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Diamond anvil cells (DACs) are widely used for the study of materials at high pressure. The typical
diamonds used are between 1 and 3 mm thick, while the sample contained within the opposing
diamonds is often just a few microns in thickness. Hence, any absorbance or scattering from
diamond can cause a significant background or interference when probing a sample in a DAC. By
perforating the diamond to within 50-100 wum of the sample, the amount of diamond and the
resulting background or interference can be dramatically reduced. The DAC presented in this article
is designed to study amorphous materials at high pressure using high-energy x-ray scattering
(>60 keV) using laser-perforated diamonds. A small diameter perforation maintains structural
integrity and has allowed us to reach pressures >50 GPa, while dramatically decreasing the
intensity of the x-ray diffraction background (primarily Compton scattering) when compared to
studies using solid diamonds. This cell design allows us for the first time measurement of x-ray
scattering from light (low Z) amorphous materials. Here, we present data for two examples using the
described DAC with one and two perforated diamond geometries for the high-pressure structural

studies of SiO, glass and B,O5 glass. © 2010 American Institute of Physics.

[doi:10.1063/1.3356977]

I. INTRODUCTION

Diamond anvil cells (DACs) have now been used for
over 50 years to study materials in situ at high pressulre.l_4
With the availability of high brightness microfocused syn-
chrotron x-ray beams, x-ray diffraction (XRD) studies of
crystalline samples within the DAC have become routine.*>
The use of higher energy (>60 keV) has allowed large
Q-space data collection and the accurate measurement of dif-
fuse scattering from amorphous materials.”” In recent years,
high-energy DAC XRD has been extended to liquids and
amorphous solids at high pressure.lo’25

In a typical ambient pressure XRD experiment on liquids
or amorphous solids, millimeter size samples are either free-
standing or contained within thin walled capillaries. The
sample volume and signal are considerably larger than that
of the container. The signal from the empty container can be
measured prior to loading the sample and the signal from the
container subtracted from the measured pattern of the filled
capillary with negligible attenuation effects, to give rise to a
background free sample scattering pattern. Another impor-
tant advantage of standard thin walled glass or polyimide
tube sample holder is the absence of obstructions in the path
of the scattered beam. For heavy elements, the signal can, in
principle, be measured over a 26=120° range, giving access
to momentum transfers Q=41 sin 6/\ in excess of 50 AL

In a DAC, the sample is extremely small with respect to
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the sample container. Each diamond anvil typically has a
height of 1-3 mm and the sample is, in general, <50 wm
thick. The single crystal diamonds give rise to a large back-
ground when compared to the weak diffuse scattering from
the amorphous sample. As pressure is increased, the gasket
deforms and becomes thinner, resulting in a progressive
change in the background arising from the diamond anvils.
The pressure dependent background changes make the data
correction problematic for weakly scattering samples such as
oxides. Another limitation of scattering experiments in the
DAC is the limited opening of the backing plates, typically
restricted to 260~25+5° (see Fig. 1). This angular restric-
tion limits the accessible maximum Q to ~17.5 A~ at
80 keV.

Few structural studies of amorphous materials at high-
pressure measured to high momentum transfer are reported
in literature.'>'>'®* The method used in most of the pub-
lished work has two limitations: either the pressure is limited
to less than 15 GPa due to limited structural integrity of the
mechanically ground perforated anvils'® or the experiment is
performed using energy dispersive techniques.14 Energy dis-
persive experiments benefit from much greater flux com-
pared to the monochromatic measurements described here;
however the attenuation, geometrical, and multiple scattering
corrections are considerably larger and dramatically more
complex, making absolute normalization difficult. In order to
improve the accessible pressure range, while maintaining
the large accessible Q range using very high-energy
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FIG. 1. (Color online) (a) The illustration on the right shows the opening of the cell and the backing plate for a typical symmetrical cell. (b) Photograph of
a laser-perforated diamond table (top left), view of the culet with and without transmitted light (top right). At the bottom right is a photograph of a broken

perforated anvil used with insufficient support.

(>60 keV) monochromatic x-rays, we have used laser-
drilled diamonds with a very small opening angle. The per-
foration typically reaches within 50—-100 wum of the culet
surface. These perforated diamonds are designed to maintain
structural integrity and results in DACs that can reach pres-
sures of 40-50 GPa, reproducibly.

In the first part of this article, we will describe the cell
designs and the changes resulting from the use of zero, one
or two perforated diamonds. We will then discuss the optimal
way to perform the data corrections and discuss the optimal
choice of DAC for a given experiment. Finally, we will il-
lustrate the use of our cell design and data correction with
two examples of data reduction for high-energy XRD pat-
terns measured in the DAC. The first example will be for a
sample of SiO, glass in situ at 43.5 GPa measured in a cell
assembled with one solid and one perforated diamond. The
second example will be a sample of B,05 glass measured in
situ at 16 GPa in the DAC with two perforated diamonds.

Il. CELL DESIGN

The perforated DAC has been optimized to measure
high-energy XRD from low atomic weight materials (low Z),
such as BeF, or B,0j3. The perforated diamond backgrounds,
cell materials, and a discussion about the diamond alignment
are given below.

A. Diamond perforation

The diamond perforation was drilled using a high power
YAG (yttrium aluminum garnet) laser (Almax Industries,
Diksmuide, Belgium?).

Figure 2 shows the background for a cell with an empty
rhenium gasket assembled using four different geometries.
The cell can be loaded with any combination of solid or
perforated diamonds. It is clear from Fig. 2 that the cell
assembled with two perforated diamonds has dramatically
lower background intensity than the cell with two solid dia-
monds. There is a sixfold increase in background intensity at
9 A~! between a cell assembled with two perforated dia-
monds and a cell assembled with two solid diamonds. In
comparison, the two cells loaded with one perforated dia-
mond and one solid diamond have intermediate background
intensity. The background of the cell with the perforation on
the downstream side of the cell has a lower background com-
pared to the one with the perforation on the upstream side of

Intensity (arb. Units)
K

0 2 4 6 8 10 12 14 16 18 20
Momentum transfer Q (A 1)

FIG. 2. (Color online) The background signals from four different anvil cell
setups are shown. The dashed lines (----) are for data collected at 80 keV for
diamonds mounted on Be backing plates and the solid lines ( ) are for
data collected at 100 keV for anvils mounted on c-BN plates. The highest
dashed line (----) plotted is for the cell loaded with two solid anvils, which
is reasonably approximated by the overlapping solid line of the Compton
scattering of carbon. The three intermediate curves are from cells loaded
with one perforated diamond anvil and one solid anvil. The dash-dotted (---)
curve represents the background with the diamond on the upstream side of
the cell at 80 keV and the third set of lines from the top are for a cell with
the perforated diamond on the downstream side. The experimental setups
with the lowest background intensity are the ones loaded with two perfo-
rated diamond anvils.
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FIG. 3. (Color online) Plots of the estimated change in backgrounds from
highest to lowest intensity at Q=20 A~! for two nonperforated diamonds
(top set of lines), one perforated diamond on the upstream and one nonper-
forated on the downstream side of the cell (second set from the top), one
perforated diamond on the downstream side of the cell and one perforated
diamond on the downstream side of the cell (third set from the top), and two
perforated diamonds (lowest intensity set of lines). Three curves are plotted
for each setup. The solid line ( ) is for the DAC before compression
(hole diameter of 100 wm and a 30 wm thick indent), the dashed line (----)
is modeled for a DAC at high-pressure (hole diameter of 80 wm and
10 wm thick indent), the dotted curve (- - ) is the result of the combina-
tion of the solid curve with the absorption of the diamond and backing plate
taken into account.

the cell. This is understood by recognizing that the rhenium
gasket and the cell body itself absorb part of the scattering
from the upstream anvil at high angles. For experiments us-
ing soft x-rays,zL29 the perforation is primarily used to re-
duce the absorption of the sample signal by the diamond
anvils. However, above 30 keV, the x-ray transmission
through the diamond anvil (~1.9 mm thick) is >80%.
Hence, in high-energy XRD, the perforation is not used to
minimize x-ray absorption; rather its primary purpose is to
reduce the Compton scattering originating from the diamond
anvils. We have modeled the various cell assembly with both
perforated and nonperforated diamonds assuming that the
background solely results from the Compton scattering of
diamond (Fig. 3). The backgrounds were calculated using a
diamond thickness of 1.9 mm with an initial rhenium gasket
thickness of 30 um and a hole diameter of 100 wm. Com-
pression is simulated by reducing the sample thickness to
10 pwm with a hole diameter of 80 wm. The perforation di-
ameter is assumed to have a larger diameter than the x-ray
beam. The x-ray beam is assumed to have a negligible diam-
eter compared to the other dimensions in the model. The
curve in Fig. 3 was generated by integrating the intensity as
a function of distance (d) from the table of the upstream
diamond to the table of the downstream diamond along the
direct x-ray beam axis. The intensity as a function of angle
for each &d was calculated taking into account the absorption
resulting from the distance the Compton signal traveled
through each of the materials (rhenium and diamond). In the
model, the perforation(s) is assumed to be 100 wm from the
culet of the diamond. As shown in Fig. 3, there is very good
agreement between the observed and calculated back-
grounds, indicating that the background indeed originates
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primarily from the Compton scattering of diamond. The
background generated from two solid diamonds has an inten-
sity 3.4 times larger than that generated by a cell with one
solid diamond on the upstream side and one perforated dia-
mond on the downstream side, which also has a background
four times larger than the background generated by the
model with a cell with the two perforated diamonds at
9 A-!. The use of small diameter perforation from the model
clearly presents a dramatic decrease in the background inten-
sity originating from the Compton scattering from the dia-
mond anvils, which in turn provides a dramatic improvement
in data analysis.

The coherent scattering from diamond mainly gives rise
to very intense Bragg reflections (typically from 004 and 220
families) and some weaker diffuse scattering. The diffuse
scattering is relatively weak and does not appear to have a
noticeable impact on the data analysis. When setting up the
experiment, the intensity of the Bragg spots from the single
crystal diamonds should be minimized by slightly rotating
the cell (<0.5°) to avoid saturating the detector and to mini-
mize the blooming onto other pixels of the detector. The
single crystal diamond Bragg peaks are relatively discrete in
space and can be removed from the two-dimensional (2D)
diffraction data using the following relatively simple image
processing procedures. For a homogeneous powder material
or amorphous material, all the azimuths of the diffraction
pattern should be identical. This property does not hold true
for highly textured and in particular single crystal materials
such as our diamond anvils. If we plot a vertical stack to
form a 2D diffraction pattern of Q as a function of azimuth
(called a “cake” image in the freely available software pro-
gram FIT2D),”! the result should be a figure where each point
for a given column has the same intensity. In the case of a
pattern combining single crystals (diamond anvils) and
amorphous material (our glass sample), the columns will be
a combination of even intensity lines and discreet, very high,
intensity spots. Using that property of the azimuth projec-
tion, we determine the intensity distribution along the col-
umns and reject pixels with intensities outside a chosen
range from the median intensity. That simple procedure re-
jects all of the Bragg spots (both weak and intense) from the
background-subtracted diffraction pattern. The diamond per-
foration as shown in Fig. 1 dramatically decreases the inten-
sity of the broad background as well as the intensity of the
diamond Bragg reflections.

B. Wide diffraction angle and high energy

The diffraction pattern is measured in reciprocal (Q)
space and a Fourier transform is typically used to convert
reciprocal space to real space data. However, this transfor-
mation convolutes sinc oscillations with the data due to trun-
cation effects resulting in artificial peak broadening.32 Itisa
common practice to use an apodization function in order to
force damping of the signal in a continuous fashion, which
further broadens the real space spectra. In order to obtain
accurate real space transforms of amorphous structure, it is
imperative to have data up to large Q values (typically
>20-30 A‘l) in order to maximize the resolution in real
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FIG. 4. (Color online) (a) Sketch of a 1.9 mm thick diamond mounted on three types of backing plates; the top two are tungsten carbide and the bottom one
is a boron nitride backing plate and a thinner Be backing plate, the lines indicate the direct x-ray beam and selected diffracted beam. The gray scale plot below
each assembly indicates the attenuation from the diamond and the backing plate at 100 keV. (b) Plot of the x-ray absorption at 100 keV as a function of
scattering angle and diamond thickness for a cubic boron nitride backing plate (Ref. 30).

space. Leadbetter and Wright32 showed that with a decreas-
ing Q-range, the error on the coordination number dramati-
cally increases.

In order to access the largest possible Q range, it is nec-
essary to maximize the accessible diffraction angle (while
still achieving a reasonably small minimum Q@ value
<1 A"y and maximize the energy. For example, given a
maximum 26 of 25°, at 30 keV the maximum Q is 6.6 A~!
whereas at 100 keV the maximum Q is 21.9 A~! (at 80 keV
the maximum Q would be 17.5 A~'). Typically, amorphous
diffraction is performed at high energies (>60 keV) to mini-
mize multiple scattering and attenuation effects, and increase
the Q-range. This is done mainly at the expense of flux and
detector efficiency. The XRD data shown in this paper were
all taken at Argonne National Laboratory (ANL) at the Ad-
vanced Photon Source (APS) using the microfocused beam-
line 1-ID-C with energies of either 80 or 100 keV and a
beam size of 40X 40 um?”. Both energies are acceptable,
although 100 keV is preferred for high-pressure DAC studies
(>10 GPa) with narrow exit geometries since it gives access
to a larger Q-range (21.9 A~' at 100 keV versus 17.5 A~ at
80 keV). Only a few synchrotron facilities produce high
brightness submillimeter monochromatic x-ray beams at en-
ergies of 60 keV and higher, among those are beamline ID15
at ESRF in France and BL04B2 at Spring 8 in Japan.33

Although the flux of high-energy x-ray beamlines is con-
siderably lower than those at lower energies, high-pressure
diffraction experiments have been made possible in recent
years through the development and use of large area
detectors.™ High-pressure experiments on glasses and lig-
uids using 1-ID-C at APS have been performed using
Mar345 image plates and General Electric and Perkin Elmer
a-Si flat plate detectors. In general, the a-Si flat plate detec-
tors are preferred due to their greater efficiency at higher
energies compared to image plates. However, these detectors
have inherently large dark currents, which can be effected by
changes in temperature. This effect can be minimized by
taking repeated dark current measurements with the beam off

throughout the experiment and water cooling the detector to
keep the temperature uniform and stable.

C. Backing plate and cell assembly

The diamond perforation is the primary source for me-
chanical weakness of the anvil and can result in the splitting
along the (110) cleavage plane, as shown in Fig. 1. In order
to prevent splitting of the perforated anvil it is critical to
mount the anvil on a strong support, minimizing the defor-
mation of the anvil’s table. In a typical high-pressure experi-
ment, the diamond anvils are mounted on tungsten carbide
backing plates.

Depending on the diffraction geometry of the experi-
ment, we used tungsten carbide (WC), beryllium (Be), or
cubic boron nitride (BN) backing plates [Fig. 4(a)]. The WC
backing plate is not x-ray transparent (absorbs over 99.5% of
the x-rays at 100 keV within 1.5 mm). The typical dimen-
sions used for the wide opening WC backing plate have an
opening of 2 mm diameter on the diamond side and a cone
angle of 61° allowing data collection of up to 24° in 26 for a
1.9 mm high diamond. Our attempts to use a wide opening
WC backing plate to support the perforated diamond resulted
in the splitting of the anvil, as shown in Fig. 1. The anvil
table deformed with increasing uniaxial force and the lack of
confining forces placed the anvil in tension resulting in the
failure along the (110) cleavage plane. Consequently, the
wide opening WC backing plate can only be used to support
nonperforated solid diamonds. Alternative backing plate ma-
terials are Be and BN, which are both x-ray transparent with
x-ray attenuation coefficients comparable to that of diamond
[see Fig. 4(a)]. The transparency of the support no longer
requires a wide opening and allows for a small physical
opening angle while providing strong support of the perfo-
rated anvil. We used both BN and Be backing plates success-
fully to support perforated anvils to pressures beyond
43 GPa. The BN backing plates used in the experiment had a
conical opening resulting in a convoluted absorption correc-
tion [Fig. 4(b)]. The absorption curve changed with diamond
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thickness, as illustrated in Fig. 4(b). The Be backing plate
has a narrow cylindrical opening, and as a result, only the
very low angle part of the pattern would be collected without
the scattered signal being partially absorbed by the backing
plate [Fig. 4(a)].

lll. DATA CORRECTION

In order to process the data properly, it is important to
collect data from several background contributions. Because
of the vanishing intensity of the x-ray atomic form factors at
high Q, it is crucial to have a very careful correction of the
cell background to the highest Q possible. Mei et al.” de-
scribed the standard analysis for obtaining a pseudonuclear
structure factor S(Q) from high-pressure XRD data using the
following equation:

1,(0) - A(Q)I5(Q)
K(Q)

-2 c,-c,»<Q>> / {2 cifi<Q>r. (1)

I4(Q) is the intensity observed on the detector and is a com-
bination of the sample and the background intensities. I5(Q)
is the background intensity of the empty DAC. A and K are
angle dependent attenuation factors. 3 is a coefficient used to
scale the data to the sum of the self-scattering plus Compton
scattering 2,c,f7(Q)+2,¢;C/(Q). In the formula, c; is the con-
centration of atomic species i and f; represents the atomic
form factor. We demonstrate below that the background in-
tensity I5(Q) changes with pressure and a Q dependent ab-
sorption correction A(Q) can be applied to correct for the
backing plate absorption.

S(Q) - 1= (B -2 cfi(Q)

A. Background correction
1. Background as a function of pressure

In a DAC experiment, the decreasing sample volume
(height and diameter) results in the increase in the sample
pressure. This very principle makes the background correc-
tion at high pressure challenging. Upon increasing the pres-
sure in a DAC, the thickness of the gasket and sample de-
creases. The thinning of the gasket is not only due to the
compression of rhenium but also to the flow of the gasket
material from between the diamonds to the outer perimeter
of the culet. This transformation results in a variation in the
absorption by the gasket of the Compton scattering and dif-
fraction peaks from the upstream diamond. The result is a
change in the shape of the background with pressure. Figure
5 shows an example of cell backgrounds collected with the
same empty rhenium gasket before compression and after
decompression of a SiO, glass sample loaded in a DAC with
one solid diamond and one perforated diamond on the up-
stream side, and the downstream side to 35 and 43.5 GPa,
respectively. Figure 5 shows that the background intensity
change before and after compression from a cell assembled
with a perforated diamond on the upstream side and a solid
diamond on the downstream side is much smaller than it is
for a cell assembled with a solid diamond on the upstream
side and a perforated diamond on the downstream side. This
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FIG. 5. (Color online) Plots showing the change in background for an empty
DAC before compression ( ) and after (-----) decompression from be-
yond 35 GPa. The cells were loaded (a) with the perforation on upstream
side and (b) with the perforated diamond on the downstream side in both
experimental setups, the opposite anvil was nonperforated.

observation is the direct result of the fact that the background
intensity generated by a perforated diamond is much weaker
than the one generated by a solid diamond. Below we show
the example of the analysis of a SiO, glass sample at
43.5 GPa with the perforated diamond on the downstream
side of the cell. A combination of backgrounds collected with
the empty rhenium gasket before compression and after de-
compression of the cell and removal of the sample is re-
quired in order to correct the data. The linear combination of
the two backgrounds is used to generate a first order approxi-
mation of the background for the correction of data collected
at any pressure. This allows us to write the background in-
tensity Iz(Q) as a linear combination of two spectra,

1(Q) = x X I, (Q) + (1 -2) X I, (Q), 2)

where I3 (Q) is the background of the empty cell with a
gasket before compression and /, Bdec(Q) is the background of
the empty cell with the gasket after decompression and re-
moval of the sample.

In Fig. 3, we show the changes in the modeled back-
grounds. If the upstream diamond is perforated and therefore
generates only a weak Compton background, the background
does not change noticeably with hole diameter and gasket
thickness (the two lines overlap in Fig. 3). However, with a
nonperforated upstream diamond, the background changes
significantly when the hole diameter and the gasket thickness
change, the largest difference is around 4 A~!. Shen er al.
described a DAC experimental setup using two solid dia-
monds and an x-ray transparent boron epoxy gasket. The
authors showed that using their setup, the background of the
diffraction pattern remains constant with pressure. The use of
the x-ray transparent gasket described by Shen et al” is a
reasonable approach when using a solid diamond on the up-
stream side. However, if a perforated diamond is used on the
upstream side, the background changes with pressure will be
negligible whether the gasket material is a boron/epoxy gas-
ket or a rhenium gasket. One major drawback of using an
x-ray transparent gasket is the difficulty of aligning the
sample. In particular, at high energy it is nearly impossible to

Downloaded 22 Jun 2010 to 149.169.84.215. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



035110-6

Soignard, Benmore, and Yarger

Intensity (arb. Units)

on-tilted cell

0 5 10 15 20 25
Momentum transfer Q (A)

FIG. 6. (Color online) Plot of the measured background intensity as a func-
tion of Q for a thin horizontal slice (10 pixels high) from the 2D diffraction
patterns shown in the middle of the figure. The dashed line (-----) is the 1D
plot of the data for the cell rotated off-axis by 5° and the solid line ( ) is
a plot of the 1D data for the cell perpendicular to the x-ray beam. The curves
are the sum of the left hand and right hand side of the image. Only one-half
of each 2D diffraction pattern are shown, the bottom half is from the 2D
diffraction pattern of the perpendicular (nontilted) cell and the top half is
that of the 2D pattern collected with the cell rotated by ~5°.

discriminate between the light sample and the transparent
gasket material. A 30 um thick gasket made from high Z
material such as Re absorbs about 25% of the x-ray beam
intensity while the sample only absorbs a few percent at
100 keV, providing enough contrast to align the sample into
the beam.

2. DAC alignment

A small rotation of the DAC will result in a change in
the background and signal intensity at high Q. This is en-
hanced for perforated diamonds due to the strong geometri-
cal effects (Fig. 6). The pseudonuclear formalism given in
Eq. (1) dramatically amplifies the signal at high Q. Conse-
quently, the differences at high Q should be carefully cor-
rected. It is important to keep the cell as close to perpendicu-
lar to the direct beam as possible in order to minimize the
change in background at high Q. Figure 6 illustrates the
changes between a cell perfectly perpendicular (within less
than 1°) to the beam and one slightly rotated by about 5°.
The changes in the 2D diffraction pattern are difficult to
observe since they occur mostly at high Q and are relatively
weak. However, in the radially integrated one-dimensional
(1D) plots there is a large difference in the two backgrounds.
The changes in integrated data between the pattern of a cell
perpendicular to the beam and the rotated cell are manifested
by a monotonous decrease in the background intensity above
a threshold momentum transfer value, Q. Therefore, if the
cell slowly moves during the experiment or needs to be ro-
tated due to a change in the diamond diffraction intensity, it
is possible to correct the intensity of the background by ap-
plying a linear correction to the high Q part of the pattern.

Empirically, we find that the background intensity 15(Q)
can then be written as follows:

Rev. Sci. Instrum. 81, 035110 (2010)

0=0, I3(0)=140),
3)

Q = Qw IB(Q) = IB(Q) + a(Q - Qa)s

where Q, is the momentum transfer above which the cell
starts shadowing some of the signal and « is the slope of the
additional Compton scattering due to the rotation of the cell.

B. Absorption correction

We previously described that one of the optimal diffrac-
tion geometries utilizes an x-ray “transparent” backing plate.
However, the backing plate is not perfectly x-ray transparent
and absorbs part of the x-ray intensity. Since part of the
diffraction pattern is collected through the backing plate and
part is not, it is critical to perform an accurate absorption
correction in order to be able to use the data at Q-values
larger than the physical opening angle of the c-BN or Be
backing plate. The correction is performed by using the
background collected before or after the experiment with and
without the downstream diamond. The correction assumes
that the variation of the signal intensity originating from the
downstream diamond is not significant over the range where
the backing plate absorption varies dramatically. This as-
sumption is reasonable since the downstream diamond is per-
forated and only generates a small amount of Compton scat-
tering. As shown in Fig. 4, the absorption profile changes
with diamond thickness. In a similar fashion, the absorption
profile will also change with sample thickness. The
Q-position of the steep change in absorption curve will shift
with the distance between the culet of the upstream diamond
and the backing plate of the downstream diamond. It is there-
fore critical to minimize the absolute change in sample thick-
ness when using a c-BN backing plate. Even for low-
pressure experiments, the gasket should be indented enough
to reduce the plastic flow of the gasket material. The typical
indentation thickness of a 250 um thick rhenium gasket is
about 30—40 um for experiments up to 50 GPa using dia-
monds with 300 um diameter culet. When the absorption
correction is required, I5(Q) in Eq. (1) becomes

I(0) = pr(Q) X Los(Q), “4)

where Ty,,(Q) is the transmission through the backing plate
and I,,,(Q) is the measured signal on the detector.

IV. DESIGN CHOICES

The diamond perforation is not perfectly transparent.
The perforation is machined using a laser and the laser drill-
ing does not leave a polished surface deep inside the dia-
mond (see Fig. 1). As a consequence, it is not possible to
clearly see the culet through the table of the diamond. Dia-
mond alignment is typically performed by first laterally
aligning the diamonds looking at the cell from the side. Once
aligned, the diamond culets are then brought together and the
culet is observed through the table in order the check if the
diamond culets are parallel.35 When using two perforated
diamonds, this last step is not possible and therefore the par-
allel alignment of the diamonds is challenging and currently
limits the accessible pressure range with the current DAC
technology. The perforation in both diamonds impairs the
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visual observation of the sample loading quality and the be-
havior of the sample chamber with pressure. For example, a
sample of amorphous BeH, was compressed to ~20 GPa at
which pressure the gasket failed, resulting in the destruction
of one of the diamonds. A later analysis of the alignment
(transmission) scans performed using the x-ray beam indi-
cated that the sample chamber was very slowly expanding. If
it were possible to look at the sample under the microscope,
the gasket failure could have been avoided. If we could pol-
ish the inner part of the drilled diamond the alignment of
cells with two perforated diamonds would become a routine
as aligning DACs with two solid diamonds. Because of the
current alignment and sample observation limitations, it is
usually preferred to use only one perforated diamond for
pressures above 20 GPa. Progress in DAC designs will likely
circumvent this limitation in the future. Due to the same
limitations, the pressure cannot be monitored using the stan-
dard ruby fluorescence technique.36 Instead it is recom-
mended to use gold’s equation of state as an in sifu pressure
determination material. The high Z of this pressure standard
provides a strong signal and its low bulk modulus provides
sufficient pressure resolution for most experiments, even at
high energy.

In summary, the inability with the current DAC designs
to perfectly align a DAC with two perforated anvils requires
us to most commonly use one perforated diamond and one
solid diamond to measure amorphous diffraction at pressure
beyond 20-30 GPa. With more advanced DAC alignment
techniques, two perforated designs are foreseen to be able to
reach the extreme pressures accessible with regular anvils.
The choice of placing the perforated diamond on the up-
stream or on the downstream side of the sample can be ar-
gued both ways. The advantages of using the solid diamond
on the downstream side and the perforated diamond on the
upstream side are that the background does not change sig-
nificantly with pressure and the attenuation correction is not
required. If the diamonds are switched, the intensity of the
background is lowered and the sample signal is more readily
observed on the uncorrected pattern.

V. EXAMPLES

We present two case studies using the method and instru-
mentation developed above. The first example (SiO, glass)
uses a cell with one perforated diamond on the downstream
side and a solid diamond on the upstream side. The example
demonstrates that by using a combination of the backgrounds
collected before and after the experiment, the data can be
properly corrected to the highest pressure. The pressure of
the data (43.5 GPa) also demonstrates the mechanical stabil-
ity of the anvils. The second example presented below is
B,0; glass collected in a cell assembled with two perforated
diamonds. The data demonstrate that high-energy diffraction
experiments on amorphous materials can be performed even
on extremely light amorphous materials. The quality of the
data in this case clearly shows the benefit of using two per-
forated diamonds.

Rev. Sci. Instrum. 81, 035110 (2010)

A. Silica (SiO,) glass

The in situ study of the amorphous-amorphous transition
in vitreous SiO, at high press.ulre14 is a challenging XRD
experiment. The major structural changes in SiO, glass occur
between 20 and 50 GPa. A recent DAC XRD study of SiO,
glass to 50 GPa used regular diamond anvils and the energy
dispersive diffraction technique.14 We have collected a simi-
lar set of data using a monochromatic 80 keV beam and
perforated DAC,” allowing an accurate measurement of the
structure factor and associated analysis of structural changes
in SiO, glass at high pressure. The experiments were per-
formed using a perforated diamond on the downstream side
of the cell and a solid diamond on the upstream side. Back-
grounds were collected before and after the experiment as
described in Sec. III, and the downstream diamond was
mounted on a c-BN backing plate. The absorption correction
curve of the backing plate with the diamonds was also mea-
sured during the experiment. Using all these information, it
was possible to successfully correct the data on glassy SiO,
from room pressure up to over 43 GPa. The integrated back-
grounds of the cell before and after the experiment are pre-
sented in Fig. 5. In Fig. 7(b), the azimuth projection of the
2D pattern does not clearly show the diffraction pattern of
SiO, glass when compared to the background [Fig. 7(a)].
However, once the background is subtracted, the diffraction
pattern from the sample becomes clearly visible [Fig. 7(c)].
The subtraction of the background pattern also removes most
of the diamond peaks from the diffraction pattern. Once the
background and absorption corrections have been applied,
the image can be integrated into a 1D pattern. In order to
remove remaining artifacts and diamond peaks in the pattern,
we use the median of the pixel value of each column (Q as a
function of azimuth) as the integrated value. The pattern is
then free of the discreetly located single crystal diamond
peaks. It is only possible to extract the structure factor S(Q)
if the corrections are carried out properly, otherwise the data
do not oscillate around the atomic self-scattering curve at
high Q. Figure 7(e) presents the S(Q) of SiO, glass at
43.5 GPa.

B. Boron oxide (B,0;) glass

Glassy B,05; was measured up to 16 GPa using a DAC
with two perforated diamonds. The pressure was measured
using the gold equation of state.® The packed sample of
vitreous B,05; was loaded in a gold lined hole in a rhenium
gasket. The low background from the double perforated cell
made the data reduction relatively straight forward, even for
an extremely low Z material such as B,O5 glass. The inten-
sity of the diamond diffraction peaks were very weak in the
background and sample pattern [Figs. 8(a)-8(c)]. Figure 8
illustrates the data reduction steps. Figure 8(a) shows the
background of the empty cell. The background is not as
“clean” as in the SiO, experiment and shows traces of a
weak crystalline pattern matching that of the rhenium gasket.
The rhenium pattern was observed in both the background
and the sample scattering. Since the data are collected at high
energy and the bulk modulus of rhenium is high, there is no
measurable shift in the rhenium peaks within the experimen-
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FIG. 7. (Color online) Illustration of the data reduction process for the 2D XRD pattern of a vitreous SiO, sample in the perforated DAC with one perforated
diamond on the downstream side and one solid diamond on the upstream side of the cell in situ at 43.5 GPa. Images (a)—(c) are a projection of the polar 2D
XRD pattern into a 2D image, where the Y axis is the azimuth direction. The images presented here are generated using a simple MATLAB program but could
also be formed using the freely available FIT2D software program (Ref. 31). The images are (a) the combined background composed of a ratio of the empty
cell background collected before compression and the empty cell background collected after decompression from 43.5 GPa, (b) the raw measured XRD data,
and (c) the glassy SiO, data after background subtraction and absorption correction. On the right, (d) shown in light gray is the integrated pattern using the
mean of the intensity as a function of azimuth for each Q and in black integrated pattern using the median of the intensity as a function of azimuth for each
Q. The median function removes the diamond peaks and spurious scattering measured by the detector. Plot (e) is the structure factor S(Q) after the self
scattering and Compton corrections are removed and divided by the average scattering to obtain pseudonuclear x-ray function.

tal pressure range (<16 GPa). As a result, the background- result, some artifacts [black lines in Fig. 8(c)] are observed in
subtracted scattering is free of the rhenium diffraction peaks the absorption corrected 2D data. The artifacts do not change
and the signal from the sample itself is clearly visible. The  the resulting integrated corrected pattern as we use the me-
intensity of the background used for the absorption correc- dian of the intensity in each column of the azimuth projec-
tion was weak when using perforated diamonds, and as a  tion to obtain the 1D integrated pattern.

(suun -gle) Aususyul

d)

Azimuth (degrees)

0 4 8 12 16

FIG. 8. (Color online) Illustration of the data reduction for a 2D XRD pattern of B,0; glass at 16 GPa in the perforated DAC loaded with two perforated
diamonds. Images (a)—(c) are a projection of the polar 2D XRD pattern into a 2D image where the Y axis is the azimuth. The images presented here are
generated using a simple MATLAB program but could also be formed using the freely available FIT2D software program (Ref. 31). The images are (a) the
combined background composed of a ratio of the empty cell background collected before compression and the empty cell background collected after
decompression from 16 GPa overlaid with the median of all the azimuth patterns in white, (b) the raw measured XRD data overlaid with the median of all
the azimuths pattern in white, and (c) the glassy B,O5 data after background subtraction and absorption correction have been applied. On the right, (d) shown
in light gray is the integrated pattern using the mean of the intensity as a function of azimuth for each Q and in black integrated pattern using the median of
the intensity as a function of azimuth for each Q. The median function removes the diamond peaks and spurious scattering measured by the detector. Plot (e)
is the structure factor S(Q).
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VI. CONCLUSIONS

In summary, we have shown that by using laser-drilled
diamonds with narrow perforations, it is possible to measure
high quality high-energy x-ray scattering of light amorphous
materials. The choice of one or two perforated diamond is
made depending on the materials and the experimental pres-
sure range desired. With advances in DAC designs, we are
expecting that the use of two perforated diamonds will be-
come a routine for most experiments requiring low back-
ground.
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