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Diffraction studies at extreme pressure-temperature conditions encounter intrinsic difficulties due to
the small access angle of the diamond anvil cell and the high background of the diffraction peaks.
Energy-dispersive x-ray diffraction is ideal for overcoming these difficulties and allows the
collection and display of diffracted signals on the order of seconds, but is limited to one-dimensional
information. Materials at high pressures in diamond anvil cells, particularly during simultaneous
laser heating to temperatures greater than 3000 K often form coarse crystals and develop preferred
orientation, and thus require information in a second dimension for complete analysis. We have
developed and applied a diamond cell rotation methodhfgitu energy-dispersive x-ray diffraction

at high pressures and temperatures in solving this problem. With this method, we can record the
x-ray diffraction as a function of angle over 360°, and we can acquire sufficient information for
the determination of high°P—T phase diagrams, structural properties, and equations of state.
Technical details are presented along with experimental results for iron and boro200®©
American Institute of Physics[DOI: 10.1063/1.1343865

I. INTRODUCTION dispersive diffraction also greatly enhances the efficiency of
the diffracted beam and provides a well-resolved diffraction
Recent technological developments have brought aboysattern within seconds.
major improvements in high pressure science and technol- The double-sided laser heating systénconsists of a
ogy. In many ways, this began when the diamond anvil celfocused, high-power laser beam entering both sides of the
was utilized to generate high pressure in combination withdiamond cell and provides a homogenous temperature distri-
the synchrotron x-ray diffraction techniquésee Refs. 1-5, bution within 20~50um around the sample. This homoge-
for examplg. With further development and application of neous temperature region can be made lager than the dif-
synchrotron light sources, the availability of high power la-fracting spot, and the quality of experimental data has
sers, sensitive and high-resolution charge coupled devicgonsequently been increased. We have designed a visual ob-
(CCD) detectors, and advanced computer control techniqueservation system that allows us to monitor the heating pro-
we are now able to routinely perforim situ phase-related cess during data collection. With these techniques, we can
investigations at megabar pressures and temperatures greaggfry out the diffraction experimeit situ at high pressures
than 1000 K. The long-awaited simulation of materials at thegpg high temperatures, and can expect to identify a Righ
conditions of Earth’s inner core is now only a matter of time. phase within minutes. However, there are certain limitations
Among available techniques) situ energy-dispersive x-ray jnherent in the energy-dispersive x-ray diffraction system.
diffraction with double-sided laser-heating in the diamond|nstead of detecting the diffracted x rays in a full circle as is
cell offers many technical advantages. The energy-dispersiv§gne with an imaging plate, the energy-dispersive method
method overcomes the limitation caused by the small seafjows us to detect a diffraction signal at only one point in
opening of the cell, and it gives a lower diffraction back- the diffraction plane, so an ideal powder sample is required.
ground as a result of the limited detecting space. In an anglgyith increasing temperature, however, the powder grain size
dispersive method, this narrow seat opening eiti¢mre-  grows and coarse crystals form; crystals also tend intrinsi-
cludes acquisition of high-angle data with a lower x-ray en-ca|ly to orient along certain directions in the diamond cell. In
ergy, or(2) increases the background and lowers the resolug,ch circumstances, the diffraction signal may be partially or
tion with a higher energy. The energy-dispersive method cagyen completely lost. In particular, the problem becomes
employs a wide range of available energies, and one thergq,ch more serious when using synchrotron radiation with
fore obtains a much larger range dfspacings. Energy- ihe |aser-heated diamond anvil cell to study solid—liquid
phase transitions. In this article we discuss a sample rotation
3Electronic mail: ma@gl.ciw.edu technique that improves the energy-dispersive synchrotron
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camera 2 FIG. 1. Synchrotron x-ray diffraction system for
double-sided laser heating with the diamond anvil cell.
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x-ray diffraction experiment by solving the coarse crystalC. The sample rotation method
and preferred orientation problems, and present some of our

. . We have modified a high-precision rotation stage to
high P-T experimental results. gi-p g

mount a diamond anvil cell, which can then be laser-heated
in situ to high temperatures. The high on-axis accuracy
Il. Experimental setup (0.0239 and low wobbld(tilt angle, 70urad) makes the error
in the sample position negligible. The high repeatability
(£0.0039 permits us to accurately relocate the sample posi-
In Fig. 1 we show a schematic diagram of the experi-tion. The rotation speed can be preselected up to 20°/s with a
mental system fom situ synchrotron x-ray diffraction with  resolution of 0.001°. Thus, we can precisely control and ac-
the laser-heated diamond anvil cell. We introduce X raysurately locate the sample position duringiarsitu experi-
(white beam into the experimental hutch, the beam confinedment. During the experiment, we mount the cell so that the
by the front end slits to 100100 um in size. This beam pack diamond surface is perpendicular to the normal axis of
passes through a pair of perpendicular tungsten carbide slitte cell rotation. This permits us to keep the focused lasers
which further reduce the beam to a size determined by th@xed on one spot of the sample during cell rotation. With
configuration of the system. When using mirrors to focus thesystematic evaluations we have found that the main position
beam onto the sample, we select8@ slits. When using the error comes from the cell mount on the rotation stage, which
direct beam on the sample, the slit size is determined byauses a position error of 2m within a 360° rotation. This
diffraction from the sample; we determine the beam size byerror, however, is negligible when the sample, the laser heat-
scanning the direct beam and then take the width at halfyg spot and x-ray beam sizes are all well matched.
height of the transmitted intensity. If necessary we can also ~ The alignment of this system is one of the important

introduce a pair of perpendicular mounted mirrors. With anfactors in the acquisition of high-quality data. To make the
80 um incident beam, these mirrors can focus the x-ray

beam to 30um at the sample position. We apply a pair of
clean-up slits in front of the sample to block the scattered
wings on either side of the intense x-ray beam. The dif-
fracted x rays pass through a narrow tip and a Huber slit, and
are collected by a multichannel CCD detector.

A. X-ray diffraction system

B. Laser heating setup

The double-sided laser heating setup we use is also
shown in Fig. 1. A high-powered yttrium—aluminum—garnet
laser was selected to generate a large, uniform heating spot
(25—-50 um). The laser beam is split into two parts by a _ _
50/50 high-energy laser prism, which is focused from both pressure U sample
sides through the diamond onto the sample. We measure the R
thermal emission with a spectrometer/CCD detector system,

from which we calculate the temperature of the diffracting™'©: 2. (Colon Schematic diagram df situ high P—T x-ray diffraction in
a rotating diamond anvil cell during heating, emphasizing that the x-ray

sample. With this _setup, we can _also visually monitor thepeam, laser optical axis, visual observation optical axis, and the cell rotation
heating process with an optical microscope and camera. normal are coaxial.
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FIG. 3. X-ray diffraction of boron at differeny angles at 11.7 GPa after pattern. Ultimately, we obtain a set of diffraction patterns
heating. The unmarked peaks are from the x-ray diffraction system. corresponding to the angles covered. This method com-
bines the advantage of a continuous-rotation method by add-
ing the whole series of patterns together to form an averaged
pattern. Most often, we apply the step-rotation method in our
experiments.

alignment process efficient, we also align each dxiwe

x-ray beam line, the heating laser lines, and the observatio

optical lines through the rotation stage normdig. 2). In

this way, we essentially eliminate the interference of the dia-

mond refraction at the sample location as well as the diffill. EXPERIMENTAL RESULTS

culty in matching the functioning part of the system througha. Boron quench experiment

the same part of the sample. Some of the other possible ) )
Boron is a lowZ element that has a very low scattering

alignment errors are discussed in detail elsewfere. _ e . :
There are two ways to utilize the cell rotation method: Cr0Ss section and causes difficulty for x-ray diffraction stud-
the continuous-rotation method and step-rotation method®> at high pressure. So far, the only available high-pressure

With the continuous-rotation method, we keep the cell rotat—diffracnog_ f?ata_is the eq_uatirgr]”(])f sht_at;:- afl0 GPa fr(;n;]_ah
ing on the stage at a given speed while collecting the diffracheutron difiraction experimeritThe high pressure and hig

tion signal. In this way, we can collect signals from the full temperature studies are much more difficult because of the
circle of the diffracting ring and obtain an averaged di1‘frac-f0rm"?u_Ion of preferred orientation and coarse crystals at these
tion spectrum within the covered angles. In the step-rotatior?ond't'ons' Figure 3 shows our comparison of the spectra of

boron at 11.7 GPa after heating at 1800 K, taken at three

method, we rotate the cell to a specific position at a prede=. : L
ifferent y angles. From a comparison of the individual pat-

termined step rate and collect diffraction data at each steﬁj. N . . . . :
S;rns, it is clear that the diffraction position and intensity
r

We need to determine the step of the rotation angle so thd icallv ch diff I d i
the two adjacent steps will permit the detector to completel amat|ca_ y change at aiferentang €s, and we can easily
lose the diffraction completely at certain positions. Such ex-

cover the selected portion of the diffracting ring, but with ™=~ P )
minimal overlap. We can also determine the step by rotatin§e”mem""I difficulties have kept the high-T phase of bo-

the sample beforehand at a small enough step to determi an a_mys:]ery. This prgblem, r;]ov(\j/evgr, has behen SOIxEdd,t;y
the smallest step that can cause any change of the diffractioéf'fjopt'ng the step-rotation method. Figure 4 shows the dif-
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FIG. 4. (Color) Step-rotated x-ray diffraction image with the integrated Energy (keV)

pattern of boron at 11.7 GPa with NaCl as the pressure medium. Top, the
image of the diffraction within 100° rotation i; bottom, the integrated FIG. 6. X-ray diffraction pattern of iron at 161 GPa and 2450 K. Inset
pattern from all the patterns in the 100° range. shows the intense peaks of iron on an expended scale.
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fraction image in comparison with the integrated pattern of echange identified is the intensity variation with increasing
temperature-quenched sample at 11.7 GPa. The dark linésmperature associated with texture effect. This further clari-
and spots represent the diffraction peaks of boron from thidies the iron phase diagram, as discussed more fully
imaging technique. We can clearly resolve 37 diffractionelsewheré.
peaks. With these results, we find that rhombohedral R-105
boron transforms to a tetragonal T-192 form, a stable h'ghACKNOWLEDGMENTS
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