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We developed a novel quasielastic scattering spectroscopy system that uses a multiline frequency
comblike resolution function to overcome the limit on the accessible timescale imposed by the inherent
single-energy resolution of conventional spectroscopy systems. The new multiline system possesses
multiple resolutions and can efficiently cover a wide time range, from 100 ps to 100 ns, where x-ray-based
dynamic measurement techniques are being actively developed. It enables visualization of the relaxation
shape and wave-number-dependent dynamic behavior using a two-dimensional detector, as demonstrated
for the natural polymer polybutadine without deuteration.
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Inelastic and quasielastic scattering techniques have been
widely used to investigate the microscopic dynamics of
selected structures in the wave number vector (q) space. In
the spectroscopic method using a monochromator and
energy analyzer, the observed energy (E) spectrum is a
convolution of the resolution function and dynamic struc-
ture factor Sðq; EÞ, which is the q and E domain repre-
sentation of the Van Hove time space correlation function
[1–3]. In quasielastic scattering experiments, the relaxation
time of the structure characterized by q can be determined
as ∼ℏ=Γ by detecting the spectral broadening width Γ with
respect to the width of the resolution function Γ0, which is
affected by the performance of both the monochromator
and analyzer. At synchrotron radiation (SR) facilities,
Si-backscattering monochromators and energy analyzers
are used to achieve the Γ0 ∼ 1 meV resolution in inelastic
x-ray scattering (IXS) spectrometers for studies of dynam-
ics in picosecond timescale [1]. The SR with energy E0 ¼
14.4 keV can be further monochromatized up to Γ0 ∼ neV
using a nuclear Bragg monochromator (NBM) based on the
nuclear excitation-deexcitation phenomenon of the 57Fe
nucleus using the Mössbauer effect [4,5]. In this Letter, we
refer to the radiation monochromatized by the nucleus as
Mössbauer γ rays to distinguish it from other less mono-
chromatic x rays [6]. It was shown that the radiation with
Γ0 ∼ several tens of neV is suitable for dynamics mea-
surements at approximately 10 ns [7–9]. However, the
higher the energy resolution Γ0, the more limited the SR
intensity used in the experiments. Therefore, the incident
photon flux in 10-neV-resolution optics is typically 105

weaker than that in 1-meV-resolution optics. Extensive

application studies have not been conducted because of flux
limitations. In addition, the relaxation time is effectively
determined typically when Γ=Γ0 ranges from 0.1 to 10. The
inherent limitations of conventional spectroscopic methods
hinder effective broadband dynamic measurements.
In this Letter, we propose a novel spectroscopic method

using a multiline frequency comblike structure of the
Mössbauer γ-ray resolution function in the hard x-ray
region. Based on the multiple resolutions and high flux,
this novel system enabled effective broadband dynamic
measurements compared to the conventional method.
Optical frequency combs, in which spectral lines are
distributed with well-defined splitting widths over a wide
energy range, have been realized in the visible light range
and extended to the extreme ultraviolet range [10–13]. The
frequency comb structure facilitates broadband spectro-
scopic measurements, the realization of a precise optical
clock, and the generation of arbitrary wave forms [10–13].
Efforts to extend the extreme ultraviolet range to
the x-ray regime for obtaining broadband high-resolution
x-ray frequency combs are ongoing [14]. In the hard
x-ray region, the Mössbauer γ-ray emission-absorption
from the nucleus naturally exhibits a multiline frequency
comblike structure [15] when the nuclear energy levels are
split by the Zeeman effect, as shown in Fig. 1(a), for the
57Fe nucleus [4,16]. The number of lines, energy resolution,
and splitting width (Eg and Ee for the ground and excited
states, respectively) depend not only on the nucleus but also
on the environment and can be artificially controlled
[15–19].
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Figure 1(b) shows a schematic of the proposed spec-
troscopy system using multiline γ rays to effectively
examine the broadband dynamics. The system consists
of a 57Fe2O3 NBM and a Mössbauer energy analyzer. The
inset panels show the energy dependences of the multiline
emission intensity IeðEÞ on the 57Fe2O3 NBM (bottom left)
and the absorption intensity IaðEÞ on the 57Fe2O3 analyzer
(top left) in the condition that the nuclear electric quadru-
pole hyperfine interaction is negligible. The energy of
the multiline γ rays scattered by the sample was scanned
using the analyzer, which masked the γ rays with energies
corresponding to the absorption energy bands of the
analyzer as in the Mössbauer spectroscopy. By applying
velocity v to the analyzer, the absorption energy was shifted
by E ¼ vE0=c via the Doppler effect, where c denotes the
speed of light. The absorption-type energy spectrum was
obtained by measuring the transmitted intensity as a
function of v (i.e., as a function of E). When there is no
dynamic effect, the absorption profile of the transmission
intensity is proportional to the convolution of IeðEÞ and
IaðEÞ, resulting in an absorption-type spectrum with a
multiline frequency comblike structure consisting of 15
lines with a well-defined gap width, as shown in Fig. 1(c).
The frequency comblike spectrum shown in Fig. 1(c) acts
as the resolution function of a multiline system, in contrast
to conventional energy-domain spectroscopic systems
based only on a single-line component of the resolution
function [7–9]. A dynamic effect appears in the absorption-
type spectrum as a convolution of the multiline resolution
function and Sðq; EÞ. We call the proposed method the
multiline spectroscopy method of quasielastic γ-ray scat-
tering (MLS QEGS). The multiline transmission spectrum
shown in Fig. 1(c) exhibits the entire spectral width
Γs ∼ 1.5 μeV in addition to the basic resolution of each line
Γ0∼ several tens of neV. In the subsequent paragraphs, we

demonstrate that the multiline structure allows us to obtain
dynamic information on the energy scale of Γ0 without
largely sacrificing the intensity of the incident beam with
spectral width Γs. The multiline spectrometer breaks the
flux limitation imposed for single-line spectrometers. We
also demonstrate the remarkably wide dynamic range of the
MLS QEGS by simultaneously observing the broadening
in both energy ranges of Γ0 and Γs. The effectively mea-
surable dynamic ranges of Γ=Γs and Γ=Γ0 are 0.1–10,
which correspond to broad timescales from sub-100 ps to
several 100 ns in total, as shown in Fig. 2(a). Many groups
are actively developing x-ray-based techniques to cover
these timescales [20–25]. In addition, to maximize the
performance of the MLS QEGS, we introduced the recently
developed two-dimensional (2D) x-ray detector CITIUS,
which enables effective measurements with a high q
resolution and a sufficiently high frame rate to resolve
each velocity in the velocity scan for obtaining the energy
spectrum.
Figure 2(b) shows the experimental setup constructed

at the nuclear resonant scattering hutch of BL35XU at
SPring-8, Japan. The SR from the undulator was introduced
into the 57Fe2O3 single-crystal NBM after passing through
a Si(111) high-heat-load monochromator and a high-
resolution channel-cut monochromator (6.5 meV resolu-
tion). The 57Fe2O3 NBM was placed in an external
magnetic field of 900 G applied parallel to the incident
SR’s electric field polarization. The photon flux of
the 14.4-keV γ ray from the 57Fe2O3ð111Þ plane was
5 × 106 counts/s. Scattered γ rays from the sample were
introduced into a Mössbauer energy analyzer 57Fe2O3-
powder plate (area density of 4 mg=cm2 of 57Fe). See
Supplemental Material (SM), Sec. I for the energy spec-
trum of γ rays emitted by the NBM and the absorption
spectrum of the analyzer plate [28]. The analyzer was

FIG. 1. 57Fe nuclear energy levels and resulting multiline γ-ray spectra. (a) Magnetic hyperfine splitting of 57Fe nuclear energy levels
for the ground and first excited states. (b) Optics of the quasielastic scattering experiment using a 57Fe2O3 nuclear Bragg monochromator
(NBM) and energy analyzer. The insets show schematics of the energy dependences of the Mössbauer γ-ray intensity emitted from the
57Fe2O3 NBM IeðEÞ and the absorption intensity of the 57Fe2O3 analyzer IaðEÞ neglecting the small effect of the quadrupole hyperfine
interaction. (c) Transmission spectrum ItðEÞ detected at the detector position in the case of no dynamic effect.
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driven by a voltage-velocity transducer (MVT-1000,
Wissel) to modulate its absorption energy using the
Doppler effect. We applied the sinusoidal velocity oscil-
lation at a fixed period of 8.5 Hz with a maximum velocity
of 30 mm=s, corresponding to the scanning energy range of
�1.5 μeV, wide enough to observe all absorptions shown
in Fig. 1(c). Using the same 57Fe2O3 material as the NBM
and analyzer, the radiation and absorption energies were the
same in all lines (Nos. 1, 3, 4, and 6) at velocity 0, where
the elastic component was absorbed effectively. At v
corresponding to other absorption peaks, the radiation
and absorption energies coincided in one to three lines
in the energy range of �sub1 μeV. The velocity was cali-
brated using a laser Doppler velocimeter (V100, Kyoritsu
Electric Corp.).
QEGS is a photon-hungry technique. Therefore, it is

desirable to provide q resolution using a 2D detector rather
than the point detectors with a slit system used for
conventional measurements, which discard most of the
scattered intensity. Because the Doppler energy analyzer
performs cyclic velocity scans that require time-resolved
measurements, the detector should have a high frame
rate, such as 8.5 kHz (1000 frames for one cycle of the
analyzer’s motion). Therefore, we introduced the CITIUS,
a 2D x-ray detector with integrating-type pixels [30]. The
CITIUS is equipped with 0.84 Mpixels with a pixel size of
72.6 μm square and is operated at 8.7 kHz, which is a
sufficient frame rate for the MLS QEGS measurement. The
thickness of the silicon sensor is 650 μm, with a nominal

detection efficiency of 82% at a photon energy of 14.4 keV
[31]. The CITIUS was placed in the forward direction, as
shown in Fig. 2(b). The analyzer motion and exposure of
the CITIUS were synchronized, as described previously
[32]. By accumulating the count for each velocity point, we
obtained the absorption-type quasielastic γ-ray scattering
spectra as a function of the analyzer velocity at each pixel
of the 2D diffraction data.
A standard polymer, polybutadiene (PB), was used to

demonstrate the spectrometer’s performance. Sample infor-
mation is presented in Sec. II of SM [28]. The energy spectra
were obtained at 67, 235, 255, and 275K.The duration of the
measurement was 2 h. The beam size at the sample position
was 1 mm (horizontal) and 0.5 mm (vertical) in full width at
half maximum. Figure 3(a) shows the 2D diffraction data for
PB. The scattered γ rays were observed as rings, whereas the
direct beam, which was transmitted through the sample and
attenuator, was observed as an ellipsoidal spot in the central
region. Because PB has an isotropic structure and dynamics,
the q dependence of the scattered intensity was obtained by
averaging the counts over the azimuthal angle, as shown in
Fig. 3(b). The peak of the scattering intensity at q∼14nm−1
reflects the interchain structural correlation [33,34].
Although absorption-type quasielastic scattering spectra

were obtained at many q simultaneously, we primarily
focus on the data obtained at 14 nm−1 to demonstrate the
structural (α) relaxation times as an example. The simulta-
neously obtained q-dependent relaxation times are
described in Sec. III of SM [28]. A summation of
each pixel’s spectrum in the q region 14� 1 nm−1 was

FIG. 3. Diffraction data and absorption-type quasielastic
scattering spectra obtained for polybutadiene (PB). (a) Two-
dimensional (2D) diffraction data and (b) q-dependent scattering
intensity derived from the 2D diffraction data obtained for PB at
235 K. The highlighted region is the q region reflecting the
interchain correlation, and the energy spectra were calculated to
study the structural (α) relaxation time. (c) Absorption spectra of
the direct beam and quasielastic scattering Iexpðq; EÞ obtained
at q ¼ 14 nm−1 [highlighted range in panel (b)] at 67, 235, 255,
and 275 K from top to bottom.

FIG. 2. (a) Length and timescales covered by some techniques.
Those covered by inelastic x-ray scattering (IXS) [1], inelastic
neutron scattering (INS) [2], and neutron spin echo (NSE) [3] are
shown in addition to those covered by the multiline spectroscopy
method of quasielastic γ-ray scattering (MLS QEGS) and time-
domain interferometry (TDI) QEGS [26,27]. (b) Schematic of the
experimental setup.
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computed considering the relative angle between the scatte-
red γ rays and analyzer velocity for energy calibration.
Figure 3(c) presents the data obtained at 67, 235, 255, and
275 K. We also show the spectrum of the direct beam
transmitted through the sample, which exhibits a clear
multiline structure. This direct beam spectrum is not
affected by the sample dynamics and is treated as a
resolution function. Among the expected 15 peaks, 11
well-separated peaks are visible in the spectra, where the
energy scale of the quadrupole hyperfine interaction is
smaller than Γ0. The other four peaks shown as thin lines in
Fig. 1(c) are fused with the neighboring peaks. The
quasielastic scattering spectrum obtained at 67 K is almost
identical to that of the direct beam, indicating that PB at
67 K is almost static. At 235 K, we observed the broad-
ening of each fine peak, whereas the broadening of the
entire spectrum was undetectable. In contrast, at 255 and
275 K, the multiline structures were completely smeared,
and the broadening of the spectral distribution width Γs was
observed. From the behaviors, the relaxation times (∼ℏ=Γ)
were found to be within an order of magnitude of ℏ=Γ0 at
235 K and within an order of magnitude of ℏ=Γs at 255 and
275 K. Thus, the two-step change in the spectrum was
observed, as expected, as the timescale of the dynamics
decreased with the heating of the sample. This behavior
reflects the broadband nature of the novel system with
multiple resolution functions, as discussed below.
The absorption profiles IAðq; EÞ were obtained to

facilitate the analysis of the experimentally obtained
spectrum Iexpðq; EÞ as IAðq; EÞ ¼ ½I0 − Iexpðq; EÞ�=I0,
where I0 is a constant baseline value proportional to
the incident γ-ray intensity. IAðq; EÞ is expressed as
IAðq; EÞ ¼

R
IresðE0ÞSðq; E − E0Þ dE0, where Sðq; EÞ rep-

resents the normalized dynamic structure factor and IresðEÞ
represents the resolution function [35]. For IresðEÞ, we used
the direct-beam spectrum IAð0; EÞ obtained simultaneously
with the spectrum to be analyzed. An example of IresðEÞ is
shown in Fig. 4(a). To determine the shape of Sðq; EÞ, we
visualized the intermediate scattering function Fðq; tÞ, the
Fourier transform of Sðq; EÞ, at 235 K, as shown in
Fig. 4(b). Details of the evaluation are presented in
Sec. IV in SM [28]. The relaxation of Fðq; tÞ was well
reproduced by the Kohlrausch-Williams-Watts (KWW)
function f exp½−ðt=τÞβ� with β ¼ 0.45 [33,34], where t,
f, τ, and β denote the time, relaxation amplitude, relaxation
time, and stretching exponent, respectively. All IAðq; EÞ
were well fitted by assuming the Fourier transform of the
KWW function with β ¼ 0.45 for the form of Sðq; EÞ, as
shown in Fig. 4(a) using the DAVE software from NIST [36].
The relaxation time τ was obtained by analyzing the

spectra at 67, 235, 255, and 275 K. As expected, the
relaxation time at 67 K, which is well below the glass
transition temperature, was too long to be determined. This
indicates that the spectrometer optics were stable during
the experimental period, during which low-temperature

data can also be used for the resolution function [37]. In
Fig. 4(c), the mean relaxation times hτi evaluated by hτi ¼
τΓð1=βÞ=β are shown as a function of temperature T with
blue circles, where ΓðxÞ is the gamma function [34]. hτi
values at lower temperatures were also measured on the
same sample at the same q using TDI QEGS [see Fig. 2(a)]
[26,27]. The results are indicated by red squares. All the
data follow the Vogel-Fulcher-Tammann (VFT) law
hτðTÞi ∝ expfDT0=ðT − T0Þg, which is widely used to
analyze the temperature dependence of the α relaxation
time, where D and T0 are fitting parameters [34]. The
fitting curve is shown as the solid curve in Fig. 4(c).
The relaxation times obtained using the two techniques
followed the single VFT law effectively and were con-
sistent with the previous results [38], indicating the high
accuracy of the present MLS QEGS measurements over a
wide timescale of nearly 3 orders of magnitude.
In Fig. 4(c), the timescales expected to be effectively

covered by the high-resolution Γ0 and low-resolution Γs are
shown as regions 1 and 2, respectively. It was confirmed
that region 1 includes the relaxation time at 235 K, where
the broadening of the fine peaks (with the resolution Γ0)

FIG. 4. Quasielastic scattering spectra and analysis results
obtained for PB. (a) IresðEÞ spectrum (direct-beam spectrum;
most intense green curve) and IAðq; EÞ spectra obtained for PB at
67, 235, 255, and 275 K at q ¼ 14 nm−1. The solid curves show
the fitting curves. (b) Evaluated intermediate scattering function
Fðq; tÞ for the spectrum obtained at 235 K (circles). The
statistical error (standard deviation) was evaluated by the
Monte Carlo error estimation [36]. The solid curve is the fitting
curve by the Kohlrausch-Williams-Watts (KWW) function.
(c) Temperature dependence of the obtained mean structural
relaxation time hτi of PB. The hτi obtained at q ¼ 14 nm−1 by
MLS QEGS (blue circles) and TDI QEGS (red squares) are
plotted. The solid line is the fitting curve of hτi obtained by the
Vogel-Fulcher-Tammann (VFT) law.
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was observed in Fig. 3(c). Region 2 includes the relaxation
times obtained at 255 and 275 K, where the broadening of
the entire spectrum (with the resolution Γs) was observed.
Thus, we demonstrated that the multiline system covers a
wide timescale of 100 ps to 100 ns owing to multiple
resolutions. Furthermore, the incident beam flux was more
than an order of magnitude higher than that obtained in
previous single-line experiments performed in both
energy ranges (Γs and Γ0) because we avoided the flux
loss caused by the generation of the single-line profile
[9,24,25].
The multiple resolutions and high fluxes of the new

system enable efficient broadband dynamic measurements.
The complexity of the resolution function does not prevent
us from observing the relaxation shape as we visualized
the intermediate scattering function. The high flux allows
for application studies where the scattering intensity is too
weak to be studied using previous techniques, for exam-
ple, at the off-peak of SðqÞ, as shown in Fig. S2 in SM
[28]. Figure S2 also demonstrates that the q-dependent
dynamic study was efficiently performed in a single
experiment using a 2D detector. The new technique can
potentially access q regions above q ¼ 20 nm−1 that have
not yet been fully explored at the nanosecond timescale, as
shown in Fig. 2(a). Isotope substitution is not required for
nanosecond structural dynamics studies of soft matter, as
demonstrated for PB. This advantage significantly
expands the range of target samples that can be studied
at 100 ps–100 ns, which is an important timescale for
various condensed matter sciences [39–46].
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