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A detection system for synchrotron-radiation (SR)-based M€ossbauer spectroscopy was developed to

enhance the nuclear resonant scattering counting rate and thus increase the available nuclides. In the

system, a windowless avalanche photodiode (APD) detector was combined with a vacuum cryostat to

detect the internal conversion (IC) electrons and fluorescent X-rays accompanied by nuclear

de-excitation. As a feasibility study, the SR-based M€ossbauer spectrum using the 76.5 keV level of
174Yb was observed without 174Yb enrichment of the samples. The counting rate was five times

higher than that of our previous system, and the spectrum was obtained within 10 h. This result

shows that nuclear resonance events can be more efficiently detected by counting IC electrons for

nuclides with high IC coefficients. Furthermore, the windowless detection system enables us to place

the sample closer to the APD elements and is advantageous for nuclear resonant inelastic scattering

measurements. Therefore, this detection system can not only increase the number of nuclides

accessible in SR-based M€ossbauer spectroscopy but also allows the nuclear resonant inelastic

scattering measurements of small single crystals or enzymes with dilute probe nuclides that are

difficult to measure with the previous detection system. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4866280]

M€ossbauer spectroscopy is a well-established method

with applications in various fields, including physics, chem-

istry, biology, and earth science. It provides element-specific

information on the probe nuclide’s electronic states, includ-

ing valence and magnetism, even in complex materials. With

regard to the probe nuclide, the M€ossbauer effect has been

observed in approximately 100 nuclides of nearly 50 ele-

ments, and M€ossbauer spectroscopy with these nuclides is

expected. However, M€ossbauer studies have been performed

mostly using 57Fe, 119Sn, and 151Eu. One major difficulty in

M€ossbauer spectroscopy using other nuclides is preparation

and storage of radioactive isotopes (RI) as c-ray sources.

Some RI sources have short lifetimes and are unsuitable for

use in M€ossbauer measurements over long times. Some RI

sources are formed by nuclear reactions that require an accel-

erator. These difficulties are notably alleviated by using syn-

chrotron radiation (SR) as the M€ossbauer spectroscopy

source. SR has broad spectra, and we can extract X-rays with

the required energy (usually <100 keV). Additionally, SR

has far higher brilliance than c-rays from RI, and thus elec-

tronic states can be studied under extreme conditions, e.g.,

high pressure. Therefore, nuclear resonant scattering (NRS)

experiments using various nuclides of various materials have

been performed using SR. In NRS of SR experiments, the

most frequently used method has been nuclear forward scat-

tering (NFS) spectroscopy.1 This method enables efficient

measurements in the time region, and hyperfine interactions

can be elucidated from the quantum beat pattern of the decay

spectra. In these experiments, avalanche photodiode (APD)

detectors are usually used to detect scattered X-rays because

of their high time resolution and tolerance to high counting

rates. However, APD detection efficiency decreases as the

X-ray energy increases and thus NRS of SR by nuclides with

high nuclear resonance energy required improvements. This

means that if the detection efficiency for NRS of SR is

improved, then the nuclides available for M€ossbauer

spectroscopy using SR are extended.2,3 In 2009, an

energy-domain method was reported, and 73Ge SR-based

M€ossbauer spectroscopy using its 68.8 keV level was per-

formed in 90 h as a feasibility study.4 This method allows us

to see the M€ossbauer spectra in the energy region. Analysis

of the complex samples seems to be easier than the NFS

method because the spectrum obtained is similar to that of

conventional M€ossbauer spectroscopy using RI sources, for

which there is a large amount of accumulated knowledge.5–7

This method also improves the detection efficiency of NRS

of SR by detecting fluorescent X-rays that follow the internal

conversion (IC) process along with the direct nuclear-reso-

nant-scattered X-rays. The fluorescent X-rays have lower

energies than the direct X-rays and are easier to detect.

Additionally, the IC coefficient, which is the ratio of the IC

process to the direct nuclear-resonant-scattered X-ray pro-

cess, is higher than 1 in many nuclides; thus, the fluorescent

X-ray intensity is stronger than that of the direct X-rays ina)Electronic mail: masudar@rri.kyoto-u.ac.jp
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NRS of SR by these nuclides. Along with the fluorescent

X-rays, electrons, called IC electrons, are also emitted in the

IC process. Therefore, the detection of IC electrons added to

the fluorescent X-rays and the direct scattered X-rays

appears to be a very promising way to enhance detection effi-

ciency because the IC electron detection efficiency is usually

higher than that of the X-rays. For example, the detection ef-

ficiency of electrons below 100 keV by an APD with a

150 lm depletion layer is almost 100% while the efficiency

of even 30 keV X-rays is about 4%. The detection of IC elec-

trons is well known in conventional RI M€ossbauer spectros-

copy as conversion electron M€ossbauer spectroscopy,8 and

IC electrons have already been measured in NRS of SR by
197Au.9 However, in previous NRS spectroscopies, the APD

detectors usually used beryllium X-ray windows for protec-

tion from visible light, which also block the electrons scat-

tered from samples. Therefore, we developed a detection

system, comprising an X-ray-windowless APD detector and

a sample chamber with a He-flow cryostat. Along with its

ability to detect the electrons, the windowless detection sys-

tem makes it possible to place the sample closer to the APD

elements. An increase in the solid angle covered by the APD

further enhances the counting rate. As a feasibility study,

this system was applied to 174Yb SR-based M€ossbauer spec-

troscopy. 174Yb is the most abundant Yb nuclide (natural

abundance of 31.8%) but is not the most frequently used nu-

clide for Yb M€ossbauer spectroscopy. Obviously, investiga-

tion of the Yb electronic states is important to understand the

various magnetic properties caused by its 4f electrons, and

M€ossbauer spectroscopy has mainly been performed using
170Yb to study valence and magnetism properties.6 Although

the natural abundance of 170Yb is only 3%, it is the most

popular nuclide in M€ossbauer spectroscopy because c-ray

source preparation for 170Yb is easier than that for 174Yb.

The c-ray source for 174Yb was made through a 176Yb (p, 3n)
174Lu reaction and requires an accelerator10 while that for
170Yb can be prepared by neutron irradiation of 169 Tm,

which has natural abundance of 100%. However, because RI

source preparation difficulties do not apply when SR is the

light source, we can select a well-conditioned nuclide for

SR-based M€ossbauer spectroscopy. In fact, nuclear resonant

excitation of the 76.5 keV level of 174Yb by SR has already

been observed by detecting the fluorescent X-rays.11 Here,

we report on instrumentation for SR-based M€ossbauer spec-

troscopy using the developed system and the SR-based
174Yb M€ossbauer spectrum as a feasibility study.

The experimental setup for SR-based M€ossbauer spec-

troscopy is shown in Fig. 1. The experiments were

performed at the BL09XU and BL11XU undulator beam-

lines of SPring-8. The electron-storage ring’s operating

mode was the “203 bunch” mode with an electron-bunch

interval of 23.6 ns. The SR was monochromatized to approx-

imately 5 eV around the 174Yb nuclear resonance by using a

Si (333) monochromator and then transmitted a sample in a

cryostat (the “transmitter” in Fig. 1). Downstream of the

transmitter, the SR was scattered by a sample in another

cryostat (the “scatterer” in Fig. 1). The scatterer in this cryo-

stat can be moved using a velocity transducer to measure the

M€ossbauer spectrum at low temperatures. The scatterer’s

temperature was monitored at its holder by a silicon diode

thermometer. The emission from the scatterer was detected

using a developed detector with an eight-element APD for

the IC electrons placed above the scatterer in the cryostat.

The distance between the scatterer and the APD was approx-

imately 5 mm, and the detector was insulated in heat against

the scatterer by vacuum. The detection area of each element

was 3�5 mm2, and the depletion layer of each element was

150 lm thick. Almost all of the elements’ surfaces were

uncovered apart from the limited area required for the Au

electrical contact. Because NRS by 174Yb is emitted with a

delay (76.5 keV level half-life t1/2¼ 1.79 ns), NRS was

counted in the time window between 6.1 ns and 13.6 ns after

SR incidence. The NRS before 6.1 ns could not be counted

because of the tremendous and prompt electronic scattering

(ES). Using this set-up, we performed two experiments:

First, to verify the electron detection, we compared the inten-

sity from the scatterer with and without an electron shield

placed between scatterer and APD detector; second, we

measured an actual M€ossbauer spectrum. In the first experi-

ment, the shield was a 17 lm-thick Al foil. The transmitter

was not used in this case, and the scatterer was a

7 mm-diameter pellet of YbAl2 powder with thickness of

158 mg/cm2 YbAl2; the measurements were performed at

room temperature in a 0.04 Pa vacuum to collect the IC elec-

trons. In the second experiment, the sample situations were

quite different. Both transmitter and scatterer were YbB12

powdered from a single crystal.12 The reason why YbB12 is

used for our M€ossbauer measurement is its high recoilless

fraction, which affects the absorption depth of the spectrum.

Both YbB12 powders were mixed with boron nitride and

made into 7 mm-diameter pellets. The transmitter thickness

was 60.9 mg/cm2 YbB12 while that of the scatterer was

736 mg/cm2 YbB12. The transmitter was set at 20 K in a

<0.01 Pa vacuum, and the scatterer was set at 26 K in a

<0.01 Pa vacuum. All samples were used without 174Yb

enrichment.

In the first experiment, the delayed NRS counting rates

were 2.3 counts per second (cps) with Al foil and 17.2 cps

without the foil. Those of the ES were 1.0�107 cps with the

foil and 3.0�107 cps without the foil. For the ES, the main

process is the photoelectric process, through which photo-

electrons and fluorescent X-rays are emitted. Here, the main

component of the photoelectric process is from the electron

K-shell and the cross section is approximately six times

higher than the sum of the cross sections of the L-shells,

which are the second main component. However, the kinetic

energy of each photoelectron from the K-shell is only

15 keV and they cannot travel more than 1.4 lm

FIG. 1. Schematic drawing of the experimental set-up for the 174Yb

M€ossbauer spectrum of YbB12. The line with the arrow indicates the SR

path. The rectangle with dashed lines shows the vacuum region. The APD

detector and scatterer were in the same vacuum chamber for IC electron

detection.
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(0.9 mg/cm2) in YbAl2. In contrast, the energy of the photo-

electrons from the L-shells is approximately 66 keV, and

they can travel up to 16 lm (10 mg/cm2) in YbAl2.

Therefore, compared with the photoelectrons from the

L-shells, those from the K-shell suffer severe losses due to

self-absorption by the scatterer. Thus, the main component

of the detected electrons was photoelectrons from the

L-shells while that of the detected X-rays was fluorescent K

X-rays. Because the transmission rate of fluorescent K

X-rays is >0.99 through the 17 lm Al foil, while many of

the L-shell photoelectrons are stopped by the foil, the strong

reduction of ES with the foil demonstrates the APD’s ability

to detect the emitted electrons. For the NRS, the ratio of the

counting rate without the foil to that with the foil is much

higher than that in ES. This is because of the difference

between the NRS process and the ES process; the branching

ratio to the L-edge is more than three times higher than that

to the K-edge in the IC process, and the IC process through

the electron L-edge is the most frequently occurring of these

processes in NRS.13 Therefore, the emitted X-rays in NRS

were mainly fluorescent L X-rays, which have lower energy

than K X-rays and were not counted in our measurement

because their signal levels were lower than the discriminator

circuit threshold limit. Consequently, the main component of

the detected photons in the NRS was the weaker fluorescent

K X-rays through the IC process, while that of the detected

electrons was IC electrons from the L-shells. In this way, the

ratio of detected electrons to detected X-rays in the NRS was

much higher than the ratio in the ES and confirmed that the

windows shielding for electrons affect the NRS detection.

Therefore, the effectiveness of IC electron detection in NRS

of SR by 174Yb was demonstrated.

The 174Yb M€ossbauer spectrum observed over 10 hours

in the second experiment is shown in Fig. 2. The NRS count-

ing rate was 6 cps, while that of ES was 1.5�107 cps. In our

previous 174Yb SR-based M€ossbauer spectroscopy trial using

an eight-element APD with an X-ray window, the ES rate

was 1.0�107 cps and that of NRS was 1.2 cps. Therefore,

the actual counting rates were five times higher than those

measured using the previous method. The spectrum was

evaluated using the formulae in Refs. 4 and 14. From these

formulae, the evaluated isomer shift is �0.05 6 0.05 mm/s,

i.e. no shifts were observed; this is expected, because the

transmitter and the scatterer were formed from the same

YbB12 and the temperature difference between the samples

was only 6 K. We can also see the effect of the time window

here. This effect shows in the form of the following two

appearances in the SR-based M€ossbauer spectrum: a wavy

pattern at the sides of the main absorption and a narrowing

effect on the apparent absorption width. For the narrowing

effect, when we evaluate the full width at half maximum

(FWHM) of this spectrum, via a simple Lorentzian, as a

conventional RI M€ossbauer spectrum, the FWHM is

1.3 6 0.2 mm/s. Because the narrowest ideal width in con-

ventional RI M€ossbauer spectroscopy is twice the energy

width of the nuclear excited level and is 2.0 mm at FWHM

for the 76.5 keV level of 174Yb, the apparent width from this

evaluation is narrower than the conventional ideal width. In

some cases, this narrowing effect is useful for experimental

determination of energy shifts in M€ossbauer spectroscopy;

e.g., the difference in isomer shifts between Yb2þ and Yb3þ

is considered to be less than 0.2 mm/s in the 174Yb spec-

trum,7 and the line width is therefore critical. We can also

narrow the line width by observing a later time window, at

the cost of the counting rate.

Further improvements in the counting rate of NRS of SR

can be achieved by reducing obstacles to the emitted elec-

trons. Removal of boron nitride from the scatterer enhances

the rate because IC electrons cannot travel more than 40 lm

in boron nitride. The use of a sheet made from single-crystal

YbB12 satisfies this requirement. Additionally, 174Yb enrich-

ment of the scatterer is effective because Yb nuclides other

than 174Yb act as obstacles to electrons and X-rays. The

improved time response of the APD detector also enlarges the

time window and consequently enhances the counting rate.

This is made possible by using smaller area APD elements.

Following these improvements, a ten-fold counting rate

improvement can be achieved. In the near future, with this

enhanced counting rate combined with the SR features, 174Yb

SR-based M€ossbauer spectroscopy under extreme conditions,

e.g., under high pressure in pressure cells or on thin film surfa-

ces, will be realized and will contribute to the study of mag-

netic phenomena in Yb compounds.

The detection system developed here can also be applied

to SR-based M€ossbauer spectroscopy with other nuclides.

For example, it enables us to perform SR-based M€ossbauer

spectroscopy using 170Yb. The isomer shift of 170Yb reflects

the Yb valence with 2.5 times more sensitivity than that of
174Yb,7 and the valence state is expected to be determined

more precisely using the width-narrowing effect in this sys-

tem. SR-based M€ossbauer spectroscopy using 171Yb, 172Yb,

and 176Yb is also promising because NRS of SR by these

nuclides has also been observed.11 Their IC coefficients are

higher than 7, as shown in Table I, and thus the detection

system counting IC electrons is efficient for SR-based

M€ossbauer spectroscopy using these nuclides. This

multi-nuclide selectivity will be useful when studying artifi-

cially designed devices that contain Yb. For example, we

can study Yb-containing interface monolayers sandwiched

between other Yb compounds using this multi-nuclide selec-

tivity.15 Many rare earth nuclides also have high IC coeffi-

cients, as shown in Table I, and thus SR-based M€ossbauer

spectroscopy using these nuclides is also promising for this

system.

FIG. 2. 174Yb M€ossbauer spectrum of YbB12. The transmitter was YbB12 at

20 K, and the scatterer was YbB12 at 26 K. The circles are the experimental

data, and the error bars are attached to the data circles. The curved line indi-

cates fitting based on the functions in the text.
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Our system also has the potential to dramatically

enhance the counting rate of the nuclear resonant inelastic

scattering (NRIS) of SR. NRIS is usually used to obtain the

phonon density of states (PDOS) of selected nuclides.16 This

selectivity allows determination of the vibrational ampli-

tudes and frequencies of specific atoms with no selection

rules, even in complex biological samples. This has provided

the opportunity to study structures of reactive intermediates

in the catalytic cycles of non-heme iron enzymes via the

PDOS of 57Fe.17–19 The high SR brilliance enables us to

measure small samples, and therefore measurements can be

performed under extreme conditions in which the accessible

sample space is severely limited. Measurements of the

PDOS under high pressure with a diamond anvil cell have

been performed to study the earth’s core.20,21 However,

NRIS is usually much less intense than nuclear resonant elas-

tic scattering. The high detection efficiency of the system,

achieved by the detection of IC electrons and the proximity

of the detector to the sample, will compensate for this low in-

tensity. Therefore, our system will bring further improve-

ments to NRIS measurements for small samples and/or

samples with dilute resonant nuclides, such as protein single

crystals or natural enzymes without enrichment of the reso-

nant nuclides. Additionally, the high detection efficiency can

compensate for the low intensity caused by the low reflectiv-

ity of the high resolution monochromator used in NRIS

experiments. Actually, the bandwidth of a high resolution

monochromator is limited above approximately 1 meV

because the reflectivity decreases as the reflection with

higher Miller index is used to achieve higher resolution.

Therefore, if sufficient counting rates can be obtained by

using the developed system, the higher resolution monochro-

mator can be used and it provides detailed information on

the PDOS from the NRIS experiments. It may also be used

to study certain phenomena that are essentially different

from PDOS, e.g., boson peaks in glassy materials, because

the energy resolution of an ultra-high resolution monochro-

mator can reach 120 leV.22

In summary, the IC electron detection system developed

here dramatically enhanced the counting rate in SR-based

M€ossbauer spectroscopy and therefore enables the efficient

measurement. 174Yb M€ossbauer spectroscopy was performed

as a feasibility study for this system, and a fivefold increase

in the counting rate of NRS of SR by 174Yb was achieved,

while the spectrum of YbB12 was measured without 174Yb

enrichment within 10 h. 174Yb has the largest natural abun-

dance of Yb nuclides at 31.8%, and we do not need to pre-

pare specially enriched samples for Yb M€ossbauer

spectroscopy. Since the M€ossbauer spectrum in the

energy-domain is familiar to many researchers, the efficient

measurement achieved using the developed system will offer

the benefits a wide variety of scientific areas. Other promis-

ing improvements in the counting rate will enable us to real-

ize M€ossbauer studies of Yb compounds under extreme

conditions, such as high pressure. This system can also be

applied efficiently to M€ossbauer spectroscopy with many

other nuclides and to NRIS experiments.
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TABLE I. Promising rare earth nuclides for SR-based M€ossbauer spectroscopy.

Nuclides Energy (keV)a Half-life (ns)a Internal conversion coefficientb Nuclides Energy (keV)a Half-life (ns)a Internal conversion coefficientb

145Nd 67.22 29.4 9.61 164Dy 73.992 2.39 9.0
149Sm 22.507 7.12 29.2 164Er 91.40 1.47 4.2
154Sm 81.976 3.02 4.94 166Er 80.577 1.82 6.88
151Eu 21.532 9.6 28.0 168Er 79.804 1.88 7.14
155Gd 86.5460 6.54 9.36 170Er 78.68 1.89 7.59
156Gd 88.9666 2.21 3.93 169Tm 8.4103 4.08 285.0
157Gd 63.917 4.6 � 102 0.971 170Yb 84.2551 1.60 6.37
158Gd 79.510 2.52 6.02 171Yb 75.878 1.64 9.73
160Gd 75.26 2.69 7.44 172Yb 78.7436 1.65 8.4
160Dy 86.7882 2.02 4.69 174Yb 76.471 1.79 9.43
161Dy 25.65150 29.1 2.35 176Yb 82.13 1.76 7.06
162Dy 80.660 2.20 6.22

aFrom Ref. 23.
bFrom Ref. 24.
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