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Intensity tensor of Fe2+ in the M2 site of hypersthene by single crystal Mössbauer 
microspec-troscopy

γ

ingle crystals of hy-
persthene as small as 1mm3 from Inawashiro-ko, Aizu-
wakamatsu, Fukushima, Japan were used for this study. 
Three crystallographically oriented thin sections perpen-
dicular to a*, b* and c* were prepared by measuring X-
ray diffraction using Laue and precession camera. Seven
Mössabuer spectra of oriented thin sections were measured. 
In this study, Cartesian coordinate (X Y Z) is set as X//c*, 
Y//a*, Z//b*, where a*, b*, c* are reciprocal lattice vectors 

of hypersthene. Mössbauer measurements were carried out 
in transmission mode on a constant acceleration spectrom-
eter with an Si-PIN semiconductor detector (XR-100CR, 
AMPTEK Inc.) and multi-channel analyzer of 1024 chan-
nels. A 3.7GBq 57Co/Rh of 4mmφ in diameter was used as
γ-ray source. An 57Fe-enriched iron foil was used as veloc-
ity calibrant. The two symmetric spectra were folded and
velocity range was ±4mm/s. Thickness corrections of raw
spectra were not done.

Fig.1 Mössbauer spectrum of hypersthene measured under 
γ-ray parallel to the a*-axis.

Fig.1 shows Mössbauer specrtum of hypersthene meas-
ured under incident γ-ray parallel to a*-axis. A doublet due
to Fe2+ in M2 site of hypersthene was observed. Averages 
of isomer shift, Q-splitting, and line width were 1.15 2.13 
and 0.39 mm/s, respectively. From seven sets of intensity 
of quadrupole doublet, three components (IXX, IYY, and IZZ)
of the intensity tensor of Fe2+ in the M2 site of hypersthene 
are obtained as 0.577, 0.453 and 0.470. three components 
of the intensity tensor of Fe2+ in the M2 site of ortho-ensta-
tite were 0.615, 0.455 and 0.424 (Shinoda and Kobayashi, 
2019). Three components of the intensity tensor of Fe-poor 
and Fe-rich ortho-pyroxene suggest that IXX and IZZ show 
weak chemical dependence of Fe2+ and IYY is independent 
of Fe2+ components. 
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57Fe was purchased from commer-
cial as a powder and changed to iron(II) acetate.  Syn-
thesis of FeS and its iron(III) chloride complex will be 
reported in elsewhere. 
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INTRODUCTION:  The power generation efficiency 
of thermal power plants decreases due to corrosion prod-
ucts (iron oxide scale) formed in the feed-water system. 
In this study, removal of iron oxide scale from thermal 
power plants applying oxygen treatment (OT) using high 
gradient magnetic separation (HGMS) was investigated.  

While the scale of thermal power plants applying all 
volatile treatment (AVT) is mainly composed of ferro-
magnetic particles, the OT scale is mainly composed of 
paramagnetic particles, which are difficult to capture by 
magnetic force. Our previous analysis of the scale col-
lected from actual OT-adopted thermal power plant using 
Mössbauer spectroscopy showed that the OT scale con-
tains up to 20% ferromagnetic particles, while the other 
components are paramagnetic particles, and these parti-
cles do not form co-crystal [1].  

Based on the results, we proposed the two-stage mag-
netic separation system shown in Fig.1, that captures fer-
romagnetic particles in the first stage and paramagnetic 
particles in the second stage [2]. To design the magnetic 
separation system for an actual thermal power plant used 
at high temperature, we focused on the second stage and 
investigated the change in the capture performance of 
paramagnetic scale by the temperature. 

EXPERIMENTS:  High-gradient magnetic separation 
using superconducting solenoidal magnet was conducted 
targeting hematite (Fe2O3), which is the main component 
of OT scale. Suspension of 20.0 g of hematite particles at 
500 ppm was prepared, and the experiment was conduct-
ed at 25-80 °C under the conditions of magnetic field of 6 
T, flow velocity of 20 cm/s, and pH=4. These conditions 
assume the installation of separation equipment in the 
chemical cleaning line of a thermal power plant boiler 
feedwater system. The filters made of ferromagnetic 
stainless steel were installed inside the superconducting 
magnet. In case the fluid passing through the supercon-
ducting magnet was hot, cooling water was flowed be-
tween the magnet and the piping to prevent the magnet 
from temperature increasing. The results were compared 
with simulations based on particle trajectory calculations 
based on the magnetic field and flow velocity distribu-
tions around the ferromagnetic filter wire. 

RESULTS:  Fig. 2 shows the captured amount for each 
of the five filters. The captured amount increased as the 
temperature increased. In comparison with the simulation 
results, the measured value was lower than the estimated 
value, and the difference tended to increase as the tem-
perature increased [3]. The reason is thought to be the 
increase in thermal motion of hematite particles and the 
decrease in fluid temperature due to the cooling water in 
the magnetic separation section. Based on this, the cap-
tured amount was re-calculated considering these effects. 
As a result, it was estimated that 90 % of the generated 
paramagnetic particles could be captured by installing 
2745 filters in the practical scale. Based on the results, 
we were able to design the magnetic separation system 
and conditions for the introduction of a two-stage mag-
netic separation system for the practical use. 
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Fig.1  Composition of the scale collected at 
low-pressure heater drain measured by the Mössbauer 
spectroscopy and the two-stage magnetic separation sys-
tem. based on it.

Fig.1  Temperature dependence of capture amount of 
hematite per a filter.
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Rough estimation of Debye temperature for precursor of supported gold cluster catalysts 
derived from Recoil-free fraction in 197Au Mössbauer spectroscopy

  INTRODUCTION: 

EXPERIMENTS: 

RESULTS: 
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INTRODUCTION: 
The Mössbauer spectroscopy is one of the most power-

ful methods to investigate electronic states and magnetic 
properties by extracting the information of a specific iso-
tope. Even though more than one hundred of Mössbauer 
energy levels are known, Mössbauer spectroscopy in 
general is performed for quite limited isotopes, such as 
57Fe and 119Sn. In order to promote studies for 
less-common Mössbauer isotopes, we have been devel-
oping practical methods for short-lived Mössbauer 
sources by neutron irradiation at Kyoto University Reac-
tor (KUR). Moreover, some short-lived isotopes can be 
complementarily produced by high-energy -ray irradia-
tion converted from electron beam using the electron 
linear accelerator (KURNS-LINAC). We have already 
developed practical preparation methods of the Möss-
bauer sources for various isotopes (source nuclides in 
parentheses): 61Ni(61Co), 125Te(125mTe), 129I(129Te,129mTe), 
161Dy(161Tb), 166Er(166Ho), 169Tm(169Er), 170Yb(170Tm), 
197Au(197Pt), etc. 
In this research, a new attempt for 180Hf Mössbauer 

spectroscopy is described. Hf has several Mössbauer iso-
topes and energy levels: 176Hf(88.36 keV), 177Hf(112.97 
keV), 178Hf(93.2 keV), 180Hf(93.33 keV). However, all of 
these levels have high -ray energy of about 100 keV and 
their parent isotopes have short half-lives[1]. Because of 
these disadvantages, Hf Mössbauer spectroscopy have 
not been studied actively so far. Hf is an important ele-
ment for some industrial applications and material sci-
ences. Therefore, the improvement of the methods for Hf 
Mössbauer spectroscopy is necessary to become a useful 
technique to investigate Hf compounds. 

EXPERIMENTS AND RESULTS: 
Among the Hf Mössbauer levels, an attempt for the 93.3 

keV level of 180Hf has been studied. By neutron irradia-
tion of 179Hf, 180mHf with a half-life of 5.5 hours is pro-
duced[2,3]. Since a natural Hf contains 179Hf with an 
abundance of 13.6 %, natural Hf was used for this ex-
periment. As a candidate of the single-line material, HfC 
is tried as a source material. HfC was pelletized with Al 
powder and rapped with Al foil for the neutron irradiation. 
The irradiation was performed at the pneumatic tube(Pn) 
of KUR for 4 hours at 1MW operation or 1 hour at 5MW. 
In order to reduce shorter lived by-product, the irradiated 
source has used after waiting for a few hours from the 
end of irradiation. Since the recoilless fraction of Möss-

bauer isotope with high-energy level is low at high tem-
perature, the sample and the source are cooled at the 
temperature of about 22 K. The -rays with the energy of 
93.3 keV have been measured by a CeBr3 scintillation 

detector. The spectra were measured for about half a day. 
The observed Mössbauer spectrum of HfC absorber using 
HfC source is shown in Fig. 1. The Mössbauer absorption 
spectrum has been successfully observed. Since the line 
shape is almost single line, 180Hf Mössbauer spectroscopy 
will be able to be performed to some extent. 
Figure 2 shows Mössbauer spectrum of HfO2 absorber 

using HfC source. The spectrum is apparently broader 
than HfC absorber due to the quadrupole splitting of 
HfO2. 

In summary, it is successfully confirmed that 180Hf 
Mössbauer spectroscopy can be performed by a 180mHf 
source obtained by neutron irradiation of natural Hf. 
However, further improvement of the source material and 
measurement efficiency must be required for a practical 
spectroscopy. 
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