machined as thin
as possible (e.g. 0.1 mm for anvils with DD < 2.0 mm) to increase the sample volume. When
loading the sample, lateral screws which fix the anvil to the breech were loosened just
before sealing the sample so that an anvil is self-aligned to the center of the other anvil.
This procedure is especially important when using the anvils with a small dimple diameter.

In-situ neutron diffraction experiments were conducted at the high pressure beamline
PLANET [14], in Materials and Life Science Experimental Facility (MLF) at J-PARC. The diffr-
action geometry is shown in Figure 2. The focusing guide, consisting of 1.0-m-long para-
bolic supermirrors with critical angles of 4.0Qc (Qc is the critical momentum transfer for Ni),
was used to increase flux at the sample position. Unnecessary neutrons, which contribute
to background intensity, was removed with a hBN-collimator attached to the breech of the
PE press and with hBN tubes (‘pea shooters’) of decreasing inner diameters inserted in the
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center holes on the backing seats and backside of the anvils. The typical size of the
neutron beam introduced to the sample was 1.5 mm in diameter for the anvils with DD
= 1.5 mm. To reduce the background, radial collimators with a gauge length of 1.5 mm
[14] were installed. By employing this setup, we can effectively isolate the signal from
the region of ϕ1.5 mm × 1.5 mm at the sample position.

In the data analysis, merging neutron event data and correcting diffraction intensity
were conducted using our developing software ‘Tschuess’, which is based on the MLF
standard data reduction software ‘UTSUSEMI’ [15]. The Rietveld refinement was conducted
using EXPGUI/GSAS software [16,17].

3. Results and discussion

3.1. Performance in pressure generation

Figure 3 illustrates typical diffraction patterns collected for the mixture of NaCl and MgO
powder using the anvils with DD = 2.5 mm. The exposure time was approximately 20 min
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Figure 1. Profiles of anvils with different dimple diameters (DDs). Vs denotes the available volumes of
the sample in the pair of encapsulating gaskets when using each anvil.
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per each pattern when the proton accelerator was operated at the beam power of 500 kW.
Owing to the afore mentioned beam collimation, distinct patterns with almost no contami-
nant peaks from the anvils were obtained. The pressure-load relation was obtained by
determining the pressure from the known equation of state at each load. We first

Figure 2. Diffraction geometry in the experiments using a PE press at PLANET.

Figure 3. Typical diffraction patterns obtained for a mixture of NaCl and MgO powder using the anvils
with DD = 2.5 mm. The intensity is not corrected by the data for a vanadium rod and empty gaskets.
The exposure time was about 20 min for each pattern when the proton accelerator was operated at the
beam power of 500 kW.
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investigated sample dependence on pressure generation using several samples, such as
NaCl, AlOOD, AlOOH, Al containing hydrous Bridgmanite, and found that the difference
of the generated pressures at each load was within 10% regardless of the sample.

Figure 4 summarizes the pressure-load relation for the anvils with different dimple
diameters. The efficiency of the pressure generation was found to increase as the dimple
diameter decreases, although it sometimes drops at the pressure where the sample trans-
forms into a high pressure phase (e.g. the change in the slope at 40 tons for anvils with DD
= 2.0 mm). To more clearly illustrate this relationship, the initial slope of the pressure-gen-
eration curves are compared in the inset of Figure 4. As expected, the efficiency is almost
inversely proportional to the area of the dimple. By applying a higher load, the efficiency
degraded, regardless of dimple diameter, and seems reach saturation at 40 and 80 tons
for anvils with DD = 1.0 and 1.5 mm, respectively. Despite the saturation, the attainable
pressure increases with decreasing the dimple diameter, except for the anvil with
DD = 1.0 mm. Finally we succeeded in generating 40 GPa by using anvils with DD =
1.5 mm. After the release of pressure, one of the anvils was slightly damaged; hence
anvils that experience such high pressure may not be able to withstand repeated use.

3.2. Quality of the diffraction data

Figure 5 compares the diffraction patterns obtained at the highest pressure in each
experiment using anvils with various dimple diameters. All the diffraction patterns
were calculated with the same binning condition, Δt = 40 μs in ToF, after normalization
by the number of neutrons introduced to the beamline and detector region, etc. There-
fore, the intensities can be properly compared with each other. In all the patterns, only

Figure 4. Pressure-load relations when using anvils with different dimple diameters (DDs). (Inset) Com-
parison of the initial slope of the pressure generation curves against the area of the dimple.

HIGH PRESSURE RESEARCH 421



peaks from sample and diamond were observed. The diamond peaks are negligibly
small when the anvils with DD = 3.0 and 2.5 mm are used (the diamond 111 and
MgO 200 peaks overlap, thus the diamond 220 or 311 peaks are a good measure to
estimate the degree of contamination). However, the diamond peaks became promi-
nent as the dimple diameter decreased. This observation is consistent with the perform-
ance of the radial collimators with a 1.5-mm gauge length: the initial distance between
the anvils along the center axis of the sample are 2.8, 2.0, 1.7, 1.2 and 0.8 mm for the
anvils with DD = 3.0, 2.5, 2.0, 1.5 and 1.0 mm, respectively. Therefore, the contamination
of the diamond peaks in the diffraction pattern is unavoidable when using the anvils
with DD < 2.0 mm.

3.3. Rietveld analysis

In spite of the diamond peak contamination, the quality of the data is considered to be
sufficient for structural analysis. To confirm this, a Rietveld analysis was carried out on the
data after intensity correction. The scattering cross section of the sample
dscoh

S /dV+ dsinc
S /dV (i.e. an input for the Rietveld analysis), was obtained as follows.

The intensity measured for a sample, a vanadium pellet, and an empty gasket in a PE
press under high pressure condition is expressed by:

Isample = FhVNS
dscoh

S

dV
+ dsinc

S

dV

( )
ASAC + background,

Figure 5. Diffraction patterns at the highest pressure in each test using anvils with various dimple
diameters (DDs). All the diffraction patterns were calculated with the same binning condition (Δt =
40 μs in ToF) after normalization by the number of neutrons introduced to the beamline and detector
region. The intensity is not corrected by the data for a vanadium rod and empty gaskets. Dotted lines
represent the positions expected for 111, 220, 311 diamond peaks.
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Ivanadium = FhVNV
dsinc

V

dV

( )
AVAC + background,

Iempty = background.

Here the Φ represents the wavelength profile of the incident beam, η is the detector
efficiency, Ω is the solid angle for the detector, and N is the number of atoms. The
dscoh/dV and dsinc/dV represent the coherent and incoherent scattering cross section,
respectively. The A is the absorption factor. The suffixes of S, V, and C represent the
sample, vanadium and PE cell (i.e. anvils and gasket), respectively. From the three
equations, one can obtain the scattering cross section for the sample by:

dscoh
S

dV
+ dsinc

S

dV
= NV

NS

dsinc
V

dV

( )
(Isample − Iempty)/AS
(Ivanadium − Iempty)/AV

.

In this derivation, AC which is difficult to determine experimentally is cancels out in the
numerator and denominator; thus, we don’t need to treat it explicitly as long as it is
common both in the measurements for the sample and the vanadium pellet. To ensure
this condition, the intensity for a vanadium pellet was collected at high pressures under
which the sample data was collected. The intensity of an empty cell was collected via
the gasket, which was made by compressing a NaCl pellet in the gasket and then
washing out the NaCl following the pressure release. AV is numerically calculated, taking
the shape of the vanadium pellet into account. NV/NS(dsinc

V /dV) was treated as a scale
factor in the Rietveld analysis. The data obtained for a vanadium pellet and an empty
gasket were reduced with the same binning condition as that used in the reduction of
the sample data, then diamond and vanadium peaks were eliminated.

Figure 6 shows the result of the Rietveld analysis for the data taken at 40 GPa with the
anvils with DD = 1.5 mm (binning condition is Δt = 20 μs in ToF). In the analysis, the scale

Figure 6. Results of Rietveld fitting for the data of MgO at 40 GPa. The data was taken using the anvils
with DD = 1.5 mm. The exposure time was 71 min when the proton accelerator was operated at the
beam power of 500 kW.
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factor, background functions, lattice parameters of MgO and diamond, fraction of each
phase, and peak profile functions were refined, while isotopic displacement parameters
were fixed at ambient condition values. The refinements successfully converged to Rwp
= 8.20% and Rp = 7.89%, and the obtained lattice parameters are 3.9868(3)Å and 3.5022
(1) Å for MgO and diamond, respectively. Analyses of the data taken using anvils with
different dimple diameters will be presented in other works [18].

3.4. Current problems and future developments

To further increase the attainable pressure and data quality, the following developments
may be explored. In this study, the maximum pressure was extended by reducing the
dimple diameter. Although the generation of the highest pressure was expected for the
anvils with DD = 1.0 mm, the pressure generation saturated at relatively small load, result-
ing in a lower pressure value for the anvils with DD = 1.0 mm compared to that for DD =
1.5 mm. By optimizing the shape of the anvils and gaskets for anvils with DD = 1.0 mm,
pressures higher than 40 GPa may be generated.

In terms of the quality of the obtained data, large diamond peaks were observed when
we used the anvils with DD < 2.0 mm. This contamination is caused by an insufficient
ability to select the field of view using the radial collimators. The use of the collimators
with a smaller gauge volume can reduce the intensity of the diamond peaks, which will
then increase the reliability of the refined structure.

In this study, we have collected data at 40 GPa. However, this pressure is far beyond
the hydrostatic limit for the pressure-transmitting medium, a 4:1 methanol – ethanol
mixture. As a result, the Bragg peaks broadened above 10 GPa, making it difficult to
observe small Bragg peaks as well as precisely determine the intensities of adjacent
peaks. Hence, the use of the pressure-transmitting medium with a higher freezing
pressure and the development of techniques for loading the medium into the
gaskets [10] are urgently required.

4. Conclusion

In order to increase the maximum attainable pressure where full structure refinements are
possible by neutron diffraction, we have developed a diffraction technique using a PE
press equipped with double-toroidal anvils made of sintered diamond. By reducing the
diameter of the dimple at the top of the anvils, we have increased the efficiency of
pressure generation to reach 40 GPa using the anvils with DD = 1.5 mm. By coupling
with beam optics that defines the gauge volume, full structure refinements at 40 GPa
becomes possible at PLANET. This will open the way to analyze phenomena related to
hydrogen or light elements which have not been accessed so far.
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