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Abstract. Synchrotron-radiation based Mössbauer spectroscopy has become a useful technique 

capable for investigating various Mössbauer isotopes. For a typical experimental setup, the 

information associated with the pulse height (that is, energy) in an avalanche photodiode 

(APD) detector has not been used effectively. By using a system for simultaneous 

measurement system of time and energy associated with the APD signal, a system for the time- 

and energy-resolved Mössbauer spectroscopy has been developed. In this system, the pulse 

height information was converted to the time information through an amplitude-to-time 

converter applied to one of the divided signals from the APD. The corresponding time 

information was processed separately from another one of the divided signals. Both signals are 

recorded by a multi-channel scaler in an event-by-event data acquisition process. The velocity 

information from the Mössbauer transducer was also recorded as a tag for each signal event. 

Thus, the Mössbauer spectra with any time- and energy-window can be reconstructed after the 

data collection process. This system can be used for many purposes in time- and energy-

resolved Mössbauer spectroscopy, and shows significant promise for use with other fast 

detectors and for various types of experiments. 

1.  Introduction 

Mössbauer spectroscopy is one of the most powerful methods of extracting the information associated 

with the electronic states or magnetic states of a specific isotope. For conventional methods of 

Mössbauer spectroscopy, radioactive nuclides are used to excite the Mössbauer isotopes. On the 

contrary, synchrotron radiation (SR) can be used to excite the Mössbauer levels instead of radioactive 

sources during nuclear resonant scattering (NRS) experiments. In the NRS experiments, the NRS 

signals must be distinguished from considerably stronger electronic scattering signals. This distinction 

is typically achieved through a timing method using an avalanche photodiode (APD) detector, which 

has a high time resolution on the order of several hundred picoseconds. The NRS signal is scattered 

with a delay corresponding to the half-life of the excited isotope, while the electronic scattering occurs 
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promptly. The NRS experiment can be performed in the time domain, since the time spectra from the 

nuclear resonant forward scattering process contains information about the Mössbauer parameters. 

Nevertheless, another useful method, i.e., SR-based Mössbauer spectroscopy, which is applicable to 

almost every Mössbauer isotope, has been developed [1]. A typical experimental setup of this method 

is shown in Fig. 1. A monochromatized SR beam leads to two samples, a transmitter and a scatterer. 

The scattered signals from the scatterer are collected by an APD detector. The NRS signal is 

distinguished from electronic signals with a certain time window. The transmitter or the scatterer is 

moved by a transducer, which is used for an energy-domain scan based on a Doppler velocity as in the 

case of conventional Mössbauer spectroscopy. The transmitter or the scatterer is taken as the reference 

sample with a single-line Mössbauer absorption spectrum. When the relative Doppler velocity of the 

transmitter and the scatterer matches the energy position of Mössbauer absorption, scattered counts of 

the NRS signal decrease. Thus, this method can obtain energy-domain absorption spectra similar to 

those obtained via conventional Mössbauer spectroscopy. The SR-based Mössbauer spectroscopy 

technique is employed in many experiments on various samples under various conditions. Recently, 

several Mössbauer isotopes (e.g., 174Yb[2] and 161Dy[3]) have been investigated using this technique. 

  

 

FIGURE 1. Typical experimental setup of SR-based Mössbauer spectroscopy. 
 

The scattered NRS signal collected by the APD detector contains not only γ-rays with the excited 

energy but also fluorescent x-rays and conversion electrons emitted from the internal conversion 

process of the excited level. The detection efficiency of the APD detector is higher for lower energy x-

ray and electrons, and therefore any of the scattered signals can be utilized. Although the scattered 

signals associated with different energies contain different information, effective use of this 

information is lacking so far. The pulse height of the APD signal contains information regarding the 

energy of the detected signal, thereby allowing the energy-resolved treatment of the APD signal. One 

difficulty encountered in using the pulse-height information in this experiment results partly from 

maintaining a high time resolution even after treatment of the signal. To realize the time- and energy-

resolved signal treatments simultaneously, we introduced an amplitude-to-time converter (ATC) and 

developed an event-by-event data collection system [4]. This system has been successfully used to 

excite the second excited state of 229Th by SR [5]. In this study, an experiment employing depth-

selective Mössbauer spectroscopy was demonstrated by using the time- and energy-resolved system. 

The time and energy selectivity of the present system will allow the use of this novel Mössbauer 

spectroscopy for various applications in new fields. 

2.  Experimental 

An electron-beam gun deposition system was used to prepare a sample to demonstrate the depth-

selective experiment. Eu metal (thickness: ca. 300 nm), Cr metal (300 nm) and EuF3 (100 nm) were 

successively deposited onto a Si substrate. The experiment was performed at BL35XU, an undulator 

beamline at SPring-8 (Super Photon ring, 8 GeV). The x-ray energy was tuned to 21.541 keV of 151Eu 

nuclear resonant energy. The energy width of the x-ray was monochromatized to 1.7 meV with a high-

heat-load monochromator with Si(1 1 1) crystals and a high-resolution monochromator with nested 

Si(4 2 2) and Si(12 12 8) crystals. In addition, the measurement system was developed and the 

proportionality of the ATC delay time and incident energy was confirmed at Photon Factory (PF) BL-
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14A beamline at High Energy Accelerator Research Organization (KEK). The preparatory 

experiments were also performed at BL09XU and BL11XU at SPring-8. 

A schematic diagram showing the time- and energy- resolved measurement system is presented in 

Fig. 2. The signal from an APD detector was amplified by a set of pre-amplifiers and a variable 

attenuator was inserted to adjust the pulse height in the appropriate energy range. The signal was 

divided into two signals by a divider. One signal (hereafter, ch 1), which is connected to the multi-

channel scaler (MCS, FAST Comtec, MCS6) with a 0.1 ns time-bin width, is treated regularly to 

obtain time information. The other signal (ch 2) is connected to the ATC module, which is sufficiently 

fast to treat signal rates on the order of MHz. Operation of the ATC requires another input signal, 

which coincided with the ch 1 signal. In order to reduce unnecessary prompt signals, signals 

coinciding with the incident SR were inhibited (veto) using the timing signal of the SR ring operation. 

The output signal of the ATC was delayed with a certain time (this time delay is proportional to the 

pulse height). Thus, the energy information was converted to the timing information. Each timing 

signal was recorded by the MCS in the list-mode during an event-by-event data acquisition process. 

The velocity information was also recorded as a tag for each signal, through a tag converter module 

from the function generator of the velocity transducer. The energy information is extracted from the 

time difference of ch 1 and ch 2. Furthermore, during the analyses, the correspondence between ch 1 

and ch 2 signals was chosen from the order of the signal. The obtained set of signals has three-

dimensional information (time, energy, and velocity). After the data collection process, Mössbauer 

spectra can be reconstructed using an arbitrary time window and energy window. 

The multi-element APD detector used has eight elements (area of each element: 3x5 mm2). In this 

experiment, four APD elements aligned along the beam direction were used and four sets of time- and 

energy-resolved system were individually prepared. The experiment was performed without 

evacuation of the sample chamber housing the APD detector. During the experiment, the APD detects 

21.5 keV γ-rays and fluorescent x-rays (ca. 5.8 keV) from the internal conversion process; no 

conversion electrons are detected. A Eu-Cr-EuF3 deposited Si plate was used as the scatterer and a 

EuF3 was used as the transmitter. The experiment was performed at room temperature. 

 

 

FIGURE 2. Schematic diagram for measurement system of time- and energy-resolved SR-based Mössbauer spectroscopy. 
 

3.  Results and Discussion 

Figure 3 shows typical reconstructed energy spectra and Mössbauer spectra for different APD 

elements (i.e., element 1 and element 4). Each spectrum consists of two peaks corresponding to 5.8 

keV and 21.5 keV. Two dips, which can be attributed to Eu2+ and Eu3+ components, occur in the 

obtained Mössbauer spectra. The Eu2+ component is associated with Eu metal occurring in the bulk of 

the sample, while the Eu3+ is generated mainly by a surface EuF3. The Eu3+ component is partly 
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generated by oxidized Eu metal. Analysis of each energy spectrum has clarified that the shape of the 

Mössbauer spectra differs between the APD element. The changes in the energy distribution occurred 

by different acceptance angle of each element. The sample thickness for the element 4 was effectively 

thicker than the others because of lower acceptance angle. This energy analysis is quite difficult 

without the use of the present system. 

  

FIGURE 3. Typical reconstructed energy spectra (a and b) and Mössbauer spectra (c and d) for the APD elements 1 and 4, 
respectively. 
 

The analysis confirmed that the difference between the Mössbauer spectra of the APD elements 

results from a mixture of the energy. Therefore, the signals of four APD elements were added to the 

subsequent analyses. Figure 4 shows typical energy-resolved reconstruction of Mössbauer spectra 

performed by choosing energy-windows that extract 5.8 keV and 21.5 keV separately using all data 

obtained for the four APD elements. The shape of the Mössbauer spectra differs among the elements. 

Regarding Eu2+ and Eu3+, where dips occur in the 5.8 keV spectrum, the 5.8 keV x-rays originate 

mainly from the surface EuF3, and hence the Eu3+ component is enhanced. However, the 21.5 keV 

spectrum reveals an enhancement of Eu2+, which results mainly from non-surface Eu metal. The dip 

shape in the 21.5 keV spectrum has double hump character, while the 5.8 keV dip is characterized by a 

single line pattern. This feature results from the difference in the scattering processes (as discussed in 

previous work [6]). That is, the fluorescent x-rays were scattered incoherently, while the 21.5 keV γ-

rays are associated with both an incoherent scattering process and a forward scattering process. Precise 

analyses of Mössbauer spectra with mixed energy can be performed using the energy-resolved 

Mössbauer spectroscopy employed in the present work. 
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FIGURE 4. Energy spectrum of all APD elements(a). Energy-resolved Mössbauer spectra obtained at energies below 13.0 
keV (b) and above 15.4 keV (c). 

 

In summary, a measurement system of time- and energy-resolved SR-based Mössbauer 

spectroscopy is successfully developed. An example experiment for depth-selective Mössbauer 

spectroscopy is demonstrated. Through this method, time-resolved and/or energy-resolved Mössbauer 

spectroscopy can be applied to various application in new fields. Moreover, the developed system can 

be used for other fast detectors and various types of experiments. 
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