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Abstract

X-ray absorption spectroscopy (XAS), including X-ray absorption near-edge spectroscopy (XANES) and extended X-ray

absorption ®ne-structure spectroscopy (EXAFS), provides physical and chemical information on almost any element

regardless of matrix or conditions. Experimental factors that are critical to successful measurements, including general

beamline con®guration and energy resolution, in situ cell design, detector gases and common artifacts are discussed. This

review is intended to assist during experimental setup and data collection. Published by Elsevier Science B.V.

1. Introduction

X-ray absorption spectroscopy (XAS) is a powerful

technique that provides chemical information on a

single element in a sample, as do NMR and MoÈssbauer

Spectroscopies. It also provides direct physical struc-

tural information, like X-ray diffraction, but describes

the environment of a single element in the sample.

XAS has been reviewed often [1±3].

X-ray absorption edges were ®rst observed by

DeBroglie [4] in 1916. The associated ®ne structure

was recorded in 1920 by Fricke [5] and the Fricke's

paper provides a good benchmark against which pro-

gress in experimental methods can be judged. Fricke

noted that problems presented by sample thickness,

spectral resolution and detector sensitivity, required

solutions speci®c to the short wavelength of the

radiation. Ironically, he concluded incorrectly that

the Ar spectrum he measured showed no ®ne structure

due to problems with his setup. (This lack of ®ne

structure in the Ar spectrum is now understood to be a

consequence of the isolated atom structure of Ar gas).

As reported by Fricke, his X-ray source was a Cool-

idge Tube. The dispersive element was either a sucrose

or a rock-salt crystal and the detector was a photo-

graphic plate. The image was rendered into a graph by

an optical densitometer constructed from an incandes-

cent lamp, a clock motor, a thermocouple and a

galvanometer. The Ti and S images and corresponding

spectra are shown in Fig. 1. The Ar spectrum men-

tioned above was not published.

Important advances were reported by Van Nord-

strand [6] in exploiting edges and by Sayers, Stern and

Lytle [7] who demonstrated that the ®ne structure

could be understood by Fourier Transformation.

Beginning in the mid 1970s, spectra have mainly been

measured at synchrotron sources, which provide con-

tinuous spectra [8] smoother and several orders of

magnitude stronger than the conventional X-ray

sources (Fig. 2).

2. Synchrotron beamline- the XAS spectrometer

A representative beamline, X-10C at National Syn-

chrotron Light Source (NSLS), is shown in Fig. 3. The
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optical components are the source, the slit assembly in

front of the monochromator, the monochromator and

the mirror. Some beamlines incorporate a mirror

between the source and the monochromator, to

improve collimation of the beam and thereby improve

the best resolution achievable without sacri®cing

intensity. Not all beamlines include a mirror between

the monochromator and the sample; but when present

its function is to focus the beam and/or reject harmo-

nics. Another slit assembly may be included at the end

Fig. 1. X-ray absorption spectra in photographic emulsions on microscope slides (top) and on paper from [5]. No attempt has been made to

align the images with the graphs. The samples were elemental sulfur and TiO2. The dispersive element were a sugar crystal for the S spectrum

and a rock salt crystal for the Ti spectrum.

Fig. 2. (a) Evolution of brightness of X-ray sources [8]. Bending magnets, wigglers and undulators are all synchrotron sources. Undulators

yield a sharp line spectrum and are not generally suitable for XAS. (b) Characteristic synchrotron spectra, with the SSRL source SPEAR

operated at 3 GeV. The X-ray tube and rotating anode spectra are broad and continuous, punctuated by a few intense spikes. These spectra are

well below the bottom of the graph.
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of the beamline to de®ne and crop the beam. Whereas

these components are found on many laboratory spec-

trometers, the X-ray beamline presents some unique

experimental problems. First, the synchrotron source

is not controllable by the experimenter, so data are

taken when it is turned on, including at night and on

holidays. Earlier problems with poor duty cycle (frac-

tion of the usable time), frequent loss of ring current,

beam motion and other types of source instability are

largely under control. Also, the demand for synchro-

tron beam time continues to exceed the supply,

although this problem is diminishing as new sources

are built.

A second experimental problem probably uni-

que to synchrotron beamlines, is that the X-ray

beam is de¯ected through angles that may be very

small and the corresponding lever-arms are long.

For example, measuring a Mo K edge spectrum

at 20 000 eV using Si (220) monochromator

crystals implies angles of less than 108 between

the X-ray beam and monochromator crystals. The

angle of incidence of the X-ray beam on a mirror

designed to reject harmonics may be in the

order of 18. Note in Fig. 3 that the beamline is

20 m long and the distance from the mirror to the

sample is 10 m. Thus alignment of optics must be

very precise, because small errors result in large

errors in beam trajectory, recorded as noise as the

beam moves over the face of an inhomogeneous

sample.

A third experimental complexity, if not problem, is

that most beam lines are unique, controlled by unique

computer systems and software.

3. Data collection software

All the XAS data collection software programs with

which we have experienced share key functions com-

mon to scanning spectrophotometers. These include

commands to identify the inputs, or scalars, to be

monitored and written; to de®ne the spectrum to be

collected in terms of starting and ending energies,

spacings between points and integration times per

point; to measure the `offsets', or dark currents read

from the detectors in the absence of X-rays; to begin a

sweep; and for miscellaneous functions such as reca-

librating the monochromator and moving it to a new

energy. Fig. 4 illustrates a typical spectrum `setup',

which includes 3 differently de®ned data collection

regions.

4. X-ray energy resolution

In general XAS places a rather low premium on

energy resolution compared, for example, to X-ray

diffraction. One reason for this, is that features in the

extended ®ne-structure region of a spectrum are natu-

rally broad compared to the most degraded resolution

possible from a beamline with a distance of 10 m

between a point source and the monochromator.

Another reason is that many of the absorption edges

of interest are at high energy, so that the natural

broadening of the core-hole means the narrowest

feature that can be observed is broader than the best

resolution of which the beamline is capable. In most

cases the principle reason for paying attention to

Fig. 3. National Synchrotron Light Source (NSLS) beamline X-108C.
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beamline resolution, is to enable meaningful compar-

isons among spectra measured in different times and

places.

Lifetime broadening is discussed by Krause, et al.

[9] and data from the reference are shown in Fig. 5(a).

Note that natural widths are not purely lifetime effects,

since the K and LIII core-holes of the same energies

have signi®cantly different broadenings. However,

broadenings do generally increase with energy.

Assuming beamline resolution �Ephoton is dominated

by source divergence, then it is given mainly by the

differentiation of Bragg's Law, de®ned in terms of

energy in Eqs. (1a) and (1b)

�Ephoton � 2Ephotoncot sinÿ1 hc
������������������������
h2 � k2 � l2
p

4�aEphoton

" #" #

� tan
x=2

y
(1a)

� 2Ephotoncot sinÿ1 12398:5

2dEphoton

� �� �
tan

x

2y
(1b)

where y is the distance from the source to the most

restrictive aperture before the monochromator and x is

the vertical size of the aperture. The constants h and c

are Planck's Constant and the speed of light, respec-

tively. (h, k and l) are the Miller Indices and a is the

cubic lattice constant of the monochromator crystals.

In (Eq. (1b)), the interplanar spacing d has been

substituted for a=
������������������������
h2 � k2 � l2
p

and the constant

12398.5 has units of eV�AÊ . Ephoton is the actual energy

at which the measurement is made [10,11]. Eqs. (1a)

and (1b) does not describe the resolution of beamlines

with a collimating mirror between the source and

monochromator, with the objective of improving reso-

lution without a corresponding loss of intensity. Other

components of resolution are given by the horizontal

aperture in front of the monochromator and the

Darwin Width, a description of the perfection of the

crystallinity of the speci®c crystals in service.

Fig. 5(a) compares Eqs. (1a) and (1b) with natural

widths, for Si (220) crystals and slit vertical aperture

of 0.5 mm and Fig. 5(b) shows how resolution

Fig. 4. Representative X-ray absorption spectrum (Cr in Na2CrO4)

illustrating a typical spectrum setup. The pre-edge region (a) is

structureless and widely spaced points (10 eV) serve only to define

the slope. A fine interval between points (0.3 eV here) in the near-

edge region (b) is necessary to define narrow features. The EXAFS

region (c) extends 1000 eV or more beyond the edge. Less

resolution is needed. Here the transition from the edge to the

EXAFS region is shown.

Fig. 5. (a) Dependence of beamline resolution on pre-monochro-

mator slit vertical aperture (no collimating mirror). This calculation

assumes X-ray energy of 10 000 eV; Si (220) crystals; slit 10 m

from point source. (b) Solid line: Dependence of beamline

resolution on X-ray energy; Si (220), slit vertical aperture

0.5 mm, 10 m from source. Discrete points: Natural widths of K

and LIII levels from Krause [9].
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�Ephoton depends on slit vertical aperture x, with Si

(220) crystals, at 10 KeV.

5. Sample preparation

Samples for X-ray absorption spectroscopy are

solids, liquids, or gases. The lowest acceptable con-

centration of the absorbing element depends strongly

on the matrix of other elements in the sample and the

detectors being used, but a few hundred parts per

million is probably always approachable. At high

concentrations, above �2 wt.%, it is usually most

appropriate to measure the transmitted intensity while

at lower concentrations it may be better to measure the

¯uorescent intensity. A statistical basis for the choice

is discussed in [2]. It is not too dif®cult to measure the

electron yield from electrically conducting samples

[12±15], which provides information on approxi-

mately the top 1000 AÊ of sample [16] and avoids

the problem of thickness distortions to be discussed

below. The most commonly used detectors are ion

chambers because the brightness of synchrotron

sources makes it necessary to accommodate high

counting rates with a wide linear range. For very

dilute samples, solid state cryogenic detectors are

used because they offer high ef®ciency and are able

to lower the background by rejecting all but the

¯uorescence photons associated with the core hole

of interest.

Sample preparation for XAS should not be taken

casually. A spectrum is not necessarily a good one just

because it shows no noise; in general thickness dis-

tortions can be detected only by preparing serial

dilutions or thickness series and inspecting the con-

sequent spectra for differences in contrast. The true

uniform thickness to give a desired absorbence can be

calculated from:

M � AP
i fi��=��i

ln
Io

I

� �
(2)

where Io and I are the incident and transmitted

intensity, respectively; A is the area of the sample

to be prepared and fi and (�/�)i are the weight fractions

and mass absorption coef®cients of the elements i in

the sample at the energy near an absorption edge [17].

The maximum value of �ln(Io/I) across the absorption

edge should be kept below about 1.5 where the �

refers to the change in absorbence across the edge. The

mass absorption coef®cients (�/�)i are de®ned by

McMaster [18] in Eq. (3):

�=�� � �
X3

k�0

Ak�lnE�k
 !

=C (3)

Where E is the photon energy in K eV and Ak

and C are coef®cients that are tabulated by McMaster

for each element. Eqs. (2) and (3), taken together,

indicate that fractional transmission (I/Io) depends in

a complicated way on atomic number (choices of Ak

and C), photon energy E and path length M/A. It has

been my experience that attempts to estimate trans-

mittance through a given material more precisely than

`probably transparent' or `probably opaque', are

futile.

Thin or dilute samples present problems in obtain-

ing a suf®cient signal or signal to noise ratio, but

concentrated samples can also be a problem. In this

context concentrated means the highest value of the

product �x to be measured is greater than one. This is

true, for example, if the thickness x of a ®lm of a pure

element is greater than the value of 1/� of the element

where � is the linear absorption coef®cient. It is also

true if the X-ray beam probes a sample to a depth that

contains this thickness of the absorbing element.

There are a wide variety of mechanisms for distor-

tion of spectra when the sample is thick and/or inho-

mogeneous. Fluorescence spectra are always distorted

to some extent and a sample thin enough for ¯uores-

cence measurement is one for which the spectrum is

judged as an acceptable approximation to the true

spectrum. Fig. 6 shows how contrast is lost in a

¯uorescence spectrum from a homogeneous sample,

as the sample thickness increases. Distortion is absent

only for an in®nitely thin sample.

Fig. 7 shows sulfur K-edge ¯uorescence spectra

from aqueous solutions of sodium thiosulfate in a

range of concentrations. Taken individually all the

spectra appear reasonable, but the relative change in

intensity of the second peak indicates that most if not

all of the samples were too thick. Note that powders

are poor samples for ¯uorescence, since the smallest

particle size might be about 10 mm, often much too

thick and it is very dif®cult to decrease particle size by

grinding. The type of distortion associated with ¯uor-

escence measurements can be corrected (although not
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perfectly) if the path length and sample composition

are accurately known [19].

Transmittance spectra are distorted if the sample is

either thick or inhomogeneous [20]. Thick samples

encourage `leakage' of X-rays that are not attenuated

in a way that correctly re¯ects the true absorption

coef®cient, either because there will be thin areas in

the sample, or because harmonics in the X-ray beam

are not absorbed. Fig. 8 shows the decrease in ampli-

tude of EXAFS that results, as a function of sample

thickness and of percent of leakage. For this reason

samples prepared by collecting powders on tape or

®lter paper should be usually avoided.

There are other mechanisms by which thick sam-

ples lead to distorted spectra. McHugh [10] pointed

out that thick samples may present a very large range

of values of absorbence that taxes the linear range of

the electronics. Pease [21] discussed the distortion that

results from a ®nite monochromator bandpass, that

gets worse as the energy bandpass broadens and

perversely, as the sample gets thinner.

6. X-ray absorption cell

Methods for preparing samples that require no in

situ treatments have been described in the literature

[17,22,23]. A general approach has been to use an Al

plate with a slot into which the sample is packed and

retained by polymer ®lms [24] on the front and back.

As noted above, caution should be exercised with solid

samples. Some are extremely dif®cult to prepare as

suitable samples for transmittance or ¯uorescence and

electron yield detection [12±15] should be considered.

Although the task seems simple of heating a sample

in a controlled atmosphere, in a con®guration that also

allows an X-ray beam to pass thorough the sample but

not the extraneous hardware, this problem has given

rise to a wide range of designs. For samples that can be

prepared under the controlled atmosphere and then

transported, but must not be exposed to air, a cell

Fig. 6. Ratios of the measured fluorescence yields from a sample

for which the true spectrum is shown in the inset, as a function of

sample thickness. For the Cu K edge, a value ��x�1 corresponds

to a Cu film 5 mm thick, or to an areal loading of 45 mg cmÿ2.

Fig. 7. Fluorescence yield sulfur K X-ray absorption edge spectra

of aqueous thiosulfate, in a series of concentrations 25 mM through

1 mM. The feature at about 2472 eV was hardly affected, but the

stronger features at 2480 eV were very sensitive to concentration,

showing that most or all of the solutions were too concentrated or

too thick.

Fig. 8. EXAFS amplitude reduction as a function of ��x for

various leakage levels. Leakage occurs because the sample has thin

spots or pin holes, or because the harmonic in the beam is hardly

attenuated by the sample.
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comprising a ¯ow section that can be isolated by

valves, with windows at one end, has been widely

used [25]. Many other designs have been published for

transmittance or combined ¯uorescence and transmit-

tance measurements [26,27] including at high pressure

[28±30] and from supercritical samples [31]. X-ray

cells that make possible simultaneous X-ray absorp-

tion and diffraction measurements have also been

described [32±34].

The following check list might be helpful for

designing an in situ cell for a speci®c experiment:

1 What data are to be taken?

Transmittance, fluorescence, electron yield,

X-ray diffraction. . .
2 What in situ conditions will be required?

Maximum temperature and pressure; corrosive

conditions and tolerance of leaks.

3 What type of sample and experiment are

intended?

Gas, liquid powder, wafer, supercritical

sample. . .
Will temperature control or fluid flow char-

acteristics be critical?

4 Will measurements be required below

�7 KeV?

X-rays are weakly penetrating: path length

within cell must be minimized, fluorescence

detection will be required and highly trans-

parent windows must be used.

A cell designed for ¯uorescence measurement

should also accommodate transmittance, because any-

thing behind a ¯uorescence sample will scatter or

¯uoresce and raise the background or interfere.

7. X-ray cell window materials

Properties of many prospective window materials,

including polymers, are described in the Goodfellow

catalog [35]. Fig. 9 shows transmittance through vari-

ous window materials. Choices can be classed as

polymers, metals and ceramics. The polymers are

transparent, inexpensive and convenient. Available

polymer ®lms span an impressive range of properties.

For example, polypropylene, in the 2.5 mm thickness,

is very transparent but mechanically and thermally

poor. On the other hand, polyimide (Kapton) in a 8 mm

thickness is much more expensive, stronger and has an

upper working temperature of 250±3208C. Metals

suitable for windows include Be, Al and Ti. Be is

Fig. 9. Fraction of transmission vs. energy through various window materials [18]. The thicknesses shown are all commercially available.

25 mm Be is a vacuum tight grade. The Ti K edge falls at about 5 KeV. Fractional transmittances are hard to estimate because they are non-

linear in energy, path length and atomic number.
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very transparent and chemically inert [28,36]. Al is

reasonably transparent but not very strong and melts at

6008C. Ti was our own choice for a large ¯uorescence

window exposed to corrosive environment, very high

temperature and pressure up to �10 psi. Ceramics

suitable for windows include BN and quartz (SiO2).

An elegant cell design by Clausen et al. [33] obtains

excellent thermal and gas ¯ow characteristics, while

exploiting the high strength of a quartz capillary to

hold the sample.

8. Ion chamber gases

Ion chambers are the most commonly used detec-

tors for XAS, probably because they are linear through

a very wide range of signal strength and are also

inexpensive and durable. Sensitivity depends on the

gas in the chamber. Fig. 10 shows transmittance by

several commonly used ion chamber gases. In general

a heavier gas is used to obtain sensitivity to higher

energy X-rays. The appropriate gas absorbs enough to

yield a suf®cient signal, but the Io detector, transmits

suf®ciently to satisfy the detectors that are beyond the

sample. The last detector beyond the sample may

absorb all the remaining beam for maximum sensi-

tivity. A statistical analysis of how the choice of gases

should be made is included in [2]. Note in Fig. 10 that

Kr actually absorbs more strongly than the much more

expensive Xe, i.e. confers greater sensitivity, in the

energy range between about 20 and 34 KeV. Gas

mixtures and low pressure gases can be used in

principal to optimize detector performance; however

leak-tight detectors are required and these are not

widely available.

9. Common artifacts and problems with data

Glitches are defects in spectra that are typically

differential in shape, only a few eV wide and perfectly

reproducible. They result from Bragg diffraction in the

monochromator, off crystal planes that are not parallel

to the crystal surfaces, or more generally due to

multiple diffraction conditions. The consequent sharp

excursions in the beam intensity are recorded in

spectra if they do not normalize out between the

incident intensity Io and the signal intensity. If the

diffraction artifact affects only the harmonic wave-

length, then it probably does not normalize out.

Glitches are pronounced when the X-ray beam is

cropped by a window in the X-ray cell, between the

incident intensity monitor Io and the transmittance

detector Il [37]. In fact, all kinds of noise are exacer-

bated when the beam is thus cropped. This is probably

the most common reason for poor data from appar-

Fig. 10. Fraction of transmission vs. energy through common ion chamber detector gases. The path length was 10 cm. Notice that Kr is more

strongly absorbing (more sensitive) than the more expensive Xe in the energy range from 15 to 35 KeV.
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ently concentrated samples. To avoid these problems,

the beam should be trimmed in front of the ®rst

detector, to a size that can pass through all ori®ces

without clipping.

Distortion of spectra resulting from excessive sam-

ple thickness has already been discussed. However,

loss of amplitude is only the most common conse-

quence. A variety of puzzling artifacts can result from

excessively thick samples. Fig. 11 shows a sulfur K-

edge spectrum from (NH4)2MoS4, measured by ¯uor-

escence. The Mo LIII edge at 2520 eV is inverted

because it shadows the S and decreases the intensity

of S Ka ¯uorescence, but the corresponding Mo L�
¯uorescence is strongly absorbed by the sulfur. Con-

versely, the Mo LII absorption edge is right-side up; it

is weaker than the LIII, but the corresponding Mo L

¯uorescence line is absorbed much less by the sulfur.

Crystalline samples can cause problems for ¯uor-

escence data collection, by diffracting into the ¯uor-

escence detector. For powders or polycrystalline

solids, this artifact looks like intense low frequency

noise (Fig. 12(a)), but is reproducible as long as the

sample is not moved. Also, the transmittance spectrum

is relatively clean, if it can be measured. This problem

can be controlled with an energy discriminating detec-

tor (Ge solid-state cryogenic type) by accepting only

the ¯uorescence but rejecting scatter. Another

approach that works regardless of the detector type,

is to spin the sample, but this is not practical for the in

situ measurements. We have controlled the problem

during in situ measurements (Fig. 12(b)) by making

the cell vibrate.

Other common problems are associated with gas

¯ow through the cell and ion chamber detectors. The

tubing from the gas source, through the ion chambers

and out to the vent forms a large chamber with a low

resonance frequency. Detector gas can begin surging

in this chamber, causing pressure oscillation in the

detectors and oscillation in the data that might look

like EXAFS (Fig. 13). Also, the cell and ion chambers

purge slowly. If a spectrum is measured while they are

purging, then a kink typically appears in the spectrum

at a point where the scan rate changes between the pre-

edge and near-edge region.

10. Data analysis

Although this review is concerned with data collec-

tion, the experiment is not complete until spectra that

Fig. 11. Total fluorescence yield spectrum from the sulfur K edge

in (NH4)2MoS4. Two Mo L edges fall within the spectrum. The Mo

LIII edge is inverted because it absorbs incident X-rays and casts a

shadow on the S, but the S absorbs the Mo fluorescence line. The

Mo LII edge is weaker and shades the S less and the S is less

strongly absorbing at the position of the corresponding fluores-

cence line. Fluorescence yield spectra are subject to an array of

such artifacts.

Fig. 12. (a) Fluorescence yield spectrum from Ni supported on

a-Al2O3. The spikes result from diffraction by Al2O3 into the

fluorescence detector. (b) The cell was made to vibrate by attaching

an engraving tool, in order to time-average the diffraction paths.
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are usable have been measured and this cannot be

established without some data analysis. Several excel-

lent data analysis packages are now generally avail-

able. These include FEFF [38], XCURVE [39], XDAP

[40] and XAFSPAK [41].

On-the-¯y data analysis concerns include ®nding

the edge position of standard samples to evaluate the

calibration of the monochromator. Two such markers

should be measured to verify the monochromator

tracking, i.e. that 1000 eV on the energy scale re¯ects

1000 eVof true sweep. Glitches are sometimes used as

energy markers. Also, a reference spectrum should

serve to evaluate resolution. For this purpose the pre-

edge feature at the metallic copper K-edge is useful.

With respect to sample preparation and performance

of electronics, contrast between weakly and strongly

absorbing features should be checked. Other artifacts

discussed above leave their signature in spectra; the

most treacherous are extraneous oscillatory signals

that look like EXAFS. These can usually be recog-

nized because they have excessive amplitude, or

because they are periodic in time or energy (mono-

chromator position) but not in K-space.

11. Conclusion

XAS would be an astoundingly dif®cult experiment

if it were approached as are most other spectroscopic

measurements. The XAS source alone is extremely

complex. Ideally, the specialized teams who operate

and maintain the source and beamline are transparent

and the spectroscopist need worry only about the

physics and chemistry of the sample. I have found

this is often approached closely at SSRL. Still, Figs. 7,

11±13 are intended in part to convey that there are

many ways for a spectrum to go wrong. Be cautions

and seek simple non-chemical explanations when the

data are really surprising.
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that it is periodic in time (not in K space).
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