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The method of the Rayleigh scattering of Mössbauer radiation (RSMR) for the study of dynamics of atoms in polystyrene
demonstrating advantages of the application of the semiconductor Si-PIN detector (Amptek Inc.) was used for recording scat-
tered radiation. It has been shown that for recording the RSMR spectra the semiconductor detector can be much more suitable
than other types of detection because of the increased quality of spectra under the same collimating conditions. The dependence
of probability of the Rayleigh elastic scatteringfR on the scattering angle was obtained. By means of the RSMR method the
scattering was studied within the angle range at the main Bragg maximum of a polystyrene sample which corresponds to the
distanced = 4.44 Å approximately equal to the distance between the polymer chains.
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1. Introduction

The attention to the investigation of dynamics of
atoms, and especially collective dynamics of biomolec-
ules and proteins, increased very much because of the
importance of their biological functions [1–3]. Such
informative methods as X-ray dynamical analysis, nu-
clear magnetic resonance, neutron scattering are used
for these investigations [4]. The additional method
which could be used for these purposes is Mössbauer
spectroscopy, which is distinguished for the grand re-
solving power.

However, the traditional Mössbauer spectroscopy
has one essential drawback – the material under inves-
tigation should contain (as the main component or as
impurity) identical Mössbauer nuclei as in the source.
Thus, the traditional Mössbauer spectroscopy is diffi-
cult to apply for the investigation of the dynamics of
biomolecules and proteins. As a result, a new method
based on the same Mössbauer effect but not requiring
Mössbauer isotopes to be in the samples, the Rayleigh
scattering of Mössbauer radiation (RSMR), has been
developed and used [5–10]. In this method, the Möss-
bauer gamma-radiation is scattered by the electron
cloud of atoms of the investigated materials. The part

of elastic scattered gamma-quanta (fR) or the spectrum
shape are analysed by the absorber containing Möss-
bauer nuclei. In principle, RSMR is the same X-ray
diffraction, only instead of the X-ray source the ra-
dioactive gamma-source is used (for57Co source wave-
length of radiationλ = 0.86 Å). The main advantage
as compared with the X-ray diffraction method is the
resolving power which is much higher. Thus, using the
Rayleigh scattering of Mössbauer radiation it is possi-
ble to investigate materials which do not contain Möss-
bauer isotopes. The RSMR method can be used in such
cases because it is capable of detecting variations in
the energy of the diffracted photons comparable with
the typical width of the Mössbauer line (∼10−9 eV
for 57Fe) [9]. Such high energy resolution allows the
experimental separation of elastic and inelastic scatter-
ing [11].

As mentioned earlier, in most researches, includ-
ing our investigations [12–16], the conventional Möss-
bauer spectroscopy and related methods (calibration of
the isomer shifts [17]) are prevailing, however, the re-
cent publications show that the interest in RSMR in-
creases [18–21].
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2. Application possibilities of the RSMR method

One of the first papers demonstrating that the RSMR
method “works” was published in 1960 [11]. Its au-
thors investigated scattering at a large angle (50◦±5◦)
from different materials (platinum, aluminum, graphite,
and paraffin) using a tin source. The amount of elasti-
cally scattered photons well coincided with the theo-
retically calculated value. The authors also used a thin
119Sn foil as a scatterer and observed a resonant Möss-
bauer scattering (source119Sn, scatterer119Sn).

According to [9], for the RSMR method the charac-
teristic timeτc ∼ 1/Γ depends on the natural width of
the Mössbauer lineΓ. It defines the time scale on which
dynamic processes can be analysed using the RSMR
method. After analysis of the boundary conditions the
authors showed that elastic scattering was impossible in
the solid amorphous polymer systems and liquids with
low viscosity, when diffusion processes for which re-
lationshipτr � τc is valid (τr is relaxation time) pre-
vailed. This conclusion was confirmed experimentally
when the dependence of the amount of scattered quanta
on the angle of scattering was investigated.

Singwi and Sjolander [22] adapted the neutron scat-
tering theory to gamma rays and proposed to analyse
diffusion in solids or in viscous liquids taking into ac-
count broadening of the Mössbauer line. They drew the
conclusion that the line broadening in solids depended
on the observation angle of diffusion.

BaTiO3 and Ba0.54Sr0.46Nb2O6 monocrystals in the
vicinity of the phase transition were investigated us-
ing the Rayleigh scattering of Mössbauer radiation in
[23]. A large (6–7Γ) broadening of the Mössbauer line
showed that during the phase transition slow processes
dominated with the characteristic frequency equal to
5–10 MHz. Results are in a qualitative agreement with
the hypothesis that paraelectric and ferroelectric phases
of Ba0.54Sr0.46Nb2O6 are considered as quantum me-
chanical states separated by a low barrier of∼0.4 eV,
between which fluctuating transition can occur.

Later [6] the same BaTiO3 monocrystal was inves-
tigated and authors did not observe any broadening of
the line in the vicinity of the phase transition which
could be explained as the existence of the low fre-
quency (∼10 MHz) excitations. Thus, this article de-
nied the results obtained in the analogous work [23].

The RSMR method for studying the dynamics of
atoms in a condensed phase was reviewed in the work
[5].

The dependence of the scattering intensity on both
the scattering vector (0.2 to 9.4 Å−1) and temperature

(at room temperature and after heating to 145◦C) in
the L-Dopa melanine has been investigated [10]. Anal-
ogous measurements were also performed by X-ray
diffraction. As the speed of spectra registration was
much higher in the latter case, it was possible to dis-
tinguish fine structure of the spectra. From the mea-
surement data the radial distribution function was cal-
culated. Its maxima coincided with typical lengths
of chemical bonds of the monomer (1.45 and 2.4 Å).
When temperature was increased, all maxima moved
towards longer lengths and it was explained by the ther-
mal expansion. The authors noticed that some max-
ima disappeared. It was explained by the increase in
the mobility of the water molecules in the vicinity of
melanine. The polymer system under investigation is
distinguished for high anisotropy. After evaluation of
the mean square displacement it became evident that
mean square displacements which coincided with the
monomer plane were several times smaller than those
in the perpendicular direction.

The angular dependences of inelastic intensities of
the Rayleigh scattering of Mössbauer radiation for
lysozyme and myoglobin at different degrees of hy-
dration were investigated as well [24, 25]. The study
of the radial distribution function deduced by Fourier-
transform from the diffuse X-ray measurements to-
gether with RSMR data showed that the water during
hydration of proteins competed with the intramolecular
hydrogen bonds and increased the internal dynamics.
Krupyanskii et al. published a critical review of protein
dynamics studies by the RSMR method and evaluated
the influence of coherence effects [4].

The dynamics of atoms of the sample is very often
expressed through the autocorrelation function. This
function can be expressed in terms of the absorption
or emission spectra (spectral functiong(ω)). Usually,
the autocorrelation function is calculated by the nu-
merical methods from the Mössbauer spectra, but the
function obtained in such a case significantly depends
on the primary dynamical model [26]. The method of
determination of the autocorrelation function directly
calculating Fourier-transform of the Mössbauer spectra
was proposed. This method allows one to analyse even
those spectra, the form of which cannot be described by
the Lorentz components (non-Lorentzian). The authors
have also shown that it is possible to divide the autocor-
relation function into three independent components:
high frequency motions (with frequenciesω � Γ), lo-
cal vibrations (with frequenciesω ≤ Γ), and quasidif-
fusion. Such analysis was applied to the investigation
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of the human protein serum in the temperature range of
270–310 K.

Based on this model [26], the authors of [27] com-
pared data obtained by the Mössbauer and X-ray spec-
troscopy. The main attention was paid to the depen-
dence of the mean square displacements〈x2〉 on tem-
perature. According to the Mössbauer data, the inten-
sity of the absorption lines drops when the critical tem-
peratureTc is exceeded and absorption lines broaden.
An interpretation of such behaviour of the system was
proposed by the authors and some discrepancies be-
tween Mössbauer and X-ray data were also explained.
According to this explanation, X-ray structural anal-
ysis evaluates the protein in different conformational
states (a static process), while the Mössbauer spec-
troscopy allows investigating the protein in the inter-
mediate state, among different conformational states (a
dynamical process).

A large-diameter proportional detector (active area
700×700 mm2) suitable for RSMR and X-ray diffrac-
tion experiments was described in [28]. The detector
can detect many reflexes at the same time and it al-
lows reducing the measurement time more than 100
times. The active zone of the detector is divided into
1024×1024 separate channels (points). The construc-
tion of the detector, the composition of the gas mixture,
and working modes are described in detail. Dynam-
ics of myoglobin using this detector has been investi-
gated [29]. Both crystalline and dry myoglobin was
investigated over a wide range of angles (9◦ ≤ 2θ ≤
19◦). For the detection of scattered emission, the multi-
wire proportional detector was used [28]. These exper-
iments corroborated with results of other analogous in-
vestigations – they showed that water had a large influ-
ence on the mobility of the protein. A motion of large
fragments (from 4 to 10 Å) dominated in the crystalline
myoglobin (possessing the crystallographic water). In
the dry myoglobin the mean square displacement〈x2〉
is approximately 5 times smaller than in the crystalline
one (0.06 and 0.27 Å, accordingly). Vibrations anal-
ogous to those in solids prevail in the dry myoglobin,
vibrations characteristic of the protein disappear.

Using the same multichannel proportional counter,
Zach et al. also investigated dynamics of myoglobin
[30]. It is interesting to note that the authors used not
only the ordinary57Fe source but also183W [28]. Us-
ing these two sources the authors [30] measured the
angular dependence fromsin(θ)/λ = 0.04 Å−1 to
sin(θ)/λ = 0.44 Å−1. The measured value offR coin-
cided for both sources. This fact shows that measured
dynamics is dominated by motions faster than 0.2 ns.

A different method of investigations of myoglobin
and other proteins possessing heme-groups was ap-
plied in [31]. The dynamics and electronic struc-
ture of the heme-group were investigated by conven-
tional Mössbauer spectroscopy because this group con-
tains Fe atoms, while other materials were investigated
by the RSMR method. It was shown that conforma-
tional movements in the heme-group could be inves-
tigated both by RSMR and conventional Mössbauer
spectroscopy methods if their frequency is higher than
107 s−1, and that the processes with low frequency
could be investigated analysing electronic states of Fe
atoms in the heme-group.

3. Theoretical basis

General theory of the Rayleigh scattering is essen-
tially the same as that of conventional X-ray scatter-
ing [31, 32]. The scattering differential cross-section
is

J(k) = N |F (k)|2 S(k) , (1)

whereN is the number of atoms in the crystal,F (k) is
the atomic form factor,S(k, ω) is the scattering func-
tion, which describes dynamic properties of the scat-
terer. S(k, ω) is difficult to measure, and one usually
obtains the total integrated function instead ofS(k). If
one accepts harmonic approximation,S(k) can be ex-
panded as

S(k) = S0(k) + S1(k) + S2(k) + · · · , (2)

where the first term corresponds to elastic scattering
(S0(k) = Sel(k)), while other terms describe inelastic
scattering by one or more phonons. The gamma photon
energy change is usually less than 10−3 eV. The energy
resolution of ordinary X-ray spectroscopy is very poor,
not sufficient to separate elastic scattering from inelas-
tic one, both of which contribute to the same Bragg
peak. But these two components can be separated us-
ing the RSMR method.

There are several experimental methods to separate
elastic and inelastic scattering. We have used four mea-
surement techniques [32]. The absorber is placed be-
tween the scatterer and the detector (Fig. 1,Adet po-
sition), the source velocity is adjusted so that no res-
onance takes place, and the photon count is expressed
as

I∞(θ) = I(0)P e−µad + Ib , (3)

whereµa is the atomic mass absorption coefficient,d
is the thickness of the analyzer,Ib is the background
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Fig. 1. A sketch of spectrometer (Sis source,D is detector, Akol and Adet are positions of the analyzer,±v is velocity of the source regarding
the absorber).

count, I(0) is the total number of photons from the
source, andP is the total scattering probability of inci-
dent gamma rays being scattered in theθ direction. The
second measurement is made when the source velocity
is adjusted to resonance energy, and the photon count
is

Ir(θ) = I(0) fs Pel e−(µa+µr)d + I(0) fs Pin e−µad

+ I(0)(1− fs) P e−µad + Ib . (4)

The first term corresponds to the intensity of elastic
scattering, the second to inelastic one, the third term
is the scattered intensity of non-recoilless radiation (µr

is the resonance absorption coefficient,Pel, Pin are the
probabilities of incident gamma rays being scattered
elastically or inelastically in theθ direction, andfs is a
recoilless fraction in the source). Corresponding mea-
surements are made when the absorber is placed be-
tween the source and the scatterer (Fig. 1,Akol posi-
tion). The third measurement:

I ′∞(θ) = I(0)P e−µad + I ′b , (5)

and the fourth measurement:

I ′r(θ) = I(0) fs P e−(µa+µr)d

+ I(0)(1− fs) P e−µad + I ′b . (6)

Difference of the intensity is expressed as

∆I = I∞ − Ir = I(0)Pel fs e−µad(1− e−µrd) , (7)

∆I ′ = I ′∞ − I ′r = I(0)P fs e−µad(1− e−µrd) . (8)

Therefore, RSMR probability of elastic scattering
fR can be expressed as

fR = Pel/P = ∆I/∆I ′ . (9)

It can be clearly seen that this method eliminates the
need to measure the background intensity, there is no
need to evaluate parametersµa, µr, fs, andI(0) and
thus separation of elastic and inelastic scattering can
be accomplished more precisely.

4. Experimental technique

The standard Mössbauer spectrometer by Wissel
(Wissenschaftliche Elektronik GmbH) was upgraded to
fit RSMR measurements by adding a goniometer and
beam collimators.

The main beam is collimated with the lead collima-
tor, the length of which is 200 mm. This collimator
gives a constant beam divergence equal to 1◦. The scat-
tered beam is collimated with the second collimator.
By changing the distance between the detector and the
scatterer one can change the beam divergence from 1◦

to 5◦.
The goniometer allows us to change the scattering

angle 2θ from 0◦ to 55◦, with the accuracy of 3 min.
Measurements were done at room temperature using
the source of57Co in Rh matrix. Scattered radiation
was analysed with the “black” analyzer (ammonium
lithium fluorferrate). Mössbauer radiation was scat-
tered with the polystyrene cylinder.

5. Results

In this work we present our experimental results
obtained using two different types of detectors – the
proportional gas counter (Wissenschaftliche Elektronik
GmbH) and the semiconductor Si-PIN detector manu-
factured by Amptek Inc.

In 57Co energy spectra, recorded with the propor-
tional gas counter (Fig. 2,A), one can easily recognize
the iron K line, the Mössbauer line, and Rh fluores-
cence. The iron K line has reduced intensity because
the Al filter was used on the detector window. The
same spectra recorded with the semiconductor detector
give a much better energy resolution (Fig. 2,B). It was
possible to determine structure of X-ray energy spec-
tra: iron K series (Kα 6.40 keV and Kβ 7.04 keV) and
lead L series (Lα 10.5 keV and Lβ 12.6 keV).

We also evaluated the Mössbauer linewidth for both
spectra (Fig. 2). For the proportional gas counter the
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Fig. 2. 57Co(Rh) amplitude spectrum:A for proportional gas
counter,B for semiconductor detector.

Fig. 3. RSMR spectrum of black absorber when 2θ = 6◦.

full width at half maximum (FWHM) is 1.3 keV, and
for the semiconductor detector FWHM is 0.3 keV.

For simplicity a conventional Mössbauer spectrum
of the black absorber was fitted to sextet (hyperfine
magnetic interaction with low field∼3 T). Other fit-
ting parameters (the isomer shift, quadrupole splitting,
linewidth) were fixed and used for fitting RSMR spec-
tra.

The spectrum obtained using a proportional gas
counter is shown in Fig. 3,A. The measurements lasted
about a week, but statistics was poor and the observed
effect was very small (fR ∼ 1%). When the detector
was changed to the semiconductor detector, the quali-
tative leap was obtained: the measurement time short-
ened to two days and the value of the effect increased
to 40% (Fig. 3,B). In both cases the geometry of the
experiment and the sample was the same.

It is known that K2MgFe(CN)6 is distinguished for
the narrow single line and a small isomer shift, and it
was used in our experiments as an analyzer by inves-
tigating the dependence of the RSMR probability on
the scattering angle. The latter was changed every two

Fig. 4. Typical Mössbauer spectrum of K2MgFe(CN)6 when 2θ =
0◦.

Fig. 5. Typical spectrum of K2MgFe(CN)6 when 2θ = 9◦ and
analyzer is inAdet position (see Fig. 1).

degrees. At each angle two spectra were registered by
changing the position of the analyzer (Fig. 1,Akol and
Adet).

The measured spectrum with good statistics (more
than 50000 counts per channel, Fig. 4) was fitted to
Lorentzian (δ = −0.204±0.001 mm/s, Γ = 0.313
±0.004 mm/s) and these parameters were used later
for fitting spectra with the poorer statistics (100 counts
per channel, Fig. 5).

It is known that the peak area is proportional to the
intensity of the elastic scattering, thus the ratio of the
peak areas according to Eq. (9) is equal to the probabil-
ity of the elastic Rayleigh scatteringfR. Dependence
of fR on the scattering angle is shown in Fig. 6.

For the comparison the same sample of polystyrene
was analysed using X-ray diffraction (XRD). XRD
pattern (Fig. 7) was recorded in 0.04◦ steps. It has
two maxima, at 19.96◦ and at 23.80◦, which corre-
sponds to the distance between planes, 4.45 and 2.07 Å,
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Fig. 6. Dependence offR on the scattering vectorsin(θ)/λ.

Fig. 7. XRD pattern of polystyrene.

Fig. 8. Dependence of averaged X-ray and Mössbauer radiation
intensities on the scattering vectorsin(θ)/λ.

respectively. In order to compare different types of
measurements, the intensity of XRD was averaged over
the angular step, which was used in RSMR measure-
ments (Fig. 8). The Mössbauer radiation intensity was
multiplied by elastic scattering probability in order to
separate elastic scattering from inelastic one (Fig. 9).

Fig. 9. Dependence of intensities of the Mössbauer radiation on the
scattering vectorsin(θ)/λ.

6. Conclusions

As far as it is known the Rayleigh scattering of
Mössbauer radiation can be one of the best methods
suitable for the investigation of the dynamics of atoms,
e. g. in the vicinity of the phase transition and for
the studies of complicated dynamics of biomolecules.
However, RSMR experiments are limited mainly be-
cause of low intensity of scattered radiation of the
Mössbauer source. Our study applying the semicon-
ductor Si-PIN detector (Amptek Inc.) for the investi-
gation of dynamics of atoms in polystyrene has shown
that for recording the RSMR spectra the semiconduc-
tor detector can be much more suitable than other types
of detection because of the increased quality of spectra
under the same collimating conditions.

The dependence of probability of the Rayleigh elas-
tic scatteringfR on the scattering angle was obtained.
By means of the RSMR method the scattering was
studied over the angle range at the main Bragg maxi-
mum of the polystyrene sample which corresponds to
the distanced = 4.44 Å approximately equal to the dis-
tance between the polymer chains.
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PUSLAIDININKINIO DETEKTORIAUS PANAUDOJIMAS MESBAUERIO SPINDULIUOT ĖS
RELĖJAUS SKLAIDAI REGISTRUOTI

J. Reklaitis, D. Baltr ūnas, V. Remeikis, K. Mažeika

Valstybinis mokslinių tyrimų institutas Fizinių ir technologijos mokslų centras, Vilnius, Lietuva

Santrauka

Mesbauerio spinduliuotės Rel̇ejaus sklaidos metodas pritaiky-
tas atomų dinamikos polistirene tyrimui, išsklaidytos spinduliuotės
registracijai, pasirenkant puslaidininkinį Si-PIN detektorių. Pus-
laidininkinis detektorius, palyginus su dažniausiai naudojamu pro-
porcingu detektoriumi, pasižymi daug geresne energine skiriamąja
geba ir juo galima gauti geresnės kokyḃes Mesbauerio spindu-

liuotės Rel̇ejaus sklaidos spektrus esant toms pačioms kolimavimo
sąlygoms.

Gauta Rel̇ejaus elastiṅes sklaidos polistirene tikimybėsfR pri-
klausomyḃe nuo sklaidos kampo. Mesbauerio spinduliuotės Re-
lėjaus sklaidos metodas taikytas esant sklaidos kampams intensy-
vumo maksimume, kuris atitinka vidutinį tarpplokštuminį atstumą
d = 4,44 Å ir gali b ūti siejamas su atstumu tarp polimero grandinių
polistirene.
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