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First X-ray absorption spectroscopy experiments with a

vibrating piezo-driven double-crystal monochromator

(piezo-QEXAFS) and ¯uorescence detection are reported.

It is shown that high-quality XANES spectra can be recorded

on a time scale of about 50 ms per spectrum, even for very low

concentrations of <10 mmol lÿ1 using ¯uorescence detection.

The quality of the spectra, possible applications, as well as

present limits of the technique will be discussed.
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1. Introduction

Time-resolved X-ray absorption spectroscopy is an invaluable

tool for the investigation of the dynamical behaviour of many

physical, chemical and biological processes and has widely

been used to study, for example, phase transformations, crys-

tallization, nucleation and growth phenomena, decomposition

and combustion reactions or solid-state transformations (see,

for example, Guay et al., 1991; Frahm et al., 1992; Als-Nielsen

et al., 1995; Rumpf et al., 1999; Ressler et al., 2000). Both the

quick-scanning EXAFS (QEXAFS) technique and the

dispersive EXAFS (DEXAFS) method can be applied for

such investigations. In the QEXAFS mode, overheads asso-

ciated with all movements of a double-crystal monochromator

on a point-by-point basis are eliminated by scanning the

spectrum continuously, thus measuring the spectrum on-the-

¯y within a couple of seconds (Frahm, 1989), while the

dispersive EXAFS method employs a curved polychromator

crystal and parallel data acquisition with a position-sensitive

detector (Matsushita & Kaminaga, 1980; Phizackerley et al.,

1983; Hagelstein et al., 1989), enabling time-resolved studies

on a milliseconds time scale. However, DEXAFS investiga-

tions are restricted to transmission experiments, and cannot

make use of ¯uorescence detection in an ef®cient way, which

is, on the other hand, essential for the investigation of diluted

specimen such as biological systems or those samples which

cannot be penetrated by X-rays (e.g. thick samples). In

contrast to the DEXAFS technique, the experimental details

of a QEXAFS set-up are very similar to a standard EXAFS

spectrometer so that all important detection methods such as

electron or ion yield detection (Kakar et al., 1997), re¯ectivity

(Hecht et al., 1996) or ¯uorescence detection (Frahm et al.,

1991, 1992) have been successfully applied for a large number

of time-resolved experiments. In any case, it should be

mentioned that DEXAFS experiments using sequential data

acquisition with a time resolution of about 50 ms for an

XANES spectrum and ¯uorescence detection have been

reported recently (Pascarelli et al., 1999).

Recently, a time resolution of less than 10 ms per spectrum

was achieved for concentrated samples in a QEXAFS

experiment which utilizes a piezo-driven vibrating double-

crystal monochromator (piezo-QEXAFS; Bornebusch et al.,

1999). For these experiments the monochromator crystals

were mounted on piezo-driven tilt tables which can be actu-

ated by sinusoidal voltages with frequencies of more than

100 Hz, resulting in very fast near-edge energy scans upwards

and downwards. Thus, two spectra are recorded per period. So

far, mainly transmission measurements have been performed.

In this contribution, we will report on the ®rst ¯uorescence

piezo-QEXAFS experiments.

2. Experimental

The experiments described here were performed at the X-ray

undulator beamline BW1 (Frahm et al., 1995) at the DORIS

III storage ring at HASYLAB (DESY, Hamburg) operating at

a positron energy of 4.45 GeV with �50±140 mA of stored

current. A ®xed-exit double-crystal monochromator with two

¯at Si(111) crystals was used. The accessible scan range of the

monochromator in the piezo-QEXAFS mode is limited by the

piezo tilt stages, which enable changes in the Bragg angles of

the monochromator crystals of up to about 0.13�, corre-

sponding to a scan range of �50±100 eV at a photon energy of

about 7±10 keV (Bornebusch, 1998). Therefore, piezo-

QEXAFS measurements enable the very fast acquisition of

near-edge data (Bornebusch et al., 1999). For the present

study, N2-®lled ionization chambers were used as detectors for

the incoming and transmitted intensities. A windowless large-

area Si (pin) photodiode (AXUV 300, International Radiation

Detectors Inc., Torrance, USA) with an active area of

approximately 330 mm2 and suitable ®lter foils detect the

¯uorescence radiation. Pin photodiodes have proven their

applicability for EXAFS experiments in a series of previous

investigations due to their high ef®ciency, excellent linearity,

low noise, wide dynamic range and simple electronics (see, for

example, Bouldin et al., 1987; Storb et al., 1991; Lengeler et al.,

1991; Dalba et al., 1996). The readout of the programmable

Keithley 428 current ampli®ers was performed by means of a

high-speed ADC board (DATEL PCI-416M2 with four indi-

vidual 16-bit ADCs on board, 16-bit resolution, up to 200 kHz

sampling rate) and a fast personal computer (Bornebusch,

1998; Grundmann, 1999). Further experimental details of the

piezo-QEXAFS technique are given elsewhere (Frahm, 1995;

LuÈ tzenkirchen-Hecht et al., 2001). High-purity metal foils (Cu,

Ni, Au, Ta) as well as GeO2 powder were investigated as

reference samples in transmission and ¯uorescence. CuSO4

solutions were prepared from analytically pure substances and



deionized water. They were investigated in a cell consisting of

a Te¯on frame and large Kapton windows.

3. Results and discussion

In Fig. 1, ln(I1/I2) transmission spectra of a copper metal foil at

the Cu K-edge are presented together with the simultaneously

measured ¯uorescence XAFS data IF /I1 (9.1 Hz oscillation

frequency corresponding to 55 ms per spectrum). The ADC

rate was 50 kHz. In each case, 20 subsequent `up' spectra are

plotted. The high quality of the raw ¯uorescence data, i.e. the

low noise level and the high reproducibility as well as the

effect of self absorption in the Cu sample of thickness �7 mm

(corresponding to approximately two absorption lengths), are

clearly visible. For the further data evaluation of the measured

piezo-XANES spectra, the noise contributions were deter-

mined similar to the procedure described by Dent and co-

workers (Dent et al., 1992). A mean spectrum of all the data

points was calculated, smoothed by a Fourier-®ltering tech-

nique and subtracted from the raw ¯uorescence data in order

to separate the noise from the signal. The results show that the

mean noise averaged over a single scan is about 0.40% of the

signal corresponding to a signal-to-noise (S/N) level of about

250 for the ¯uorescence data of the Cu foil. For comparison,

the related value determined from piezo-QEXAFS data

measured in transmission is about 0.22% corresponding to

S/N ' 450, which again illustrates the high data quality which

is available with piezo-QEXAFS. It should be mentioned that

similar results regarding the quality of the ¯uorescence data

were obtained for Ni and Au metal foils and concentrated

(�100 mmol lÿ1) CuSO4 solutions with S/N ratios of the order

of 200.

A closer inspection of the measured ¯uorescence data

generally shows that the noise level increases slightly at the

end points of the scans. This observation can be related to the

intensity I1 which is transmitted by the monochromator as a

function of the piezo-voltage as follows. For moderately high

frequencies below the ®rst resonance of the piezo tilt tables,

which is about 17 Hz, I1 is almost constant and not dependent

on the piezo-voltage over a large voltage range. However, a

certain decrease in I1 is always observed at the reversal points

of the spectra, i.e. the parallelism of both monochromator

crystal surfaces is perturbed when the piezo tilt tables with the

monochromator crystals change the direction of their motion.

The resulting decrease in transmitted intensity can easily

explain the increased noise observed in the end points of the

piezo-QEXAFS ¯uorescence spectra. A more detailed inves-

tigation of the frequency-dependent synchronization of the
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Figure 1
Raw piezo-QEXAFS (Cu K-edge, 9.1 Hz, 55 ms per spectrum,
50 kHz ADC rate) of a Cu-metal foil (thickness 6.8 mm) measured in
(a) transmission and (b) ¯uorescence. Twenty subsequently measured
`up' spectra are shown.

Figure 2
(a) EXAFS step-scan of a 10 mmol lÿ1 CuSO4 solution measured in
¯uorescence at the Cu K-edge in about 12 min. The insert depicts the
derivative spectrum. (b) Piezo-QEXAFS (Cu K-edge, 9.1 Hz, 55 ms
per spectrum) of a 10 mmol lÿ1 CuSO4 solution measured in
¯uorescence mode. Ten subsequent `up' spectra are displayed. The
insert depicts the related derivative spectra.
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monochromator crystal movements is currently under

preparation (LuÈ tzenkirchen-Hecht et al., 2001).

In Fig. 2, raw ¯uorescence piezo-QEXAFS data IF /I1

(9.1 Hz piezo-frequency, 55 ms per spectrum) measured at the

Cu K-edge of diluted aqueous CuSO4 solutions are presented

for a Cu concentration of 10 mmol lÿ1. This concentration

corresponds to an atomic concentration of about 180 p.p.m.

The data are compared with a conventional step-scan

measured in about 12 min. Obviously, the white-line intensity

at �9009 eV photon energy corresponding to a piezo-voltage

of �2 V as well as the edge jump are identical for both

measurements. The S/N ratio determined as described above is

about 80 for the ¯uorescence piezo-QEXAFS data, i.e. it is

signi®cantly lowered compared with the measurements of

metal foils or concentrated CuSO4 solutions (100 mmol lÿ1).

In the latter case, a S/N ratio of more than 180 was deter-

mined. However, even weak structures in the absorption

spectrum can be reproduced by the fast piezo-XANES

measurements. This can be more clearly seen by comparison

of the derivative spectra of the step-scan with the piezo-

QEXAFS spectra, which are presented in the inserts of Fig.

2(a) and 2(b). The double-peaked maximum in the step-scan

data between 9000 eV and 9005 eV and the two minima

between 9010 eV and 9015 eV are well reproduced by the

piezo-QEXAFS data (peaks between 3.4 V and 2.5 V, and

1.5 V and 0.7 V piezo-voltage, respectively). It has to be

mentioned that the absolute values of both sets of derivative

data cannot be compared due to the different normalization

during the calculation of the derivatives; i.e. the conversion

factor from the photon energy scale to the piezo-voltage scale

has to be taken into account. However, the intensity ratios of

the high- and low-energy features are very similar, i.e. 0.09/

ÿ0.04 ' 2.2 compared with 0.6/ÿ0.25 ' 2.4.

In Fig. 3, raw ¯uorescence piezo-QEXAFS data obtained

from a 2.5 mmol lÿ1 CuSO4 solution corresponding to an

atomic concentration of �45 p.p.m. Cu are presented. Ten

subsequent `up' spectra, each measured in 55 ms with an ADC

rate of 50 kHz, are shown. The reduced edge jump as well as

an increased noise in the data are prerequisites of the lowered

concentration. We determined a S/N ratio of about 60±65. This

can also be seen in the derivative ¯uorescence spectrum,

which was calculated from the average of the ten spectra

shown. Similar to the step-scan and piezo-QEXAFS

measurements of the 10 mmol lÿ1 CuSO4 solution (Fig. 2),

however, the most characteristic features of CuSO4 could be

clearly resolved in the averaged data. Therefore, XANES

investigations of real samples of such low concentrations are

possible with a time resolution in the subsecond range.

For concentrations below 1 mmol lÿ1, the edge is still visible

in the piezo-QEXAFS spectra; however the ¯uorescence data

became very noisy and detailed features of the absorption

data could not be resolved in the raw data. For example, for

¯uorescence piezo-QEXAFS data (9.1 Hz, 55 ms per spec-

trum) from a 800 mmol lÿ1 CuSO4 solution corresponding to

about 15 p.p.m. atomic Cu concentration, we determined a

signal-to-noise ratio of less than 50. Nevertheless, in the

derivative spectrum obtained by averaging over 10±15

subsequent `up' or `down' spectra, broad features corre-

sponding to those of CuSO4 could be detected. Averaging over

longer periods of time can still improve the data quality. In

conclusion, at the wiggler beamline BW1 at HASYLAB, a

concentration of about 2 mmol lÿ1 corresponding to about

40 p.p.m. seems to be the current detection limit for XANES

investigations of diluted samples using the piezo-QEXAFS

technique with ¯uorescence detection and a time resolution in

the subsecond range.

4. Conclusions

We have shown that piezo-QEXAFS in combination with

¯uorescence detection is a well suited tool for time-resolved

X-ray absorption spectroscopy of concentrated and diluted

specimen in the hard X-ray energy range. The results show

that high-quality ¯uorescence data with signal-to-noise ratios

of more than 200 and a time resolution of �50 ms per spec-

trum can be obtained for concentrated specimens. For the

investigation of diluted samples with absorber concentrations

of �50±100 p.p.m., an averaging procedure over ®ve to ten

spectra seems to be necessary to achieve XANES data of

acceptable quality, leading to an accordingly reduced time

resolution. This time resolution is comparable with that which

was recently achieved with dispersive optics and sequential

¯uorescence data acquisition for a sample containing 1 wt%

Ge in a BN matrix (Pascarelli et al., 1999). However, one

should keep in mind that these experiments were performed at

a third-generation synchrotron source and with a high-photon-

¯ux insertion device.

Due to the fact that piezo-QEXAFS experiments in the

transmission geometry have been performed with appreciable

higher frequencies of more than 100 Hz, it can be concluded

that the mechanical stability of the monochromator is not

limiting the time resolution or the sensitivity of the piezo-

QEXAFS experiments with ¯uorescence detection. Currently,

Figure 3
Raw ¯uorescence piezo-QEXAFS (Cu K-edge, 9 Hz, 55 ms per
spectrum, 50 kHz ADC rate) of a diluted CuSO4 solution with a
concentration of 2.5 mmol lÿ1. Ten subsequent `up' spectra are
shown. The insert depicts the average of the derivative spectrum (see
text for more details).



the photon ¯ux is limiting the attainable S/N ratios of the

¯uorescence data. A higher photon ¯ux thus should enable

investigations of more dilute systems and push the accessible

time resolution towards some few milliseconds.

For the future, time-resolved investigations of biochemical

reactions involving, for example, metalloproteins in low

concentrations are planned using the piezo-QEXAFS tech-

nique with ¯uorescence detection. In addition, the application

of the method for in situ studies of catalysts with active metal

species such as Cu or Zn in low concentrations is under

consideration. Furthermore, it is planned to use piezo-

QEXAFS with ¯uorescence detection for the investigation of

self-propagating high-temperature synthesis reactions (see, for

example, Frahm et al., 1992).
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