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Polarized X-rays have been utilized for many years to reduce the scattering background and optimize the
signal-to-background ratio in the measurement of X-ray fluorescence spectra. It is vital to set a small solid
angle in the direction of polarization for collecting fluorescence X-rays and scattering X-rays from a sample.
Conventionally, this is realized by employing a large sample-to-detector distance and limiting the size of the
probing area on the sample and the opening area of the detector. In this work, a collimator plate that
assembles many parallel straight hollow capillaries is inserted between the sample and the detector. This
can improve the signal-to-background ratio by tens of times when the primary X-rays have a high
degree of polarization. The probing area on the sample is as large as 13.3 x 13.3 mm, making it
convenient to survey trace elements dispersed in large-area environmental samples and industrial
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applicable to low-Z elements. The present polarization-collimator experimental scheme can exhibit its
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1. Introduction

X-ray fluorescence (XRF) has been used for several decades to
detect trace-level contaminants in environmental samples®?
and industrial products.** It is also a promising probe for
directly inspecting the behavior of trace elements in biological
tissues.>® In these studies, the signal of fluorescence X-rays
from the target trace elements was weak, whereas the back-
ground of scattering X-rays from the entire sample matrix was
much stronger. To increase the signal-to-background ratio
(SBR), a general method is to perform experiments using line-
arly polarized X-rays.”**

The physical explanation is as follows: while fluorescence X-
rays spread isotropically, the intensity of scattering X-rays has
an angular distribution, and a sharp minimum occurs in the
direction of polarization of the primary X-rays. Therefore, the
SBR can be greatly increased by collecting X-rays at a small solid
angle in the direction of polarization. So far, this is realized in
a conventional scheme: illuminating a small probing area on
the sample, opening a small active area on the detector, and

arranging a large sample-to-detector distance. However,
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sometimes the probing area needs to be enlarged to study the
elements dispersed in large-area samples.

In this case, the sample-to-detector distance has to be
increased greatly to ensure that the detector is still roughly in
the polarization direction with respect to every part on the
sample. This is sometimes unacceptable owing to the size
limitations of instruments or the strong absorption of low-
energy fluorescence X-rays in a long air path.

In this work, we propose the insertion of a collimator plate
between the sample and detector. The collimator plate assem-
bles many parallel straight hollow capillaries. It only passes X-
rays that move parallel to the capillary axis. The allowed
angular divergence is determined by the radius-to-length ratio
(RLR) of the capillaries. In an experiment, the capillary axis is
aligned parallel to the polarization of the primary X-rays. When
the radius of the capillaries is at the micron level, the length of
the capillaries, i.e., the thickness of the collimator plate, can be
1 mm. In this way, the sample-to-detector distance can be as
short as 2 to 3 mm.

In addition, as all detected scattering X-rays are always
guided by the capillaries, the probing area on the sample has no
size limitation as long as the collimator plate and XRF detector
are large enough. In this work, a conventional CCD camera
sensor is utilized as an energy-dispersive XRF spectrometer
owing to its large sensor. Then, the effective probing area on the
sample is equivalent to the CCD sensor area, which is greater
than 170 mm?>.

A smaller RLR of the capillaries leads to a smaller solid angle
for collecting scattering X-rays and consequently increases the
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SBR in the XRF spectra. However, this also decreases the effi-
ciency of accumulating XRF signals. Calculations in this work
show that there exists a critical value at which a further reduc-
tion in the RLR of the capillaries can no longer improve the SBR.
This critical value of the RLR depends on the degree of polari-
zation (DOP) of the primary X-rays. The calculation result here
provides guidance for choosing an optimum collimator plate
for a practical experiment to obtain the maximum counting rate
under the premise of achieving the best SBR. Experiments in
this work verify that trace elements of a few ppm in several
certified reference materials (CRMs) can be successfully detec-
ted with using the smallest RLR of capillaries. The possible
amount of reduction of the scattering intensity is also
discussed.

2. Experimental

The experiment was carried out at the vertical wiggler beamline,
BL-14B,"” Photon Factory, High Energy Accelerator Research
Organization (KEK), Japan. Fig. 1 shows a schematic illustration
of the experimental setup. The primary synchrotron X-ray beam
was monochromatized by the crystal monochromator, and then
the beam size was expanded in the perpendicular direction to
the polarization vector, by using an asymmetric-cut crystal*® (Si
220 reflection with a miscut angle of 18°, leading to 19.62 times
expansion at 9.53 keV). The beam size was 15 (H) x 0.6 (V) mm.
It was linearly polarized in the vertical direction. The DOP was
0.95. The full-beam intensity was on the order of 10° counts per
second. In the experiment, the sample was horizontally moun-
ted. It was slightly tilted to make the angle between its surface
and the primary X-ray beam approximately 2.5°.

Thus, a wide area of approximately 15 x 14 mm on the
sample was illuminated. A conventional CCD camera was
placed above the sample, facing downward. The width of the
gap between the sample surface and CCD sensor was approxi-
mately 3 mm. A collimator plate™® was inserted in the gap. It
was fabricated inside the camera housing. The thickness of the
collimator plate was 1 mm. The radius of each capillary was 3

Fig. 1 Schematic illustration of the experimental setup.
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um. The overall opening ratio of the collimator plate was 0.58.
The collimator plate was made of glass. The inner surfaces of
the capillaries were coated with thin gold films to prevent X-ray
transmission.

The CCD sensor (CCD47-10, produced by e2V) utilized here
was a conventional one. It was designed for visible light. Its
thickness was 10 um and pixel size was 13 x 13 pm. The pixel
resolution was 1024 x 1024. The active area of the sensor was
13.3 x 13.3 mm. The collimator plate parallelly projected X-rays
from the sample to the sensor, and the probing area on the
sample (13.3 x 13.3 mm) could be fully illuminated by the
primary X-ray beam. During the experiment, the inside of the
camera housing was a vacuum, and the sensor was cooled to
—30 °C. To serve as an energy-dispersive XRF spectrometer, the
CCD camera was operated in the single-photon counting mode,
and a unique filtering method was adopted to process the
charge-sharing problem in photon energy reconstruction.
Further details of the camera operation and performance have
been published elsewhere."” In this work, the energy resolution
in the XRF spectra was 150 eV at 5.9 keV.

In order to demonstrate how much the scattering intensity
was reduced by the present synchrotron polarized experiment,
one controlled trial was performed with unpolarized X-rays in
the laboratory. The same samples were measured again. The
primary X-rays came from a sealed-type copper X-ray tube. A
crystal monochromator [graphite (002)] was employed to obtain
monochromatic copper Ko X-rays (8.05 keV). The beam size was
1 (H) x 5 (V) mm. The full-beam intensity was on the order of
10® counts per second.

Because of the diffraction at the monochromator, the
primary X-rays were slightly polarized with a DOP of 0.05, but
the contribution to the observed scattering intensity is almost
negligible. The sample was vertically mounted. The angle
between the sample surface and primary X-ray beam was 3°. A
Si-PIN detector (X-123 from Amptek) was placed in the same
horizontal plane as the primary X-ray beam and the sample. The
distance from the sample surface to the detector top was 80
mm. The active area of the detector sensor was 6 mm”. The
sensor thickness was 500 pm.

3. Results and discussion

Fig. 2 shows the XRF spectra of a lithium borate pellet that
includes 100 ppm chromium, iron, cobalt, and copper. The
spectra in Fig. 2(a) were measured in the synchrotron polarized
experiment. The live time to accumulate the spectra was 4 h.
The spectra in Fig. 2(b) were measured in the laboratory
unpolarized experiment. The live time to accumulate the
spectra was 10 min. Details of the spectra were enlarged and
attached on the right side. Information for all spectral lines was
tabulated at the top of the figure.

On the basis of the two spectra, it was estimated that the
sample contained more than 1% potassium, which might be
introduced during sample preparation. In addition, a trace
amount of nickel was detected. This was an unexpected
contaminant, and its concentration was estimated to be less
than 50 ppm. It was noted that the relative intensities of the Ko

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 X-ray fluorescence spectra of the lithium borate pellet that includes 100 ppm chromium, iron, cobalt, and copper: (a) measured in the
synchrotron polarized experiment and (b) measured in the laboratory unpolarized experiment. Details of spectra were enlarged and attached on

the right side.

lines of trace elements in the two spectra were different. This
was due to the thickness difference between the CCD sensor
and the Si-PIN sensor, which resulted in different detection
efficiencies for these spectral lines. In Fig. 2(a), the scattering
peak was located at 9.53 keV. Its intensity, including coherent
scattering and Compton scattering, was on the same order of
magnitude as the intensities of the Ko lines of the trace
elements. In Fig. 2(b), copper K lines were not excited. The
scattering peak (8.05 keV) was even stronger than that of
potassium Ko when the concentration of potassium was greater
than 1%.

This significant difference in the scattering intensity was due
to the co-contribution of the polarization of the primary X-rays
and the utilization of a collimator plate. For quantitative
information, when two spectra were normalized by their
respective iron Ka intensities, the intensity of scattering, which
was inversely proportional to the SBR, was reduced to 1/15 from
Fig. 2(b) to (a). It is worth noting that this quantitative
comparison excluded the influence of the difference of the
primary X-ray energies and detection efficiencies in the two
experiments.

Fig. 3 shows the XRF spectra of a CRM, NIST 81a, glass
sand.' To prepare the sample, the original material was mixed
with cellulose powder at a mass fraction of 30%, following
which the mixture was pressed into a pellet with a density of
1.5 g cm >, The spectra in Fig. 3(a) were measured in the
synchrotron polarized experiment. The live time was 2 h. The
spectra in Fig. 3(b) were measured in the laboratory unpolarized
experiment. The live time was 10 min. On the basis of previous
certified composition reports, the pellet sample was inferred to
contain 147 ppm titanium, 7 ppm chromium, and 172 ppm
iron, the K lines for which could be detected in the XRF spectra.

This journal is © The Royal Society of Chemistry 2019

Other elements, i.e., potassium, calcium, manganese, and
copper, were detected. The concentrations of these elements
were not reported previously. In this experiment, their
concentrations were estimated to be a few ppm to tens of ppm.
In Fig. 3(a), owing to the low background intensity contributed
by the small scattering intensity, the K lines of these trace
elements can be detected despite the low counting statistics of
the XRF spectra. In addition, the arrangement of spectral lines
in Fig. 3(b) showed good agreement with that in Fig. 3(a), except
that the cobalt K lines overlapped with the huge scattering peak,
and the copper K lines were not excited by the 8.05 keV primary
X-rays.

Two additional CRMs, NIST 1515 (ref. 19 and 20) and JSAC
0615,>* were tested to verify the performance of the present
experimental scheme in detecting trace elements in different
sample matrices. The results are included in the ESL.}

In this work, the accumulation efficiency of the XRF spectra
in the synchrotron polarized experiment was low. One reason
was that the primary synchrotron beam was weakened owing to
beam manipulation. More important, the capillaries on the
collimator plate in this work had a small RLR. The radius of the
capillaries was 3 um, and the length of the capillaries was 1 mm.
The resulting effective solid angle was only 2.8 x 10 ° sr. Such
a small RLR was designed for collecting X-rays at a small
angular divergence with respect to the direction of polarization,
but it certainly worsened the measurement efficiency as it
blocked fluorescence X-rays in other directions.

Nevertheless, it is often unnecessary to use such a small RLR
of capillaries. When the angular distribution of the scattering
intensity has an invariant component in the direction of
polarization, the SBR cannot be optimized infinitely by reducing
the RLR of the capillaries ceaselessly. In other words, there
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Fig. 3 X-ray fluorescence spectra of the CRM, NIST 81a, glass sand. The original material was mixed with a cellulose matrix at a mass fraction of
30%: (a) measured in the synchrotron polarized experiment and (b) measured in the laboratory unpolarized experiment. Details of spectra were

enlarged and attached on the right side.

exists a critical value of the RLR at which its further reduction
can no longer improve the SBR. In an experiment, the RLR of
the capillaries should be designed at this critical value so that it
can collect X-rays as much as possible under the premise of
achieving the best SBR. When the primary X-rays are not
perfectly polarized, the critical value of the RLR is dependent on
the DOP of the primary X-rays.

In this work, we calculated the relationship between the
detected scattering intensity and the RLR of the capillaries
under different DOP conditions (see Section II in the ESIT). The
calculation here only considered the differential cross section of
coherent scattering and Compton scattering from an electron®
because this physical process determines the fact that the
angular distribution of the scattering intensity has a sharp
minimum in the direction of polarization. In the calculation,
the primary X-ray energy was set as 9.53 keV. The calculation
result is shown in the color map in Fig. 4. The x-axis was plotted
on a log scale since it represents the RLR of the capillaries. Here,
r denotes the capillary radius, and ¢ denotes the thickness of the
collimator plate, i.e., the capillary length.

The y-axis was plotted on a square-root scale since it repre-
sents the DOP of the primary X-rays. The intensity in the color
map indicates the detectable average scattering cross section
Gscat, Which was subsequently normalized by the effective solid
angle Q. For the same sample, as the detectable fluorescence
intensity is proportional to the effective solid angle Q, 75.../Q
was considered to be inversely proportional to the SBR in the
XRF spectra. It is worth noting that in an actual experiment,
other factors including the atomic form factor, incoherent
scattering function,® and absorption in the sample matrix
should also be considered. However, when r/t is small, these
factors do not significantly distort the contour of the color map

2276 | J. Anal. At Spectrom., 2019, 34, 2273-2279

in the same experiment. Therefore, they were not included in
the calculation model for simplicity.

As indicated in Fig. 4, at a specific DOP, the reduction of Gc,/
Q terminates at a critical value of r/¢. This critical value depends
on the DOP. For example, when the thickness of the collimator
plate is 1 mm and the DOP is 0.9, 0.95, 0.99, and 0.999, the
corresponding critical radii of the capillaries are 30 um, 25 pm,
14 pm, and 6 um, respectively. In this way, Fig. 4 provides guid-
ance for choosing an optimum collimator plate for a practical
experiment when the DOP of the primary X-rays is known.

In addition, it is noted that even when the primary X-rays are
perfectly polarized, the reduction of 7.,/Q still terminates at /¢
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Fig. 4 Average scattering cross section ascot With respect to the DOP
of primary X-rays and the ratio of capillary radius r to collimator plate
thickness t. Scattering cross section is in the units of re?, where reo
denotes the classical electron radius and equals 2.82 x 107> A, and is
normalized by the effective solid angle Q of capillaries.

This journal is © The Royal Society of Chemistry 2019
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= 0.003. This is related to the fact that the differential cross
section of Compton scattering does not vanish in the direction
of polarization. The value of 0.003 is the smallest RLR of the
capillaries in the present polarization-collimator scheme. The
experiments in this work verified that trace elements of
a few ppm can be detected even when using capillaries with the
smallest RLR.

In this work, the probing area on the sample was 13.3 x 13.3
mm, making it convenient to survey trace elements dispersed in
large-area environmental samples and industrial products.
Meanwhile, the sample-to-detector distance was always
approximately 3 mm, which was independent of the probing
area size. Such a small distance reduces the absorption of low-
energy fluorescence X-rays in air and is consequently favorable
for the detection of low-Z elements such as sulfur and chlorine.

On the other hand, if a collimator plate is not utilized, the
optimum sample-to-detector distance becomes much longer.
For example, assuming that the probing area on the sample is @
10 mm and the active area on the detector is ® 6 mm, in order to
achieve a similar 64.,/Q value to the critical value in the
collimator-plate experiment, the necessary sample-to-detector
distance is 16 ¢cm, 18 cm, 32 cm, and 70 cm when the DOP of
the primary X-rays is 0.9, 0.95, 0.99, and 0.999, respectively. The
advantage of using a collimator plate is clear.

In order to clarify how much the scattering intensity can be
reduced by the present polarization-collimation experimental
scheme, a set of XRF spectra were generated using Monte Carlo
simulation software XMI-MSIM.** In the simulation, the sample
was a cellulose pellet that included 100 ppm iron. The
geometrical parameters were set the same as in the experiments
in this work, either for the model of the synchrotron polarized
experiment or for the model of the laboratory unpolarized
experiment. For ease of comparison, in the two models, the
primary X-ray energy was set the same as 9.53 keV, and the
detector sensor thickness was set the same as 500 um. The final
simulated XRF spectra are included in the ESI.j It was found
that when using polarized primary X-rays and the collimator
plate in this work, the SBR improves by more than 10 times
when the DOP is 0.90, 30 times when the DOP is 0.95, and 60
times when the DOP is 0.99.

Improving the SBR in XRF spectra makes it easy to analyze
trace elements. One major concern is the minimum detectable
limit (MDL). This limit is determined by the statistical fluctua-
tions of the background beneath a given XRF peak. Therefore,
the accumulated counts of the background play an important
role, and the signal-to-noise ratio (SNR) is more crucial than the
SBR in this discussion. Approximate equations of the SNR and
the MDL are given as

S
SNR = /I, T — 1
VAT 2 (1)
and
1 VB
MDL = C— — 2
c T S (2)

where C is a constant for a specific element, I, is the intensity of
the primary X-rays, T is the accumulation time, S denotes the

This journal is © The Royal Society of Chemistry 2019
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detected XRF signals, and B denotes the detected background
which is mostly contributed by and proportional to the detected
scattering X-rays. When polarized primary X-rays and a colli-
mator plate are utilized, S is proportional to the effective solid
angle Q and B is approximately proportional to Q* when Q is
small because of the angular distribution of scattering X-rays
(see Section II in the ESIt). Consequently, when I, and T are
fixed, the MDL remains unchanged even if Q is reduced and the
SBR is improved. However, in the case where the primary X-rays
are very strong and the XRF detector is easily saturated by the
strong scattering X-rays, the intensity of the primary X-rays must
be weakened to avoid saturation. Thus, the available I, is
limited by the intensity of the scattering X-rays, i.e. I, « Q> In
this case, within the same accumulation time 7, the MDL is
proportional to @, and it can be improved by reducing Q. This
relationship also applies to conventional polarized XRF exper-
iments without a collimator plate.*

For example, in this work, the I, in the laboratory experiment
was on the order of 10® counts per second. The corresponding T
was 600 seconds and Q was 9.4 x 10~ sr. Meanwhile, the I, in
the synchrotron experiment was on the order of 10° counts per
second. The corresponding T was about 10* seconds and Q was
2.8 x 107> sr. Such a small Q significantly reduced the accu-
mulation efficiency of the XRF spectra. As a result, the signal
counts obtained in the synchrotron experiment were even lower
than those obtained in the laboratory experiment considering
the lower X-ray detection efficiency of the CCD sensor. On the
other hand, nowadays, the I, in most 3rd generation synchro-
tron facilities exceeds 10'" counts per second, whereas the
saturation of most XRF detectors is below 10°. For this reason,
the strong primary X-rays are often weakened and wasted in
trace-element analysis to avoid the saturation of XRF detectors.
In this case, utilizing the collimator plate is adequate to fully
use the strong primary X-rays and to improve the MDL.

The present experimental scheme can work in either
a vacuum or air. In this work, the sample-to-detector distance
was 2-3 mm. It can become up to tens of millimeters for the
ease of sample alignment. When the primary X-rays are strong
enough, the present experimental scheme can be combined
with the total-reflection XRF (TXRT) technique to improve the
MDL further. It can also be applied to handheld XRF setups if
a wide polarized X-ray beam is produced using Soller slits and
a scatterer. When the elements in the sample are excited by
electron beam rather than by the polarized X-rays, the back-
ground in the spectra is mostly composed of bremsstrahlung X-
rays, the intensity of which has no sharp minimum in the
angular distribution. Thus, the use of a collimator plate in
electron probe energy dispersive X-ray spectroscopy is unnec-
essary. The collimator plate can be replaced with other X-ray
collimation components such as 2D Soller slits. The detector
can be a cooled CCD/CMOS sensor, a silicon PIN diode detector,
a silicon drift detector, or any other XRF detector. However,
a large active area on the detector sensor is essential. In this
work, we used a CCD sensor because of its large sensor area of
greater than 170 mm? while such a large area is still
uncommon for ordinary XRF detectors.
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The present experimental scheme was developed for anti-
scattering XRF analysis of large-area samples. It is suitable for
many practical applications such as the survey of elemental
impurities in pharmaceuticals®” and heavy metal contaminants
in s0il,*®** agriculture products,® and marine products.** The
technique of XRF analysis is adopted for easy sample prepara-
tion and rapid sample screening. As the concentration of target
elements is often below 1 ppm and they are dispersed in sample
matrices, utilizing strong and polarized synchrotron X-rays is
necessary. In addition, as the distribution of the trace elements
in the sample matrices is often inhomogeneous, it is better to
probe a large area on samples to eliminate the influence of
inhomogeneity.

4. Conclusions

In this work, a collimator plate that assembles many parallel
straight hollow capillaries was inserted between the sample and
detector in XRF measurements. The plate can improve the SBR
in the XRF spectra by tens of times when the primary X-rays
have a high DOP. The probing area on the sample was as
large as 13.3 x 13.3 mm, making it convenient to survey trace
elements dispersed in large-area environmental samples and
industrial products. The sample-to-detector distance was as
short as 3 mm, making the instruments compact and applicable
to low-Z elements. The present polarization-collimator experi-
mental scheme can exhibit the maximum potential when it is
combined with strong and highly polarized synchrotron radia-
tion. In addition, as the combination of the collimator plate and
the CCD detector can give one-to-one correspondence between
the specific sample position and the specific pixel in the
detector, the present experimental scheme can be applied to
highly sensitive full-field XRF imaging,'>"'"*>?¢ while its perfor-
mance simply in antiscattering XRF analysis with the use of
a conventional CCD camera and polarized X-rays is already
sufficiently attractive.
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