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Abstract. The X-ray absorption in a 5 um thick Ni foil for energies from 8.2 keV to 8.8 keV
was measured by the photoacoustic method using a gas-microphone-cell. Results are
presented for both photoacoustic amplitude and phase as a function of incident photon
energy. The absorption fine structure above the Ni K-edge is clearly resolved. The data are
compared with a simple theory for the signal generation, and discrepancies are explained by
discussing the various energy dissipation channels following the X-ray absorption.

PACS: 78.70 Dm

Measuring the extended X-ray absorption fine-
structure (EXAFS) has become a standard tool for the
determination of structural properties of solids and
surfaces [1,2]. The EXAFS-spectrum is usually re-
corded by either directly measuring the absorption
coefficient or by observing secondary processes follow-
ing the X-ray absorption, i.e. emission of photons or
electrons. The fluorescence technique probes bulk
properties and is therefore of advantage for thick
concentrated samples. However, using a glancing
incidence geometry this technique can also be applied
to near surface studies [3]. Experimental difficulties
arise mainly from self-absorption and scattering effects
[4]. Due to the small escape depth of electrons from
solids the electron yield technique [5] is also somewhat
surface sensitive [6]. However, for measurements of
this kind the sample has to be enclosed in a vacuum or
in an ionization chamber [7].

There have been several attempts to use photoa-
coustic (PA) methods for X-ray spectroscopy. After
first experiments with pulsed X-rays detected by a
piezoelectric transducer [8], the PA dosimetry for soft
and hard X-rays was developed [9,10]. In the soft
X-ray region a pyroelectric calorimeter has been used
for the spectroscopy of the carbon K-edge [11] and
organic materials were investigated using the gas-

microphone technique [12]. In the latter two experi-
ments synchrotron radiation from an electron storage
ring was used. For hard X-rays it is even possible to
detect the emission from a X-ray tube [13].

Recently Masujima et al. [14], using high energy
synchrotron radiation, have shown that the gas-
microphone technique offers an experimentally simple
alternative for recording the EXAFS-spectrum: In
contrast to more conventional detection schemes the
photoacoustic method does not measure emitted par-
ticles or radiation but rather the heat deposited in the
irradiated sample. The heat results from the thermaliza-
tion cascade of Auger- and photoelectrons produced
by the absorption of X-rays and secondary electrons
excited by the reabsorption of X-ray fluorescence in the
sample. The surface of the solid target is in contact with
a gas cell, and here the heat is converted into an
acoustic wave which, in turn, is recorded by a micro-
phone. This photoacoustic technique is related to the
above-mentioned methods, electron yield and flu-
orescence detection. The main difference is that instead
of the outgoing photons or electrons it records the
integrated energy that remains in the sample. Conse-
quently, the photoacoustic X-ray absorption spec-
troscopy (PAXAS) is complementary to electron and
fluorescence detection,
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Like most of the photoacoustic sensing techniques
[15] it provides the possibility of depth profiling by
adjusting experimental parameters to the thermal
properties of the material under investigation. In
experiments with chopped beams, as introduced here,
the chopping frequency will determine whether near
surface regions or bulk properties are probed. By
monitoring the phase of the photoacoustic signal it is
possible to identify the effective energy absorption
depth profile [16]. For a quantitative interpretation of
photoacoustic data it is first of all necessary to model
the energy relaxation processes following the initial
excitation of core electrons. According to model
calculations for the photoacoustic response of mole-
cular systems irradiated by visible light [17], the
transition rates of the main radiative and radiationless
channels have to be included. If the chopping fre-
quency is low compared to the transition rates, as is the
case for our measurements, the dynamics of the
relaxation can be neglected and the process may be
described in terms of two overall probabilities for
fluorescence and radiationless deexcitation. An initial
theoretical attempt in this direction by Garcia et al.
[18] yields reasonable agreement with experiments on
the copper K-edge for amplitude spectra. It suffers
from the drawback, however, that the energy depo-
sition profile was taken to be an exponential function
of depth, and completely ignores energy losses by
reemission near the surfaces. Hence, it is fair to say that
the process of photoacoustic signal generation after
X-ray excitation is presently still not understood in full
detail and several questions remain to be answered
about the details of the energy dissipation channels.

In this paper we present the amplitude and phase
spectra of photoacoustic EXAF'S at the Ni K-edge. The
experimental data are compared with theoretical
curves calculated using the formalism of Garcia et al.
[18] combined with the standard photoacoustic re-
sponse theory of Rosencwaig and Gersho [19]. The
measurements were performed at beamline 14 A at the
Photon Factory of the KEK National Laboratory for
High Energy Physics, Japan. The monochromator
provides a beam of tunable X-ray radiation with an
intensity of 10° to 10*° photons/s. The experimental
arrangement is shown in the inset of Fig. 1. The X-ray
beam is chopped with a frequency of 11.2 Hz and
passes a first ion chamber to monitor the incoming
photon flux. Then the beam penetrates the photoa-
coustic (PA) cell containing the sample which, in our
case, is a polycrystalline 5 pm Ni foil placed in front of
the exit Be window. Details of the PA cell are described
elsewhere [20]. The transmitted X-rays are measured
by a second ion chamber, providing a conventional
absorption spectrum. Detected by a lock-in amplifier,
the photoacoustic signals together with wavelength
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Fig. 1. Photoacoustic EXAFS of a 5pm Ni foil. Solid curve:
measured PA amplitude, dotted curve: PA amplitude calculated
from simple theory. Inset: experimental setup with Ch: chopper,
IC 1/2: ion chambers, PA: photoacoustic cell, M: microphone,
W: Be window, S: sample

data and corresponding ion chamber currents are
processed by a microcomputer that calculates the
amplitude and phase spectrum. After background
subtraction, the PA amplitude is normalized with
respect to the current of the first ion chamber and data
are corrected for the energy dependent absorption in
the chamber. The small path absorptions in the air and
the Be windows are also taken into account in the data
analysis.

The solid curve in Fig. 1 shows the measured PA-
signal as a function of photon energy. The edge
structure is clearly resolved for energies up to about
400 eV above the edge. The Fourier transform of the
EXAFS-oscillations is in good agreement with the
absorption data not shown here. However, in the
photoacoustic case the amplitude compared to the
edge-jump is smaller by a factor of two. This obser-
vation might be of the same origin as the damped
oscillation amplitude observed in electron yield spec-
tra [6].

The main new feature introduced by the PA
method is the phase spectrum shown in Fig. 2. The
phase has a constant value of —45° for energies below
the edge as expected for a thermally and optically thin
sample [19]. After the edge-jump of about 3° the phase
then shows a smooth variation with energy to reach a
saturation value of —33° at about 500 eV above the
edge. A very similar phase spectrum was obtained with
a 5um Cu foil. However, for thicker samples (e.g.
20 um Ni foil) a larger edge jump is observed and the
phase remains at a constant value within the experi-
mental uncertainty for all energies above the edge. We
conclude that the phase variation above the edge is a
special feature of thin samples resulting from energy
loss near surfaces and the redistribution of energy by
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Fig. 2. Photon energy dependent phase for photoacoustic
EXAFS ofa 5 um Ni foil. Solid curve: measured PA phase, dotted
curve: PA phase calculated from simple theory

secondary emission and reabsorption, which clearly
plays a minor role in thick samples. Hence, a system-
atic study of the phase spectra as a function of sample
thickness in future experiments will certainly con-
tribute to a better understanding of the processes
involved in the PA signal generation.

The phase is a sensitive parameter for testing model
calculations. tions. A good illustration of this point are
the results of a simple calculation outlined in the
following. Let us consider the sequence of secondary
processes that are relevant for the X-ray induced
photoacoustic signal generation. Those are (1) Auger
decay and X-ray fluorescence, (2) subsequent reabsorp-
tion of fluorescence photons and thermalization of
excited electrons, and (3) the dissipation of the pro-
duced heat and conversion into acoustic energy. For
the description of the first two steps we use the
algorithm given by Garcia et al. [18] in order to derive
an efficiency parameter g(fiw) for the energy conversion
of the absorbed photon energy into heat. Here, ¢ is
defined as the fraction of energy S(fiw) that is therma-
lized divided by the total absorbed energy:

&(hw) = S(hw)/[haw(1 —e ™ F] 1)

where hw is the energy of the incident photons, u(hw) is
the absorption coefficient and d the sample thickness.
The important parameters that determine ¢ besides
wavelength and absorption of incoming photons are
the Auger and fluorescence energies and probabilities
for fluorescence deexcitation of the sample material.

To describe the PA signal generation we use the
standard theory of Rosencwaig and Gersho [19] who
calculate the acoustic intensity Q(hw) for a given
incoming photon flux I,(hw). Q is controlled by
thermal parameters, the absorption coefficient of the
sample and by the chopping frequency. As we use thin
samples with high thermal conductivity and a low
chopping frequency, heat losses via the backing

material may not be neglected and the thermal prop-
erties of the rear Be windows have to be included
[19]. Combining all quantities one finds for the
normalized photoacoustic signal PA(#iw) the relation:

P A(t) = e(ho)Q(ho)/ I o(hew) = | P A(hao)|e) ?)

The magnitude and phase of PA(hw) are plotted as
dotted curves in Figs. 1 and 2 respectively and may be
directly compared to the experimental data. The
theoretical values for the PA amplitude are multiplied
by a scaling factor to achieve normalization to the
experimental data for energies below the absorption
edge. Summarizing the results from different measure-
ments there is no convincing agreement between this
theory and our experimental data for energies above
the K-absorption edge. Especially the observed phase
behavior is completely different from the theoretical
predictions. For the 5um Ni sample (Fig. 2) the
calculated phase jump is only one tenth of a degree
towards a smaller phase lag which appears to be a
plausible result from simple heat diffusion theory. An
increase in absorption means a slight shift of heat
production towards the surface. Consequently, during
diffusion the heat is expected to need less time to reach
the surface and produce the acoustic signal, resulting in
a smaller phase lag [21]. However, the measured phase
change is several degrees in the opposite direction.
The discrepancies between predicted and observed
amplitude and phase can be explained qualitatively by
considering some of the energy loss and energy redis-
tribution mechanisms that are not covered by the
simple theory. The starting point of Rosencwaig and
Gersho [19] is an exponential decay of light intensity
inside the sample. The thermalization process will be
fast and localized. Hence the heat production profile is
assumed to be described by the same exponential as the
absorption law and the PA signal phase is only
dependent on the thermal diffusion. In the X-ray case
this is true for energies below the K-edge. Due to the
small fluorescence yield for L-shell excitations in Ni
[22], 99% of the energy is transferred to photo- and
Auger-electrons whose thermalization length is small
compared to the diffusion length (~1 mm) and to the
sample dimensions. The situation changes drastically
above the K-edge. In the case of Ni about 40% of the
absorbed energy will be released in form of flu-
orescence radiation [22]. For a 5 um sample, however,
the absorption length of these secondary X-rays
(~5-20 um) [23] is comparable to the foil thickness.
Therefore, a considerable fraction of fluorescence
radiation will leave the sampie, in particular from the
near surface regions, and will be lost for heat produc-
tion. The other part is reabsorbed in deeper regions
and converted there to heat. Of course, there will also
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be some energy transfer from the rear to the front of the
foil. However, as a consequence of the exponential
absorption profile of the primary X-rays and the
reabsorption of fluorescence photons in the backing
material, the net effect will be a shift of heat production
towards the middle of the sample, and thus a greater
delay of the photoacoustic signal, compared to the
Rosencwaig and Gersho assumption. For the same
reason one also expects a lateral energy spread leading
to a decrease in the PA amplitude.

For thin samples the emission of electrons must
also be taken into account. Using the experimental
results and the semi-empirical formula for the electron
escape depth given by Flam et al. [7], we assume an
escape depth of 0.2 pm for Ni KLL-Auger electrons.
This means that at least 3% of the total absorbed
energy will be lost by electron emission from the front
surface of a 5 um sample. The electrons emitted from
the rear surface will be completely reabsorbed by the
Be backing and produce heat there. The result is again
an energy transfer in the same direction as for the
reabsorbed fluorescence.

With the above considerations in mind, the experi-
mental facts can be understood. The edge-jump of the
PA amplitude is somewhat lower than expected
because theory neglects the emission of electrons and
over-estimates fluorescence reabsorption. Due to the
shift of heat production towards the center of the
sample for energies above the K-edge, the phase lag of
the PA signal increases for increasing energies as
evidenced by the data in Fig. 2. Since the phase shift is
partially caused by near-surface effects, these obser-
vations are dominant in spectra of very thin foils and
are less prominent for thicker samples.

In conclusion we have shown that amplitude and
phase spectra of the presented PAXAS measurements
are not only governed by thermal diffusion but that
fluorescence reabsorption and Auger electron emis-
sion must be taken into consideration. Experiments of
the kind presented here are capable of revealing infor-
mation about the depth profile of the effective energy
absorption. To achieve a full understanding of all
features in the spectra a theory is needed which
simulates all different energy dissipation channels and
the acoustic signal production in a three dimensional
model. Such a theory would be especially important
for the interpretation of the phase shifts which are the
key to a further development of the PAXAS method.
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