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Abstract
We successfully observed the synchrotron-radiation-based Mössbauer absorption
spectra with 158Gd and 99Ru. Their nuclear resonant energies were 79.5 keV and
89.6 keV, respectively, and they are factually the highest energy which energy
region synchrotron radiation covers with sufficient intensity as the incident X-rays
for Mössbauer spectroscopy. Although the low recoilless fraction owing to these
high resonant energy, Mössbauer energy spectra of GdPd3 to 158Gd2O3 and fcc-Ru
nanoparticles to bulk hcp-99Ru metal were obtained with natural samples of the
former compounds with sufficient amount, because of the high transparency of
these high energy X-rays(to electronic scattering). In spite of large statistical
errors, we can evaluate the hyperfine parameters when the spectrum includes
simple 1-site profile. 99Ru and 158Gd SR-based Mössbauer absorption spectra of
various complex materials including somewhat complex structures will be avail-
able with the improvements to the measurement system; More detector elements
for larger solid angle subtended to the scatterer sample will yields more counting
rates and improvement higher recoilless fraction by arranging more appropriate
chemical specimen as the scatterer yields deeper absorption profile.
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1 Introduction

Mössbauer spectroscopy have been used as a powerful and unique method in various fields,
such as physics, chemistry, biology, and earth science [1]. Mössbauer effect, the principle of
this method, was first discovered using the nuclear resonance of 191Ir, and the effect has been
observed for 86 nuclides of 45 elements [2]. Among them, 57Fe and 119Sn are the most well-
known Mössbauer nuclides and most Mössbauer spectra have been observed with these two
nuclides. For these two nuclides, we can purchase the γ-ray sources, that is, corresponding
radioactive isotopes (RI). However, RI sources for the other nuclides cannot usually be
purchased and thus the preparation of RI sources is one large difficulty in Mössbauer
spectroscopy of those nuclides. In spite of this difficulty, many researchers made those sources
using a nuclear reactor and/or particle accelerator to observe the Mössbauer spectra of various
nuclides [1]. In 1970’s, the synchrotron radiation (SR) was considered as a potential source for
Mössbauer spectroscopy [3, 4] and successfully used to the measurement of hyperfine
structure in 1985 [5]. The white energy property of SR, extending to typically 100 keV, was
consider to be suitable to Mössbauer spectroscopy of those nuclides, as well as its high
brilliance, low angular divergence, and high polarization are also suitable to the Mössbauer
study for various samples under various situations, such as high pressure and in-situ gas
atmosphere. Using SR, Mössbauer experiments with nuclides whose resonant energy is below
100 keV is available and until now, nuclear resonant forward scattering (NFS) experiments [6]
have been actively performed with these nuclides. Even so, the Mössbauer experiments using
high-energy nuclear resonance is difficult owing to the low recoilless fraction caused by the
high recoil energy and at least one magnitude lower intensity than that around 10 keV even at
the third generation facility. Furthermore, the high resolution monochromator to extract the X-
rays with the bandwidth of some meV is practically effective only for X-rays below 40 keV
[7–9]. Despite, the time spectra of NFS by 61Ni [10–12] (the nuclear resonant energy Eres =
67.4 keV), 99Ru [13] (Eres = 89.6 keV), and 193Ir [14] (Eres = 73.0 keV) were successfully
observed. Another possible SR-using Mössbauer method for these high resonant energy
nuclides is SR-based Mössbuer absorption spectroscopy [15]. As for this method, Mössbauer
energy spectra of 61Ni [16–19] and 174Yb (Eres = 76.5 keV) were successfully observed [20,
21]. Here, we report the feasibility study of the SR-based Mössbauer absorption spectroscopy
with other two nuclides whose nuclear resonant energy was higher than those of nuclides
performed by this method before: 158Gd (Eres = 79.5 keV) and 99Ru. In addition, the recent 61Ni
measurement by this method is also shortly discussed for comparison; 61Ni is a relatively
major nuclide in Mössbauer spectroscopy using SR among nuclides with high nuclear
resonance and a good reference to the SR Mössbauer study using new high-energy nuclides.

2 Typical SR-based Mössbauer absorption spectroscopy: 61Ni case

Here, the functionality of the instrumentation in SR-based Mössbauer absorption spectroscopy
is discussed using an example of most recent 61Ni case. This typical experiments were
performed in BL11XU of SPring-8. The schematic drawing of the general experimental
instrumentation of this method is shown in Fig. 1. The electron bunch-mode of the storage
ring was 203 bunch mode, where the period of each electron bunches were 23.6 ns. The SR
from the undulator was monochromatized by the Si (3 3 3) high heat load monochromator
(HHLM). The SR transmitted another Si (1 1 1) channel-cut crystal to eliminate the low energy
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SR corresponding to the lower-index reflection of HHLM. The intensity of the SR was 3.6 μA
by a positive-intrinsic-negative (PIN) photodiode detector with 0.7 mm thickness. Then the SR
penetrated the transmitter sample, 1 mm of the polycrystalline natural (i. e., non-enriched) Ni
metal in this case. It was arranged into a helium cryostat and its temperature was 20 K. Then,
SR was then incident on the scatterer, an enriched 61Ni0.86V0.14 foil. The enrichment of the foil
was 86.2% and its thickness was 3.1 μm. It was 30 degree inclined to the beam direction. The
effective thickness of the scatterer was 4 using the Debye model with recoilless fraction in ref.
22 and the energy width due to the effective thickness was around 2Γ0, where Γ0 is natural
linewidth of 61Ni and 0.38 mm/s. Here we also note that the main detected scattering was
internal conversion (IC) electrons. Electrons maximum penetration length is by far smaller
than the attenuation length of X-rays with the same energy, and it often limits the actual
thickness. In 61Ni case, this length was 8 μm, which was larger than the real thickness of this
foil and not limits the actual thickness. In addition, it shows no hyperfine splitting. It was
arranged into a vacuum chamber and cooled down to around 60 K by a refrigerator. It was also
connected with a Mössbauer velocity transducer to control the energy of its nuclear resonance
through a Doppler effect of light. The velocity was calibrated by a Mössbauer laser velocity
calibrator. The scattering from the scatterer was detected by an array of eight avalanche photo
diode (APD) detector elements [23, 24], which was arranged in the same vacuum chamber to
detect the nuclear resonantly scattered electrons through the IC process from the scatterer [20,
25]. The Mössbauer energy spectrum was measured as follows: the SR penetrating the
transmitter showed an absorption profile corresponding to the hyperfine structure of the
transmitter. Therefore, the nuclear resonant scattering intensity from the scatterer was absent
when the nuclear resonance energy of the scatterer, which is controlled by the transducer, was
coincide with the energy of the transmitter, while it was intense when the resonant energies of
the transmitter and the scatterer were different. This is the basic functionality of the measure-
ment system for the SR-based Mössbauer absorption spectroscopy. We note that one of the
transmitter and the scatterer is a sample under study and the other is energy analyzer. The
analyzer should usually show a simple single-line profile without (at least apparent) hyperfine
splitting. We also note that the effective thickness of the scatterer should not be by far thicker
than that of the transmitter, because the absorption in the spectra become shallow. In this
viewpoint, the relation between the transmitter and the scatterer resembles to that between the
sample and the γ-ray source at conventional RI Mössbauer spectroscopy.

HHLM 
Si (3 3 3) Transmitter Scatterer

8 element
 APD

Velocity
TransducerInstruments to reduce 

the lower energy X-rays

Fig. 1 Schematic drawing of the measurement system for SR-based Mössbauer absorption spectroscopy. In the
case of 61Ni, the instruments to reduce the lower energy X-rays were a Si (1 1 1) channel-cut monochromator, the
transmitter was bulk Ni metal, and the scatterer was a Ni-Valloy. In the case of 158Gd, the instruments to reduce
the lower energy X-rays were Cu and Pb attenuator, the transmitter was GdPd3, and the scatterer was Gd2O3. In
the case of 99Ru, the instruments to reduce the lower energy X-rays were Cu attenuator and Si(1 1 1)
monochromator, the transmitter was fcc-Ru NPs, and the scatterer was bulk hcp-Ru
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The intensity of the 61Ni nuclear resonance detected by the APD detector was 200 counts
per seconds (cps) with the noise level of 0.7 cps, as shown Fig. 2a. This is about 1.5 times
higher counting rate than that in ref. 16; this is because of some fine tunings of the
measurement system. The main of the improvements is the distance between the scatter foil
and the detector decreased from 4 mm in ref. 16 to 3.5 mm in this experiment by the
improvement of the shape of the detector package, resulting in the larger solid angle for the
detector subtended at the scatter. With this counting rate, the SR-based Mössbauer absorption
spectra of Ni metal vs Ni-Valloy was measured, as shown in Fig. 2b. An analyzable spectrum
is obtained in 12 h measurement, which is 2/3 of the ref. 16.

3 158Gd SR-based Mössbauer absorption spectroscopy

The conventional Mössbauer spectroscopy with Gd element has been usually performed using
155Gd second excited state [26]. This nuclides has moderate natural abundance of 14.8%, and
this excited state has moderate nuclear resonant energy of 86.5 keVand moderate energy width
corresponding to the half-life of 6.5 ns. Especially, the RI source of 155Sm is relatively easy to
prepare by neutron irradiation to 154Sm, the heaviest stable isotope of Sm element with its
natural abundance of 22.7%. This source is also relatively easy to treat due to the long half-life
of 4.7 years of 155Eu in the decay process. Thus, conventional Mössbauer spectroscopy using
this RI source has been performed with 155Gd nuclides. In the viewpoint of the natural
abundance and nuclear resonant energy, 158Gd first excited state is better: those were 24.8%
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Fig. 2 The results of SR-based Mössbauer absorption spectroscopy using 61Ni. a The intensity dependence on
the Bragg angle of HHLM. b The Mössbauer spectrum of Ni metal vs Ni-V alloy. The open circles are
experimental data and the lines are fitting curve in both figures
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Fig. 3 The results of SR-based Mössbauer absorption spectroscopy using 158Gd. a The intensity dependence on
the Bragg angle of HHLM. b The Mössbauer spectrum of GdPd3 vs Gd2O3. The open circles are experimental
data and the lines are fitting curve in both figures
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and 79.5128 (15) keV, respectively [27]. The highest natural abundance of around 1/4 among
Gd nuclides is advantageous in the Mössbauer experiments using natural samples and lower
resonant energy causes relatively higher recoilless fraction. For example, the recoilless fraction
is 0.19 at 20 K for 158Gd while it is 0.14, in the case of the Debye temperature of 237 K,
corresponding to GdPd3 alloy [28]. Its half-life of 2.52 (3) ns [27] is a drawback. However, the
preparation of RI source is quite difficult; there is no relatively convenient way to synthesize
the sufficiently intense RI source for this nuclide. Consequently, the source was prepared by
in-beam method, in which the enriched 157Gd parent compounds was continuously irradiated
by neutron beam during the experimental period [29, 30]. We can overcome this difficulty
using SR and thus 158Gd is another choice for SR experiments. In fact, nuclear resonant
scattering (NRS) of SR by 158Gd was already measured with low intensity [31]. (Note that the
measured NRS is incoherent NRS and not NFS.) Therefore, we developed a 158Gd SR-based
Mössbauer absorption measurement system.

The experiments were also performed in BL11XU of SPring-8. The arrangement of
the experiment was similar one shown in Fig. 1. The electron bunch-mode of the
storage ring was the 203 bunch mode and the SR from the undulator was
monochromatized by the Si (3 3 3) HHLM. Then, the SR transmitted the Pb and
Cu attenuator to reduce the low energy SR corresponding to the Si (1 1 1) reflection
of HHLM. We did not use an additional Si crystal monochromator according to the
high energy NFS experiment of 99Ru [13]. The intensity of the SR was 0.5 μA by the
PIN photodiode detector here. Then the SR penetrated the transmitter sample, GdPd3.
The GdPd3 is similar compounds to SmPd3, which had been used as a RI source in
conventional 155Gd Mössbauer spectroscopy; it shows only simple single-line absorp-
tion profile in the conventional method. The GdPd3 sample was natural and 79.5 mg
of that sample was shaped into the pellet with the diameter of 5 mm. It was arranged
into a helium cryostat and its temperature was 10 K, just above the Néel temperature
of 7.5 K [32]. SR was then incident on the scatterer, another pellet of Gd2O3. 14 mg
of the 97.7% enriched powder was shaped into 7 mm diameter and the pellet was 8
degree inclined to the beam direction. It was arranged into a vacuum chamber, cooled
down to around 70 K by a refrigerator, and connected with the Mössbauer velocity
transducer, whose velocity was calibrated by the Mössbauer laser velocity calibrator.
The effective thickness of the scatterer was 6 × 101 using the Debye temperature in
ref. 33. However, because the main detected scattering component was IC electrons,
this real thickness was too large considering the maximum electron penetration length,
which corresponds to the effective thickness of 5. The energy width due to this
effective thickness was around 2Γ0, where Γ0 of 158Gd is 0.68 mm/s, assuming this
scatterer shows no hyperfine splitting with single crystallographic site. In fact, both
assumption was wrong, as described later. The scattering from the scatterer was
detected by the 8-element array APD.

The intensity of the nuclear resonance at the APD detector was 44 cps with the noise level
of 0.6 cps, as shown Fig. 3a. This was one-hundred times higher intensity than that reported in
the previous NRS experiment [31]. Comparing with this literature, we had mainly three
improvements: first, the Gd2O3 was enriched sample in this experiment and thus the density
of the resonant nuclei was four times of that in the previous NRS experiment. Second, the IC
electrons are detected in this experiment and the IC coefficient of the decay process of 158Gd
first excited state is 6.02 [27]. In contrast, only the fluorescent X-rays following the IC process
were detected in the previous experiment. The detection efficiency of APD was much higher to
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IC electrons. Third, the solid angle for the APD detector subtended at the scatterer was larger
because eight element APD array was arranged in this experiment although one smaller
element APD was arranged in the previous experiment.

The SR-based Mössbauer absorption spectra of GdPd3 vs Gd2O3 is shown in Fig. 3b. We
can see the absorption profile. The line in Fig. 3b is written based on an evaluation by one
single Lorentzian, which is too simple to analyze the spectrum of Gd2O3; this oxide forms the
bixbyite structure, where Gd atom occupies two different crystallographic sites, 8a and 24d.
Thus, we should analyze the spectrum using two components with nuclear quadrupole
splitting, which were shown by 155Gd RI Mössbauer spectroscopy [34]. Thus, this spectrum
includes two pairs of three absorption lines, reflecting to the 2+ (first)→ 0 (ground) nuclear
transition. Unfortunately, the statistical errors in the spectrum is not enough for this kind of
analysis, in spite of the improved intensity and long measurement time of 30 h. The broad
FWHM of 10 ± 2 mm/s still supports the existence of some hyperfine structure. This is because
in the case the spectrum shows no hyperfine structure, the FWHM should be at most 3.4 mm/s
considering the effective thickness evaluated using the recoilless fraction based on the Debye
temperatures reported in ref. 34 for GdPd3 and ref. 33 for Gd2O3.

4 99Ru SR-based Mössbauer absorption spectroscopy

The 99Ru conventional Mössbauer spectroscopy has been usually performed since the first
experiment by Kistner [35], although the nuclides has some undesirable properties: the
natural abundance of 99Ru is only 12.7% and the recoilless fraction of samples were often
low owing to the high energy of the first excited state of 99Ru, 89.57 (6) keV [36]. One
superior property is its narrow energy width corresponding to the half-life of the excited,
20.5 (1) ns [36]. The width is narrow enough to evaluate the valence via the isomer shift.
The RI source in the conventional method was 99Rh, which was synthesized by relatively
convenient 99Ru (p, n) 99Rh reaction and the 16 days half-life of 99Rh is also relatively
convenient to handle it. As for SR method, NFS of this nuclides was already observed [13]
and this is the highest energy nuclear resonance that is observed using SR methods. We
also tried the SR-based Mössbauer absorption spectroscopy using this highest energy
nuclear resonance.

The experiments were also performed in BL11XU of SPring-8 and the arrangement of the
experiment was also similar one shown in Fig. 1. The electron bunch-mode of the storage ring
was also the 203 bunch mode. The SR from the undulator was monochromatized by the Si (3 3
3) HHLM. Then, the SR penetrated the Cu attenuator and was diffracted by another Si(1 1 1)
monochromator to eliminate the low energy SR. The intensity of the SR was 0.3 μA by the
PIN photodiode detector here. Then the SR penetrated the transmitter sample, natural Ru
nanoparticles (NP). These Ru NPs formed a face-centered cubic (fcc) structure, which is
different from the bulk Ru structure, hexagonal closed packed (hcp) structure. The average size
of the NPs were 2.6 ± 0.5 nm. These NPs were synthesized by the chemical reduction method,
described in the literature [37, 38]. This sample was natural and the NPs including 100.4 mg
Ru component was shaped into the pellet with the diameter of 5 mm. It was arranged into a
helium cryostat and its temperature was 4 K. SR is then incident on the scatterer, bulk hcp-Ru
metal. 19.7 mg of the 95.5% enriched 99Ru bulk powder was shaped into 7 mm diameter and
the pellet was 8 degree inclined to the beam direction. It is arranged into a vacuum chamber
and cooled down to around 45 K by a refrigerator. It is also connected with the Mössbauer
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velocity transducer, whose velocity was calibrated by the Mössbauer laser velocity calibrator.
The effective thickness of the scatterer was 3 × 101 using the Debye temperature in ref. 13.
However, because the main detected scattering component was IC electrons and this thickness
was too large considering the maximum electron penetration length, which corresponds to the
effective thickness of 7 and the energy width due to this effective thickness was around 3Γ0,
where Γ0 of 99Ru is 7.4 × 10−2 mm/s. This scatterer showed no hyperfine splitting. The
scattering from the scatterer was detected by an array of eight APD detectors.

The intensity of the nuclear resonance detected by the APD detector was 3 cps with the
noise level of 0.1 cps, as shown Fig. 4a. With this counting rate, the SR-based Mössbauer
absorption spectra of fcc-Ru NPs vs bulk hcp-Ru was measured, as shown in Fig. 4b.
Although it takes 72 h to measure the spectrum, the statistical errors in the spectrum is also
not small, similar to the 158Gd spectrum. Even in such case, we can evaluate the hyperfine
structure with the following reasonable assumption: fcc-Ni NPs showed neither quadrupole
splitting nor magnetic hyperfine structure, because bulk hcp-Ru showed none of these
hyperfine structures [13, 39]. The isomer shift was estimated to be −0.04 ± 0.06 mm/s under
this assumption and the valence state of fcc-Ru NP is not different from that of bulk hcp-Ru in
the experimental error. Considering the typical isomer shift values shown in ref. 40, where the
typical isomer shift differences corresponding one electric valence (for example, between Ru3+

and Ru4+) was more than 0.1 mm/s, we can discuss the valence states of Ru atom through this
spectrum. The FWHM of 0.5 ± 0.3 mm/s is also reasonable when we consider the effective
thickness of the samples using the recoilless fraction of Ru metal based on ref. 13. Recently,
Ru thin films with its thickness of 2.5–12 nm forming body-centered tetragonal (bct) structure
shows the ferromagnetism even at room temperature [41], but we cannot detect such magne-
tization in this fcc-Ru NPs in spite of their smaller size.

5 Discussion

Because we successfully observed SR-based Mössbauer absorption spectra with 158Gd and
99Ru using natural transmitters, the third generation SR is available for SR-based Mössbauer
absorption spectroscopy with nuclides whose resonant energy is below 90 keV. However,
these spectra were not clear enough to analyze the fine structure in the spectra, although it
takes more than 1 day to measure one spectrum. This situation should be improved to measure

9900

9800

9700

9600

9500

C
o

u
n

ts

-3 -2 -1 0 1 2 3
Velocity (mm/s)

(a) (b)

150

100

50

N
R

S
 i

n
te

n
si

ty
 (

/6
0

 s
e
c
)

-8 -6 -4 -2 0 2 4 6 8

Angle (µrad)

Fig. 4 The results of SR-based Mössbauer absorption spectroscopy using 99Ru. a The intensity dependence on
the Bragg angle of HHLM. b The Mössbauer spectrum of fcc-Ru NP vs bulk hcp-Ru. The open circles are
experimental data and the lines are fitting curve in both figures
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the Mössbauer energy spectra of various actual samples in all kinds of scientific field and could
be improved, if we optimize the measurement system as the 61Ni situation. Considering the
actual applicability, the expensive enriched transmitter samples are not a desirable way. One
way for the improvement is reconsider the chemical compounds of the scatterer as the energy
reference sample. In these experiments, the recoilless fraction of the scatterers, Gd2O3 and hcp-
Ru metal, was estimated to be 0.28 and 0.18, respectively. Thus, there remains large space to
enhance the fraction and this problem is common to all high-energy nuclides. The recoilless
fraction strongly relates to the characteristic temperature of the chemical compounds reflecting
the atomic bonding strength around the Mössbauer atoms, like the Debye temperature and thus
the good scatterer with such high characteristic temperature enhance the Mössbauer effect.
One candidate is dodeca-boride compounds, which showed good recoilless fraction in Yb SR-
based Mössbauer absorption spectroscopy, about 0.4 for 76.4 keV 174Yb nuclear resonance.
However, GdB12 was synthesized only under high pressure [42] and thus future effort should
be required. Another way for the improvement is on the detector. In fact, the size of each
element in the APD array was 3 × 5 mm in the area with the depletion layer of 150 μm. An
APD array with more elements can cover a larger solid angle. Furthermore, there also remains
a subject to consider on the elimination of low energy X-rays. As is also discussed in ref. 13,
the transmitter sample itself might be the attenuator to lower energy X-rays in some cases. If
the attenuators were removed in these our SR-based Mössbauer measurements, at least three
times intensity could be available. However, in that case, the scattering intensity might be too
strong to our APD detectors. Thus, increasing the APD elements will be also a solution to this
problem.

Lastly, we discuss the comparison with the NFS method. In fact, for 61Ni and 99Ru, the NFS
measurements have been also performed. NFS spectra are usually measured in shorter time
and the hyperfine parameters can be usually obtained more precisely by NFS. In contrast, the
SR-based Mössbauer absorption spectra are intuitively understand because they are energy
spectra of hyperfine structures, familiar to Mössbauer scientist using conventional RI method.
This is important when the sample is unknown or not simple; at least, the difference of some
parameters (e.g. temperature) or from the standard sample can be discussed using the change
of the center of gravity of the spectra, the width of broadened absorption, and so forth. This
situation is seen in 61Ni experiments; the NFS produced the excellent results on the change of
known single-site samples under high pressures and SR-based Mössbauer spectroscopy was
applied to somewhat complex samples like Li battery materials. The best way is to measure
both spectra. SR-based Mössbauer absorption spectra yields an appropriate analyzing model
and reasonable fitting initial values for NFS spectra, which shows precise hyperfine parameters
with an unambiguous fitting model.

6 Summary

The SR-based Mössbauer absorption spectra with 158Gd and 99Ru were successfully observed
in spite of their high nuclear resonant energy. This shows that we can obtain the SR-based
Mössbauer absorption spectra with nuclides whose nuclear resonant energy is around 90 keV,
even if the transmitter samples are composed of non-enriched elements. However, the statis-
tical errors were not sufficiently low when we analyze some complex structure, as is in the case
of Gd2O3, which has two crystallographic sites showing nuclear quadrupole splitting. In
contrast, when the sample shows only one-site absorption, we can discuss the hyperfine
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parameters; the fcc-Ru NPs showed the same isomer shifts as that of bulk hcp-Ni within the
reasonable experimental error. The enhancement of the recoilless fraction of the scatterer
sample and counting rates are important to apply this method to various samples including
158Gd and 99Ru, which often includes many sites. Increasing the number of APD element is
promising method to obtain sufficient experimental counts.
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