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ABSTRACT

The analytical methods of SRIXE and XANES made possible by synchrotron X-ray sources

permit the detection of trace levels of elements in materials and the determination of their

oxidation state respectively. However, the available X-ray intensity per unit volume of

irradiated sample limits the detection sensitivity of these methods. The combination of small

sample size (or high desired spatial resolution) and low trace element concentration often

conspire to make such measurements unfeasible. We describe the use of a paraboloidally-

tapered glass monocapillary to focus X-rays onto a small area to improve the detection

sensitivity and spatial resolution. A monocapillary-focused beam produced a 40-um FWHM

diameter focus possessing a factor of 14 greater intensity than that produced by an 8:1

ellipsoidal mirror installed at NSLS beamline X26A. The monocapillary-focused beam was

used to obtain XANES and SRIXE data from biological specimens at the same beamline. In

particular, XANES spectra were obtained from small numbers of cells containing trace

quantities of Cr. Improved signal-to-noise ratio and high spatial resolution were also

observed.
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Introduction

The broad output energy spectrum produced by synchrotron X-ray sources has made possible

elemental analysis of samples containing trace levels of heavy elements through the
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techniques of synchrotron-radiation-induced X-ray emission (SRIXE) and X-ray absorption

near-edge spectroscopy (XANES). Both techniques rely on the polychromatic nature of the

synchrotron X-ray output spectrum to fluoresce X-rays from trace elements present in a

sample for subsequent detection using an energy-dispersive detector. The high X-ray intensity

available from typical second-generation bend-magnet synchrotron sources achieves a rate of

sample fluorescence that is sufficient to permit practical elemental mapping or oxidation state

determination within specimens containing trace-level concentrations of heavy elements, even

where the optics consist solely of apertures and a double-crystal monochromator. In many

cases it is desirable to further increase the elemental sensitivity or spatial resolution at the

sample by introducing optical elements into the synchrotron X-ray beam. The characteristics

of such optics are dictated by the intended analytical technique and available types of X-ray

optical components. Although SRIXE and XANES are both fluorescence techniques, the

specification of these optics is quite different in each case (Rivers & Sutton, 1991).

The simpler of the two techniques, SRIXE relies on the use of'white' synchrotron radiation

to fluoresce simultaneously all of the characteristic emission lines of elements present in the

sample (Iida & Gohshi, 1991). This makes full use of the high power available in the

polychromatic beam produced by a synchrotron source, thus permitting the study of low

concentrations of trace elements in small sample volumes. However, the lack of any energy

resolution in the probe beam only permits the quantitative measure of elemental

concentrations in the sample rather than coordination numbers or oxidation states. The high

intensity of the white beam (especially at low X-ray energies) may also cause radiation

damage to the specimen. By constraining the lateral dimensions of the X-ray beam and

moving the sample so as to irradiate it piecewise, it is possible to perform elemental mapping

by recording fluorescence data as a function of incident beam position on the sample.

The XANES method involves the use of a monochromator crystal situated between the source

and the sample to provide monochromatic X-rays of narrow bandwidth and tunable energy in

the immediate vicinity of an elemental absorption edge (Bajt et al, 1993). This technique is

only possible due to the relatively uniform spectral intensity in the X-ray beam from a

synchrotron source over the energy range of interest to elemental analysis (excluding some

insertion device sources such as undulators). The use of tunable monochromatic radiation of

narrow bandwidth permits the selective fluorescence of individual elemental characteristic X-



ray emission lines, with the added feature that oxidation state and bonding information are

also available from a measurement of the fluorescence emission rate as a function of incident

X-ray energy in the region of the corresponding absorption edge. As the monochromator

transmits only a small fraction of the source spectrum, the X-ray intensity at the sample is

greatly reduced with a corresponding reduction in trace element fluorescence analysis

sensitivity. This places a lower limit on the diameter of the X-ray beam in high spatial

resolution studies of diffuse low-concentration samples.

The sensitivity and spatial resolution of both analysis methods are subject to the intensity and

cross-sectional area of the X-ray beam at the sample position respectively. It is thus desirable

to control these characteristics by using X-ray optical elements to focus or condense the X-ray

beam, provided that the dimensions of the available source X-ray beam are much larger than

the desired beam dimensions at the sample. The requirement of white-beam radiation in the

SRIXE method necessitates the use of non-dispersive mirror optics for beam concentration.

White beam from the source is focused at the sample position using a highly-polished mirror

made of metal or glass, often with bending actuators to optimise focusing and a cooling

system to maintain the mirror profile despite a high heat load (Di Gennaro et al., 1988;

Freund,A. K., 1987).

The requirement of tunable narrow-bandwidth radiation for primary monochromation in the

XANES method precludes the use of dispersive optical elements with broad bandpass such as

focusing monochromators or multilayers. A narrow-bandwidth monochromator, such as a

channel-cut Si crystal, must be employed in conjunction with a beam-condensing optic to

achieve a concentrated monochromatic beam. Dispersive optical elements such as curved

crystals (Schildkamp, 1988), focusing multilayers (H0gh.0J et al, 1994) and zone plates

(Snigirev et al, 1993) or non-dispersive optics such as focusing mirrors (Iida & Hirano, 1996)

may be used in conjunction with the primary monochromator to produce intense X-ray foci at

the sample position. Dispersive focusing optics can add complexity due to the added

requirement that the focusing optic may need to be tuned to match the desired X-ray energy.

The beam focus is also chromatically aberrated, necessitating a sample/detector stage capable

of tracking the focal position variation as a function of X-ray energy. Non-dispersive mirror

optics provide greater bandpass and transmission efficiency than available focusing optics

that are dispersive. Focal chromatic aberration is also avoided, but beam height variation due



to the relationship between X-ray energy and the Bragg angles in the monochromator must be

catered for in either the monochromator or in both the mirror and sample positioning stages.

Monocapillary optics

A new type of mirror for focusing synchrotron-produced X-rays is the paraboloidally-tapered

glass monocapillary optic. These devices, first described by our group at the University of

Melbourne (Balaic & Nugent, 1995; Balaic et al, 1995, 1996) produce small X-ray foci of

high intensity relative to the input X-ray beam intensity from a synchrotron source. They have

the added features that the X-ray focus is produced at macroscopic distances from the optic

and that the focus is achromatic. The monocapillary achieves X-ray focusing using the

principle of total external reflection of glancing-incidence X-rays from highly smooth, dense

media such as glass (Henke, Gullikson & Davis, 1993). Quasi-parallel incident X-rays from

the source are reflected from the paraboloidal interior surface of the monocapillary towards

the geometrical focal point on the axis of the paraboloid. The monocapillary is truncated so as

to locate the focal point outside the optic, and the conic coefficient of the paraboloid is chosen

to maximise the reflection efficiency from the glass surface for the desired X-ray transmission

band.

The geometrical focusing achieved by a single-reflection paraboloidal monocapillary is in

marked contrast to the multiple-reflection concentrating monocapillary optics reported by

other groups (Engstrom, Fiedler & Riekel, 1995; Hoffman, Thiel & Bilderback, 1994; Stern,

Kalman, Lewis & Lieberman, 1988). It has more in common with other focusing mirror

designs, such as Kirkpatrick-Baez optics, which use separate horizontal and vertical metallic

mirror surfaces to produce a demagnified image of the X-ray source (Iida & Noma, 1993).

Monocapillaries with a cylindrically symmetric geometry and accurately-tapered glass

surfaces promise greater efficiency than those previously obtained using metal mirrors, due to

the near-unit reflectivity of smooth glass for hard X-rays incident at small angles (Henke,

Gullikson & Davis, 1993). Our use of glass free of heavy-metal dopants also avoids unwanted

fluorescence spectra in the output beam from the monocapillary optic. Kirkpatrik-Baez optics

have been successfully employed with insertion-device sources (Iida & Hirano, 1996) to

produce X-ray beams of smaller diameter than have been demonstrated thus far using



focusing monocapillary optics. We anticipate that improved monocapillary fabrication

techniques will achieve a further decrease of the focal spot size in the near future.

Figure 1 shows the focal-plane intensity distribution observed from the monocapillary used in

the micro-XANES and micro-SRIXE experiments described below, for monochromatic 8 keV

X-rays at BL-20B of the Photon Factory (Balaic et al, 1996). This beamline has similar optics

to the unfocussed mode of NSLS BL-X26A, where the optical element consists solely of a

channel-cut Si monochromator in each case. The data in this figure were obtained by raster-

scanning a 5-juin aperture across the focal plane of the optic and measuring the transmitted

flux using an ion chamber detector. This optic was designed for efficient reflection of X-rays

in the range 4 keV to 12 keV and its observed net transmission efficiency decreases

mpnotonically from 100% to 80% over this range. The full-width at half-maximum intensity

(FWHM) of the observed focus is 40±5 urn with an intensity gain over this area of 120+5

with respect to the incident beam intensity at 8 keV. Also, the intensity in the central 5-u.m

diameter of the focus is 700+50 times greater than that of the source beam (Balaic et al,

1996). It is also of some importance to note that the intensity distribution in the focus is far

from gaussian and the relevance of this to lateral spatial resolution at the sample is discussed

within the micro-XANES results section.

Experimental configuration

Figure 2 shows the experimental arrangement used for both the micro-SRIXE and micro-

XANES experiments with the monocapillary optic. The apparatus shown was placed on a

variable-height table to accommodate the difference in beam height between the white beam

from the NSLS X26 bending-magnet and the monochromatic beam produced by inserting a

channel-cut Si 111 monochromator into the white beam path. For XANES experiments, the

table height was set to accommodate the observed beam height for monochromatic X-rays of

energy equal to the elemental absorption-edge energy desired for analysis. The monocapillary

replaces a pinhole collimator normally used at the same position at this beamline. A helium

feed was used with the pinhole collimator to decrease the beam air path in conjunction with a

Kapton window to displace air in the monocapillary. No cooling was performed on the

monocapillary.



A beamstop is shown at the entrance aperture of the monocapillary in Figure 2, although this

was not actually used during the experiments described. The function of such a beamstop is to

exclude the portion of the beam that would otherwise traverse the monocapillary without

reflection. The presence of this beam leads to a relatively low-intensity disc of X-rays

surrounding the focus (visible in Figure 1 with a diameter of 0.5 mm). No effort was made to

exclude this beam in the XANES experiments due to the negligible observed fluorescence

signal from regions outside the focal FWHM of the sparsely-distributed samples studied. The

unreflected beam constituted 17% of the total X-ray flux output from the monocapillary and

the contribution of this portion of the beam to the fluorescence yield is excluded from the

comparison calculations presented below.

Fluorescence detection was performed using a solid-state liquid-^ cooled Kevex SiLi

detector fitted with a 3-mm diameter lead aperture to restrict its field-of-view to several mm

around the sample area. The detector was situated 60 mm from the sample at right-angles to

the beam axis to minimise the observation of scattered X-rays from the sample and beam

path. Absorbers could also be placed in front of the detector to reduce dead-time due to scatter

and fluorescence from the beam air-path. Output from the detector was collected by a

computerised multi-channel analyser capable of performing either simultaneous full-spectrum

acquisition (SRIXE) or region-of-interest spectrum integration as a function of

monochromator position (XANES). Calibration of the X-ray energy as a function of

monochromator motor position was achieved by obtaining XANES spectra from standard

samples containing Cr in a known oxidation state.

Comparison of monocapillary and mirror optics

XANES and SRIXE data were previously collected from the same standard samples at this

beamline using a 0.15 x 0.3 mm pinhole collimator in place of the monocapillary and an 8:1

ellipsoidal mirror used to focus either a white or monochromatic beam at the sample position.

In particular, XANES spectra were obtained from the same Cr(VI) standard sample using

both experimental configurations. Based on the known composition of the standard and the

observed Cr Kot fluorescence signal for 6.0 keV incident X-rays, a calculation of the incident

photon intensity was made for each configuration (Bertin, 1978). The observed Cr Kot

fluorescence signal with the ellipsoidal mirror configuration was 4.8xlO3 photons/um2/s/mA.



The average intensity over the 40-um focal FWHM diameter of the monocapillary-focused

beam configuration was 6.7xlO4 photons/|am2/s/mA, or a factor of 14 more intense. However,

the sharply-peaked intensity distribution of the monocapillary-focused beam results in the

central 5-|um diameter of the monocapillary beam focus receiving 7.6x106 photons/s/mA or a

factor of 82 more flux than is provided by the mirror within this cross-sectional area. Thus at

6 keV and 300 mA ring current, the monocapillary delivers 2.5xlO10 photons/s into a 40-|um

diameter and 2.3x 109 photons/s into the central 5-jam diameter at the focus. Note that this

calculation omits detector and counting chain efficiencies with the likely result that these flux

figures are underestimated.

The mirror installed at beamline X26A consists of a double-elliptically curved nickel

reflecting surface supported by actuators used to position it with respect to the source and

sample position. The centre of the mirror is located 8 m from the bending-magnet source and

1 m from the sample position. The mirror collects a larger input beam cross-section than the

monocapillary optic but has a lower reflection efficiency and produces a much larger beam

focus (approx. 1 ram"). The total flux in the 0.15 x 0.3-mm pinhole-collimated beam from the

mirror was observed to be approximately twice that delivered into a 40-(im diameter area by

the monocapillary, so that analysis of large samples at more than 150-jam spatial resolution is

more efficiently performed using the mirror.

Micro-XANES results

The monocapillary-focused beam was used to perform XANES analysis on mammalian cells

as part of a study on lung disease caused by industrial exposure to chromium (IARC, 1990).

V79 Chinese hamster lung cells were exposed to Cr complexes, washed thoroughly and

freeze-dried onto nylon foils (Cholewa et al., 1995; Dillon et al., 1998). XANES was selected

as a suitably non-invasive technique to determine the oxidation state of intracellular

chromium and to aid in our studies of Cr metabolism. While this technique had been

performed previously on large numbers of cells simultaneously using the mirror-focused

beam at the same beamline (Dillon et al., 1997), it was hoped that the monocapillary-focused

beam could provide sufficient sensitivity and resolution to study individual cells.



Using the experimental arrangement of Figure 2, individual cells were positioned within the

monocapillary-produced focal spot. The observed Cr Ka fluorescence signal indicated a

practical lower detection limit for XANES of approximately 1.6 fg of Cr diffusely spread

within the 40-um FWHM beam focus, for a 60-s collection time and 10% counting statistics

at a 300-mA ring current. Translation of the sample across the beam focus showed that

chromium was associated with the cells and not the supporting nylon foil. This was an

important observation as a previous experiment using the mirror-focused beam at this

beamline (Dillon et ai, 1997) lacked sufficient spatial resolution to show that Cr was

localised to the site of the cells. Previous proton-induced x-ray fluorescence studies of similar

samples (Cholewa et ah, 1995; Dillon et ah, 1998) confirm that the Cr was associated with

the cells. Depending on the observed Cr concentration within the cellular samples, XANES

data were collected from at least 4 cells simultaneously to make best use of the available

beam time. The average cell size of 15-(am diameter limited the number of cells in the focal

spot to at most 20 for dense cell clusters. This compares with clumps of-100 cells which

would otherwise be required for successful XANES data collection using the mirror with this

sample. The collection of data from several visibly discrete cells excluded the possibility of

error due to the possible presence of contamination in bulk cellular samples.

During the surveying of the cellular samples using the monocapillary-focused beam,

occasionally extremely large Cr Ka fluorescence signals were observed from very small areas

of the sample. Signals 10 - 100 times greater than those observed from cells were encountered

during manual translation of the sample through the beam focus in 5-jam steps. This

previously unobserved behaviour is associated with the presence of either small (<5-u.m) Cr-

bearing precipitates or ruptured cells containing Cr compounds absorbed post-mortem that

were not subsequently removed by repeated rinsing of the samples after the Cr treatment.

Sections of samples containing such objects were subsequently excluded from data collection.

This observation suggests the possibility that data collected using the mirror optic may be

suspect due to the unresolved detection of small impurities included in the irradiated area of

the sample. However, the Cr(VI) and Cr(V) compounds to which the lung-cell samples were

exposed are not reduced extracellularly during sample preparation (Dillon et ah, 1998), so the

observation of predominant Cr(III) oxidation states in the previous publication (Dillon et ah,



1997) shows that the reported results were not affected by extracellular Cr(VI) and Cr(V)

contamination.

These small sample impurities could be located to within 5 jam, which is much less than the

focal FWHM. The sharply-peaked intensity distribution within the focus actually permits the

collection of fluorescence data at a higher effective spatial resolution than that suggested by

the beam focal FWHM, due to the much stronger fluorescence signal produced by regions

irradiated by the centre of the focus compared to the signal from adjacent regions of the

sample. This observation also suggests a practical lower detection limit for XANES of ~10 fg

of Cr in the central 5-jj,m diameter of the monocapillary beam focus.

To make best use of the available beam time, XANES spectra were collected from the cell

samples with three energy-step resolutions. Pre- and post-edge regions were sampled at 6

steps of 3.67 eV and 20 steps of 1.83 eV respectively, while the absorption edge region was

sampled in 70 steps of 0.73 eV. The Cr Ka fluorescence peak was integrated for 60 s at each

step, resulting in a collection time of approximately 100 min per spectrum. Figure 3 shows a

XANES spectrum collected from approximately 6 cells at the Cr Ka edge using the

monocapillary-focused beam. The cells were pre-treated with Cr(VI) as Cr2C>72". The observed

XANES spectrum shows that Cr(III) is present due to metabolic reduction of Cr(VI) (Dillon

et ai, 1997). XANES data were also collected from several standard Cr-complex samples to

supply an absolute energy calibration for the monochromatic beam.

The observed gross fluorescence signal using the monocapillary optic also demonstrated a

better signal-to-noise ratio than that observed previously using the mirror, even where the

sample size and homogeneity were sufficient to provide a greater gross fluorescence signal

using the mirror-focused beam. The observed fluorescence rate from atmospheric argon is

also smaller in the observed gross fluorescence signal when using the monocapillary optic.

These observations are attributed to the small cross-section of the focused beam through the

sample and the lower net flux issuing from the monocapillary relative to the mirror/pinhole

combination. The reduced detector dead-time due to the reduction in low-energy air-path

fluorescence and scatter permitted the removal of a 0.23 mm thick Kapton absorber normally

required in front of the fluorescence detector for XANES experiments using the mirror,

yielding a further increase in sensitivity.



Micro-SRIXE results

The use of white-beam radiation with the monocapillary optic demonstrated focusing that

resulted in a similar focal spot size to that seen in the monochromatic beam experiments.

However, air scatter from the high intensity monocapillary output beam led to saturation of

the detector, necessitating the use of a 50-|um diameter aperture between the monocapillary

and sample. Alternatively, the beamstop shown in Figure 2 could have been employed

together with beam path shielding placed between the monocapillary and sample to reduce

scatter. This was not attempted due to time and equipment constraints. Spectra were obtained

from standard samples, but the lack of a suitably small aperture to constrain the beam to a

smaller sample area resulted in high signal noise and detector dead-time. It was subsequently

calculated that an aperture of diameter at most 20 um would have to be positioned between

the monocapillary and the sample, with the remainder of the beam path shielded from the

detector to obtain acceptable signal-to-noise ratios. The observed rate of fluorescence

suggests that far smaller apertures, perhaps as small as a few microns in diameter, may be

employed with sufficient fluorescence yield from femtogram-concentration samples to

perform successful analysis with practical data collection times. Based on the observed peak

focal intensity of the monocapillary (Figure 1) and its integrated X-ray bandpass, this

suggests the possibility of high-resolution elemental mapping with data collection times per

sample position being reduced by two to three orders of magnitude over pinhole collimation.

A paraboloidal monocapillary designed to focus higher energy X-rays (Balaic et al, 1995) is

necessary for the efficient excitation of fluorescence spectra above 12 keV in energy.

An additional experimental constraint observed in the micro-SRIXE experiments was that the

monocapillary-focused white beam rapidly damaged organic material. A resinous matrix

supporting one sample began to burn immediately upon exposure to the beam focus. This

observation indicates that ultimate sensitivity for monocapillary micro-SRIXE performed on

some organic or biological samples is limited by sample exposure time. This constraint is

relaxed by the use of an aperture to reduce the beam diameter at the sample, so that sensitivity

can be recovered with delicate biological samples by using longer collection times - with the

added benefits of an improved signal-to-noise ratio and spatial resolution at the sample.
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Filtering of low energy radiation in the source beam (by, for example, a Be window) may also

help to reduce sample damage where only hard X-ray fluorescence spectra are being studied.

Conclusion

The small, high intensity beam focus produced by the monocapillary optic permits high

resolution assay or mapping of small inhomogeneous samples with better sensitivity than that

obtainable using the 8:1 ellipsoidal mirror at NSLS beamline X26A. The small beam cross-

section collected with high efficiency by the monocapillary optic removes the need for

cooling of the optic when used with white-beam radiation.

Fluorescence analysis of biological samples exposed to chromium complexes was

successfully performed using the monocapillary-focused beam. This analysis demonstrated

conclusively that the chromium present in the sample was localised within the cells and in

several small contaminant objects alone. The high resolution available using the

monocapillary-focused beam permitted the selection of small numbers of discrete cells, free

from contaminant objects, for further analysis. Micro-XANES data collected from several

cells simultaneously showed a different oxidation state of the chromium within the cells

compared to that of the introduced complexes, indicating near-total reduction of the

introduced Cr(VI) complex absorbed by the cells.

A higher observed signal-to-noise ratio in XANES data collected using the monocapillary

optic permitted more efficient use of the detector, yielding higher sensitivity. The improved

signal-to-noise ratio persisted for large samples analysed with the monocapillary, despite the

larger gross fluorescence signals using the beamline mirror optics.

SRIXE experiments conducted using the monocapillary optic and a 50-fj.m diameter beam

aperture on standard samples demonstrated the need for removal of the unreflected beam and

further reduction of the focused beam diameter at the sample to achieve acceptable signal-to-

noise ratios. The observed rate of fluorescence from standard samples confirmed the potential

for high spatial resolution SRIXE analysis using a monocapillary optic. No measurable

degradation of the transmission efficiency of the monocapillary optic was observed over the

total duration of the white-beam experiments.
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Finally, the efficiency of the monocapillary optic is improved where the input beam diameter

more closely matches the entrance aperture of the optic. As beamline X26A had a vacuum

vessel for its mirror situated between the monochromator chamber and sample stage, some 2

m or 25% of additional beam path reduced the flux available to the monocapillary by

approximately 19% based on the nominal beam divergence of the beamline. Removal of this

chamber would improve the magnitude of the sample fluorescence signal available to the

detector by the same amount. The added incident divergence at the monocapillary optic in this

case may be accommodated by adopting an ellipsoidal taper profile.
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Figure 1: Monocapillary beam focus intensity distribution at 8 keV. The X-Y plane is
40 mm from the monocapillary optic and perpendicular to the beam axis. The intensity
axis has been scaled so that the unfocussed beam from the monochromator has unit
intensity. The unfocussed beam can be seen as a 500-fj.m diameter disc of low intensity
centred on the focal peak (Reprinted from Balaic et al, 1996).
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Figure 2: Experimental configuration for micro-SRIXE and micro-XANES experiments.
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Figure 3: micro-XANES spectrum of Cr-edge from approximately 6 lung cells exposed to
C^Oy2". The observed Cr(III) oxidation state indicates the near-complete metabolism of
the Cr(VI) compound.
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