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ABSTRACT: In experiments preliminary to the design of an
X-ray-excited optical luminescence (XEOL)-based chemical
mapping tool we have used X-ray micro (4.5 X 5.2 ym) and
macro (1 X 6 mm) beams with similar total fluxes to assess the
effects of a high flux density beam of X-rays at energies close to
an absorption edge on inorganic surfaces in air. The near
surface composition of corroded cupreous alloys was analyzed
using parallel X-ray and optical photoemission channels to
collect X-ray absorption near-edge structure (XANES) data at
the Cu K edge. The X-ray fluorescence channel is characteristic
of the composition averages over several micrometers into the

surface, whereas the optical channel is surface specific to about 200 nm. While the X-ray fluorescence data were mostly insensitive
to the X-ray dose, the XEOL-XANES data from the microbeam showed significant dose-dependent changes to the superficial
region, including surface cleaning, changes in the oxidation state of the copper, and destruction of surface compounds responsible
for pre-edge fluorescence or phosphorescence in the visible. In one case, there was evidence that the lead phase in a bronze had
melted. Conversely, data from the macrobeam were stable over several hours. Apart from localized heating effects, the microbeam
damage is probably associated with the O; loading of the surface and increased reaction rate with atmospheric water vapor.

maging techniques which can chemically map surfaces in air

or a controlled environment (liquid, gas) are few in number.
X-ray excited optical luminescence (XEOL)' ™ is a potentially
rich source of information on the chemistry, local atomic order,
and electronic structure of a surface. Because the emission
concerned lies in the wave bands from the near UV to the near
IR, a detector based on more or less conventional light optics
can be used.*” This makes the technique capable of mapping in
conjunction with either an X-ray microprobe, in which case the
detector can be based on a light collection system and a device
such as a broadband photomultiplier, or a broader X-ray beam
(such as that from a bending magnet) when an imaging
detector such as a CCD camera is required. A further attraction
of the technique is that, for input X-ray energies from around 3
keV upward, a surface may be observed in air or in a controlled
ambient such as a corrosive gas. Under some circumstances, the
surface may even be immersed in a liquid,”® although the
changes in optical constants induced by radiolysis from the
probe complicate the interpretation of the data.’

It is well-known that, provided the signal is not swamped by
background fluorescence and phosphorescence, the XEOL
emission is modulated by the escape probability of a
photoelectron at and above an absorption edge. This channel
can therefore carry similar X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS) information to the X-ray fluorescence channel leading
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to a technique sometimes known as optically detected X-ray
absorption spectroscopy (ODXAS). This leads immediately to
the possibility of chemical and electronic structure imaging with
(at least) micrometer scale lateral resolution.

Our interest in the technique lies in its potential for
monitoring surface chemical changes in real time, especially in
the context of heritage and other metal corrosion and
protection. It is therefore relevant to determine the extent to
which the probing X-rays can themselves cause changes in the
surface chemistry and to see whether this is related to the total
energy absorbed on a pixel during image acquisition or to the
energy absorption rate (power), given that, for the same
statistical precision in the image, the same number of X-ray
photons must be absorbed. Previous studies of damage induced
by X-rays in the keV range have shown that both dose and dose
rate can be important,' that X-ray-induced heating can play a
role, for example in the reduction of oxides,"* and the effects
are highly dependent on chemical composition, even in organic
thin films."? Types of damage are varied, but include
reduction,'’ optical damage,"® hydrocarbon chain breaking,
reactions with ozone and other radicals, and thermal'* and
electronic damage.'® Simultaneous use of XEOL and XANES
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or XEOL and X-ray diffraction (XRD) to assess surface damage
occurring during analysis seems to be uncommon, but the latter
combination has been used in the study of protein crystals."®

This work will inform the design process for a XEOL-based
microscopy system, in particular the choice between a
microprobe device (resolution determined by the X-ray spot
size) and a microscope (resolution determined by the light
optics and a pixelated detector).

B EXPERIMENTAL SECTION

Microbeam measurements were carried out on a beamline 118"
at Diamond Light Source (DLS), using a microprobe beam
containing a total flux in the range from 10" to 10" s™". X-rays
were incident at 45° to the sample surface, and the illuminated
pixel size was 4.5 X 5.2 ym. The incident angle was chosen to
preserve a small beam footprint at high flux density suitable for
microprobe imaging. At 9 keV, this gives an input power
density of 61.3 W mm™ Copper K-edge XANES spectra were
collected on two parallel channels simultaneously: X-ray
fluorescence, using a 4-element Vortex ME4 (Hitachi Inc.),
and a broadband optical channel from 18S to 850 nm, using a
custom detector [optically detected X-ray absorption spectro-
scope (ODXAS1)] based on fused silica optics and a
Hamamatsu 8259-01 broadband photomultiplier tube (see
Figure 1).

In what follows, “XANES” will refer to data collected using
X-ray fluorescence, and “XEOL-XANES’ will be used to
describe the parallel optical data. Macrobeam XEOL-XANES
measurements were made on a BM26A (DUBBLE)'® at the
ESREF. Again, the X-rays were incident at 45°, and an area 1 X 6
mm was illuminated uniformly. Parallel XANES were not
collected. ODXAS1 consists of an uncoated fused silica
objective 40 mm in diameter with a 40 mm focal length
(Knight Optical LX 4040) and a similar 25 mm diameter
demagnifying lens with a 25 mm focal length (Knight Optical
LX 2525). Silica is used to avoid secondary fluorescence and to
obtain high transmission from the near UV to the near IR, and
coatings are avoided to prevent any secondary fluorescence in
the optical system. There is a filter carrier for 25 mm diameter
optical filters between the two lenses. This was used to filter the
emission in the macrobeam experiments. The sample surface is
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placed 50 mm from the first principal plane of the objective.
Since the photomultiplier has no lateral resolution, the optical
system is designed to transport as much light as possible into its
4 X 20 mm aperture. The optical axis of ODXAS] is normal to
the sample, and the Vortex detector take-oft angle was 10° to
the surface (I18 at DLS).

The housing is made from an acetal copolymer, which we
have found causes minimal background fluorescence, and a
manifold in front of the objective admits X-rays, contains a
sample illumination and web-cam-based viewing system, and
allows other detectors, such as the Vortex, a view of the sample.
A remotely operated fast shutter protects the photomultiplier.
The whole device fits onto our electrochemical/environmental
cell (eCell),"” which was used to hold the samples here.

The samples were clean or corroded copper or lead-bronze
discs, 12.5 mm in diameter. Copper discs were pressed from
99.9% pure 2 mm thick sheet (Advent), and the lead bronze
was an archeological simulant from the IMMACO project.”’
Corroded discs were covered with cuprite (Cu,0O), nantokite
(CuCl), or a mixture of atacamite and paratacamite [isomeric
hydroxychlorides Cu,(OH),Cl]. The protocols used to
produce the corrosion layers are described in detail else-
where,”' 7> as are typical XANES data from these samples.”®

The microbeam scan parameters and X-ray flux were chosen
to be compatible with the acquisition of XANES and XEOL-
XANES spectra from each pixel with acceptable statistics on a
practical timescale. For each sample, a sequence of 5 XANES
scans across the Cu K edge was taken on the same position.
Each scan took 10 min and was divided into two: a pre-edge
region from 8.830 to 8.962 keV with a step in monochromator
angle of 8.3 mdeg (approximately S eV), and a XANES region
out to 9.165 keV, sampled at a step of 0.7 mdeg (approximately
0.5 eV). The XANES and XEOL-XANES signals were sampled
for 1 s at each step, and the monochromator stepping time was
approximately 2 s. The reduction in scan rate at 8.962 keV
sometimes leads to significant features in the XEOL-XANES
pre-edge signal. These are discussed below. The macrobeam
scan parameters were compatible with the acquisition of a
microscope image in the XEOL-XANES mode (i.e., the use of a
light optical system to collect an image resolved by a pixelated
detector rather than a scanned probe), although imaging was
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Figure 2. Reference spectra gathered in the X-ray fluorescence mode using the DUBBLE beamline.®

1.1

LI B

1.0
0.9

0.8
0.7
0.6
0.5
0.4

0.3

0.2

Normalized X-Ray Intensity / Arb. Units

0.1

ITTRTTETY [XRTERTEI ARTRTSNTY FNRTAREN RVRTURT) RURRNUARE FRRRTURT AYCTRRAEA ANURTURTA ANRRURSTI (RURTNINS

0.0 Frrrrrrrerr R

8 8.9 9.0 9.1 9.
Beam Energy / keV

©

2

14 g
, 107
S 0o
g 0.029
< 08 E
~ E E
2 0.7 Macro beam data 3
2 E 11 T T
Q 0.6—2 1.0—JMC
£ E 0.9 —
T 054 0.8 -
g 0.7 —
O 044 0.6 b
g E 0.5+ 1
N 0.35 0.4 ]
g ] o020 03] i
€ 02 0.2 —
S E 0.1 -
0.1 0.0 —T T
E 88 89 90 91 I
0.0
8.8 8.9 9.0 9.1 9.2

Beam Energy / keV

Figure 3. Five 10 min scans using an X-ray microbeam to collect K-edge XANES from a polished copper surface. The X-ray fluorescence XANES
channel (left) and XEOL-XANES (right) were collected simultaneously. While the XANES is stable (successive scans superimpose), the XEOL-
XANES shows a monotonic increase in the pre-edge background and the postedge signal. The geometric similarity of the edge and postedge regions
in both types of spectra shows that the pre-edge background in the XEOL-XANES comes from emission channels which turn off at the edge. The
inset shows data from the macrobeam where the pre-edge signal is much higher.

not possible with the optics in this proof of concept device.
Scan times varied between S min and 3 h according to the
experiment and were structured similarly to those above, with
large monochromator steps in the pre-edge region and smaller
steps subsequently. Additive and subtractive dichroic filters
(Edmund Optics, UK, red #52-528, green #52-534, blue #52-
531, long pass #47-620, and short pass #47-286); cyan #52-537,
magenta #52-540, and yellow #52-543) were used to obtain
preliminary information on the spectral content of the XEOL
for the macrobeam experiments.

No attempt was made to protect the samples with a gas
blanket since the main objective of these experiments was to
see whether X-irradiation related damage could be observed on
the samples and to what extent realistic time lapse measure-
ments might be made (for example) in a controlled
environment with which the surface was reacting.
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Processing of the raw data was carried out using our software
esaProject 2013.>> In order to display the data so that relative
changes between spectra were preserved, raw spectra were first
normalized point-by-point to the beam monitor. Then the
mean value of the postedge intensity between 8.990 and 9.165
keV was found separately for the first spectrum in each set of 5
XANES spectra and all five normalized to this. Similarly, the
mean value in the same postedge energy range was found for
the first XEOL-XANES spectrum in a set, and all the spectra in
the set were normalized to it. This process leaves the spectra
unchanged in shape compared to the raw data. Standard fitting
and normalization techniques were not applied to these spectra
because they distort the XEOL-XANES data unacceptably, for

reasons discussed below.
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Figure 4. Paralle] XANES (left) and XEOL-XANES (right) from a thick corrosion layer of copper hydroxychlorides [atacamite and paratacamite,
isomers of Cu,(OH);Cl) on copper]. The sharp knee in the pre-edge region of scan 1 in the XEOL-XANES (arrowed) occurs where the

monochromator stepping rate (eV/s) is reduced.

B RESULTS AND DISCUSSION

Figure 2, for comparison with Figures 3—8, contains reference
XANES spectra measured in the X-ray fluorescence mode and
gathered under macrobeam conditions. These are plotted
conventionally as normalized y(E) versus beam energy E and
the data collection and processing is described in detail
elsewhere.®

Copper. Figure 3 shows the sequence of 5 XANES and
XEOL-XANES spectra collected in parallel from a polished
copper surface cleaned with 2-propanol. The main features of
both sets of spectra are typical of Cu K-edge XANES. However,
whereas the Cu edge rises around 3 orders of magnitude in the
XANES data, the XEOL-XANES shows a high level of pre-edge
fluorescence in the UV—NIR region sampled. This is a typical
difference observed between XANES and XEOL-XANES across
all the spectra from the cuprous surfaces reported here and,
indeed, spectra from tin, lead, and other materials.

The XANES spectra are identical with one another within
the noise. For the XEOL-XANES, there is a rise of 0.02 in the
pre-edge fluorescence and 0.029 in the mean post-edge value.
The latter is partly accounted for by the increase in background,
but there is also a small but significant increase in the height of
the Cu edge itself.

The modulation of the XANES spectra is decreased a little by
self-absorption in comparison with that of the XEOL-XANES,
but there is no sign of an edge shift or structural change with X-
ray dose in either case. The surface specificity of XEOL-XANES
compared to XANES has been demonstrated elsewhere.” In
addition, a technique specific to the top nanometer or so, such
as ultra low-energy dynamic secondary ion mass spectrometry
(uleSIMS), will show these surfaces to be coated with a
complex cocktail of organic contaminants and alkali-metal
compounds, despite the cleaning in propanol. We therefore
attribute a small part of the background fluorescence in the
XEOL-XANES to this material, and the increase in the Cu-edge
height to its partial breakdown and removal, possibly in
reactions with ozone generated by the beam.

A comparison of the first XEOL-XANES scan from the
microbeam of 118 with the macrobeam on DUBBLE (inset to
Figure 3) gives a pre-edge signal which is 10 times higher on
118, whereas the signal just postedge is 22 times higher. An
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absolute difference in signal levels (>10° counts/sec on 118 and
>6 X 10* counts/sec on DUBBLE) is to be expected because
DUBBLE was used with no sagittal focusing, and the ring at
ESRF was, in any case, running in 16-bunch mode (around 25%
of the current at DLS at that time). However, the fact that the
edge height above the pre-edge signal is a factor of >2 higher on
I18 suggests that only the end stages of the cleaning process
were observed in the scans on 118, implying a far more rapid
change in the first few moments of the data taking.

Although we explain a small fraction of the pre-edge signal in
the XEOL-XANES from I18 by optical fluorescence from
surface contamination, a comparison between the edges in the
XANES and XEOL-XANES data shows that most of the pre-
edge signal in the latter is due to copper-related radiative
processes in the top 100 nm or so, as follows.

The peak due to the interband transition at 8.981 keV occurs
at a relative height of 0.7 in both types of spectrum. This means
that the XEOL pre-edge signal of 0.4 is not the zero level for
the spectrum, otherwise this peak would be at a higher relative
intensity in the XEOL data. So, the postedge data are not
“sitting on” the pre-edge signal (as, for example, they would be
if the optical emission was from a surface contaminant). The
pre-edge signal must therefore arise from radiative de-excitation
of the ionization of all the Cu L and other outer levels through
channels which do not persist at high probability once X-rays
are absorbed on the K level (although the end states may be the
same).”**> This leads to the following problem in data
processing: Typically, XANES data might be processed by
fitting a spline to the pre-edge region and subtracting this, then
normalizing the data to a second spline representing the local
mean of the postedge data. Subtracting the high background
level from the XEOL-XANES data in a similar way will
significantly increase the edge gradient and change the relative
position of features on the edge, such as the interband
transition at 8.981 keV. Instead, the subtraction process might
be replaced by fitting a spline to the lower part of the edge itself
(e.g., the region 0.45—0.7 relative intensity in these data) and
extrapolating this to zero. Unfortunately, one cannot take this
as a blanket approach to all the XEOL-XANES data in this
paper, as the background is clearly additive to the spectrum in
some cases.

dx.doi.org/10.1021/ac401646q | Anal. Chem. 2013, 85, 9556—9563
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Mixed Hydroxychlorides [Atacamite/Paratacamite—
Cu,(OH);Cl] on Copper. Figure 4 shows a similar data set
from a layer of mixed atacamite and paratacamite on copper
several hundred micrometers thick. Here, the relative
proportions of the XANES and XEOL-XANES spectra show
that some part of the pre-edge signal in the latter is additive.
Again, the XANES data for each scan are superimposed to
within the noise level, showing that the are no measurable
changes in the bulk of the layer. However, the first XEOL-
XANES spectrum shows a rapidly decreasing background with
a sharp dip at 8.962 keV where the monochromator step
becomes much smaller. Although the measurement time stays
the same, the decreased scan rate means that the time taken to
scan a given energy range increases more than 10 times. The
decrease in signal in the pre-edge region is symptomatic of the
destruction of a light-emitting compound on the surface, and
the change of slope shows that it is probably a phosphorescent
substance that is being destroyed. (The light emission is
decaying on a timescale which is long compared to the 1 s
acquisition time.) However, the fact that the postedge detail
stays the same shape (characteristic of paratacamite) shows that
it is not a copper compound which is being lost (but it is
possible that the fluorescence of a copper compound is being
modified by the X-rays). X-ray diffraction data show that the
protocol used to prepare the paratacamite layer leaves behind
significant amounts of sodium chloride and sodium nitrate. It is
possibly one or both of these that is being destroyed, and the
phosphorescence of Cu-doped sodium chloride due to both
radiation damage and the doping has been described by
others.”**” Another possibility is suggested when considering
these data in comparison with that from nantokite below. With
regard to Figure 4, in the 10 min scan time of the first scan, the
XEOL background signal decreases by a factor of 2.8. In the
four subsequent scans, the decrease is much less, but the
postedge intensity decreases by significantly more than the
background. This suggests a shift in the wavelength of the
optical emission as the edge is crossed and an increasing effect
of either an absorber for this wavelength range or damage to
the emitter.

A comparison of data from the red, green, and blue filters
(Figure S), using the macrobeam, shows there is indeed a shift
in the wavelength. The data in Figure S have been normalized
to the mean postedge value of the unfiltered signal. The pre-
edge signal is predominantly green (in the range of 500—575
nm), and this also contains the phosphorescent component.
Postedge, there is a relative increase in the blue emission (400—
500 nm). The white line is characterized by an enhanced
emission in the green band, entirely lacking in the blue. The
macrobeam signals all show flat pre-edge signals (no damage)
but a dip where the scan rate decreases (phosphorescence).

Nantokite (CuCl) on Copper. Nantokite is produced on
copper through the application of a simple protocol, which
involves soaking a clean copper coupon in saturated CuCl,
solution and rinsing the residual CuCl, away with water.
Unfortunately, both this latter process and subsequent exposure
to air result in decomposition of the CuCl through fast and
slow hydrolization to form cuprite and paratacamite.”>>*

Figure 6 shows XANES and XEOL-XANES data from a
freshly made nantokite layer an hour or so old. The XANES
data are entirely characteristic of the underlying copper because
the nantokite layer is thin.” The XEOL-XANES data show the
presence of a mixture of nantokite and paratacamite (compare
with reference spectra in Figure 2). In particular, the white line
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show a significant increase in the blue emission postedge. Data from
the other filters mentioned in the text is consistent with this.

observed at 8.986 keV is characteristic of nantokite (arrowed in
the left pane of Figure 6). (The term “white line” is used in X-
ray absorption spectroscopy to describe a peak occurring more
or less at the top of the edge. It comes from the appearance of
data recorded by dispersion of transmitted X-rays across a
photographic plate in early measurements.) With consideration
of the pre-edge region first, the behavior here is similar to that
for paratacamite, but there are no sodium compounds involved
in the production. Measurements on other nantokite layers
aged for several days show significantly less nantokite (and
more cuprite and paratacamite) and also around 20% less
phosphorescence at the start of the analysis. Other features are
identical to those shown here. It therefore seems likely that the
rapidly decaying pre-edge signal originates from the nantokite.
At the same time, the white line decreases in intensity as the X-
ray dose increases, until only the signatures of paratacamite and
cuprite remain in the spectrum. Since nantokite reacts readily
with oxygen and water vapor in the air, it is not surprising that
the power input from the beam, combined with the O,
generation, causes the nantokite to decompose. The macro-
beam data (inset) consistently show a rather different spectrum,
which we demonstrate elsewhere” is characteristic of nantokite.
In particular, the white line is more prominent (and remains
stable over several hours). It therefore seems that the
microbeam has started to decompose the nanotkite early in
the first scan.

Cuprite (Cu,0) on Copper. The XANES and XEOL-
XANES data shown in Figure 7 are characteristic of cuprite7

dx.doi.org/10.1021/ac401646q | Anal. Chem. 2013, 85, 9556—9563
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with its pronounced interband transition on the edge at 8.982
keV. The geometrical similarity of the edge and postedge
regions in both types of spectrum (especially the similar relative
positions of the midedge feature) shows that, as for copper, the
pre-edge background in the XEOL-XANES comes from
emission channels which turn off at the edge. Copper itself
does not show any tendency to oxidize in the 50 min of X-ray
exposure (Figure 1). On the other hand, preoxidized copper in
the form of cuprite was one of the few examples we observed
where the XANES showed some variation over time as well as
the XEOL-XANES. Figure 7 shows a small increase in the
cuprite intensity in XANES over the S spectra. However, since
the layer is initially thick enough that there is no sign of copper
in the first spectrum taken, this cannot be due to an increase in
the cuprite thickness. Looking at the XEOL-XANES, we see
that there is a 7% decrease in the pre-edge background,
between the first and second spectra, with a corresponding
decrease in the postedge average. In subsequent scans, the pre-
edge level stays similar, while the postedge level increases. This
suggests the removal of a fluorescing surface compound, which
was absorbing both a fraction of the X-ray fluorescence and a
larger fraction of the optical fluorescence from the cuprite. The
cuprite is made by immersion of the copper in sodium sulfate
solution. The observed behavior is consistent with the
decomposition of this by the beam.

Cuprite (Cu,0) on Lead Bronze. A more complex
example of surface modification is found in the examination
of a lead-bronze alloy coated with cuprite. Under the
microbeam, this sample showed strongly varying behavior
from place to place. In some locations, for example, the §
XANES spectra overlaid and were characteristic of copper (thin
cuprite layer), whereas the XEOL XANES showed high levels
of pre-edge fluorescence (rather than phosphorescence), which
decreased by a total of 10% in the 50 min, and a noisy edge, and
a postedge signal characteristic of mixed copper and cuprite
spectra (copper seen through thin or patchy cuprite). Figure 8
shows different behavior. The XANES is characteristic of
copper but decreases monotonically from scan-to-scan by 20%
overall. The XEOL-XANES is characteristic of cuprite on a high
and mostly fluorescent background. This increases scan-to-scan,
apart from the destruction of some phosphorescence in scan 1.
The height of the copper edge above the background also
increases. In this material, the lead and copper phases are
partially separated,® and the grains are quite large (up to 100
pm across).

Moreover, we find that macrobeam measurements of XEOL
from lead and several of its compounds show high levels of pre-
edge fluorescence. The irradiated region in Figure 8 most likely
includes both lead and copper grains. Given their respective
melting points (Pb = 327.46 °C, Cu = 1084.62 °C), heat
capacities (Pb = 26.65 J mol™" K™/, Cu = 24.44 J mol™' K™"),
and enthalpies of fusion (Pb = 4.77 kJ mol™, Cu = 13.26 kJ
mol™"), it is easy to show that if all the input power from the
beam (10''—10'* 9 keV photons s') thermalized into a cubic
grain 50 ym on a side, the lead would melt in 0.06 to 0.6 s, and
the copper in 0.48 to 4.8 s, nearly 8 times longer. Allowing for
heat loss mechanisms, it is not nreasonable to find that the lead
melts on a short timescale compared with that of the
experiment, whereas the copper does not melt at all. One
hypothesis to explain the data is therefore that a nearby lead
grain melted and wetted the copper, diminishing the XANES
signal. At the same time, cuprite grains (melting point 1232 °C)
were floating on, or protruding through, the lead. Then lead, or
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a lead compound, contributes increasingly to the copper pre-
edge signal in the XEOL-XANES, and a small increase in X-ray
backscattering from the lead enhances the cuprite yield.

Bl CONCLUSIONS

For all the surfaces reported here, differences between XANES
and XEOL-XANES measurements indicate that a microbeam of
sufficient power to acquire chemical images of corroded metal
surfaces, also modifies the near surface region. Except for the
nantokite system where the evolution of the surface into
paratacamite was obvious, the determination of the exact
surface changes would require a very considerable amount of
work on each system. However, reasonable hypotheses have
been advanced to explain the data. The proposed effects range
from surface cleaning for bare copper, through dissociation of
surface contaminants left by the corrosion protocols, to melting
of lead grains in a lead bronze.

Comparison between XANES and XEOL-XANES for the
cuprite and copper samples shows that the pre-edge back-
ground in the XEOL-XANES comes from emission channels,
which are blocked with the onset of K-level ionization. In
general, therefore, it would not be correct to subtract the pre-
edge level when processing the data because it would artificially
increase the edge gradient and distort near-edge features.
Extrapolation of the edge function downward would be a better
strategy in some, but not all, cases. The XANES data from a
reference sample would, in this context, give a useful guide to
the XEOL-XANES processing in general.

Because of the rather rapid onset of surface modification
observed here, we decided to construct a XEOL-based chemical
mapping system with the ability to image using a macroprobe
beam (i.e, with the imaging vested in a pixelated detector on
microscope optics). In this mode, X-ray fluorescence XANES
images cannot easily be collected in parallel. However, the
provision of some means to collect the total XANES from the
irradiated region (e.g,, a PIN diode) is straightforward, and the
macroprobe imaging system can, in any case, still be used with a
microprobe beam, especially if the light is dispersed over the
camera face to prevent saturation (e.g., in the wells of a CCD
camera). Better still, a photomultiplier-based detector such as
that used here can be provided to operate in parallel. However,
a critical fator in determining which imaging system is most
appropriate is the ability of the sample to absorb the required
power density from the beam without damage.
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