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The first application of stroboscopic detection of nuclear resonant scattering with synchrotron radiation on
151Eu is reported. It is shown that stroboscopic detection is a useful technique for the determination of isomer
shifts and this is confirmed by a measurement of the isomer shift of151Eu in EuPd2Si2 at pressures ranging
from ambient pressure to 5 GPa. The results are compared with previous measurements.
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I. INTRODUCTION

Since its discovery, the Mössbauer effect has proven
many times to be a valuable technique to investigate the
nuclear hyperfine levels in a variety of specific isomers. An
important step was taken when this principle found a place at
the synchrotron facilities via the nuclear resonant scattering
technique.1–4 The most important advantages were the wide
energy range that became accessible, together with the high
intensity of the well-collimated radiation. This wide energy
range, with the help of suitable monochromators, opened the
door to a range of isomers5 for which the preparation of a
Mössbauer source was difficult or sometimes even impos-
sible.

To measure isomer shifts with the nuclear resonant scat-
tering technique, it is crucial to add a reference sample with
a known isomer shift to the standard nuclear-resonant scat-
tering setup. The isomer shift of the sample with respect to
the reference sample can then be deduced from a beat pattern
in time domain. With the recently developed stroboscopic
detection scheme,6 the relative isomer shift between the
sample and the reference sample is measured directly in en-
ergy domain, similar to Mössbauer spectroscopy with a ra-
dioactive source. The main characteristic of this technique is
the use of a moving reference sample to construct velocity or
energy-dependent spectra.

This paper reports the first application of the stroboscopic
detection technique on an isotope different from57Fe and
confirms the validity of this scheme for isomer shift mea-
surements.151Eu7–9 is a good choice for this purpose because
the energy sEres=21.5 keVd and the short lifetimest
=14 nsd of the first excited level make it very different from
57Fe (Eres=14.4 keV andt=144 ns). It also has the advan-
tage that Mössbauer data are available for comparison.

A measurement of the change in isomer shift of151Eu in
EuPd2Si2 as a function of varying pressure is presented.
EuPd2Si2 has a tetragonal ThCr2Si2 structure.10 It is a mixed
valence system11 with Eu ions that undergo fast fluctuations
s<1013/sd between divalent and trivalent states.12 An appre-
ciable mean valence change in a narrow temperature band

s±50 Kd around 150 K12,13 is the main reason why this com-
pound has attracted a lot of attention. Measurements of the
electrical transport properties indicated that this compound
also exhibited a pressure-induced valence change.14 This was
examined by Mössbauer spectroscopy with a radioactive
source, by measuring its isomer shift as a function of
pressure.15 These results will be compared with the results
presented here.

In Sec. II, the stroboscopic detection scheme will be
briefly described, followed by an overview of the experimen-
tal conditions that can be optimized for isomer shift measure-
ments. The experimental setup will also be discussed here.
Section III contains the discussion of the measured spectra
and the obtained results. The relationship between the isomer
shift and the mean valence is also briefly discussed here. In
the last section, conclusions will be drawn.

II. EXPERIMENTAL DETAILS

A. Stroboscopic detection of synchrotron radiation

The aim of the stroboscopic detection scheme is to deter-
mine the nuclear resonance energies of a sample by compar-
ing them with those of a, preferably single-line, reference
sample. This reference sample contains the same resonant
isotopes as the sample under investigation does. Both
samples are placed in the beam simultaneously. The refer-
ence sample is given a variable velocity, and the measure-
ment is performed as a function of this velocity. Resonances
will occur when the Doppler-shifted resonance energy of the
reference sample is equal to one of the resonance energies of
the sample under investigation. This is similar to Mössbauer
spectroscopy with a radioactive source.

In the stroboscopic detection scheme, the data are col-
lected during selected time intervals. The time function that
describes these intervals is called the time window function.
An example of such a function is depicted in Fig. 1. This
function must be zero at the moments when the prompt ra-
diation arrives at the detector. Hence, its frequency must be
equal to or a multiple of the bunch frequency. The reason for
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this is that the bandwidth of the monochromatized radiation
is of the order of meV, while the width of the nuclear reso-
nance is only of the order of 10 neV. Therefore the intensity
of the nonresonant(prompt) photons is an order of 105 larger
than that of the resonant photons. By putting well-chosen
time windows, it is possible to distinguish the resonant from
the nonresonant photons. In velocity domain, these time win-
dows will generate several extra resonances. The shape of
these stroboscopic resonances depends on the position of the
time windows. Their shifts in velocity domain with respect to
the central resonances are:

vn = n
cvTW

vres
, s1d

wherevn is the velocity shift of thenth order stroboscopic
resonances,c is the velocity of light,vTW is the frequency of
the time windows, andvres is the resonance frequency of the
nuclear-excited level. All of thesenth order resonances can
be interpreted similarly to the central resonances and are
easier to model since the quantum-mechanical path where a
photon is resonantly scattered by both samples, i.e., the ra-
diative coupling path, is suppressed for sufficiently high ve-
locities.

B. General experimental considerations

When using the stroboscopic method to determine isomer
shifts, there are several experimental parameters that can be
optimized, such as the time windows, the velocity range, and
the properties of the reference sample. These parameters will
be discussed in this section.

First, the position, duration, and frequency ofthe time
windowsare important parameters that influence the shapes
of the resonances in the stroboscopic spectrum. As men-
tioned above, the frequency of the time windows must be
equal to or a multiple of the bunch frequency. Thereby the
filling mode of the storage ring and the dead time of the
detector after the prompt pulse are the limiting factors. Note
that it may be useful to select a detector with a very short
dead time over a more efficient one. Paying attention to these
limitations, usually one still has a large freedom in choosing
the position, duration, and frequency of the time windows.
The position plays a role in the shape of the resonances. If
one wants to produce positive and negative Lorentzian-like

resonances, then the time windows should be symmetric
around half of the time-window period. An example of such
a time window is visualized in Fig. 1. If the position of the
time window is shifted, the shapes of the resonances become
dispersionlike. The ideal duration for a specific experiment
depends on which specific stroboscopic resonance one wants
to concentrate on, keeping in mind that choosing a narrow
time window is obviously statistically not preferable. Gener-
ally, a narrow time window produces a better signal-to-
baseline ratio. A usually acceptable value for the width of the
time window is 30% of the total period.6 The ideal frequency
depends on the preferred shift of the stroboscopic reso-
nances. The relation between this shift and the frequency of
the time windows is given in Eq.(1). An ideal way to mea-
sure a stroboscopic spectrum is to use a two dimensional
data-acquisition system, which allows one to determine for
each detected photon two coordinates: one is the time delay
of the photon and the other is the velocity of the Mössbauer
drive. In this way, the time windows can be chosen during
the off-line analysis, which gives the experimentalist great
liberty in optimizing the time windows.6

Second, to choose the optimalvelocity range, several as-
pects should be taken into account. On the one hand, this
range should be chosen large enough to be able to deduce the
isomer shift. On the other hand, a range that is too large is
statistically not favorable. If only a small part of the strobo-
scopic spectrum is measured, the condition is that it must be
possible to determine which stroboscopic order resonances
are present. If this condition is fulfilled, the total strobo-
scopic spectrum can be reconstructed and thus the isomer
shift of the sample with respect to the reference sample can
be deduced. If a 2D data-acquisition system is available, the
minimum required information is contained within the reso-
nances of one stroboscopic order. By changing the time-
window function off-line, the shape of the stroboscopic reso-
nances can be altered. In this manner, it is possible to
determine which specific order is present in the obtained
spectrum. If such a system is not available, the required in-
formation is contained within the resonances of two succes-
sive stroboscopic orders. The distance between two succes-
sive orders can be calculated with Eq.(1). By comparing the
shapes and the signal-to-baseline ratios, it is possible to de-
termine the order of the resonances. Thus, considering also
the expected width of the resonances, a least and sufficient
velocity range can always be determined. Fortunately, the
analysis can be made much more straightforward if the cen-
tral resonances lie within the chosen velocity range. In this
case, the isomer shift with respect to the reference sample
can be determined in the same way as with a Mössbauer
spectrum taken with a radioactive source.

Finally, the properties ofthe reference sampleshould be
known exactly, especially its isomer shift with respect to the
standard isomer shift reference material of the specific iso-
tope. To simplify the spectra as much as possible, a single-
line reference sample with a narrow linewidth is ideal. To
determine the optimal effective thickness of the reference
sample, two aspects should be taken into account. These are
the resolution and the statistical quality of the obtained spec-
tra. The resolution can be optimized by choosing a thin ref-
erence sample. To optimize the statistical quality, both the

FIG. 1. Time structure of this experiment. The prompt pulse
arrives at the detector atT=0, TB represents the bunch period and
TTW represents the period of the time windows.
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nuclear and the electronic scattering should be considered.
For high energies, like the 21.5 keV resonance in151Eu, es-
pecially the nuclear scattering plays an important role.
Therefore thick samples will produce a larger count rate,
keeping in mind that when the samples get too thick, elec-
tronic absorption can reduce the count rate. For single-line
samples, the signal-to-baseline ratio is largest when the ef-
fective thicknesses of both samples are identical. Therefore,
the effective thickness of the reference sample should be
close to the effective thickness of the sample under investi-
gation.

C. Experimental setup

The experiments were performed at the nuclear resonant
scattering beamline, BL09XU,16 at the third generation syn-
chrotron radiation facility SPring-8 in Japan. The typical
setup for high-pressure nuclear forward-scattering studies
was used, to which a Eu2O3 reference sample on a Möss-
bauer drive was added. This is illustrated in Fig. 2.

In order to reduce the energy width of the 21.5 keV ra-
diation, a three-bounce-type high-resolution monochromator
was set up. It consisted of three crystals, a first asymmetric
Si 4 4 0reflection, a second high-angle Si 12 12 8 reflection,
and finally a third asymmetric Ge 4 2 2reflection. The ob-
tained resolution was 1.8 meV.

The EuPd2Si2 sample was prepared by arc-melting under
a purified argon atmosphere. Constituent elements with puri-
ties better that 99.9% were used for the melting. The ingots
were subsequently annealed in an evacuated quartz tube at
800 °C for one week.17 After this process, the powder was
inserted into a Bassett-type diamond anvil cell(DAC)18 with
a rhenium gasketsx=350mmd. The Ruby fluorescence
method19,20 was utilized for the pressure calibration during
the decompression process.

A pellet of Eu2O3 was used as a reference sample. To
prepare this pellet, 34.13 mg of Eu2O3 was carefully grinded
with 100 mg of benzoïc acid in order to obtain an homoge-
neous distribution of the Mössbauer isotope in the absorber.
The resulting powder was then pressed in a cylindricalsx
=13 mmd hydraulic press at 10 tons/cm2 for 5 min.

The radiation was detected by an avalanche photodiode
(APD) detector. This detector was inclined to have an effec-
tive thickness of 20mm, a diameter of 3 mm, and an effi-
ciency of,5%. The time resolution of this detector is typi-
cally of the order of 0.16 ns.21

The bunch period was 23.6 ns and the time-window pe-
riod was chosen to be half of this(Fig. 1). As a consequence,
the stroboscopic-order resonances of ordern are shifted by
vn=n34.82 mm/s with respect to the central resonances.

To calibrate the velocity, the Eu2O3 reference sample was
kept on the Mössbauer-drive while the DAC with the
EuPd2Si2 was replaced by an identical sample of Eu2O3. The
velocity calibration could then be deduced from the position
of the single-line resonances.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Interpretation of the stroboscopic spectra

Figure 3 shows several stroboscopic spectra that were
taken at room temperature with pressures ranging from
5 GPa down to ambient pressure. The spectra are symmetric
around a central resonance. This resonance is situated at a
velocity that corresponds to the isomer shift of151Eu in
EuPd2Si2 with respect to 151Eu in the Eu2O3 reference
sample. Several other resonances are very pronounced, these
correspond to the higher-order stroboscopic resonances. In
order to determine the isomer shift with respect to the EuF3
standard,22 a conventional Mössbauer experiment using a
Sm2O3 source was performed on both the Eu2O3 reference
sample and a EuF3 sample. An isomer shift of Eu2O3 with
respect to EuF3 of 0.92s3d mm/s was found.

During the analysis of these spectra, it became clear that
the velocity drive, which was in triangular mode, showed
some nonlinearities. Since these did not change the values of
the isomer shift beyond the intrinsic error, no extra correc-
tions were taken into account. To model the broadening of
the lines, the effective thickness and an electric-field gradient
were included as fit parameters.

B. Results

Figure 4 shows the pressure dependence of the isomer
shift of 151Eu in EuPd2Si2 with respect to151Eu in EuF3.
Note that the pressure distribution on the sample was
fairly large as is indicated on the graph. It is depicted as the
standard deviation with respect to the average pressure. The
results of this work can be compared to the results of
Schmiesteret al.,15 obtained by Mössbauer spectroscopy
with a radioactive source, which are also shown. The pres-
sure calibration of this measurement was performed using
the isomer shift of the119Sn gamma-resonance inb-Sn.23–25

This pressure calibration has been corrected using a more
recent investigation of the pressure dependence of this iso-
mer shift by Chowet al.26 In this investigation, the ruby
fluorescence method was used for the pressure calibration.

Qualitatively, the isomer shift grows nonlinearly with
pressure. This corresponds to the results of Schmiesteret
al.15 Quantitatively, the values of the isomer shift obtained in
our measurement differ somewhat from theirs. This is most
probably caused by the different sample preparations, com-
bined with a weak, hidden satellite-line, which was taken
into account in the analysis of Schmiesteret al.This satellite
line could not be resolved from the stroboscopic spectra. The
main reason was the large line broadening in our spectra.

FIG. 2. Setup of the experiment.
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These lines can be narrowed by either decreasing the pres-
sure distribution or changing the reference sample. This can
either be a thinner reference sample or one where the151Eu
isotope is located in a cubically symmetric environment, e.g.,
the Eu-chalcogenides.27 A second improvement would be to
better resolve the several stroboscopic orders by increasing
the frequency of the time windows, which were put on-line
during this experiment.

C. Discussion

Since the timescale of the nuclear resonant scattering pro-
cesss,14 nsd is much longer than the period of the valence
fluctuationss,10−4 nsd,12 the measured isomer shift is the

time-averaged isomer shift. The relationship between the iso-
mer shift and the valence of151Eu in EuPd2Si2 is given by15

dsPd = d2 + sd3 − d2dnsPd. s2d

nsPd represents the fractional occupation of the Eu3+ state
at pressureP and at room temperature. The mean valence of
151Eu in EuPd2Si2 at pressureP and at room temperature is
thus 2+nsPd. dsPd represents the pressure-dependent isomer
shift of 151Eu in EuPd2Si2 at room temperature.d2 andd3 are
the isomer shifts for integral-valent151Eu2+ and 151Eu3+, re-
spectively, in similar environments as EuPd2Si2. Following a
previous analysis,15 d2 was set equal to −9.0s7d mm/s,
which corresponds to the average of the established values
for the metallic systems EuNi2Si2 and EuSi2 sd
=−9.6 mm/sd and EuPd2 sd=−8.5 mm/sd.13,28 For d3−d2 a
value of 12 mm/s was assumed. It is deduced from Fig. 4
that, as the pressure increases, the mean valence of the151Eu
ion in EuPd2Si2 increases from,2.2 to ,2.7. A detailed
analysis of the physical consequences of these results is be-
yond the scope of this article and can be found elsewhere.15

IV. CONCLUSION

The stroboscopic detection scheme can easily be extended
to isotopes with properties that differ from those of57Fe.
This opens the possibility of creating energy-resolved spectra
for isotopes that do not have a suitable Mössbauer source. It
has also been shown that the stroboscopic detection tech-
nique is useful for isomer shift determination. Thanks to the
energy-resolved spectra, no complicated analysis is required
and the isomer shift of the sample with respect to the refer-
ence sample can be determined easily from the spectra. To
demonstrate this, the isomer shift of EuPd2Si2 with respect to
a Eu2O3 reference sample has been measured as a function of
pressure. The results qualitatively confirm previous results
and show a nonlinear dependence of the isomer shift of151Eu
in EuPd2Si2 upon pressure.
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