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Laboratory experiments of particle size effect in X-ray fluorescence and
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We performed laboratory experiments to investigate the effect of particle size in X-ray fluorescence (XRF)
with respect to interpreting remote X-ray spectrometry. To simulate microscopic roughness of the uppermost
surface of lunar regolith, we used powdery specimens of crashed rocks ranging 25 to 500 µm in size and flat rock
plates for comparison. Our results show that XRF intensities from powdery specimens decrease relative to those
from flat plates by up to 50%, especially for larger particle size and at increasing source-to-surface-to-detector
angle (phase angle). Corrections should be required for elemental analysis by XRF spectrometry in the SELENE
“Kaguya” and other planetary orbiter missions.
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1.

Introduction

Detailed studies of X-ray fluorescence (XRF) experiments on rough surfaces are required in order to be able
to interpret the results of remote planetary X-ray spectrometry and determine the surface elemental composition with
improved accuracy.
XRF is a well-established technique for major elemental analysis in the laboratory. Irradiation by primary X-rays
excites atoms in the target material via photo-absorption.
This is accompanied by the escape of inner-shell electrons,
followed by the movement of an outer-shell electron to the
vacancy. The result is the emission of X-rays characteristic of the element. In the same manner, the irradiation
of atmosphere-free planetary surfaces by solar X-rays produces XRF excitation characteristic of elements. Major elemental mapping in planets can be carried out with concurrent observation of X-rays from the Sun and the planet,
as was proven in the Apollo 15 and 16 missions (e.g.,
Adler and Trombka, 1977). This method has also been
used in planetary missions such as the Near-Earth Asteroid Rendezvous-Shoemaker (Trombka et al., 2000; Nittler
et al., 2001), Hayabusa (Okada et al., 2006, 2007), and
SMART-1 (Kellett et al., 2006; Grande et al., 2007).
In the laboratory, flat samples or compacted powders are
usually used as specimens. The surface roughness of these
specimens is much less than 10 µm. However, planetary
surfaces are covered with soils and breccias called regolith
whose average diameter ranges from ten to hundreds of
micrometers, far from the ideal surface for detailed analc The Society of Geomagnetism and Earth, Planetary and Space SciCopyright 
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.

ysis. Although particle size effect in XRF has been studied in a number of practical cases (Claisse and Samson,
1962; Suortti, 1972; Nielson and Rogers, 1986; Abdunnabi
and Wasilewska-Radwanska, 1994), few studies have been
carried out for planetary XRF spectrometry. Kuwada et
al. (1997) performed laboratory experiments using a sandy
specimen of having a simple composition, such as SiC and
Al2 O3 powders, and showed a remarkable decrease in XRF
intensities when observed at rougher particle size and at
larger phase angles. These researchers also carried out numerical calculations in which they assumed the rough surface was rectangular in shape. Their results were in good
agreement with the experimental results, suggesting that the
effects are mainly explained by the shadowing of incident
primary X-rays and the absorption of emission fluorescent
X-rays. They also pointed out that this decrease could cause
a serious error in terms of rock-type classification by remote
planetary missions, particularly when observed at large solar phase angles. Okada (2004) performed laboratory experiments under atmosphere (normal temperature and pressure) using a basaltic powder specimen and showed a clear
decrease in Ca/Fe and Ti/Fe at larger phase angles, as expected based on the results of these earlier studies (Kuwada
et al., 1997; Kuwada, 1998). XRF numerical modeling for
regolith surface has been recently studied using a fractionalBrownian-motion model (Näränen et al., 2007). The results
suggest that further detailed studies are required to investigate this effect.
In the SELENE (Selenological and Engineering Explorer, nicknamed “Kaguya”, which means the lunar
princess in a Japanese fairy tale) lunar polar orbiter mission
and other future planetary missions, remote XRF spectrometry is planned at various solar phase angles (e.g., Okada et
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Fig. 1. The experimental setup (A) and its configuration (B) are shown. The specimens are placed on the sample holder inside the helium gas-filled
chamber. The holder can be declined up to 30◦ . X-ray incident and emission angles are selectable by changing the attached position of X-ray tube
and detector.

2.

Laboratory Experiments on the Particle Size
Effect in XRF

We performed laboratory experiments to investigate the
particle size effect in XRF (Maruyama et al., 2006, 2007;
Maruyama, 2007). Although the experimental setup should
preferably be constructed under vacuum in order to avoid
any absorption of low-energy XRF photons of all the major elements, we adopted a helium-filled condition because
of its convenience in sample exchange, high X-ray transparency, and ease of source-to-sample-to-detector angle
(phase angle) variation.
We developed an apparatus consisting of a helium chamber with incident and emission X-ray windows, an X-ray
tube, and an X-ray detector (Fig. 1). X-ray incident and
emission angles are changeable from 0◦ (normal to the specimen’s surface) to ±90◦ , but there is a geometrical limitation of the minimum phase angle to 25◦ . Powdery and flat
plate specimens are mounted on the sample holder inside
the helium-filled chamber. The holder can be inclined up
to 30◦ . The primary X-rays, generated using a chromiumtarget X-ray tube with a vanadium thin filter, consist of an
intense line spectrum of Cr-Kα (5.41 KeV) and the continuum spectra by bremsstrahlung emission. The beam diameter of the primary X-rays is collimated to 5 mm at the
surface of specimen. XRF from the specimen is excited by
irradiation of primary X-rays, detected with a Si-PIN photodiode (AMPTEK XR-100CR), and conducted by pulse
height analysis from a multi-channel analyzer (NAIG E-551
and E-562A)-based spectrometer. The energy resolution of
the detector (200 eV at 5.9 KeV) is sufficient to discriminate
the XRF of each major element and observe these simultaneously. In this setup, line spectra of Al, Si, Ca, Ti, and Fe
are detected with sufficiently high sensitivity, but the Mg
line spectrum is too faint to analyze in the integration period of 600 s. The intensities of the K-α and K-β XRF lines
are derived by Gaussian fitting of X-ray energy spectra.
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al., 2002). It is therefore essential to investigate the particle
size effect in XRF in more detail.
The aim of this study was to thoroughly investigate the
angular dependency of XRF intensity from a rough surface and addresses the importance of this effect, especially
for the X-ray Spectrometer (XRS) experiments onboard the
SELENE orbiter (Okada et al., 2002; Shirai et al., 2008).
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Fig. 2. The rectangular surface model seems to be the most suitable for
experimental results with the half-wavelength and height, W and H ,
respectively. Relationships of W and H against the particle size are
found to be approximately linear, as shown in the graph.

We chose three rocks of olivine basalt, dacite, and dunite
as representative specimens of fine to coarse grain size and
mafic to silicic composition. We prepared the specimens by
crushing half of these rocks and sieving them into five size
categories of 25–45, 45–90, 90–180, 180–250, and 250–
500 µm, respectively. A microscopic technique was used
to measure the lengths of the long axis and its perpendicular axis for each particle of those specimens, using the
geometric mean as the size of each particle. We obtained
the cumulative mass distribution, which indicates the mass
fraction of specimens smaller than a given particle size. For
each category, the average size below which the cumulative
mass fraction equals 50% of the total mass corresponds to
35, 68, 135, 215, and 375 µm, respectively. We also prepared flat plate specimens from the rest of these rocks.
Figure 2 shows an example of X-ray spectra obtained for
dacite composed of 68- and 215-µm powders in comparison
with those of the flat plate. Incident and emission angles are
55◦ and 0◦ , respectively. The XRF lines of Al, Si, Ca, Ti,
and Fe and the scattered lines of Cr are clearly detectable.
A decrease in XRF intensities was apparent for the rougher
surface specimens, which is more remarkable for Si than for
Fe, implying the trend is more effective for lower energy.
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Fig. 3. X-ray spectra of dacite specimens are compared with different
surface conditions of flat, 68 µm, and 215 µm, respectively. XRF lines
of Al, Si, Ca, Ti, and Fe are clearly detectable, as are scattered lines of
Cr. The XRF intensities can be seen to decrease more effectively for a
rougher (larger particle size) surface, and the trend is more remarkable
for lighter elements. For example, the decreases of Si-Kα (1.74 KeV)
and Fe-Kα (6.40 KeV) correspond to 0.86 and 0.89 in the case of 68 µm,
and to 0.67 and 0.85 in the case of 215 µm, respectively.

In this study, we focus on the experimental results of
XRF intensities conducted under a variety of incidence angles and a constant emission angle (e = 0◦ ), with the aim
at simulating the observation by the XRS onboard the SELENE orbiter.

Surface Modeling and Numerical Calculations

We also performed numerical calculations and compared
them with experimental results to investigate the particle size effect in XRF. We attempted to explain this effect as being due to the shadowing of incident X-rays
and the shielding of fluorescent X-rays by surface roughness. As was introduced in previous studies (Kuwada et al.,
1997), we made a surface roughness model using a twodimensional rectangular wave form characterized by halfwavelength and amplitude, W and H , respectively. The
wave form is simple, with only two parameters used, but
it has been found to be approximate experimental results
more closely than any other forms, such as triangular or
sine curves, which have critical incident or emission angles
corresponding to the inclination of the steepest slope.
Two-dimensional surface profiles of the powdery specimens were measured using a scanning laser microscope
(KEYENCE Violet Laser VK-9700). The small-scale
roughness and offset slope are smoothed from these data
with an appropriate bandpass filter to derive the averaged
height-distance curves. The relationship of parameters, W
and H , on the typical particle size D was found to be almost linear (Fig. 3). The linear fits of these as a function of particle size are W = 0.429D + 5.051, and H =
0.367D + 9.464, respectively, for 25 µm < D < 500 µm.
We then conducted the numerical studies using the relation.
We present here the method of numerical calculations for
the rectangular surface model corresponding to the specimen’s particle size. Let us suppose that given the configuration shown in Fig. 4, at incident and emission angles, i and
e, respectively, the intensities of fluorescent and scattered
X-rays can be calculated when the intensities and spectral
profiles of the incident X-rays are assumed and the composition of the specimens are given. At the local point P inside
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Fig. 4. Schematic diagram of the numerical studies for X-ray fluorescence
with rectangular form with half-wave length W and height H are shown
for incident and emission angle of X-rays, i and e, respectively.

the material, incident X-rays to the point are absorbed by
the material along the length of the penetration path. The
fluorescent and scattered X-ray intensities excited by the
absorbed incident X-rays are calculated using the common
X-ray tables. The emission intensities at the surface are derived by considering the absorption along the path length
betweene point P and the surface. The intensities excited
by the incident X-rays at a surface point Q are then calculated by the integration of those intensities emitted at various points along the penetration path. Therefore, the total
intensities are calculated by scanning the incident point for
a wave length of the rectangular wave form.

4.

Results of Particle Size Effect on XRF Intensities

We present here the experimental and numerical results
focusing on the planned XRS observation from the SELENE orbiter. We first show the dependency of particle
size on XRF intensities. In Fig. 5, XRF intensities of Si excited from powdery specimens (olivine basalt) normalized
to those from the original flat rock plates are shown as a
function of particle size. The diamonds indicate the experimental results at incident angles ranging from 35◦ to 75◦
with a constant emission angle of 0◦ , which corresponds to
the direction perpendicular to the surface of specimen. The
lower and upper limits of the error in size indicate those
particle sizes below which the cumulative mass fractions
equals 20 and 80% of the total mass, respectively. The error
in size is shown only in the case of i = 35◦ , but it is the
same at other incident angles. The error in intensity ratio
shows the 3-sigma range of the statistical error of the fittings for the XRF line spectra. Lines denote the numerical
calculation results under the same conditions. It should be
noted that both the experimental and numerical results are
in good agreement for any particle size and incident angle.
The relative XRF intensities decrease with increasing average particle size, then slowly level off. These phenomena
are found more effectively at larger incident angles, indicating that the apparent decrease in XRF intensities will be
found near the terminator or at high latitudes.
The dependency of each major element on XRF intensities is shown in Fig. 6 for the powdery specimens (olivine
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Fig. 6. The same as in Fig. 5, but the plots are shown for five major
elements when observed with fixed emission and incident angles at
0◦ and 65◦ , respectively. The lighter elements are more effective in
decreasing XRF intensity, but the ratio apparently levels off at about
0.5.

basalt) with incident and emission angles of 55◦ and 0◦ , respectively. The diamonds and lines denote the experimental and numerical results, respectively, as in Fig. 5. Some
of the data from the experimental and numerical results do
not agree, such as Al data, due to low signal-to-background
ratios. Although a similar trend of a decrease in the XRF
intensity ratio with increasing particle size can be seen in
each element, the lighter elements have a steeper decline at
a smaller particle size and also show smaller intensity ratios at any particle size investigated here. Thus, these phenomena are apparently more effective at lighter elements.
Again, the experimental and numerical results show in good
agreement with each other. We confirmed that these results
basically hold good for other incident angles and other rock
specimens.
The dependency of each element on XRF intensities is
the most important problem. For example, in Fig. 6, the
intensity ratios of Fe and Si at 68 µm are 0.82 and 0.61,
respectively. The intensity ratio of Fe/Si is then more than
30% higher than expected for flat plate, and this could cause
a severe error for any quantitative major elemental analysis
without any corrections.
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Fig. 5. XRF intensities of Si for crushed and sieved powdery sample
(olivine basalt) normalized to those observed for original flat rock sample are shown as a function of particle size. Solid diamonds denote
experimental results while the lines show numerical results. Emission
angles were fixed to 0◦ , with the incident angles varying from 35◦ to
65◦ .
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Fig. 7. Numerical estimation of relative XRF intensities from planetary
surface (average grain size is 75 µm and typical soil composition at
Apollo 12 site is assumed) normalized by those from a flat surface
is shown. The excitation source is the solar X-rays calculated using
the equations in Mewe et al. (1986), dominantly generated by thermal
bremsstrahlung emission at 8 MK with line emissions by the collision
process. Emission angles were fixed to 0◦ , with the incident angle
varying from 5◦ to 75◦ .

5.

Implications to Lunar XRF Spectrometry

The lunar surface is covered with regolith whose typical particle size is 50–100 µm when we take the size below
which 50% of mass are included in cumulative size distribution of lunar regolith (Heiken et al., 1991). Like the Moon,
the surface of planets and relatively large asteroids is generally expected to contain regolith on the uppermost surface
due to impact ejecta sedimentation. Thus, the effects of particle size and incident angle should require corrections for
quantitative elemental analysis by remote XRF spectrometry.
We believe that the numerical calculation with our rectangular surface model has been proven to be able to explain
the particle size effect in the XRF intensity ratio within a
10% error, as shown in Figs. 5 and 6. Therefore, we apply our numerical studies to remote lunar XRF spectrometry, especially for the XRS onboard the SELENE orbiter.
The SELENE is a three-axis stabilized satellite orbiting the
Moon in a polar circular orbit (Sasaki et al., 2003). The attitude will be controlled for remote instruments to point at
the lunar surface in the nadir direction. Thus, the XRS observation will be conducted under various incident angles
of solar X-rays and constant XRF emission angle of 0◦ .
Suppose a typical solar X-ray intensity and spectral profile of a C-class flare is considered, and the temperature of
solar coronal regions is assumed to be 8 MK (Mewe et al.,
1986; Ogawa et al., 2008). Assuming a surface elemental
composition of soils similar to the Apollo 12 site (Heiken et
al., 1991), we estimated relative XRF intensities with phase
angle varying from 35◦ to 75◦ . Figure 7 shows the calculated XRF intensities from the powdery planetary surface
normalized to that of flat surface. As seen in the laboratory experiment, calculations also show a clear decrease in
the absolute XRF intensities for larger phase angles. Such
a trend is more remarkable for lighter elements. The XRFnormalized intensities of almost all of the major elements
except for Fe decrease by more than 10% with increasing
incident angle. For example, XRF-normalized intensities of
Si are 0.89 at i = 35◦ , 0.74 at i = 50◦ , and 0.56 at i = 75◦ ,
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respectively. This means higher abundance ratios for Fe/Si Kellett, B. J., M. Grande, and the D-CIXS Science Team, X-ray fluorescence observations of the Moon: Highlights from the first year of obor Ca/Si would be estimated if no incident angle-dependent
servations from D-CIXS on SMART-1, Lunar Planet. Sci., 37, 1897,
corrections are applied. This is a substantial problem for
2006.
rock-type classification by means of remote lunar and plan- Kuwada, Y., Particle size effects in X-ray fluorescence spectrometry, MSc.
Thesis, Aoyama Gakuin University, pp. 67, 1998.
etary XRF spectrometry.

6.

Concluding Remarks

Our experimental results on the particle size effect in
XRF show a clear decrease in XRF intensities when these
are observed at larger particle size and larger incident angle. The trend is more prevalent in lighter elements so that
any elemental analysis of Fe/Si or Ca/Si might be misled
by higher values without any corrections for incident angle or considerations for particle size effect in XRF. We
also conducted numerical studies to simulate the effects by
assuming the surface roughness as rectangular wave functions. Our experimental and numerical results are in good
agreement with each other. We thus extended our numerical
studies to apply for remote planetary XRF spectrometry, especially in the case of the XRS observation on the SELENE
orbiter, where the emission angle is always 0◦ . Similar conclusions can be drawn from these results as those from the
laboratory experiments—that the particle size effect in XRF
cannot be neglected and should be corrected for quantitative major elemental analysis, especially when observed at
large phase angles. Similar conditions will occur in future
remote planetary XRF experiments, such as the Chang’E-1
and Chandrayaan-1 lunar orbiter missions (Goswami et al.,
2006), and Messenger and Bepi Colombo mercury orbiters
(Starr et al., 2001; Benkhoff, 2007).
Further studies are required to investigate this phenomenon under various conditions, both experimentally
and numerically, and to formulate the effects mathematically. More realistic surface modeling should be also considered in the future.
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