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Abstract

In the analysis of X-ray fluorescence spectra from planetary surfaces,
it is traditionally assumed that the observed surface is a plane-parallel,
smooth, and homogeneous medium. The spectral and spatial resolu-
tions of the instruments that have been used to measure X-ray emis-
sion from planetary surfaces to date have been such that this has been
a reasonable assumption, but a new generation of X-ray spectrome-
ters will provide enhanced spectral and spatial resolutions when com-
pared with previous instrumentation. In light of these improvements
in performance, it is important to assess how the requirements on the
methodology of analysis of spectra may change when the surface is
considered as a regolith. At other wavelengths, varying physical prop-
erties of planetary regoliths, such as the packing density, are known to
have an effect on the observed signal as a function of viewing geometry.
In this paper, the results from laboratory X-ray fluorescence measure-
ments of regolith analogue materials at different viewing geometries
are presented. Characteristic properties of the regolith such as particle
sizes and packing density are found to affect the measured elemental
line ratios. A semiempirical function is introduced as a tool for fitting
fluorescent line intensity dependences as a function of viewing geome-
try. The importance of the results is discussed and recommendations
are made for the future analysis of planetary X-ray fluorescence data.

Key Words: ASTEROIDS, SURFACES; EXPERIMENTAL TECHNIQUES;
MINERALOGY; MERCURY, SURFACE; REGOLITHS



1 Introduction

X-ray fluorescence spectrometers (XRFSs) are standard instruments in the
typical suite used to study airless planetary bodies in the inner solar system
from orbiting platforms. Since the days of the Apollo 15 and 16 missions,
where the first XRF'S data from another planetary body were obtained (Adler
et al. 1972), the spatial and spectral resolution, and the overall sensitivity
available for remote-sensing X-ray instruments, have improved substantially.
After the Apollo era, XRFSs have been included in several orbiting plane-
tary spacecraft payloads, including NEAR Shoemaker (Goldsten et al. 1997),
SMART-1 (Grande et al. 2003), Hayabusa (Okada et al. 2006), and Kaguya
(formerly Selene) (Okada et al. 2002). XRFSs will be included in the payloads
of future missions such as Chandrayaan-1 (Joy et al. 2008), MESSENGER
(Schlemm et al. 2007), and BepiColombo (Schulz and Benkhoff 2006).

The soft X-ray energy region may be considered to lie between approx-
imately 0.5 and 10 keV. For planetary surfaces, fluorescent X-ray emission
in this energy band occurs following the ionization of surface elements. For
most planetary surfaces in the inner solar system, solar coronal X-rays are
the primary cause for ionization. Additional ionization is due to impacting
ions and electrons.

Planetary X-ray fluorescence spectroscopy provides elemental abundance
maps of major rock-forming elements in the topmost layer (~10-100 pm) of
regoliths on surfaces of planets and small bodies in the inner solar system
(Adler and Trombka 1970). Elemental maps are invaluable for the geochem-
ical study of the surface. Abundance maps provide information about a
planet’s surface geology and this in turn can be used to infer the planet’s
crustal evolution. This can also have implications for investigations into the
bulk composition of a planet, therefor placing important constraints on its
origin and evolution. The planet-meteorite connection can also be studied
through X-ray fluorescence spectroscopy (Nittler et al. 2004).

Conversion from elemental abundances to rock types has thus far been
carried out by comparing the data obtained by orbiting instruments with ei-
ther results from laboratory spectroscopy or from numerically modeled spec-
tra. Laboratory samples are normally slabs of rock samples with smooth
surfaces and numerical simulations consider the surface to be a smooth, ho-
mogeneous, and plane-parallel medium.

The interactions of photons with the regolith, as opposed to an ideal sur-
face, are known to result in large effects in visible-wavelength spectroscopy
and photometry (e.g., Hapke 1965, Lumme and Bowell 1981). A recent re-
view of the subject can also be found in Muinonen et al. (2002). These
effects are related to characteristic parameters such as particle-size distribu-



tion, packing density (the integrated particle volume vs. the bulk volume of
the sample), and surface roughness. Investigations by previous authors (de-
scription in more detail follows) into the effects on X-ray emission of particle
size and surface roughness reveal analogous effects for fluorescent X-ray emis-
sion. Thus the analysis of X-ray fluorescence data from planetary missions
requires that the approximation of the plane-parallel medium be developed
further, to consider the surface as a regolith with varying physical properties.

In this paper, the effects due to regolith surface roughness and porosity
as well as particle-size distribution on X-ray fluorescence emission are inves-
tigated experimentally. The term "regolith effects” is coined to envelop the
effects produced by these physical parameters of the regolith. Some previous
authors have defined their "surface-roughness effects” as being the same as the
“regolith effects”. In this paper the surface roughness, that plays probably the
most prominent role in the regolith effects, is defined as being the undulating
boundary between free space and the particulate medium in similar fashion
as in Parviainen and Muinonen (2007). The present investigation shows that
the measured intensity of a fluorescent X-ray line depend on both the mea-
surement geometry and the physical properties of the regolith. Furthermore,
it is shown that this effect is energy-dependent and cannot therefore be sim-
ply removed by taking the ratios of different elemental fluorescent lines, with
different energies. It is the values of these elemental line ratios that have been
mostly interpreted by previous authors when analyzing data from orbiting
XRFSs.

In what follows, a review of previous investigations into regolith effects is
given. In materials science, the effects of particle size on X-ray fluorescence
have been studied both numerically and experimentally in an early article
by Claisse and Samson (1962). They found that the increase of particle sizes
in a medium decreases the measured fluorescent emission. This phenomenon
was named the grain-size effect, a term that is widely used in geology and
materials science. However, for this paper, the use of the term particle instead
of grain is adopted, as the term particle describes better the semi-abstract
nature of the particulate medium assumed in this study.

Later, Berry et al. (1969) reviewed Claisse and Samson’s work as well as
that of several others and introduced a treatment of packing density and the
variation in the intensity of the elastically backscattered X-rays as a function
of particle size. Hunter and Rhodes (1972) were among the first to introduce a
continuous size distribution in their analytical formulation of the particle-size
effect. An interesting phenomenon present in most of the abovementioned
studies is the presence of a transition zone in the particle-size effect, i.e.,
the effect is most prominent within a fixed particle-size range of ~10—300
pm and almost non-existent outside of that range (McKay et al. 1991). For
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regolith-type materials, the typical mean free path of X-rays in the medium
corresponds well to the particle-size range of the transition zone. Planetary-
regolith particle sizes lie also usually well within the transition zone.

Hawthorne and Gardner (1978) introduced a numerical model to simu-
late fluorescence from a medium consisting of cubic particles. Their model,
which relied on numerical Monte-Carlo simulations, included varying inci-
dence and emergence angles and non-random packing effects. They also per-
formed laboratory experiments at several incidence angles and particle sizes
to provide empirical validation for their modeling. Trucano and Batterman
(1970) performed laboratory studies on how the porosity of a medium con-
sisting of ~100 pm glass spheres affects the X-ray scattering background as a
function of viewing geometry. They observed a nonlinear viewing-geometry-
dependent decrease (maximum ~35%) of scattering from the porous medium
when compared with a solid one.

These abovementioned studies are, however, of limited use for planetary
missions because they either do not include changing viewing geometries,
are performed assuming fixed geometries, or are concentrated on a single
emission line.

The effect of regolith properties on X-ray fluorescence spectroscopy from
orbital platforms around atmosphereless planets were examined in an early
article by Hubbard and Keith (1977), who discussed the effects of surface
roughness and particle size on the fluorescent emission of Si, Mg, and Al in
Apollo 15 and 16 XRF'S data. They showed that the Apollo 16 Si K« intensity
data as a function of illumination angle with nadir-observing geometry could
be better fitted with simple photometric functions than with a cosine curve
which calibrates the variation in solar intensity across the sunlit hemisphere
of the target. They also suggested the existence of an effect reminiscent of
the opposition effect in the visible wavelengths (Sidky Mikhail 1968). The Si
Ka line in the Apollo data shows a ~10% nonlinear increase in fluorescent
intensity compared to their photometric model at phase angles £15° (phase
angle, «, is defined as the angle between the observer and the light source
as seen from the target surface). However, strictly, the opposition effect is
within ~10° phase angle, so they also included the backscatter effect caused
by rough surface in their somewhat relaxed treatment of the opposition effect.

Regolith effects have been studied both numerically and in the laboratory
by Maruyama et al. (2008), Okada (2002), Okada et al. (1998), and Okada
and Kuwada (1997) for the calibration of orbital X-ray spectrometer data.
They report a hardening (i.e., an increase in the higher-energy radiation over
the lower-energy radiation) of the fluorescent X-ray spectrum as a function
of increasing phase angle. This is mainly attributed to regolith effects. The
simulated sample in their numerical ray-tracing model is a two-dimensional
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rectangular wave characterized by two parameters that represents the rough
surface produced by the granular nature of the regolith.

The present paper gives a brief overview of the physics of X-ray fluores-
cence spectroscopy and introduces a novel semi-empirical model for modeling
the measured elemental line intensities at different phase angles. This is fol-
lowed by a description of the laboratory measurements and samples used in
the study. The results and their interpretation and comparison to those of
previous studies are then presented. The paper ends with a discussion and
conclusions that can be drawn from the results.

2 Theory

Below 10 keV the dominant interaction between incident X-rays and matter
is photoelectric absorption. The energy required for photoabsorption from
a particular shell is unique for each element. The subsequent filling of a
core hole may result in the emission of a fluorescent X-ray, whose energy is
characteristic for the electron transition that has taken place and is specific
to the emitting element. The emerging fluorescent X-ray has always a lower
energy than the incident X-ray that excited the fluorescence. The process
in which fluorescent radiation itself is absorbed and reemitted as fluorescent
radiation is called secondary fluorescence. The so-called Ka and K3 fluores-
cence emission is due to filling of a 1s hole. Fluorescence is isotropic, i.e.,
fluorescent radiation has an equal probability to be emitted in any direction.
X-ray spectra also contain scattered and diffracted X-rays, originating at the
source and scattered from the regolith.

Figure 1 defines the angles used throughout this study. The surface in-
terface between the regolith and the space is defined by the function z, =
zs(x,y). The principal plane is a plane where A¢ = ¢ — ¢pg = 180°, where ¢g
and ¢ are the azimuth angles of the incident and emergent radiation, ¢ and e,
respectively. All of the studies reported here were performed in the principal
plane, i.e., no azimuth effects were studied. As a further simplification, all
of the measurements were performed with either + = 0° or ¢ = 0°, i.e., the
angle that was not fixed coincided with the phase angle.

In what follows, a description of a semiempirical model for the tentative
interpretation of the laboratory measurements, presented later in this paper,
is given. The semiempirical modeling relates to the angular dependence at
a given energy. The mathematical fitting parameters vary as a function of
energy and fluorescence peak ratios can be computed from the energy-specific
models.

Let us concentrate on a single emission line of a certain element. Fur-



thermore, let us assume a monochromatic source of incident radiation above
the absorption edge of the emission line. As described earlier, the attenua-
tion of the incident radiation in the medium differs from that of the emit-
ted radiation. In radiative transfer, this difference manifests itself in dif-
fering optical depths as per physical distance in the directions of incident
and emergent radiation. Considering solely a single absorption and emis-
sion process within the medium, the differing attenuation coefficients intro-
duce wavelength-dependent constants in an otherwise Lommel-Seeliger-like
denominator (Fairbairn 2005).

The coefficient of emission R corresponding to the reflection coefficient in
visible-light photometry is of the form

B 1
R(t,e,9) = P(ie,¢) = —————
(1,6:¢) (1 cose+ By cost (e @) CoS € + % CoS L

P(e0), (1)

where P = P(i, €, ¢) is the phase function describing regolith effects, and [
and (o are the linear attenuation coefficients for the energy of the incident
radiation and the energy of the emission line.

If a linear phase-angle () dependence is assumed for P, the fluorescent
emission R can be modeled as

Ry
COS € + 1 COS L

R(i,€e,0) = (1+ ko). (2)

Here a constant scale factor Ry, the slope of the phase function k, and the
ratio of the attenuation coefficients n = % are introduced as free parameters
to be fitted to the data.

The relation between the observed power from a sample integrated over

the detector area and the incident unidirectional radiation is now

I(t,€,¢0) ~ coseR(t, €, ). (3)

Thus, finally, the semiempirical model for the observed power, which can be
linearly fitted to the intensities measured as shown in Sect. 4, should behave

as

(e, 6) ~ — 105 (4 4 pay. (4)

The results from these models semiempirical in the angles have been ver-
ified against two different numerical codes. First, a straightforward numer-
ical integration of the radiative-transfer equation was implemented. Next,
a more involved Monte-Carlo ray-tracing simulation was implemented and

tested against the semiempirical and numerical models. The results given by
the numerical models agree accurately with the semiempirical model.

COS € + 1 COS L
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3 Laboratory measurements

Planetary regoliths can be approximated in the laboratory by analogue ma-
terials from terrestrial sources. For most terrestrial planets, the study of
analogues provides the only means of supporting remote sensing with lab-
oratory measurements. Lunar regolith samples obtained by the Apollo and
Luna programmes and the few meteorites, whose parent bodies have been
identified, are the only exceptions.

In the present study, a lunar mare regolith analogue was chosen for anal-
ysis. The measurement geometries reproduce some of the most relevant ge-
ometries encountered in orbiting spacecraft observations, i.e., nadir pointing
and zenith illumination at off-nadir observing conditions.

3.1 Soft X-ray spectrogoniometer

The experimental setup used in the present study was originally designed for
the ground calibration of the X-ray Solar Monitor (XSM) of the European
Space Agency SMART-1 lunar mission (Huovelin et al. 2002). The gonio-
metric, i.e., angle-measuring, setup was designed specifically for the study of
the viewing-geometry-related effects caused by regolith properties presented
in this paper. The spectrogoniometer consists of a cylindrical chamber which
can be pumped into near-vacuum (4 mbar) to reduce the effects (absorption,
scattering) of air on the measured signal, which make measurements at <
5 keV difficult to perform at normal temperature and pressure (NTP) con-
ditions (see Fig. 2 for illustration of the experiment). The detector used
for the measurements was a laboratory replica of the abovementioned XSM
instrument. The detectable energy range for the detector is 1-20 keV and
spectral resolution ~250 eV at 6 keV. The X-ray source used in the experi-
ment is a sealed and air-cooled Ti-anode miniature X-ray tube (Oxford X-ray
Technologies Inc. Model XTF-5011) with a 75 pum thick Be window. The
window limits the usable soft X-ray output to above 1 keV. The voltage ap-
plied to the X-ray tube was 25 kV and the current was 0.5 mA. The exact
shape of the incident X-ray source spectrum cannot be measured due to de-
tector restrictions. However, a semi-empirical spectrum of the X-ray source
was constructed in a similar fashion as in Ebel et al. (1989) for estimating
the change in the measured relative elemental line ratios as a function of the
viewing geometry for plane-parallel homogeneous medium, as discussed in
Sect. 4.1. The semi-empirical spectrum is shown in Fig. 3.

The incident X-ray beam was collimated by two slits of changeable sizes.
Different X-ray beam sizes were applied in search of an optimum signal-to-
noise/beam size ratio. If the angular size of the X-ray beam as seen from the



sample surface is too large, it can average out some of the viewing-geometry
effects. Also, if the X-ray beam footprint on the sample surface is too large it
may grow larger than the sample as the angle of incidence increases making
studies of absolute intensities impossible. The largest beam size used was 2
mmx8 mm (2 mm wide in the plane of the movement of the goniometer, i.e.,
the principal plane of the viewing geometry). This translates into a ~0.2°
angular diameter as seen from the sample surface and ~0.4° beam footprint
size on the sample as seen from the detector. However, smaller beam sizes
were also applied in a search for optimal integration time. Integration times
were 4-8 hours in each viewing geometry, depending on the incident X-ray
beam size used.

The data acquisition and the movements of the goniometer were con-
trolled by Spec software. The X-ray spectrum was read from the detector
with a 2048 channel ISA-bus multi-channel analyzer (MCA) card.

The sample was either fixed normal to the direction of the light source or
was rotated with the detector such that the sample-detector angle was fixed.
The accessible phase-angle range was 7-51°, constrained by the geometry of
the experimental setup.

The viewing geometries chosen to be measured were ¢ = 0° (i.e., the
pointing direction of the detector was always towards the surface of the sam-
ple, thus simulating a nadir-pointing space instrument) and ¢ = 0° (i.e., the
direction of incident X-rays was always towards the surface normal). Mea-
surements were performed in angular increments of 2°.

3.2 Sample material

The lunar regolith analogue used in this study was an olivine-rich basalt,
which was ground into a powder and then sieved to separate particles of
different sizes. Powdered basalt with particle-size ranges of < 50 pm and
75 — 250 pm, were used. A comparison of the analogue’s composition and
that of a lunar basalt is shown in Table 1. The particle-size distribution
within these size ranges is unknown. The typical lunar regolith particle-
size distribution has been measured to have a median at ~70-100 pym with
~10% of the material smaller than 10 um, and near-surface packing density
of ~50% (McKay et al. 1991, Costes et al. 1970). The sample material with
larger particle sizes fits well in the lunar particle-size region.

The particle-size range in the sample with finer particle sizes corresponds
closely to the particle-size distribution in hermean regolith which have a
median at ~30 pm (Warell and Blewett 2004), even though the chemical
composition of the hermean regolith is unlikely to be close to olivine basalt.
The sample material with larger particle sizes has also been used in a study
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of the opposition effect observed in the visible wavelengths (Nérénen et al.
2004).

Because the samples need to be oriented vertically and measured in near-
vacuum, all of the samples were pressed into a pellet format commonly used
for X-ray analyses of rock samples. Compression of the samples resulted in
an average sample density of 2.13 g/cm?. Compared to the density of basalt,
2.9 g/cm?, this results in packing density of ~0.74. The packing density of
the pellets is significantly larger than that expected for a plausible planetary-
regolith analogue.

3.3 Data reduction and analysis

The data, as received from MCA, is calibrated for energy scale in IDL. In the
calibration, the knowledge of the positions of the identified emission peaks
in the data, known a priori, is used to perform a x? linear fitting for trans-
forming the channel numbers into the energy scale.

The data is then converted into the Flexible Image Transfer System
(FITS) format for exporting it to XSPEC (Arnaud 1996). The redistribu-
tion matrix (RMF) and auxiliary response (ARF) files are also constructed
to allow absolute calibration of the spectra. The input for these two files is
provided by the flight calibration data for the XSM since the detector used
in this study is a laboratory replica of that instrument (Lauri Alha, private
communication, 2007).

The energy region to be processed was chosen to be 3.0-7.5 keV. The
signal-to-noise ratio of the data was unacceptably low below 3 keV due to
relatively low vacuum achievable with the vacuum chamber used in this study
(causing scattering and absorption at small energies) as well as the low quan-
tum efficiency and low resolution of the detector at small energies. Above
7.5 keV, there were no detectable fluorescent lines.

A total of nine emission lines were identified and modelled using a com-
bination of nine one-dimensional Gaussian profiles (see Fig. 4). XSPEC
provides an iterative fitting routine, in which the model parameters (in this
case the line center and the energy contained within the line) are changed
by small steps and the resultant model is then compared with the data.
The comparison is done by the x? method and the fitting is continued until
the optimum y? solution is found. Normally, the reduced x? numbers were
1.4£0.5. For several spectra, the reduced x? values of the fits were notice-
ably larger than the mean value for the fits and the fits were deteriorated by
several noisy channels in the data, whose origin could not be deduced. These
spectra were not included in the final analysis of the data.

When the optimal fit was found, the 1o confidence levels for the derived
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line intensities were calculated. Both the Poissonian statistics (shot noise)
and the uncertainties in the fitting of the lines were taken into account in the
calculation of the confidence levels.

It is worth noticing that fitting lines to the spectrum is quite sensitive
to the other lines close by. For example, in the measured spectra, K Ka,
and most importantly Ti K« lines are close to and overlapping Ca Ka. For
several very distinguishable angles that varied for different samples and view-
ing geometries, the Ti Ko line exhibited a strong increase in intensity when
compared to intensities of other lines in the spectrum. There is some Ti in
the sample material, but most of the measured Ti K« is backscattered Ti-
anode X-ray tube radition. However, because the X-ray incident beam was
collimated to a narrow beam, X-ray diffraction is also expected to be seen at
specific angles, especially at the Ti Ka energy (Dr Graeme Hansford, private
communication 2008). The observed increase in Ti Ka was attributed to X-
ray diffraction. For the angles where the diffraction took place, the measured
Ca Ka intensities were slightly smaller due to errors in the way the fitting
routine accommodated the enhancement of Ti Ka. Ca Ka line intensities of
these angles were chosen not to be included in the present study.

The spectra are individually processed in XSPEC to obtain deconvolved
fluorescent emission lines for the different elements. Figure 4 illustrates the
spectrum as seen by the detector. Figure 5 contains the emission lines cor-
rected for the detector characteristics (such as the effective area at different
energies etc.).

4 Results

The measured elemental line intensities for which the best signal-to-noise
ratios were obtained were Ca Ko, Fe Ka, and Fe K3, and these lines are used
for the following analyses. Iron and calcium are two of the most important
rock-forming elements observable by planetary XRFSs. The 1o confidence
ranges for the measurements are represented as error bars in the figures
depicting the results.

4.1 Relative elemental line ratios

Historically, most of the measurements of X-ray emission lines by XRFSs
on planetary missions are expressed as the relative abundancy ratios of two
elements, obtained by ratioing the measured fluorescent line intensities of the
elements. The calibration process needed to obtain relative elemental ratios
is simpler than for obtaining absolute elemental abundances since by ratioing
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one can remove energy-independent effects caused by gross compositional and
physical variations in the regolith.

The results of these experiments seem to exhibit nonlinear behaviour at
the smallest angles (for both incidence and emergence angles) and this may
be due to the existence of an opposition effect, as suggested by Hubbard
and Keith (1977). Therefore, the relative line intensities presented here were
chosen to start at 9° and not at 7° which was the smallest angle of the
measurements.

In Figs. 6 and 7, the relative intensities of Ca Ko, Fe Ko, and Fe Kj3
measured with ¢ = 0° of both samples are presented. The data have been
fitted with a linear function of the form y = A 4+ Bx to provide a qualitative
tool for comparing the results. As the angle of incidence increases, the relative
strength of the Fe Ka emission line also increases relative to that from Ca
Ka. However, when comparing Fe K and Ca K« the effect is reduced and,
when comparing Fe K3 and Fe K, the trend for hardening of the elemental
ratios is reversed.

The observed reverse of the effect for Fe Kg/Ka is attributed to fluores-
cence being a two-fold phenomenon. The incident radiation that excites the
fluorescence from the K-shell, is the same for both of the emission lines since
the photoabsorption takes place in the same shell (in this instance Fe 1s).
However, the emergent K3 and Ka fluorescent radiation have different pen-
etration depths in the medium, allowing more K3 radiation to emerge from
the medium. This also results in a difference in Fe Ka and K3 line ratios
to Ca Ka. The measured relative elemental line ratios contain some scatter
which may be attributed primarily to Ti diffraction and errors in deriving the
elemental line intensities from the spectra as discussed in the previous sec-
tion. Fe K data is presented here as a control measurement for the analysis
for that scatter. If the scatter was caused by, e.g., contamination of external
Fe K-line emission or some other systematic source for error, both Fe Ka
and K@ lines would be affected in a similar fashion. However in Figs. 6-9
it can be observed that the Fe Ka and K relative line ratios to Ca Ka do
not experience similar kind of scatter although, for some angles, the trend
in the scatter is similar and is most probably related to errors in fitting Ca
Ka. There are, however, many angles were the behaviour of the relative line
ratios are different. This is due to errors in fitting of Fe Ka and K3 lines.

XREFS observations in planetary missions are typically performed with a
nadir pointing aperture (e = 0°). However, off-nadir observation geometries
with € # 0° may also occur and it is therefore useful to study this geometry
as well. The elemental line ratios as functions of the emergence angle are
shown in Figs. 8 and 9.

The viewing-geometry-related effect is different in this measurement ge-
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ometry. Now, as the angle of emergence increases, the relative strength of Fe
Ka emission decreases when compared to Ca Ko emission, i.e., the spectrum
softens. When comparing Fe K3 and Ca Ka the effect is smaller and when
comparing Fe K@ and Fe K it is actually reversed.

For quantitative analysis of the line-intensity-ratio changes, only the Fe
Ka/Ca Ka line ratio was chosen to be presented. The effects are basically
the same for Fe Ka/Ca Kf3, only somewhat smaller because of the change in
the line ratio of Fe K3/Fe Ka explained above. Also the signal-to-noise was a
lot poorer for Fe K3 than for Fe Ka and Ca Ka. Results of the linear fitting
of Fe Ka/Ca Ka line ratios for all the samples in both viewing geometries
is given in Table 2 and a more thorough discussion on the relative change of
this line ratio is given below.

X-ray fluorescence from a homogeneous plane-parallel surface can be pre-
dicted from fundamental physical parameters, as discussed in, e.g., Criss
and Birks (1968). This approach has been dubbed as "the fundamental-
parameters method” or "the fundamental-parameters equation” of energy-
dispersive X-ray spectroscopy, which is somewhat misleading since it does
not take into account, e.g., the fundamental physical parameters describing
the medium. However, since the terminology is well established in X-ray
research, in this paper it is used as well. Such a theoretical treatment of
fluorescence predicts a change in the observed relative elemental line ratios,
as a function of off-axis angle, even without the inclusion of regolith ef-
fects. This can be qualitatively described as follows: the photoabsorption
and subsequent fluorescent emission of higher-Z elements statistically takes
place deeper in the material than for lower-Z elements. Fluorescent radiation
has smaller penetration depths in the material than the incident radiation
that excited it. For monochromatic exciting radiation, this causes hardening,
i.e., enhancement of the higher-energy lines of the fluorescent spectrum as
a function of growing emergence angle (v = 0°) and softening as a function
of growing incidence angle (e = 0°). For non-monochromatic X-ray sources,
as is the case in the present study which utilizes a Ti-anode X-ray tube (see
Fig. 3), the situation becomes more complicated and is not easily explained
qualitatively. Either softening or hardening of the spectrum can occur for
all measurement geometries, depending on the elemental composition of the
sample and the spectral shape of the exciting radiation. In X-ray analysis
the effect expected for plane-parallel homogeneous medium can be taken into
account by either using a smooth, solid, sample as the calibration standard
or by numerical simulation. The latter approach was attempted in this paper
as no smooth enough solid samples of the olivine-basaltic composition were
available.

In the present study, it is observed that samples with different particle
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size ranges display different amounts of relative elemental line ratio change.
This is due to effects caused by the physical properties of the regolith that
are superposed to the relative elemental line ratio change predicted by the
fundamental-parameters approach, which should be the same for both sam-
ples.

Several physical parameters of the regolith, such as packing density and
particle-size distribution, produce together surface roughness in the topmost
layer of the regolith. Since the fluorescent emission is produced in the first
tens of micrometers of a medium, it is safe to assume that the most dominant
physical parameter of the regolith (apart from its chemical composition) af-
fecting the observed X-ray spectrum is this surface roughness. In the angular
region where the opposition effect takes place, i.e. a < 10°, also the surface
porosity may have an effect.

Surface roughness in a regolith can either shadow the incident radiation
(for e = 0°) or it can shield the emergent radiation (for ¢ = 0°). In both cases,
the effect has a higher probability at lower energies and is more pronounced
at large angles. In shadowing, the higher-energy fluorescent emission (with
longer penetration depths) has a higher probability of emerging towards the
detector from areas shadowed by the roughness of the surface than the lower-
energy emission. In shielding, the direction of the radiation is reversed, but
the effect is essentially the same. Both of these effects depend on the shape
of the incident radiation spectrum and should thus be addressed individually
in the modelling of the regolith effects instead of treating the effects solely
as a function of the phase angle.

In Fig. 10, the changes in the relative line ratios of Fe Ka/Ca Ka for both
samples are compared as a function of illumination angle (¢ = 0°) and, in Fig.
11, as a function of emergence angle (¢ = 0°). Results obtained by fitting
a linear function of the form y = A + Bx to the data alongside the fitting
parameter values and their error estimates and reduced x? values of the fits
are presented in Table 2. In Fig. 10, the sample with larger particle sizes
exhibits a larger relative change. The linear fit indicates an increase of 8.5%
in the line ratio of Fe Ka and Ca K« over the incidence-angle range of 0-50°
for the sample with larger particle sizes and 4.2% for the smaller-particle
sample. The values of the slope parameter B for the two fits do not overlap
within their 1o confidence ranges and if the data of one sample is fitted with
the slope value of the other the x? value of the fit is more than twice that
of the optimal solution thus providing confidence that the measured relative
line ratio changes are actually different for the different samples.

If it is assumed that a smaller-particle sample pellet has a smoother sur-
face than the larger-particle sample pellet, then the difference is explained
by the shadowing induced hardening of the spectrum caused by the larger
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amount of surface roughness in the sample with coarser particle sizes. As
explained in Sect. 3.1., the exact shape of the X-ray source spectrum could
not be measured directly and was estimated using a semi-empirical model.
This model was used as the input spectrum in a numerical simulation per-
formed using a fluorescence code at the University of Leicester Space Re-
search Centre. The code utilized the fundamental parameters equation (Clark
and Trombka 1997) to estimate the elemental line intensities emerging from
a plane-parallel homogeneous medium of olivine-basaltic composition. For
e = 0° measurement geometry, the relative line intensity ratio of Fe Ka/Ca
Ka increased by 3% over the incidence-angle range 0-50°. This is quite close
to the change measured of the sample with smoother surface, and would leave
~ 5% as the contribution of the regolith effects for the sample with rougher
surface. However, one should exercise caution when doing this comparison
quantitatively as the exact shape of the X-ray source is not known.

The roughness and porosity in pellet-type sample surfaces has been stud-
ied using SEM imaging (Nérénen et al., paper under preparation) and it has
been found that pellets with smaller particles have much smoother surfaces,
i.e., are closer to being a homogeneous plane-parallel medium, than pellets
with larger particles. Due to sample preparation by compressing the pel-
lets in a press, the particles in both pellets are preferentially horizontally
oriented. However, the samples with larger particle sizes are packed less
efficiently leaving the surface more porous and ragged in appearance.

This also agrees with the comparison shown in Fig. 11 where the relative
change is actually smaller for the sample with larger particles (rougher sur-
face). The change is -2.0% for the rougher sample over the emergence-angle
range of 0-50° and -7.7% for the smoother sample. The relative change in
line ratios obtained from the numerical simulation of the fundamental pa-
rameters equation is —6%, again quite close to the value obtained with the
smoother sample and leaving +4% as the contribution of the regolith effect
for relative line ratio change measured with the rougher sample. This 4%
is explained by the shielding of the fluorescent radiation from the detector
field of view by the surface roughness. Shielding enhances the higher-energy
end of the spectrum in a fashion similar to shadowing. Similar to the case
of € = 0°, the slope values do not overlap within their 1o confidence ranges
and interchanging the slope values produces considerably poorer fits.

The samples studied in this paper are compressed to pellets, and are thus
inherently closer to being plane-parallel than uncompressed materials. It may
be suggested that the regolith effects are larger for uncompressed samples,
such as planetary regoliths.
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4.2 Absolute line intensities

To understand the physical phenomena responsible for the relative line-
intensity-ratio change, the intensities of the separate elemental lines need
to be studied as a function of the viewing geometry.

In Figs. 12 and 13, the absolute line intensities of Fe Ka and Ca Ka are
presented, with the best fit achieved with the semiempirical function of Eq.
4. The fitting parameters are enumerated in Table 3 with their 1o errors. A
reduced x? value is also given for the fits.

The results presented here are obtained in a measurement geometry for a
sample with a planar geometry. The incident beam size was fixed during the
measurement and the detector field of view was always larger than the illumi-
nated surface of the sample. For planetary X-ray fluorescence spectroscopy,
the instrument field can encompass an extended area from a spherical body,
and the observed intensity is integrated over many values of ¢+ and e.

While a considerable simplification of the true complex processes occur-
ring in the fluorescent medium, a Lommel-Seeliger-type model based on ra-
diative transfer (Eq. 1) is observed to fit the trend in the observed absolute
line intensities well. For some measurements, the semiempirical function
does not fit the angles below 10° well. This may be due to the presence of a
shadow-hiding opposition effect caused by the surface roughness, similar to
that observed at visible wavelengths.

The ¢ dependence arises from the inverse relation between the mean free
path of a photon and the attenuation coefficient 3. The greater the incident
angle, the smaller the depth in the medium, normal to the surface, in which
a photon is likely to be absorbed. For an increasing angle of incidence, the
fluorescence will take place closer to the surface of the medium, and the
number of photons emitted from the medium is increased. The € dependence
results from the change in the projected optical depth. As € increases, the
projected optical depth from a layer of given thickness increases. Since the
fluorescent radiance from the layer decreases with the increasing thickness
of the layer, the emergent radiance increases as a function of increasing e.
Finally, since the area of the sample projected to the imaging plane of the
detector decreases as a function of € as cose, the observed power integrated
over the imaging plane follows the Lommel-Seeliger-type model multiplied
by cose.

The results from fitting the semiempirical function (Eq. 4) to the absolute
line intensities was also used to fit the relative elemental line ratios measured
as a function of the viewing geometry, as discussed in the previous section.
The resultant fits, although somewhat nonlinear, produced x? values that are
comparable to those of the linear fits used in the study of the regolith effects
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in the previous section. A more thorough study on the propagation of the
confidence ranges of the parameters of the semiempirical function into the
study of the line intensity ratio changes is needed before the semiempirical
function can be utilized in studying, and ultimately, in predicting change in
elemental line ratios as a function of the viewing geometry. This remains as
a topic for future studies.

4.3 Comparison with previous studies

Nérdnen et al. (2007) introduced new Monte-Carlo ray-tracing simulations
of the effect of regolith properties on fluorescent X-ray emission. All of the
simulations reported there were performed with an illumination source fixed
in a direction normal to the surface (i.e., ¢ = 0°). A strong correlation be-
tween the intensity of fluorescent X-rays and particle size was observed in
the simulations, with the smallest particles producing the greatest fluores-
cent intensity. An opposition effect, i.e., a nonlinear brightening, was also
observed to arise at small phase angles (< 10°). This was attributed to a
shadow-hiding mechanism that also partly causes the opposition effect at
visible wavelengths. The results are in qualitative agreement with the results
of the present study.

Okada (2002) measured relative line ratios of Ca, Fe, and Ti of loose-
powdered basalt samples of four different particle sizes over phase-angle range
of 21-76° (v = 45°) to study the effect of particle sizes. In his study he
utilized an experimental setup consisting of a helium chamber, a Cr-anode
X-ray source, and a semiconductor X-ray detector. It is not clear how he
separated the change of relative elemental line ratios expected for the plane-
parallel homogeneous medium and the effect caused by the different particle
size ranges in the samples. However, in a later paper by the same research
group (Maruyama et al. 2008), the use of a smooth, solid, calibration sample
of the same elemental composition as the powder samples is indicated. It
is thus assumed that the two effects are separated in the results by Okada
and only the latter is reported. He reports a decrease of Ca/Fe relative line
ratio (i.e., hardening of the spectrum) as a function of increasing phase angle
for all the samples, with larger decrease for samples with larger particles
and almost zero for the smallest particles (smoothest surface). The decrease
was 12 and 6 % for samples with particle-size ranges of 106um-180um and
>180um, respectively, over the phase-angle range of 21-50%. These particle-
size ranges are in the same general range as in the rougher sample used in the
present study. The effect was smaller for Ca/Ti as is expected if the regolith
effects are more effective for higher energies.

For the measurements reported in the present paper, if the change ex-
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pected from the fundamental parameters equation is assumed to be reliably
calculated using the semi-empirical model for the X-ray tube spectrum (see
discussion in Sect 4.1.) the remaining contribution of the regolith effects as
a function of the phase angle would be ~0% for the smoother sample (simi-
lar to the result presented by Okada) and ~4% (hardening) for the rougher
sample over the phase angle range of 0 — 50°, regardless of the measurement
geometry. The discrepancy in the amounts of hardening reported here and
those of Okada for the samples with larger particles is most likely due to the
samples used in the present study being compacted pellets where less surface
roughness and hence less regolith effects are to be expected.

Maruyama et al. (2008) reported results of a numerical simulation on the
regolith effects or particle-size effect as they call it. They assumed an average
particle size of 75 pum and typical soil composition at Apollo 12 site. They
estimated a decrease of a few percent in Mg/Si and Al/Si over the incidence-
angle range of 35-75°% the decrease was slightly larger for Mg/Si. This is in
qualitative agreement with the results of the present study and also with the
results by Okada (2002).

Although the studies by Okada and Maruyama et al. utilized loose pow-
der samples for which the regolith effects would be expected to be larger, the
results of the present study and the abovementioned authors’ agree qualita-
tively very well. Larger particles in the sample, i.e., rougher surface is seen
to increase the hardening of the spectra as a function of growing phase angle.

In their analysis of the X-ray spectra from the NEAR Shoemaker X-ray
spectrometer (XRS), Nittler et al. (2001) identified H or R chondrites as the
most likely meteoritic analogue for asteroid 433 Eros, although lower-iron
L or LL ordinary chondrite subclasses were also deemed possible. L or LL
chondritic composition was independently suggested by the NEAR gamma-
ray spectrometer (GRS) experiment (Evans et al. 2001). The main mismatch
between the results with the XRS and the GRS was that the GRS measured
a significantly lower Fe/Si intensity ratio than the XRS. The difference in the
elemental ratios measured by the XRS and the GRS experiments is ~50%
and the uncertainties in the data presented for both channels do not overlap.
GRS sampled the target composition tens of cm below the surface whereas
the XRS sampled the topmost ~ 100um of the surface. Thus, it is possible
that the mismatch is related to the different sampling depths and is caused
by, e.g., geomechanical factors affecting the regolith on 433 Eros such as the
"Brazil-nut effect” (Rosato et al. 1987) or the "reverse Brazil-nut effect” (Hong
et al. 2001). These effects could potentially alter the surface composition as
a function of depth.

Okada (2002) re-examined the results from the XRS in the light of possi-
ble viewing-geometry-dependent regolith effects (NEAR obtained most of its
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data at large phase angles). Okada arrived at the conclusion that when the
regolith effects are accounted for in XRS analysis, the L or even LL chondritic
composition becomes the most likely meteoritic analogue for 433 Eros. The
studies reported in this paper qualitatively support his conclusion. Regolith
surface roughness tends to harden the spectrum as a function of increasing
phase angle. Thus an elevated Fe/Si intensity ratio would be expected. Also
the regolith effects would be most notable with the Fe/Si intensity ratio since
the regolith effects are expected to become larger for higher energetic fluo-
rescent lines. Most likely the regolith effects are not the only mechanism
resulting in increased measured iron content, but it could explain it at least
partly. It is worth noting that the gamma ray measurements are not affected
by the same small-scale surface roughness effects as the X-ray measurements.
Gamma rays are produced by interaction of the cosmic background radiation
with the regolith and the cross section of absorption of gamma rays in the
regolith is small. Also, several possible explanations were given for the low
iron content measured with the GRS (Evans et al. 2001) thus bringing the
results from the GRS measurements closer to those obtained by the XRS.

5 Discussion

The measurements presented here show effects of illumination and observa-
tion geometries and surface roughness on the intensity of fluorescent X-rays
emerging from the planetary regolith at different energies. The measure-
ments, performed using lunar regolith analogues, cannot currently be used
for the validation of conclusions drawn from numerical modelling. Analogue
materials are heterogeneous in composition and are not easily simulated. A
future goal should therefore be to characterize analogue samples sufficiently
that their properties and inhomogeneities can be properly accounted for in
the numerical simulations. A possible future sample for analysis might be a
well-defined mixture of two or three different kinds of spherical particles of
single elements which can be more easily modelled. Also, the X-ray source
spectrum should be better characterized. A more detailed quantitative anal-
ysis of the structure of the samples would be beneficial for modelling. For
example, X-ray tomographic images of the sample would provide insight into
the packing density and roughness of the pellet surface. Two-dimensional
mapping by energy-dispersive X-ray spectroscopy (EDX) in a scanning elec-
tron microscope would provide information on the extent of elemental in-
homogeneity of the samples. The semiempirical function presented in this
paper may be utilized to study the change in the relative line intensities. A
linear function was found to be a satisfactory initial approach in studying the
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elemental line ratio changes as a function of the phase angle and especially
in demonstrating the existence of the regolith effects. The utilization of a
semiempirical function, such as Eq. 4, in the study and prediction of regolith
effects for elemental line ratios remains as a future goal, as discussed in Sect.
4.2. Tt is predicted that with a better understanding of the propagation of
the parameter errors of the semiempirical function into elemental line ratios,
the semiempirical function will prove to be a better tool for the study and
prediction of the regolith effects on relative line intensity ratio changes than
the linear function.

Several strategies can already be envisaged for planetary X-ray fluores-
cence spectroscopy to help account for the effects measured here in the lab-
oratory. Firstly, if measurements are obtained at small phase angles then
the regolith effects studied in the present paper will be small. However, at
small phase angles the opposition effect can affect the measured spectra. The
extent of the opposition effect in soft X-ray energy region remains as a topic
for future studies. Secondly, the effects can be accounted for by introducing
correcting functions of the regolith effects in the analysis of spectra. Mea-
surements that are not calibrated for the regolith effects can be synthesized
into a line intensity-phase-angle curve that can fitted with a function similar
to Eq. 4 presented in this paper. If the relation between the parameters of
the fit and the regolith characteristics are understood, information on some of
the physical parameters of the surface, such as porosity, packing density, and
particle-size distribution, can be obtained. This information, although neces-
sarily restricted in the spatial resolution due to the scanning nature of plan-
etary X-ray data acquisition, may help to select the most likely parameters
for physical properties of the regolith obtained through other investigations.

6 Conclusion

The intensities of the fluorescent elemental X-ray lines observed from a re-
golith vary as a function of viewing geometry and physical parameters of
the regolith in a way that cannot be explained by models of homogeneous
plane-parallel medium. This must be taken into account when calibrating
data that has a spatial resolution sufficient to allow well-defined viewing ge-
ometries. With a robust model of the regolith effects, it may also be possible
to use multiangular X-ray fluorescence spectroscopy as an independent tool
for determining some of the physical parameters of the regolith.
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Fraction of weight (%)
Constituent | Olivine basalt | Apollo 11
Si0q 44.9 40.0
MgO 21.8 7.9

F6203 11.6

FeO 19.1
Al O3 10.1 10.2
CaO 5.7 11.3
Na,O 2.9 0.4
TiO, 2.0 10.5
K>;O 1.6 0.1
P>0Os5 0.5 0.1
MnO 0.2 0.3

Table 1: The chemical compositions of the finer-particle olivine basalt sample
used in the present study (by courtesy of Derek Pullan, Space Research
Center, University of Leicester and the Planetary Analogue Field Studies
Network) and an olivine basalt sample from Apollo 11 landing site at Mare
Tranquillitatis (Peck and Smith 1970).
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rl gs og | rec A B(107*/°) | x*

Fe Ka/Ca Ka | <50um |e=0°] 4.2% | 0.99£0.02 8.745.1 0.19

Fe Ka/Ca Ka | 75 — 250um | e =0° | 8.5% | 0.99+0.02 | 20.0£5.4 | 0.22

Fe Ka/Ca Ka < 50pm t=0°]-7.7% | 1.00£0.01 | -14.4+4.2 | 0.16

Fe Ka/Ca Ka | 75 — 250um | ¢ = 0° | -2.0% | 1.01+£0.01 -4.5+4.1 0.48

Table 2: The relative intensity ratio changes of Fe Ka and Ca Ka lines for
both viewing geometries and samples as presented in Figs. 10 and 11. The
abbreviations in the table header are: ratioed lines (rl), particle-size range
(gs), observation geometry (og), relative change (rc) over the angle-range of
0-50° obtained from the linear fit, parameters A and B of the linear least-
squares fit of the form y = A + Ba with their 1o errors, and the reduced x?
values of the fits.
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2

el gs og Ry k n X
Fe Ka < 50pum e=0°|2734+0.44 | 0.012+0.035 | 1.804+0.43 | 1.11
Ca Ka < 50pum e=0°] 1.87£0.40 | 0.063+0.065 | 0.90+0.22 | 3.16
Fe Ka < H50pum t=0°] 2.21£0.36 | -0.10340.042 | 1.13+0.36 | 0.92
Ca Ka < 50pm ¢t =0°|2.53£0.60 | 0.015£0.039 | 1.50£0.63 | 1.99
Fe Ka | 75 —250pum | e = 0° | 1.69+0.23 | 0.08640.049 | 0.74+0.22 | 0.40
Ca Ka | 75 —250um | e = 0° | 1.6640.26 | -0.01740.051 | 0.684+0.24 | 0.69
Fe Ka | 75 —250pum | ¢ = 0° | 2.47£0.95 | -0.13940.082 | 1.36+0.95 | 0.67
Ca Ka | 75 —250um | ¢ = 0° | 3.644+1.82 | -0.0494+0.073 | 2.514+1.81 | 0.88

Table 3: The parameters Ry, k, and n obtained by fitting Fe Ka and Ca Ko
intensities with the semiempirical function (Eq. 4). The parameter errors
are lo errors for the optimum fit. The abbreviations are: emission line (el),
particle-size range (gs), and observation geometry (og). The reduced x? value

of the optimum fit is also given.
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Figure 1. The viewing geometry: ¢, €, and « are the incidence, emergence,
and phase angles, and ¢y and ¢ are the azimuth angles of the incident and
emergent radiation, respectively.

Figure 2. The experimental setup. The view is from the top, i.e., the setup
is horizontal. Measures in the setup are: the closest X-ray beam collimator-
sample distance is 270 mm and the sample-detector distance is 140 mm. The
detector head is offset from the center of the rotating arm by 10 mm to the
direction of the X-ray source. The diameter and height of the cylindrical
chamber are 650 mm and 300 mm, respectively. In this figure the setup is
shown at « = 0° configuration.

Figure 3. Semi-empirical model spectrum of the X-ray source. The most
noticeable features in the bremsstrahlung spectrum are the Titanium Ko and
K fluorescent emission lines at 4.51 keV and 4.93 keV, respectively, and the
Titanium K absorption edge at 4.97 keV. The X-ray source is too luminous
to be observed directly with the detector. The unit of intensity is arbitrary.

Figure 4. The measured spectrum of the <50 pum olivine basalt sample
obtained at ¢ = 0°, e = 21° and the best fit with the multiple-Gaussian fitting
model. All nine of the identified fluorescent emission lines have been marked.

Figure 5. The model spectrum deconvolved using the detector character-
istics to show the actual X-ray fluxes from the sample.

Figure 6. The measured relative intensity ratios of several elemental flu-
orescent emission lines from a pellet made of olivine basalt with maximum
particle size of 50 pum. The emergence angle is zero, i.e., the detector viewing
direction is fixed perpendicular to the sample surface and the light source is
moved. The error bars represent 1o measurement errors. For plotting pur-
poses, the elemental line ratios have been normalized to unity at « = 9° and
vertically offset to separate the lines. The slopes are, however, comparable
in the plot.

Figure 7. As in Fig. 6 for particle sizes 75-250 pm.
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Figure 8. As in Fig. 6 but with the light source perpendicular to the
sample surface and the detector moved.

Figure 9. As in Fig. 8 for particle sizes 75-250 pm.

Figure 10. The effect of particle size. Here the relative intensity ratios
of Fe Ka and Ca Ka lines measured from both samples as a function of the
incidence angle (e = 0°) are presented. The results from the linear fitting are
given in Table 2.

Figure 11. The same as Fig. 10 but with + = 0°.

Figure 12. Absolute line intensities of Fe Ka emission fitted with the
semiempirical function (Eq. 4). The results with ¢ = 0° have been divided
by cos € to normalize the measurement geometries.

Figure 13. The same as Fig. 12 but for Ca Ka emission.
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