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ABSTRACT

High-throughput powder X-ray diffraction (XRD) with white X-ray beam and an energy-dispersive detec-
tor array is demonstrated in this work on a CeO, powder sample on a bending magnet synchrotron beam-
line at the Shanghai Synchrotron Radiation Facility (SSRF), using a simulated energy-dispersive array
detector consisting of a spatially scanning silicon-drift detector (SDD). Careful analysis and corrections
are applied to account for various experimental hardware-related and diffraction angle-related factors.
The resulting diffraction patterns show that the relative strength between different diffraction peaks
from energy-dispersive XRD (EDXRD) spectra is consistent with that from angle-resolved XRD
(ARXRD), which is necessary for analyzing crystal structures for unknown samples. The X-ray fluores-
cence (XRF) signal is collected simultaneously. XRF counts from all pixels are integrated directly by
energy, while the diffraction spectra are integrated by d-spacing, resulting in a much improved peak
strength and signal-to-noise (S/N) ratio for the array detector. In comparison with ARXRD, the diffraction
signal generated by a white X-ray beam over monochromic light under the experimental conditions is
about 10* times higher. The full width at half maximum (FWHM) of the peaks in g-space is found to
be dependent on the energy resolution of the detector, the angle span of the detector, and the diffraction
angle. It is possible for EDXRD to achieve the same or even smaller FWHM as ARXRD under the energy
resolution of the current detector if the experimental parameters are properly chosen.
© 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

where / is the wavelength of the incident X-ray beam, d is the spac-
ing between the diffracting crystal planes (hkl), and 0 is the angle

X-ray diffraction (XRD) is the most common method for crystal
structure determination. When an X-ray beam interacts with a
crystalline material, diffraction occurs if Bragg's equation is
satisfied [1]:

2dsind = A (1)
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https://doi.org/10.1016/j.eng.2021.05.023

between the incident beam and the normal of the entrance surface
(i.e., the angle of diffraction is 20). Eq. (1) sets the foundation for an
analysis of crystal structure and lattice constants.

In recent years, a great deal of attention has been paid to the
signal enhancement of XRD experiments. Firstly, high-throughput
material fabrication technology such as a combinatorial materials
chip can integrate hundreds or more samples onto a single sub-
strate [2,3]. To fully materialize the benefits of this technology, it
is necessary to have a rapid XRD technique with an adequate
signal-to-noise (S/N) ratio for micro-area thin-film samples so that
the measurement speed of a material chip can match that of the
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sample preparation [4,5]. Secondly, the in situ characterization of
the material dynamic process of phase change or phase formation
in real time requires XRD with a microsecond or faster timescale
[6,7]. Moreover, there is a demand for an ever-increasing XRD
detection limit to accommodate the characterization of micro- or
nano-sized samples and embryos of crystals. In these scenarios,
synchrotron radiation light sources are often used due to their high
photon flux.

Powder diffraction is primarily conducted in two forms. Angle-
resolved X-ray diffraction (ARXRD), as depicted in Fig. 1(a), uses a
single wavelength incident beam to generate a series of diffraction
cones, each of which corresponds to one of the crystal planes sat-
isfying Eq. (1). When a single-point X-ray detector is used, a scan
across a range of 20 angles is required to collect a full diffraction
pattern of the material. To speed up the process, a two-
dimensional (2D) detector array has been used in ARXRD experi-
ments (referred to as 2D-ARXRD) [4,5] to cover a wide range of
diffraction angles simultaneously. Thus, point-to-point mechanical
scanning is no longer necessary. Furthermore, when the 2D detec-
tor is large enough to cover the whole circle or a substantial part of
the diffraction rings (with the same 20), the intensity is signifi-
cantly enhanced over the single-point detector, as the signal is
an integration along each Debye ring over the azimuth angle (o).
The relationship between detector coordinates (x, y, z) and angle
(26 - @) is given in Eq. (2):

VX +y?
Ve+y 122

The combination of these two factors has improved the mea-
surement speed by a few thousand times [4,5].

In the energy-dispersive X-ray diffraction (EDXRD) [8-10]
approach, a continuous wavelength X-ray source is used to gener-
ate diffraction signals, as shown in Fig. 1(b). Consider an incident
beam of white X-rays with an energy range [Emin, Emax]; @ photon
with maximum energy En.x produces diffraction at the lowest

angle 20"™! for a given (hkl) plane with d-spacing d, and a photon

min
with minimum energy E., produces diffraction at the highest
angle 20™ . Therefore, all diffraction signals from the lattice plane

max*
(hkl) are enveloped in the space between the two extremity cones.
EDXRD has the advantage of utilizing the full spectrum of the X-ray
source. If a single-point energy-dispersive detector with an active
area S, (shown as the red dot in Fig. 1(b)) is placed at a fixed posi-
tion in space, a complete diffraction pattern as a function of energy
(or wavelength) is collected simultaneously at a constant diffrac-
tion angle, with no need for an angular scan [6,7]. In addition to
the benefit of energy integration of the diffraction signal, the
X-ray fluorescence (XRF) signal is included in the EDXRD spectrum
[11], which allows composition and structural data to be acquired
on the same spot at the same time.

sin20 =

X
tang = - 2
?=3 (2)
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The EDXRD signal can be further enhanced using improved
detector coverage. Drakopoulos et al. [12] were able to multiply
the signal by setting up multiple single-point energy-dispersive
detectors along a small portion of the cone (with the same diffrac-
tion angle of 26 (zenith angle) but a different azimuth angle ¢, in
what is referred to as one-dimensional (1D)-EDXRD). When a 2D
energy-dispersive detector array containing N pixels is used
(referred to as 2D-EDXRD), as shown in Fig. 1(b), it is possible to
integrate the energy-dispersed diffraction photons along both the
0 and ¢ angles. To a first-order approximation, the collected
diffraction signal from the (hkl) plane is proportional to the solid
angle coverage by the detector, and the signal is enhanced by a fac-
tor of N over a single-point detector. O’Flynn et al. [13,14]
employed an 80 x 80 pixelated 2D energy-dispersive detector
array called HEXITEC in a 2D-EDXRD setup. However, since the
HEXITEC detector is limited to an energy resolution of about 800
eV (1eV=1.602176 x 1071°]), this setup is only adequate for
the quick discrimination of known substances. For a technique
aimed at identifying unknown material structures, a much higher
energy resolution is required for the energy-dispersive detector.

Portable devices have been developed for the in situ or in-field
analysis of various art and archeological samples [15,16]. Among
these, a 1024 x 256 pixels Peltier-cooled energy-dispersive
charge-coupled device (CCD) 2D detector with an energy resolu-
tion of 230 eV is employed for the combined detection of XRD
and XRF signals. Satisfactory results have been demonstrated when
identifying paint pigments using this device. However, the acquisi-
tion time is 100-600 s due to the limited power of the X-ray tube
[11], which is far from meeting the demand for high-throughput
analysis for materials. One possible way to overcome this problem
is to make use of a synchrotron radiation light source that gener-
ates X-rays with high flux.

Table 1 summarizes the characteristics of the five abovemen-
tioned diffraction setups in relation to measurement speed. In
principle, all EDXRD techniques integrate the signal in wavelength,
which is one more dimension than the spatial dimensions of the
detector, whereas the corresponding ARXRD techniques only inte-
grate within the spatial dimensions of the detector. For example,
2D-EDXRD is able to integrate signals in both directions, as well
as in wavelength, and is therefore perceived as a good candidate
for a high-throughput characterization technique.

In this paper, we demonstrate the effectiveness of 2D-EDXRD as
a high-throughput material characterization technique for target-
ing unknown structure identification based on a synchrotron bend-
ing magnet X-ray source. Since a 2D energy-dispersive detector
array with a sufficient energy resolution is not commercially avail-
able at the present time, we simulate an 88-pixel 2D detector array
by moving a single-point silicon-drift detector (SDD) in an
(11 x 8)-point grid in space (Fig. 1(b)). The energy resolution of
the SDD is about 125 eV at 5.9 keV [17], which is sufficient for

Single-point energy
T dispersive detector
y

Array detector

(b)

Fig. 1. Schematics of (a) ARXRD with a single-point detector scanner and a 2D detector array (2D-ARXRD); (b) EDXRD with a single-point energy-dispersive detector and a 2D

energy-dispersive detector array (2D-EDXRD).
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Table 1
Characteristics of XRD methods.

Engineering 10 (2022) 81-88

Method ¢ integration 20 integration /. integration Simultaneous XRD/XRF
ARXRD No No No No
2D-ARXRD Yes Yes No No
EDXRD No No Yes Yes
1D-EDXRD Yes No Yes Yes
2D-EDXRD Yes Yes Yes Yes

phase identification. Our results show that the diffraction signal
generated by a white X-ray beam over monochromic light under
the experimental conditions is estimated to be about 10* times
higher. Furthermore, by using the 2D detector array, XRD and
XRF data can be obtained simultaneously, and the signal strength
for both applications can be enhanced in proportion to the pixel
numbers. Subsequently, the S/N ratio is also significantly
improved, which makes the data quality adequate for rapid mate-
rials phase identification. Moreover, it is possible for EDXRD to
achieve the same or even a smaller full width at half maximum
(FWHM) as ARXRD.

2. Experiments

The CeO, powder sample was constructed with a thin layer of
powder wrapped with magic tape and then sandwiched between
two glass slides. The powder is of 99.99% purity (Aladdin Company,
China), packed into a sample with a thickness of 35 um and an
effective density of about 1.66 g-cm™>. The experimental apparatus
was set up at the bending magnet beamline BL14B1 in the Shang-
hai Synchrotron Radiation Facility (SSRF). The synchrotron oper-
ates at an electron energy of 3.5 GeV and a current of 300 mA.
The divergence of the X-ray beam on the sample is 93.24 prad (x
axis) and 1.583 prad (y axis).

The EDXRD experiment was carried out in transmission mode. A
white X-ray beam of energy with a range from 4 to 26 keV (wave-
length / = 3.0996-0.4769 A) came out of a beryllium (Be) window
about 400 mm away from the sample. The beam was narrowed
down to 1 um x 1 pum through a slit. An Amptek X-123 FAST
SDD® detector with an energy resolution of 125 eV at 5.9 keV
was installed on a three-dimensional (3D) translational stage on
the other side of the sample. The detector-to-sample distance
was 609 mm, making a 20 angle of 28.2°. The detector surface
was oriented normal to the line between the detector center and
the sample. The detection area was 17 mm? (4.6 mm in diameter),
corresponding to an angle span of 0.433°. The detector was cali-
brated by the fluorescence peaks of molybdenum (Mo), selenium
(Se), and nickel (Ni) and by monochromatic light energy at 8, 10,
12, 14, and 16 keV to establish a one-on-one relationship between
the X-ray energy and the index of the SDD channels. The data
acquisition time was 40 s for each position.

In the subsequent 2D-EDXRD experiment, the same sample,
white X-ray beam, SDD, and acquisition time were used. The 2D
energy-dispersive detector array was simulated by moving the
detector around the EDXRD experiment position in 10 mm steps
in both the x and y directions. Measurements were taken at 11 x
8 positions to form a virtual 88-pixel 2D detector array, as shown
in Fig. 1(b), in order to cover part of the upper-right quadrant of the
diffraction band (20 ranged from 22.6° to 34.4°) with a total solid
angle of 0.004 sr, which is 88 times greater than that of a single-
point detector. During the measurement, the SDD orientation
remained unchanged.

For comparison purposes, a 2D-ARXRD experiment was also
conducted in transmission mode on the same sample and stage.
The same white X-ray beam was turned into a monochromatic
beam using a silicon (Si) (111) double-crystal monochromator
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(DCM) with a photon efficiency of 13.3% (at 0.1% bandwidth) at
20 keV, calculated by the OASYS software [18]. The 20 keV energy
monochromatic X-ray beam (/. =0.6199 A) was focused to a spot
size of 400 pm x 200 um. The beam was finally narrowed
down to 2 pm x 2 pm through a slit before being illuminated
onto the sample. A Mar345 plate detector (marXperts GmbH,
Germany) with an active area of 345 mm in diameter and a
150 um x 150 pm pixel dimension (corresponding to an angle
span of roughly 0.086°, which is about 1/5 of that of the energy-
dispersive detector) was placed about 100 mm behind the sample
perpendicular to the beam, covering diffraction angle 20 from
10° to 40°. The data acquisition time was 40 s.

3. Results and analysis
3.1. Energy-dispersive X-ray diffraction

Fig. 2(a) shows the diffraction spectrum collected by a single-
point energy-dispersive detector at a diffraction angle of 20 =
28.2°, including a series of sharp peaks and a broad background.
Multi-peak fitting is performed using the data analysis and

L - EDXRD at 28.2°

Fitting curve
—— Background (BKG)
EDXRD without BKG

4000

- 3000 (113) @ XRD signal

3 ® XRF signal (Ce)
L A XRF signal (Pb)
2 2000

(7]

(=

g

k=

1000 (222) (433
4)

.2000

1000

< 28

26

15
Energy (keV)

(b)

20 25

Fig. 2. (a) EDXRD spectra with and without background at the diffraction angle 20
=28.2° (a.u.: arbitrary unit); (b) EDXRD data collected by the simulated 88-pixel
energy-dispersive detector array, with the background subtracted. The legend is the
intensity (a.u.).
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graphing software Igor Pro (WaveMetrics, Inc., USA), with a
Gaussian function for the sharp peaks (black dots) and a log-
normal function for the background (blue line). The background
function is fitted as

2
log normal(x) = wo + wy - exp{_ {ln();{m)} }

with the fitting parameter set w = {wq, wq, W, W,} = {47.08, 673.99,
11.115, 0.37665}, and wy, wy, o, and w;, stand for baseline, ampli-
tude, peak position, and peak width, respectively. The sharp peaks
are fitted as the function

3)

Gauss(x) = wy - exp{—[(x - wl)/wz]z} (4)
with the parameter set listed in Table 2 for each peak. It was found
that both the fluorescence and diffraction signals were collected
simultaneously, which could be used for the analysis of the compo-
sition and structure of the same material. Among the angle-
independent peaks shown in Fig. 2(a), four fluorescence peaks below
6.1 keV correspond to the cerium (Ce) element in the sample [19],
with energy at Ly =4.823 keV, Lg; =5.262 keV, Lg, =5.613 keV,
and Ly; = 6.052 keV, respectively; the three other peaks at 6.404,
10.551,and 12.614 keV match the iron (Fe) K, and the lead (Pb) ele-
ment Ly; and Lg; [19], respectively. The Fe and Pb elements come
from the collimator in front of the SDD, rather than from the sample.

Fig. 2(b) presents the as-acquired energy-dispersive spectra col-
lected by the simulated 88-pixel detector array. The diffraction
energy for the same peak shifts with the position of the detector
(with a diffraction angle of 20), while the fluorescence peaks are
solely dependent on the elements present in the sample and do
not change with pixel position. As a result, the fluorescence and

Table 2
Fitting parameters for the Gaussian peaks in the EDXRD spectrum at 20 = 28.2°.

Peak index

Engineering 10 (2022) 81-88

diffraction can be easily distinguished by comparing the spectra
measured at multiple diffraction angles [10,14]. Fig. 2(b) also
shows that, for the same peak (hkl) in EDXRD, the peak position
shifts in the lower energy direction as the diffraction angle 20
increases. The range of detectable lattice spacing is determined
by the X-ray beam energy spectrum and is dependent on the
diffraction angle 20, according to Bragg’s law. A wider range is cov-
ered for a larger 20, which is beneficial for analyzing a complicated
structure.

3.2. Correction of EDXRD peaks

It is important to point out that the relative ratio of intensities
between different diffraction peaks is considered to be part of the
fingerprints for a given crystal structure, which are critical for a
phase analysis of unknown samples based on XRD. However, as
will be shown in the upcoming part of this article, the peak ratios
from EDXRD spectra (which are taken from a wide X-ray spectra)
in Fig. 2 are not consistent with those from ARXRD (which are
taken from a single wavelength). Thus, an intensity correction
must be performed for the EDXRD data used in crystallographic
analysis.

The signal dependency on the energy of the diffraction peaks is
mainly attributed to two sources: hardware-related factors (i.e.,
source intensity, detector sensitivity, and setup geometry) and
sample absorption-related factors. The factors related to hardware
sensitivity were identified by Scarlett et al. [20] as follows: (D the
intensity distribution of the X-ray source with energy, Isource; @ the
quantum efficiency of the detector in different energy, lgetector; and
@ the absorption by air, I,;;, which is a function of the experiment
geometry. The overall hardware sensitivity-related correction can
be expressed as follows:

(5
Since the background of an EDXRD spectrum is affected by all

Ihardware = Isource Idetectorlair

Wo hd w2 three factors of Iyarqware. the normalized log-normal function of
XRF 4.84 0.11 685.66 the background signals can be used as hardware correction calibra-
ig g'éf g'g 1;?‘2)‘53 tion in real practice. Fig. 3(a) shows an Iharaware CUrve obtained for
XRE 5.06 012 57436 an EDXRD spectrum at 20 = 28.2°. However, it should be pointed
XRF 6.34 0.13 162.76 out that, since the XRF signal can only be generated by photons
(111) 8.15 0.15 2082.91 with energy higher than the peak value, XRF peaks are not in pro-
(002) 940 0.16 1243.11 portion to the source intensity at that energy. Therefore, the
;ég 1?; g'ﬁ zgg'gg Ihardware COrTection is not applicable to XRF peaks. Moreover, the
XRF 12.68 021 152.00 thr.ee factors in the Ihaqware have no impact on the relative peak
(022) 13.31 0.18 3699.66 height for ARXRD.
(113) 15.61 0.19 2200.00 The absorption correction factor (A) of a sample [20] describes
((2)(2)‘21; 12-;3 ggg ;‘Z‘g';g the effect of absorption on the intensity of the diffracted beam,
El 33) 20,52 024 340.39 which is a function of the product of the mass absorption coefficient
(024) 21.07 0.25 200.63 (o) and the sample thickness (ds) in the relation given in Eq. (6):
(224) 23.06 0.26 161.60
(511) 24.45 0.23 91.29 A(0, ) = exp[—a(4)ds/cosb] (6)
0.8
@ 0.9t __ 50}
0.6 ) S
< =S
2 0.4 % 0.6 g 40
3 8 &
£02 § o0af 5 30f
3 2
or 5 0 < 20}
0 10 20 30 © o 10 20 30 24 28 32 36
Energy (keV) Energy (keV) 20(°)

(a)

(b)

Fig. 3. (a) Correction curve I raware for the hardware sensitivity of the synchrotron EDXRD experiment given by Eq. (5) at 20 = 28.2°; (b) correction factor A(0, E) for the
absorption of the CeO, sample given by Eq. (6) with 20 = 28.2°; (c) the angular factor ¢(0).
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Furthermore, the angle dependency of the peak intensity (I) is
related to diffraction geometry due to the Lorentz polarization, as
given by Ref. [1]:

v
Vo

2orey’
1=l (W) '

where Iy is the flux of the X-ray; R is the distance between the
detector and sample; e and m are the charge and mass of the elec-
tron, respectively; c is the speed of light; V is the diffraction volume
of the sample; Vj is the volume of the unit cell; Fy, is the structure
factor of the (hkl) plane; P is the multiplicity factor; ¢(0) is the angu-
lar factor; and e 2M

\Fual® - P- ¢(0) - A0, 2) - @M (7)

is the temperature factor. For a given diffraction
peak (hkl), Eq. (7) can be rewritten as a product of one hkl struc-
turally related term I"", 23, ¢(0), a function of the diffraction angle,
and A(0, 1), which can be written equivalently as A(0, E), where E is
the X-ray energy. When the change in the diffraction angle is small,
A(0, E) is approximately a function of energy only; that is

e 1 + cos?20

™ = 36 (0)A(0, 2
0 #HOAD.2) sin’6 - cosf

A(0,E) (8)

Since an EDXRD spectrum is acquired at each pixel with a
location-dependent diffraction angle, and at different 260 angles,
the same diffraction occurs under different energies, all spectra
should be corrected according to Egs. (5), (6), and (8) to make them
energy and angle independent. The correction curves are shown in

Fig. 3.
3.3. Analysis of EDXRD data

Because the data in Fig. 2(b) is collected over a range of diffrac-
tion angles, it is very convenient to distinguish the fluorescence
signal from the diffraction signal without any ambiguity. The
resulting peaks are naturally divided into two groups: the fluores-
cence peaks, whose positions do not change with the diffraction

" 1250
' 625
o
) y
0
5 10 15 20 25
Energy (keV)
(a)
" 2.800x 10
' 1.617 % 104
< ’
N

B

0.4

0.6
1/d (A™)
(c)
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angle (Fig. 4(a)), and the diffraction peaks, whose positions vary
with the diffraction angle converted to g-space (1/d) (Fig. 4(b)).
The background is subtracted before the separation of the fluores-
cence and diffraction spectra.

The diffraction spectra are first corrected with Iharawares aS
plotted in Fig. 3(a), and A(E), and then converted to a function of
g-space according to Bragg's equation (Eq. (1)), as shown in
Fig. 4(c). The most prominent change after hardware correction
is that the (111) peak surpasses (022) to become the strongest
peak, which is the case for the ARXRD data. Meanwhile, the angular
dependency is reduced. Finally, using the diffraction angle and
wavelength-dependence correction 23 and $(0), the diffraction
angle dependence is essentially eliminated, as shown in Fig. 4(d).

3.4. Comparison with 2D-ARXRD

3.4.1. Relative intensities

Fig. 5(a) shows the ARXRD data, as measured by the Mar345
plate detector. A set of uniform and concentric Debye rings are col-
lected, suggesting that the CeO, powders are randomly oriented.
The diffraction spectrum in Fig. 5(b) is obtained by integrating
the whole rings. The diffraction peaks are located at 20 from
10.5° to 40.6°, and the d-spacing matches well with the CeO, pow-
der diffraction file (PDF) card [11].

It can be seen from Figs. 2(a) and 5(b) that the relative intensi-
ties of the diffraction peaks for ARXRD and EDXRD are significantly
different, although the peak positions of the two experiments align
perfectly. For example, (111) is the strongest peak in ARXRD, and is
significantly higher than (113) and (022). However, (022) is the
strongest diffraction in EDXRD. It is well established that the
diffraction intensity of ARXRD is affected by the Lorentz polariza-
tion factor [1] in addition to the structure factor, multiplicity,
absorption, and temperature. Therefore, the 2D-ARXRD data must
be divided by the angular factor ¢(60)cos20, where cos20 comes
from the correction of R (R/cos20, the real distance between the

5400
L

8.850 % 10°
L

i 4.954x 105

260(°)

06
1d (AT
(d)

0.4 0.8

Fig. 4. Spectra separated from the data collected by the simulated 88-pixel energy-dispersive detector array: (a) pure fluorescence spectra; (b) pure diffraction spectra
converted to a function of 1/d; (c) data of image (b) corrected by I araware and A(E); and (d) data of image (c) corrected with /> and ¢(0). The legends are the intensity (a.u.).

85



X. Wang, W. Dong, P. Zhang et al.

Engineering 10 (2022) 81-88

Intensity (x10%)

—— EDXRD sum
— ARXRD

-
o

Intensity (a.u.)
o
(6]

20

(@)

26(°)
(b)

30

0.4

Fig. 5. (a) The diffraction Debye rings received by a 2D area detector on a CeO, powder sample at an X-ray energy of 20 keV (the legend is the intensity (a.u.)); (b) the integrated
diffraction spectrum; (c) a comparison of the corrected ARXRD diffraction peak and the EDXRD peak relative intensity, with both values normalized to the (113) peak.

detector and sample) before being compared with the EDXRD data.
In Fig. 5(c), the sum of the EDXRD data from 88 pixels in Fig. 4(d)—
that is, corrected for hardware, sample absorption, angle, and
wavelength factors—is compared with the corrected data of 2D-
ARXRD in g-space, in which both curves are normalized to the
intensity of the (113) peak. The relative intensities of the corrected
EDXRD diffraction peaks agree nicely with those from 2D-ARXRD.

3.4.2. Signal intensity

As stated earlier, 2D-EDXRD is able to integrate signals in both
the X-ray wavelength and the detector size dimensions, whereas
the corresponding ARXRD techniques only integrate within the
dimensions of the detector. Therefore, 2D-EDXRD is perceived to
be more efficient as a high-throughput characterization technique.
The integrated intensity for the (111) peak area by 2D-EDXRD and
2D-ARXRD is determined to be 3.65 x 10° and 5.69 x 10°,
respectively.

In the 2D-ARXRD experiment, when the diffraction ring is fully
obtained, as is the case for the CeO,(111), (002), and (113) peaks in
this study, the integrated intensity should be half of the total dif-
fracted signal (the other half goes to the reflection mode); that is,
the solid angle coverage is effectively 27 sr. In the previous section,
we calculated that the solid angle coverage of 2D-EDXRD experi-
ment is 0.004 sr, which is 1570 times smaller than that of 2D-
ARXRD. Thus, the gain of EDXRD over ARXRD for the CeO,(111)
diffraction signal can be estimated as follows:

3.65 x 10° y
5.69 x 10°

2 x 3.1416

0004~ 10076

GaiNpess =

This result suggests that the same intensity can be collected
with a much smaller detector with EDXRD than with ARXRD. The
2D-EDXRD technique could be extremely advantageous when the
sample volume is small, such as in the microscale region of thin
films. This can be especially beneficial when the experimental
space is tight and/or the budget is limited.

3.4.3. Full width at half maximum

It can be seen from Fig. 5(c) that the EDXRD peaks are broader
than the ARXRD peaks. A quantitative fitting of the (022) peak
using the Voigt function indicates that the FWHM of ARXRD
(0.0054 A~1) is about half of that of EDXRD (0.0119 A~"). This sug-
gests that the g-space resolution of EDXRD does not quite match
that of ARXRD under our experimental conditions. There are two
primary reasons for the peak broadening in EDXRD: (D the energy
resolution of the SDD; and @ the angle span of the SDD when col-
lecting the signal. For EDXRD, 1/d can be expressed as follows,
according to Bragg’s law:
1 2Esinf

d 124

9)
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For a specific (hkl), the FWHM of 1/d can be obtained by taking
the full derivatives of Eq. (9):

Al _ 2AEsind  2Ecos0 - A0
d) 124 124

where AE is the energy resolution of the SDD, A6 is half of the angle
span of the SDD (0.125 keV and 0.433° or 0.00756 rad, respectively,
in this case). Applying Eq. (9) to Eq. (10) to eliminate E yields the
following:

(1) 2AEsing  ctan0 - A0
A a =

“ 124 T d

Eq. (11) shows that the FWHM of a given diffraction in g-space
consists of two terms that are related to the uncertainty of the
energy resolution and the diffraction direction, respectively, both
of which are a function of the diffraction angle. Fig. 6 shows the
theoretical energy resolution term, the angular uncertainty term
under three detector pixel angle spans, and the corresponding total
peak width (FWHM) in g-space calculated for the Ce0,(022) plane
(d =1.9132 A) as a function of the diffraction angle 20. The energy-
resolution-dependent term starts from 0 while 20 — 0 and
increases almost linearly with increasing 20. However, the detector
span angle term approaches oo when 260 — 0 and decreases with
increasing 20. As a result, the total FWHM reaches a minima near
the crossover point of the two terms. With smaller pixel size, the
value of the minima diminishes and the crossover points shift
toward a lower angle. For the experimental data collected at a
diffraction angle (260) of 22.6° and 34.2°, the FWHMs of the (022)
peak are 0.0115 and 0.0126 A1, respectively. In comparison, the
calculated values according to Eq. (11) are 0.0138 and
0.0123 A~!, which are within 20% of the experimental values.
Fig. 6 also shows that it is possible for EDXRD to achieve the same
or even smaller FWHM as ARXRD if the pixel angle span is small
enough, either by reducing the pixel size or by moving the detector
far away. For example, the FWHM of ARXRD (0.0054 A~') can be
obtained should the angle span of the detector be under 0.1°. If
the angle span is reduced further to 0.05°, the FWHM of EDXRD
will be better than that of ARXRD between a 26 of 6° and 26° under
the present energy resolution of the detector. However, the detect-
able range of lattice spacing will be limited under a low diffraction
angle.

(10)

(11)

3.4.4. Signal-to-noise ratio

The S/N ratio of EDXRD increased with the pixels of the detec-
tor. The S/N ratio of the (111) peak was about 2250/(22-100) for
a single pixel at 28.2°, and increased to about 188 600/(250-750)
for 88 pixels, in comparison with 248 600/(250-1000) for 2D-
ARXRD in this experiment. Statistically, it is well established that
the S/N ratio of a measurement is enhanced by multiplication,
and it improves proportionally to the square root of the repeat
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20 L — Energy resolution term
A6 =0.43° — Angle span term -e— Total FWHM
AB=0.10° — Angle span term -o— Total FWHM
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Fig. 6. FWHM of the Ce0,(022) diffraction peak in g-space at diffraction angle 20 at three detector angle spans.

number. Theoretically, in EDXRD, each pixel receives the whole
spectrum, the same as other pixels. Thus, the spectra can be added
and averaged to result in a better S/N ratio. It is natural to expect
that the S/N ratio for 2D-EDXRD will continue to improve with a
further increase in the pixel numbers of the detector.

3.5. Further comments

It should be noted that the principle of 2D-EDXRD is also appli-
cable to lab-scale X-ray sources. However, a lab X-ray tube con-
tains narrow but sharp characteristic peaks, which are often a
couple of orders of magnitude higher than the white light back-
ground. However, the integrated total X-ray photon flux is merely
a few times greater than that of the characteristic peak (e.g., three
times for a tungsten (W) target). Therefore, the benefits are limited.
In comparison, a synchrotron source offers white X-rays whose
flux is only mildly dependent on energy within a fairly wide band-
width. The total flux of white X-rays can be several orders of mag-
nitude higher, which yields a much higher enhancement in the
diffraction signal. For a lab X-ray to have the same enhancement,
it would be necessary to equip a different type of X-ray source with
flatter spectral characteristics than the ones that are commonly in
use at present.

In addition to intensity enhancement, another important fea-
ture associated with EDXRD is that a complete XRD spectrum with
a correct ratio of various peak heights can be obtained regardless of
whether a single point or a 2D array is used. This results in signif-
icant convenience for experiments. In comparison, ARXRD must
cover enough diffraction angles and an entire diffraction ring (or
an equal fraction of all peaks) to obtain the same information, or
else the relative intensity will be biased.

EDXRD is typically considered to provide fast but lower quality
diffraction data in comparison with ARXRD. Our analysis shows
that this may not always be true. It is possible for EDXRD to
achieve the same or even smaller FWHM as ARXRD if the experi-
mental parameters are properly chosen. The S/N ratio of EDXRD
can also be improved by integrating the data from multiple pixels.
This means that the potential of EDXRD may have been underesti-
mated. Therefore, it is worthwhile to further develop 2D-EDXRD as
a high-throughput technique for simultaneous structure and com-
position characterization with adequate data quality.

In the end, we would like to point out that the benefits of 2D-
EDXRD are based on the premise that a mature integrated
energy-dispersive detector array is available that offers sufficiently
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high energy resolution [21]. The energy resolution of a Peltier-
cooled CCD is 230 eV at present [16]. Several efforts toward
improving the energy resolution have been reported. For example,
an array energy-dispersive detector pnCCD with a low dynamic
range was launched by PNDetector GmbH in Germany [22]. A
Maila array energy-dispersive detector was developed at Berkeley
in the United States [23], and the HEXITEC detector was developed
in the United Kingdom [13,24]. It is anticipated that commercial
versions of high energy resolution 2D array detectors will appear
in the next several years.

4. Conclusions

2D-EDXRD is considered to be a good candidate as a high-
throughput characterization technique, since it integrates signals
in two spatial directions, as well as in wavelength. In this paper,
a CeO, powder sample was measured at SSRF using setups of 2D-
ARXRD, EDXRD, and 2D-EDXRD, in which a moving single-point
SDD was used to simulate an 88-pixel 2D detector array. In the
EDXRD experiment, both XRD and XRF data were collected simul-
taneously. Furthermore, the range of detectable lattice spacing
increased with an increasing diffraction angle, given the energy
range of the X-ray source. The 2D detector array not only propor-
tionally increased the signal counts, but also improved the S/N
ratio. The XRD data from 2D-EDXRD were corrected for
hardware-related factors and diffraction angle dependency, result-
ing in relative peak heights that were well consistent with ARXRD.
It was shown that the diffraction signal enhancement by 2D-
EDXRD over 2D-ARXRD under the experimental conditions was
about 10%-fold. The measured FWHM of the EDXRD peaks in g-
space was consistent with the theoretical analysis. For a given X-
ray source, the FWHM is a function of the diffraction angle and
pixel angle span. Sharper peaks matching ARXRD quality can be
achieved by choosing the experimental parameters properly.

Acknowledgments

This work is supported by the National Key Research and
Development Program of China, China (2017YFB0701900) and
High-Level Special Funds (G02256401 and G02256301).
X.-D. Xiang is also supported by the fund of the Guangdong Provin-
cial Key Laboratory (2018B030322001) and the Guangdong-Hong
Kong-Macao Joint Laboratory (2019B121205001).



X. Wang, W. Dong, P. Zhang et al.
Compliance with ethics guidelines

Xiaoping Wang, Weiwei Dong, Peng Zhang, Haoqi Tang, Lanting
Zhang, Tieying Yang, Peng Liu, Hong Wang, and X.-D. Xiang declare
that they have no conflict of interest or financial conflicts to
disclose.

References

[1] Cullity BD, Stock SR. Elements of X-ray diffraction. 3rd ed. London: Pearson;
2014

[2] Xiang XD, Sun X, Bricefio G, Lou Y, Wang KA, Chang H, et al. A combinatorial
approach to materials discovery. Science 1995;268(5218):1738-40.

[3] Xiang XD, Wang G, Zhang X, Xiang Y, Wang H. Individualized pixel synthesis
and characterization of combinatorial materials chips. Engineering 2015;1
(2):225-33.

[4] Gregoire JM, Dale D, Kazimirov A, DiSalvo FJ, van Dover RB. High energy X-ray
diffraction/X-ray fluorescence spectroscopy for high-throughput analysis of
composition spread thin films. Rev Sci Instrum 2009;80(12):123905.

[5] Xing H, Zhao B, Wang Y, Zhang X, Ren Y, Yan N, et al. Rapid construction of Fe-
Co-Ni composition-phase map by combinatorial materials chip approach. ACS
Comb Sci 2018;20(3):127-31.

[6] Rodriguez-Alvarez H, Weber A, Lauche |, Kaufmann CA, Rissom T, Greiner D,
et al. Formation of CulnSe, and CuGaSe; thin films deposited by three-stage
thermal Co-evaporation: a real-time X-ray diffraction and fluorescence study.
Adv Energy Mater 2013;3(10):1381-7.

[7] Nielsen MB, Ceresoli D, Parisiades P, Prakapenka VB, Yu T, Wang Y, et al. Phase
stability of the SrMnOsz hexagonal perovskite system at high pressure and
temperature. Phys Rev B 2014;90(21):214101.

[8] Giessen BC, Gordon GE. X-ray diffraction: new high-speed technique based on
X-ray spectrography. Science 1968;159(3818):973-5.

[9] Buras B, Olsen ]S, Gerward L. White beam, X-ray, energy-dispersive
diffractometry using synchrotron radiation. Nucl Instrum Methods 1978;152
(1):293-6.

[10] Luo Z, Geng B, Bao ], Liu C, Liu W, Gao C, et al. High-throughput X-ray
characterization system for combinatorial materials studies. Rev Sci Instrum
2005;76(9):095105.

[11] Mendoza Cuevas A, Bernardini F, Gianoncelli A, Tuniz C. Energy dispersive X-
ray diffraction and fluorescence portable system for cultural heritage
applications. X-Ray Spectrom 2015;44(3):105-15.

88

Engineering 10 (2022) 81-88

[12] Drakopoulos M, Connolley T, Reinhard C, Atwood R, Magdysyuk O, Vo N, et al.
[12: the joint engineering, environment and processing (JEEP) beamline at
diamond light source. ] Synchrotron Radiat 2015;22(3):828-38.

[13] O’Flynn D, Reid C, Christodoulou C, Wilson M, Veale MC, Seller P, et al.
Pixelated diffraction signatures for explosive detection. In: Broach ]T,
Holloway JH Jr, editors. Proceedings of SPIE 8357: detection and sensing of
mines, explosive objects, and obscured targets XVII; 2012 Apr 23-27;
Baltimore, MD, USA; 2012.

[14] O’Flynn D, Crews C, Drakos I, Christodoulou C, Wilson MD, Veale MC, et al.
Materials identification using a small-scale pixellated X-ray diffraction system.
J Phys D 2016;49(17):175304.

[15] Nakai I, Abe Y. Portable X-ray powder diffractometer for the analysis of art and
archaeological materials. Appl Phys A 2012;106(2):279-93.

[16] Chiari G, Sarrazin P, Heginbotham A. Non-conventional applications of a

noninvasive portable X-ray diffraction/fluorescence instrument. Appl Phys A

2016;122(11):990.

FAST SDD® ultra high performance silicon drift detector [Internet].

Bedford: AMPTEK, Inc.; c2019 [cited 2022 Jan 18]. Available from: https://

www.amptek.com/products/x-ray-detectors/fastsdd-x-ray-detectors-for-xrf-

eds/fastsdd-silicon-drift-detector.

Rebuffi L, del Rio MS. OASYS (orange synchrotron suite): an open-source

graphical environment for X-ray virtual experiments. In: Chubar O, Sawhney

K, editors. Proceedings Volume 10388: advances in computational methods for

X-ray optics IV; 2017 Aug 6-10; San Diego, CA, USA; 2017.

Salavati-Niasari M, Davar F, Loghman-Estarki MR. Long chain polymer assisted

synthesis of flower-like cadmium sulfide nanorods via hydrothermal process. ]

Alloys Compd 2009;481(1-2):776-80.

[20] Scarlett NVY, Madsen IC, Evans ]SO, Coelho AA, McGregor K, Rowles M, et al.
Energy-dispersive diffraction studies of inert anodes. ] Appl Cryst 2009;42
(3):502-12.

[21] Wollman DA, Irwin KD, Hilton GC, Dulcie LL, Newbury DE, Martinis JM. High-
resolution, energy-dispersive microcalorimeter spectrometer for X-ray
microanalysis. ] Microsc 1997;188(3):196-223.

[22] Ordavo I, Ihle S, Arkadiev V, Scharf O, Soltau H, Bjeoumikhov A, et al. A new
pnCCD-based color X-ray camera for fast spatial and energy-resolved
measurements. Nucl Instrum Meth A 2011;654(1):250-7.

[23] Ryan CG, Siddons DP, Kirkham R, Li ZY, de Jonge MD, Paterson DJ, et al. Maia X-
ray fluorescence imaging: capturing detail in complex natural samples. ] Phys
Conf Ser 2014;499:012002.

[24] Schroeder G. Summary of NSLS-II source properties [Internet]. Upton:
Brookhaven National Laboratory; [cited 2022 Jan 18]. Available from:
https://www.bnl.gov/nsls2/docs/PDF/Summary_of_NSLS-II_Source_Properties.
pdf.

[17]

[18]

[19]


http://refhub.elsevier.com/S2095-8099(22)00063-7/h0005
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0005
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0010
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0010
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0015
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0015
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0015
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0020
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0020
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0020
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0025
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0025
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0025
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0030
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0030
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0030
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0030
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0030
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0030
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0035
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0035
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0035
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0035
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0040
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0040
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0045
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0045
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0045
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0050
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0050
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0050
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0055
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0055
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0055
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0060
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0060
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0060
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0070
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0070
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0070
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0075
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0075
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0080
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0080
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0080
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0095
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0095
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0095
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0100
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0100
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0100
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0105
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0105
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0105
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0110
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0110
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0110
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0115
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0115
http://refhub.elsevier.com/S2095-8099(22)00063-7/h0115
https://www.bnl.gov/nsls2/docs/PDF/Summary_of_NSLS-II_Source_Properties.pdf
https://www.bnl.gov/nsls2/docs/PDF/Summary_of_NSLS-II_Source_Properties.pdf

	High-Throughput Powder Diffraction Using White X-Ray Beam and a Simulated Energy-Dispersive Array Detector
	1 Introduction
	2 Experiments
	3 Results and analysis
	3.1 Energy-dispersive X-ray diffraction
	3.2 Correction of EDXRD peaks
	3.3 Analysis of EDXRD data
	3.4 Comparison with 2D-ARXRD
	3.4.1 Relative intensities
	3.4.2 Signal intensity
	3.4.3 Full width at half maximum
	3.4.4 Signal-to-noise ratio

	3.5 Further comments

	4 Conclusions
	ack15
	Acknowledgments
	Compliance with ethics guidelines
	References


