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Application of an Imaging Plate to the Large-Volume Press

MAX80 at the Photon Factory
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An imaging plate was applied to the large-volume press MAXB80 for quantitative in-situ X-ray
diffraction. A combination of the two-dimensional detector with the uniform pressure and temperature
environments of MAX80 and the wide energy range of synchrotron radiation resulted in high-quality
diffraction data. A modified cell assembly with a disc-type heater was used to minimize extrinsic
diffraction peaks from the surrounding materials. To demonstrate the high-quality data obtained from
the imaging-plate system, the crystal structure of the high-pressure and high-temperature polymorph
of the highly absorbing element bismuth (BiIV) was determined.
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1. Introduction

High-pressure in-situ powder diffraction is no longer only
used for observing phase transitions and determining lattice
parameters. In-situ structure determination and refincment
is a growing trend in the high-pressure diffraction com-
munity (Chen, Iwasaki, Kikegawa, Yaoita & Tsuji, 1994;
Nelmes & McMahon, 1994; Hamaya, Okabe, Yamakata,
Yagi & Shimomura, 1996; Kunz et al., 1996). To obtain this
crystallographic information, accurate diffraction-intensity
data combined with existing d-space data are indispensable.
The quality of high-pressure diffraction data is mainly
affected by pressure and temperature environments, sample
quality, the X-ray source and the detecting instrument.
The large-volume press offers a quasi-hydrostatic pressure
environment, a large diffracting sample, easy heating and
low temperature gradients. Synchrotron radiation is cur-
rently the best X-ray source for high-pressure diffraction,
and many remarkable high-pressure diffraction experiments
have been performed using synchrotron radiation (see e.g.
Shimomura, 1986; Hiusermann, 1992; Hiusermann & Han-
fland, 1996). However, there is a need to improve the
detecting system for large-volume high-pressure appara-
tus. In this paper we describe the application of a two-
dimensional detector, an imaging plate, to the large-volume
press MAX80, and use the accurate diffraction data from
this system to determine the crystal structure of BilV.

At the Photon Factory we have established a dual-
dispersive X-ray diffraction (DDXD) system with the
large-volume press MAX80 for quantitative diffraction
(Kikegawa, Chen, Kenichi & Shimomura, 1995). In the
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DDXD system a step-scanning angle-dispersive X-ray
diffraction (ADXD) mode is combined with an energy-
dispersive X-ray diffraction (EDXD) mode in order to
obtain a quantitative diffraction pattern as well as to allow
quick sample identification and pressure determination.
Nevertheless, it takes typically 4 h to acquire a quantitative
diffraction pattern in the ADXD mode. Moreover, crystal
grains often grow significantly due to high pressure and
temperature, which results in spotty Debye-Scherrer rings
and less-reliable intensity measurements. On the other
hand, since an imaging plate (IP) was initially applied to
a diamond-anvil-cell (DAC) system at the Photon Factory
(Shimomura et al., 1992), it has shown great potential
in obtaining quick and reliable diffraction patterns from
high-pressure studies (Nelmes ef al., 1992; Hamaya et al.,
1993; Fujihisa et al., 1996; Kunz et al., 1996). Having the
advantages of high resolution, wide dynamic range, high
efficiency, good uniformity of response, high sensitivity to
short wavelengths and digital recording of the intensity
(Amemiya & Miyahara, 1988), the imaging plate has
become a widely adopted detector for diamond-anvil-cell
systems at other synchrotron radiation sources, such as
SRS Daresbury, ESRF, CHESS, Hasylab and SSRL.
Unlike a diamond-anvil cell, the large-volume press
has a more complicated high-pressure cell geometry. The
sample is surrounded by a capsule and heater, and is
embedded in a solid pressure medium. Under pressure,
the sample position and pressure must be determined by
taking diffraction patterns. Moreover, because a collimator
is not used in a two-dimensional detector system, diffracted
X-rays from the surrounding materials will interfere with
the sample diffraction pattern. All of these factors hinder the
application of the imaging plate to the large-volume press.
At the high-energy synchrotron radiation beamline of the
Photon Factory, we have made attempts to overcome them.
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2. The MAX80 imaging-plate system
2.1. Experimental design

The imaging-plate system was installed at the high-
energy  synchrotron radiation beamline NESC of the
TRISTAN accumulation ring at the Photon Factory. A
detailed description of the high-pressure dedicated beamline
is given in a previous publication (Kikegawa er al.. 1989).
Fig. | shows the layout of the system.

Since the system must have the capability of collecting
rapid diffraction images as well as quantitative measure-
ment, it is equipped with two detectors, an imaging plate
and a solid-state detector (SSD). The imaging plate records
accurate diffraction data using monochromatic X-rays. The
solid-state detector is used for real-time diffraction mea-
surements to map the cell gcometry and determine the
sample pressure with polychromatic X-rays. and for cal-
ibrating the energy of monochromatic X-rays. The solid-
state detector is mounted on a 2¢ goniometer arm which
can move from +35 to -35°. An imaging-plate holder
is mounted on a f—; two-way adjustable stage. The ad-
justments are rotations along a vertical axis (y) and a
horizontal axis (#), which are perpendicular to the incident
X-ray direction. The stage is movable along the incident
X-ray direction on a guide block to change the sample-to-
imaging plate distance (400-700 mm), and can be easily
taken off from the guide block to allow the goniometer
arm to move down for EDXI) measurements. The imaging
plate is a FUJI ST-V X-ray-use imaging plate of area
200 x 250 mm. The pixel size is 0.1 x 0.1 mm. When the
imaging plate is used to record the diffraction pattern, the
goniometer arm is rotated up to +35° The direct beam hits
the top of the imaging plate to allow the largest number of
diffraction lines to be detected. There is a set of receiving
slits and a collimator mounted in the front of the solid-
state detector to eliminate diffraction from the materials
surrounding the sample. A special-design double-crystal
monochromator (Kikegawa er al., 1995) is used to select
monochromatic X-rays. Two Si(111) single crystals are
arranged in the (n, -n) configuration. The two crystals
are positioned independently so that the radiation can be

Figure 1
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switched casily between monochromatic and polychromatic
X-rays by simply moving the first crystal.

The large-volume press MAXS0 is a cubic-type multi-
anvil apparatus (Shimomura er al.. 1985). In Fig. [. four
side anvils out of six in the horizontal plaze are shown.
Under pressure. X-rays can only pass through the gaps
between the anvils. as shown in Fig. 2. Most of the
diffracted X-rays are masked by the side anvi s. The diffrac-
tion pattern recorded on the imaging plate is a set of
arcs from the full Debye-Scherrer rings. Fig. 3 shows an
example of a diffraction pattern.

2.2. Calibration and alignment

The relation of energy and channel number for the solid-
state detector was calibrated using fluoresceace lines from
various elements. Thesc lines were fitted to a inear equation
relating their energy and channel number. The energy of the
monochromatic X-rays was then determined by the solid-
state detector with an uncertainty of 0.01 keV. Alignment
of the imaging plate was made by a technique adopted in
the diamond-anvil-cell station (Shimomura et al., 1992).
As the majority of the Debye—Scherrer rings are masked by
the anvils, the alignment must be made before the sample is
loaded in the press in order to obtain entire Debye—Scherrer
rings. The inclination angle (+») and centre offset (=) can be
minimized to ¢ < 0.02° and ¢ < (.01 pixel (Shimomura et
al., 1992). The imaging plate-to-sample distance, L, could
not be measured directly. Two exposures were made and L
was determined using the formula L = rD/(R — r), where D
is the distance between the two exposures, and R and r are
the radii of a Debye—Scherrer ring on the two cxposures,
respectively.

2.3. Sample assembly and extrinsic diffraction peaks

As there was no slit between the imaging plate and the
sample, the imaging plate recorded all the diffraction from
materials which intercept the incident X-ray. To minimize
the extrinsic diffraction from the materials other than the
sample, a cell assembly with disc heaters was adopted
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|
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Layout of the imaging-plate diffraction system for the large-volume press MAX80 at the AR-NE5C beamline.
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(Fig. 4a). The pressure medium was made of a mixture
of four parts amorphous boron and one part epoxy resin.

The pressure medium has very little absorption; however,
it gives several weak diffraction peaks at low angles in
addition to the expected diffuse maxima from the amor-
phous material. The diffraction peaks were badly broadened
so that they were very hard to fit during data processing. A
sandwich-type pressure medium was therefore designed to
avoid the extrinsic diffraction peaks (Fig. 4b). Two glass
strips. were embedded in the pressure medium to form
a non-crystalline X-ray path. Consequently, the diffrac-
tion peaks from the boron—epoxy pressure medium were
replaced by a smooth background. Fig. 5 shows a compar-
ison of the diffraction patterns from boron nitride samples
loaded in the ordinary disc-heater assembly (Fig. 5a) and in
the sandwich-type assembly (Fig. 5b). The first two groups
of diffraction peaks at low angles in Fig. 5(a), consisting of
three and five peaks, respectively, are from the boron—epoxy
pressure medium. They are totally removed in Fig. 5(b), and
even at high angles the background of Fig. 5(h) becomes
much smoother than that of Fig. 5(a). This improvement
made the data analysis much easier.

Despite this benefit, glass is harder and more brittle
than the pressure medium. Introducing glass strips into the
pressure medium may upset the quasi-hydrostatic pressure

Side anvil Side anvil

Diffracted Incident

Side anvil Side anvil

Figure 2
Top view of the geometry of the four side anvils in the horizontal
plane and the X-ray path in MAXS80.

Figure 3

environment and increase the possibility of blow-outs at
high pressure. In case the sample diffraction peaks do not
overlap with the boron-epoxy peaks, an ordinary disc-type
assembly can be used, for which the data processing is not
a problem. Furthermore, if the X-ray absorption coefficient
of the sample is much greater than that of the pressure
medium, the intensity ratio of the sample diffraction to the
pressure-medium diffraction can be maximized by choosing
the optimum X-ray energy. For example, the absorption
of bismuth is greater than that of the pressure medium
by a factor of two. Fig. 6 shows a series of diffraction
patterns of bismuth collected using X-rays of different
energy. The relative intensity of the sample diffraction
to the pressure-medium diffraction increases when the
X-ray energy increases from 40 to 60keV. There is a
best diffraction condition of jit = 1 (where y is the linear
absorption coefficient of the sample and r is the sample
thickness). Because ; decreases with increasing energy
and bismuth has a very large ; value pr > 1), increasing
X-ray energy makes st of bismuth approach 1 while st
of the pressure medium (;t < 1) moves away from 1.
The optimum energy was chosen by considering the best
diffraction condition and the incident spectrum of the
X-rays.

2.4. Experimental procedures

To reach a desired pressure and temperature, the sam-
ple was first compressed stepwise in the press at room
temperature. Diffraction patterns of an internal pressure
marker (usually NaCl powder) and the sample were taken
at each step, using the solid-state detector to determine
the pressure by referring to Decker’s scale (Decker, 1971)
and to observe structure changes in the sample. When the
desired pressure was reached or the diffraction pattern char-
acteristic of a desired phase was observed, the sample was
heated. A thermocouple was used to determine the sample
temperature. Once the temperature reached a desired value
or the diffraction pattern showed an expected characteristic,
a diffraction pattern of the pressure marker was taken to
check the pressure, and the location of the sample was
mapped by diffraction with the solid-state detector. Then
the radiation was switched to a monochromatic beam and

A diffraction pattern recorded on an imaging plate. Sample: BilV; X-ray energy: 49.67 keV; incident beam size: 0.2 x 0.5 mm;

imaging plate-to-sample distance: 615 mm: exposure time: 30 min.
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the press was moved to match the position of the incident
beam. An imaging plate was mounted to the preset position
while the goniometer arm was rotated up to +35°. The direct
beam was exposed on the imaging plate for a second. then
a beam stop was placed to stop the direct beam during the
remaining exposure.

2.5. Data processing

The imaging-plate data were transferred off-line and
digitized using a FUJI BAS2000 reader. The diffraction
intensities were derived by integrating portions of the
Debye-Scherrer rings recorded on the imaging plate. The
program /PH, which was developed for the diamond-anvil
cell-imaging plate system at the Photon Factory (Shimo-

(b)

(a)

X-ray

2mm

N 1eflon sample capsule Z BN sleeve

[: Glass

D Boron:epoxy . Graphite

[t Pressure marker [] Gold foil . Thermocouple

Figure 4

Assembly of the high-pressure cell with a disc-type heater. (a) A
uniform pressure medium cube. (b) A sandwich-type pressure
medium embedded with glass strips.

(a)

(h)

Figure 5

mura et al., 1992), was used for the integration. Rietveld
structure refinement (Rietveld, 1969) was processed by the
program PROFIL (Cockcroft, 1990).

3. Crystal structure determination of BilV

Bismuth is known to undergo a number of polymorphic
transitions under high pressure and temperature (Fig. 7;
Cannon, 1974). Investigations have been made by previ-
ous researchers to determine the crystal structures of the
high-pressure phases (Brugger, Bennion & Worlton, 1967,
Brugger, Bennion, Worlton & Myers, 1969; Duggin, 1972:
Schaufelberger, Merx & Contre, 1973; Fedotov, Ponya-
tovshii, Somenkov & Shil’shtein, 1979). Owing to com-
plicated diffraction patterns and heavy absorption which
make conventional X-ray diffraction difficult, there were no
reliable structure data for BiIIl, Bi lII" and Bi IV. We have
successfully carried out structural studies on these phases
with the diffraction system described above (Iwasaki, Chen
& Kikegawa, 1995; Chen, Iwasaki & Kikegawa, 1996a.b).
The remainder of this section discusses the structure deter-
mination of BilV.

BilV is a high-pressure and high-temperature phase
which is stable in the pressure and temperature ranges
2.5-5.5GPa and 450-550 K. The temperature range is
narrow and close to the melting boundary. When the sample
temperature was increased to the Bi IV stable range it was
easy for the crystallite sample size to significantly increase.
and therefore the quality of the diffraction pattern deterio-
rated. Using the imaging plate we could straightforwardly
obtain information about the crystal size so we were able
to optimize the P-T path for restraining the growth of
crystal grains. A powdered sample was prepared at liquid-
nitrogen temperature, and fine powders of an average size
of 1 um were collected by a flotation method. Details of the

Comparison of imaging-plate diffraction patterns of boron nitride in (a) an ordinary pressure medium cube, and (b) a sandwich-
type pressure medium cube embedded with glass strips. All the extrinsic peaks shown in (@) [compared with (b)] are from the

boron—epoxy pressure medium.
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sample preparation have been published elsewhere (Chen,
Iwasaki & Kikegawa, 1996«¢). The sample was loaded
together with a mixture of methanol and cthanol in a
Teflon capsule to reach hydrostatic pressure conditions. As
shown in Fig. 7, the sample was first heated close to the
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Comparison of diffraction patterns taken with different X-ray
energies. () E = 40 keV. L (imaging plate-to-sample distance) =
483 mm. (b) £ = 5S0keV. L = 615mm. (¢) £ = 60keV. L =
726 mm. Solid triangles indicate diffraction peaks from the pres-
sure medium.
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Figure 7

P-T phase diagram of bismuth (Cannon, 1974). Dashed lines show
the optimum experimental P-T path for obtaining high-quality
diffraction patterns of BilIV.

Bi IV-Bi V boundary at high pressure. The temperature was
high enough for the sample to be free from the Billl’
phase, and was far enough from the melting curve to
avoid grain growth. The temperature and pressure were
then changed from the BiIV-B1V boundary to the centre
of the BilV stability field to eliminate the possible Bi V
phase, and a diffraction pattern of BilV with good counting
statistics was collected. Furthermore, integration along the
Debye-Scherrer ring improved the powder averaging so
that the diffraction data became more accurate.

The diffraction pattern for structure determination was
taken at a pressurc of 3.9GPa and a temperature of
503 K, with an incident-beam cross section of 0.2 x 0.5 mm
(Fig. 3). The optimized energy of the X-rays was 49.67 keV.
Compared with the EDXD pattern and the step-scanning
ADXD pattern, the resolution of the diffraction was
greatly improved by using the imaging plate. Fig. 8
shows a comparison of the diffraction patterns taken by
the three methods. Data analysis shows that BiIV has a
monoclinic crystal structure with space group P2,/c, that
eight atoms are contained in the unit cell, and that the lattice
parameters are a = 0.6468 £0.0005, b = 0.6578 +0.0005,
¢ = 0.6468 £ 0.0005 nm, v = 118.88 +0.06°. Table 1 shows
the atomic positions determined by Rietveld refinement
(Fig. 9). The R factor (Xl — leal/2lns) 1s 0.16. The
irregular profile of the background made it difficult to
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Figure 8

Comparison of diffraction patterns of Bi IV obtained by different
diffraction methods. (a) Energy-dispersive diffraction with a solid-
state detector. Fixed 2¢: 8°; recording time: S min. (b) Step-
scanning angle dispersive diffraction with the solid-state detector.
X-ray cnergy: 49.67 keV; scanning step: 0.01°; recording time:
240 min. (¢) Two-dimensional recording angle dispersive diffrac-
tion with an imaging plate. X-ray energy: 49.67 keV: imaging
plate-to-sample distance: 615 mm; exposure time: 30 min.
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Table 1

Crystal structure parameters of BiIV at 3.9 GPa and 503 K.

Position X v N B, * B-» B B
4(e) 0.3123(7) 0.1775 (6) 0.3210(7) 32(5) 4.3(7) 31 6(5)
4e) 0.2279 (6) 0.0039 (5) 0.1924 (6) 1.9 (2) 202 1.8(2) 5¢2)

Space group P2i/c. * Temperature tactors are detined as: cxpt—lj‘”,\': - Bs
I cos 3/2acsin™3). Units of B are 10~ am-.

)/_‘

Bu/' - B with X = Wi2usin . Y =

M2, Z = 1Q2esand) and & =

Intensity (arbitrary units)
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Figure 9

Rietveld fitting of the diffraction pattern of Bi IV at 3.9 GPa and 503 K. Crosses are observed data. the continuous line is the calculated
profile, tick marks below the profile indicate the positions of allowed reflections, and the bottom curve shows the difference between
the observed and calculated data. The inset shows a part of the enlarged profile.

Figure 10
Structure of BiIV. Broken lines represent the unit cell and bars
between atoms show the nearest bonds.

reduce the value of the R factor further. A background-
subtraction technique (Chen, Parise, Li, Weidner &
Vaughan, 1996) may possibly improve the goodness-of-fit;
however, the hydrostatic pressure condition will be worse

when the liquid-holding capsule is removed. The crystal
structure is shown in Fig. 10, which can be regarded as
a distorted body-centred cubic structure (Chen, Iwasaki &
Kikegawa, 1996b).

4. Conclusions

An imaging plate has been successfully applied to the large-
volume press at the Photon Factory. The resolution of the
diffraction pattern is improved by using the imaging plate.
This makes the structure determination of non-quenchable,
complex, high-pressure and high-temperature phases possi-
ble. Two-dimensional detection also gives information on
the crystal size of the powdered sample under high pressure
and temperature, allowing the assessment of the reliability
of diffraction intensities. Integration gives a better powder
averaging when crystal grains grow at high pressure and
high temperature. These advantages allow us to perform
accurate structure refinements for high-pressure and high-
temperature phases. Combining the imaging-plate system
and synchrotron radiation with a wide energy range enables
us to obtain high-quality diffraction data for most sam-
ples. The two-dimensional diffraction technique is strongly
recommended for applications to a large-volume press for
quantitative diffraction measurements.
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