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Nuclear � resonance time-domain interferometry �TDI� is a method where the interference pattern is built in
time during the delayed scattering of synchrotron radiation by a system composed of two nuclear resonant
targets and a nonresonant sample placed in between. The radiation transmitted through the upstream target is
scattered by the sample at a finite angle and is transmitted through the downstream target. Atomic motions in
the sample perturbing the delayed radiation can be revealed directly in the time interference pattern. The
unique sharpness of nuclear resonant scattering allows one to investigate atomic motions proceeding for times
in the range of nanoseconds to microseconds. The radiative coupling �RC� regime of TDI where the radiation
from the upstream nuclear target is in resonance with the downstream target was investigated experimentally
and compared with the quantum beat �QB� regime where the resonances in the targets are well separated. Clear
evolutions of the interference patterns were observed with glycerol as a sample in both regimes, manifesting
the increase of quasielastic scattering both with increasing temperature and with momentum transfer. However,
the increase of quasielastic scattering is revealed in quite different ways: in the QB regime through pronounced
changes of the quantum beat modulation of a fixed interference pattern, in the RC regime via strong changes
of the interference pattern itself, mainly of its dynamical beat structure. It was possible to find relaxation
parameters by which the two sets of completely different time evolutions for the QB and RC regimes were
consistently fitted. Such a treatment will in the future considerably enlarge the dynamic range of the method
and increase the reliability of the data analysis.
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I. NUCLEAR � RESONANCE TIME-DOMAIN
INTERFEROMETRY

Quantum interference is a typical property of nuclear
resonance scattering of Mössbauer and synchrotron radiation
�SR� by nuclei in solid matter �e.g., see Ref. 2�. The interfer-
ence takes place in both the real-space and time domains. In
real space the scattering paths are related to coherent scatter-
ing by different nuclei. For instance, spatial multipath inter-
ference results in the coherent, forward-directed response of
a sample containing ensembles of nuclei. In the time domain
the interference of different spectral components of the ra-
diation specifies the temporal response of the sample. Here
the different scattering paths are determined by the distribu-
tion of the resonance energy in the sample—i.e., by the reso-
nance shape and by the splitting of the nuclear level into
hyperfine components. The coherent nuclear scattering of a
SR pulse in the time domain has been described analytically
for Bragg reflection3–5 and forward scattering.5 The results
obtained in theory refer to the response of a single resonant
target.

For the solution of some physical problems, composite
scattering systems are required, most frequently these are
systems of two resonant targets, situated upstream and down-
stream in the beam. For example, a two-target system was
used to demonstrate quantum beats,6 or to determine the
chemical shift between the targets,7 or to reveal and to study

the perturbation in the scattering system caused by ultra-
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sound applied to one of the targets.8–11 Two-target systems
were also used in Mössbauer heterodyne spectroscopy12 and
phase determination13,14 to obtain energy spectra of the trans-
mitted radiation. To describe the scattering from a composite
system it is natural to present its response in the form of a
coherent superposition of a few scattering paths related to the
scattering of radiation by the constituent targets.2,15

In fact a system of two targets works as a time-domain
interferometer where the targets can be considered as the
interferometer arms. With the help of one of the targets the
emission from the other target can be probed both in phase
and in amplitude in time �for illustration see, e.g., Fig. 19 in
Ref. 2�. A fruitful development of the concept of a two-
nuclear-target system was to extend this idea to also studying
dynamics in nonresonant samples. This was realized by plac-
ing a nonresonant sample in the scattering geometry between
the nuclear targets. Quasielastic scattering from the sample
can be investigated this way.1,16,17 With the help of this tech-
nique the dynamics of the electron density in a medium can
be revealed directly in the time domain.1,15,18,19

Two regimes of the nuclear interferometer can be clearly
distinguished: those in the absence and in the presence of the
radiative coupling between interferometer arms. Radiative
coupling �RC� occurs when the radiation from nuclei in the
upstream target is in resonance with the nuclei in the down-
stream target. The strongest RC takes place at zero separa-
tion of the resonances in the two nuclear targets. This regime

is called the RC regime of the interferometer. In the case of a
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large separation of the resonances, the radiative coupling
vanishes and one comes to a pure quantum beat solution.
Here the oscillatory behavior of the intensity occurs at the
frequency determined by the separation of the resonances.
This regime is called the QB regime of the interferometer.

In the present paper the two regimes of time-domain in-
terferometry �TDI� were compared in experiment. As a
model sample, viscous glycerol was used which exhibits
structural relaxation on the considered time scale near the
transition towards its glassy state. The relaxation gives rise to
quasielastic scattering of the radiation in the sample. The
scattering related to slow atomic motion—i.e., on the time
scale of nuclear resonant scattering—can be directly revealed
with the help of TDI. For the given time structure of third-
generation SR sources, which is composed of 100-ps pulses
separated by 100–700 ns, the Mössbauer isotope 57Fe is ide-
ally suited to reveal relaxation with characteristic times in
the range of nanoseconds to microseconds.

In Sec. II a brief overview of the main results of the
theory15 is given. Section III is devoted to a description of
the experimental details, to an analysis of the experimental
results, and to the conclusions.

II. QUANTUM BEAT AND RADIATIVE COUPLING
REGIMES OF NUCLEAR RESONANCE

INTERFEROMETRY

In Fig. 1 a typical scattering geometry met in the nuclear
resonant interferometer is displayed. The radiation transmit-
ted through target A is scattered by sample S and finally
transmitted through target B.

Resonant targets A and B are the interferometer arms,
which are supposed to be identical and to have a single line
structure of the resonance. We call the response of a nuclear
target G�t� and that of the sample g�q , t�, where q is the
momentum transfer for the scattering from the sample. The
scattering in a nuclear target is delayed because of the large
lifetime of the intermediate excited nuclear state. On the con-
trary, the scattering of radiation by electrons in a nonresonant
sample occurs promptly, reflecting the instant state of the
electron density distribution. Nevertheless, the response of
the nonresonant sample is a time-dependent function because
the electron density distribution inside the sample is varying
due to atomic dynamics while the radiation from the up-
stream nuclear target is being scattered. In the case of for-
ward scattering the delayed part of the function G is given

5

FIG. 1. Scattering paths of the radiation through resonant targets
A and B and nonresonant sample S in the interferometer.
by
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G�t� � −
T

2t0
e−i�rt−t/2t0

J1��Tt/t0�
�Tt/t0

, �1�

where T=n�0f is the effective resonance thickness of the
target, with n being the number of resonant nuclei per unit
area, �0 the resonance cross section of the nuclear transition,
and f the Lamb-Mössbauer factor; �r is the resonance fre-
quency, t0= � /�0 is the lifetime of the nuclear excited state
with natural energy level width �0, and J1 is the Bessel func-
tion of first kind and first order. The electronic absorption of
the radiation in the nuclear targets is neglected for the sake
of simplicity. It results only in a constant attenuation of the
intensity.

The response of the nonresonant sample g�q , t� will be
considered in the limit of weak scattering where the kine-
matical approximation of the scattering theory can be ap-
plied. In this case the sample response is proportional to the
Fourier coefficient of the electron density: g�q , t��R�q , t�
�see Ref. 15�. The latter can be presented in solid matter as
follows:

R�q,t� = �
a

fa�q�e−iq·ra�t�, �2�

where ra�t� is the time-dependent coordinate of the ath atom
and f�q� is the atomic form factor. The function R�q , t� is
actually the sum of the scattering amplitudes from the col-
lection of atoms at a particular momentum transfer q and at
the time t.

For our system the entire scattering process can be pre-
sented as the coherent superposition of the paths shown in
Fig. 1, where the dark circles indicate the interaction of the
radiation with a scatterer. Altogether four paths can be dis-
tinguished: �1� prompt scattering of the SR pulse by the
sample without interaction with the nuclear targets, �2� de-
layed scattering of the SR pulse by the upstream nuclear
target followed by prompt scattering by the sample, �3�
prompt scattering of the SR pulse by the sample followed by
delayed scattering by the downstream nuclear target, and �4�
delayed scattering by the downstream target of the radiation
scattered at first by the upstream target and the sample. Let
the considered scattering paths be described by the probabil-
ity waves W1–4�t�, respectively.

The development of the scattering process in the interfer-
ometer is characterized by specific times, which are, e.g., for
wave W4�t�, ts the start time set by the arrival of the SR pulse
at the detector, at the same time the two nuclear targets are
excited by the prompt radiation �the flight time of radiation
in the free space of the system can be neglected�, �ts+ t�� the
time of emission from the upstream target with 0� t�, �ts

+ t�� also the time of scattering from the sample, as well as
the time of excitation of the downstream target, and �ts+ t�
the time of emission from the downstream target with t�� t.

The probability waves describing the scattering over the
constituent paths are as follows �the SR pulse is presented by
a 	 function in time�:

W1�t� = g�q,ts�	�t� ,

−i
t
W2�t� = g�q,ts + t�e G�t� ,
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W3�t� = G�t�g�q,ts� ,

W4�t� = �
0

t

dt�G�t − t��g�q,ts + t��G�t��e−i
t�, �3�

where the additional temporal phase 
t accounts for the pos-
sible frequency shift between the resonances in the interfer-
ometer arms. Since the response of the nuclear target does
not depend on the arrival time ts, this time is omitted from
the argument of the G function. The whole scattering process
is described by the probability wave

W�t� = W1�t� + W2�t� + W3�t� + W4�t� . �4�

Equation �4� describes the interference of the considered
scattering paths. If �
 exceeds essentially the resonance
width �0, the last wave is vanishing. Thus, while in the RC
regime the interference of four scattering paths forms the
scattering picture, in the QB regime only three paths should
be taken into account to yield the final result.

In the case of a stiff sample, g�q , t� is a time-independent
function, so that the time dependence of the probability wave
W�t� is determined only by the nuclear resonant scattering.
However, in the presence of atomic motion in the sample the
response function of the sample introduces an additional
time dependence into the structure of the waves W2 and W4.
In this way the resultant interference picture is affected by
the atomic dynamics in the sample. The scattering intensity
related to a single SR pulse is found as I�t��W�t�W*�t�. In
the following expression for the intensity we leave only the
delayed part:

I�t� = �G�t��2��g�q,ts��2 + �g�q,ts + t��2 + 2 Re�g�q,ts

+ t�g*�q,ts�e−i
t	
 + 2 Re�G*�t��g*�q,ts� + g*�q,ts

+ t�ei
t	�
0

t

dt�G�t − t��g�q,ts + t��G�t��e−i
t��
+ 
�

0

t

dt�G�t − t��g�q,ts + t��G�t��e−i
t�
2

. �5�

The responses g�q , ts� and g�q , ts+ t� correspond to the mi-
crostates of the electron density in the sample encountered
by a definite SR pulse at its passage through the system. To
get the intensity measured in the experiment one has to av-
erage expression �5� over a large number of SR passages,
because the atomic dynamics in the sample is not correlated
with the arrival of an individual SR pulse. While averaging
in the final expression for the scattering intensity appears the
characteristic correlation function

S�q,t� =
1

tm
� dts�

a
�
a�

fa�q�fa��q�e−iq·�ra�ts+t�−ra��ts�	 �6�

where tm is the measurement time covering the complete
number of passed SR pulses. Under conditions of thermody-
namic equilibrium the results of the averaging of the
�g�q , ts��2 and �g�q , t+ ts��2 terms in Eq. �5�, which refer to

particular times ts or ts+ t, are identical. They are determined
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only by the geometrical arrangement of the mean positions
of the atoms. This result presents the structure factor of the
sample. Thus, one has to deal only with the correlator con-
taining different times, as shown in Eq. �6�. The result of the
calculation is known as the intermediate scattering function
which is the time Fourier transform of the dynamic structure
factor S�q ,��. For real correlation functions S�q , t� the ob-
served intensity can be written as follows:

Ī�t� = 2�G�t��2�S�q,0� + S�q,t�cos�
t�	 + 4G*�t��
0

t

dt�G�t

− t��S�q,t��G�t��cos
t� + 2�
0

t

dt��
0

t�
dt�G�t

− t��G�t��S�q,t� − t��G*�t − t��G*�t��cos�
�t� − t��	 .

�7�

This expression is valid for an arbitrary shift of the nuclear
resonances in the interferometer arms. The cases of interest
refer to 
� �0

� �QB regime� and 
=0 �RC regime�. For the
QB regime all integral terms disappear due to the fast oscil-
lations of the integrands so that one arrives at the expression

Ī�t� = 2�G�t��2�S�q,0� + S�q,t�cos�
t�	 . �8�

In the absence of any atomic dynamics in the sample the
intensity is given by 2S�q ,0� �G�t��2�1+cos�
t�	. So in the
case of a stiff sample it is the doubled intensity of a single
nuclear target which is reduced by the finite reflectivity from
the sample and is modulated in time by the cosine function at
frequency 
. In the presence of atomic dynamics the modu-
lation amplitude is modified by the time-dependent interme-
diate scattering function S�q , t�. Just the time-dependent
modulation of the oscillation amplitude contains information
about the atomic dynamics in the sample.

In the RC regime all cosines in Eq. �7� are replaced by
unity and one obtains the following expression:

Ī�t� = 2�G�t��2�S�q,0� + S�q,t�	 + 4G*�t��
0

t

dt�G�t

− t��S�q,t��G�t�� + 2�
0

t

dt��
0

t�
dt�G�t − t��G�t��S�q,t�

− t��G*�t − t��G*�t�� . �9�

In the case of a stiff sample the scattering intensity corre-
sponds now to the coherent response of the nuclear target
having the doubled thickness 2T. The intensity is reduced by
the reflectivity of the static sample, S�q ,0�. The atomic dy-
namics in the sample manifests itself now in a more compli-
cated way: the intermediate scattering function S�q , t� enters
each term of Eq. �9�. In particular, the atomic motion brings
a perturbation into the radiative coupling between the inter-
ferometer arms and perturbs the direct nuclear scattering
from the upstream nuclear target. As a consequence, the
overall shape of the time dependence of the scattering is
modified.

Obviously, the effect of the perturbation is determined by

the specific form of the intermediate scattering function. In
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turn, the latter is directly related to the character of the
atomic motion. Usually a motion can be decomposed into a
fast motion of the atoms around their mean positions �ther-
mal vibrations with characteristic period 10−13 s� and a slow
motion of the mean positions in the sample due to diffusion,
structural relaxation, etc. The motion is regarded as slow in
this context, when it develops in the time scale of the nuclear
scattering process �in the case of nuclear resonance in 57Fe
�10−7 s�. The average velocity of the slow motion leads to a
small displacement of the atomic mean position �of order of
the wavelength of the radiation� during the observation time.
The great difference in the characteristic times of the fast
motion and of the process of nuclear scattering does not al-
low one to observe the development of the fast motion by
means of TDI. Its only effect is the reduction of the total

FIG. 2. Scheme of the experimental setup. The interferometer
consists of the stainless-steel targets A and B, the nonresonant
glycerol sample S in the cryostat, and the detector array DA
shielded by a baffle b. The motion of target A on the constant-
velocity drive is monitored by nuclear forward scattering through
targets A and C measured by detector D.

FIG. 3. Time dependences of scattering of the synchrotron radia
�right-hand panel� regimes at the temperature of the glycerol sam

simulations obtained on the basis of Eqs. �8� and �9�.
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scattering intensity by the Debye-Waller factor fDW, which is
obtained while averaging over the fast thermal oscillations of
the atoms. As to the slow motion it can definitely be revealed
with respect to its development in space and time with the
help of TDI. This motion results in a q-dependent decay of
the intermediate scattering function with time just during the
nuclear scattering process. By means of the q dependence its
spatial development can be revealed.

The behavior of the intermediate scattering function is
strongly determined by the specific type of atomic motion
under study. In the double sum of Eq. �6� it is convenient to
discuss separately the terms with a=a� and those with a
�a�. The first sum �ae−iq·�ra�ts+t�−ra�ts�	 presents the correla-
tion of an atom with itself in space at different times, aver-
aged over all atoms. The second sum �a�a�e

−iq·�ra�ts+t�−ra��ts�	

presents the correlation of an atom with another one in space
and in time, averaged over all pairs of atoms. These are the
self-part and the distinct part of the pair correlation function
introduced and analyzed in general form by van Hove.20 If
the motion of different atoms is uncorrelated, we obtain for
nonzero q that all terms in the last double sum are randomly
phased and thus cancel each other in the average. Conse-
quently, in the case of random motion of atoms, we may
neglect the term describing the interatomic space correla-
tions. In this case only the van Hove self-correlation function
is left to modify the time interference pattern. Otherwise the
pair correlation function reveals itself.

in the interferometer measured in the QB �left-hand panel� and RC
40 K and at different momentum transfers. The solid curves are
tion
ple 1
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III. MODEL EXPERIMENT FOR COMPARISON OF THE
QB AND RC REGIMES OF NUCLEAR � RESONANCE

TIME DOMAIN INTERFEROMETRY

A. Experimental setup

To compare the feasibilities of the QB and RC regimes of
TDI we chose glycerol as a sample for our experiments, a
well-investigated glass-forming system. We studied the tem-
perature and angular dependence of the quasielastic scatter-
ing from glycerol in parallel in the QB and RC regimes.

The experiments were performed at beamline21 ID-22N of
the European Synchrotron Radiation Facility. The ring was
operated in the 16-bunch mode, leaving windows of
�176 ns for the observation of the delayed nuclear scatter-
ing. Preliminary tests of the equipment had been performed
at the Petra1 beamline at HASYLAB �Hamburg�.22 The ex-
perimental setup is sketched in Fig. 2.

The incident SR was monochromatized to �6 meV band-
width by a high-resolution monochromator using
Si�422�Si�1222� in nested geometry. Target A was a
stainless-steel �SS� foil of �6 �m thickness, enriched to
95% in 57Fe. It was mounted on a Mössbauer driving unit,
allowing one to move it at constant velocity of ±9 mm/s
�corresponding to an energy shift of ±90�0� in the QB re-
gime or to keep it at rest in the RC regime.

An identical SS foil was used as the second target B of the
interferometer. Target B was always kept at rest. It was in-
clined by �12° in order to be perpendicular to the scattered
radiation at the first structure factor maximum of glycerol.

FIG. 4. Time dependences of scattering of the synchrotron radia
�right-hand panel� regimes at the temperature of the glycerol samp
simulations obtained on the basis of Eqs. �8� and �9�.
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The glycerol sample S was mounted in between targets A
and B. It was of �4 mm thickness, kept in a sample holder
with Kapton windows which was mounted at the cold finger
of a liquid-nitrogen bath cryostat likewise equipped with
Kapton windows.

The radiation scattered by S into different scattering
angles in the range �8° –25° was transmitted through target
B. At a distance of �20 cm from the sample a multielement
detector array �DA� with 4�2 avalanche photodiodes, each
of area 1 cm2, was installed.23 The diodes at equal height and
scattering angle were used in parallel. The four diode stripes
intercepted radiation scattered from the sample into angles of
7.7° ±1.3°, 11.9° ±1.3°, 16.1° ±1.3°, and 20.2° ±1.3°, cor-
responding to q values of 0.977±0.17 Å−1, 1.517±0.17 Å−1,
2.051±0.16 Å−1,and 2.566±0.16 Å−1, respectively.

The motion of target A was all times monitored by means
of a similar SS target C kept at rest in a far downstream
position, where the interference of the nuclear forward scat-
tering by targets A and C was recorded by an avalanche
photodiode D.

Special care was taken to shield the detector array against
radiation scattered by the surrounding. In particular a lead
frame around target B was used as a shield against radiation
scattered from the cryostat window and a baffle b was
mounted to shield the detector against scattering of the direct
beam by air. In addition, target B was mounted in a way that
it was not hit by the direct beam.

Also special care had been taken to minimize vibrations

in the interferometer measured in the QB �left-hand panel� and RC
55 K, and at different momentum transfers. The solid curves are
tion
le, 2
from the constant-velocity Mössbauer drive and from the
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cryostat vacuum pump, possibly affecting the triple system
of the two targets and the scattering sample.

Delayed countrates were low and unstable, not exceeding
1/s in the structure factor maximum at �12°. The reason for
both the low level and jumpy long-term instabilities could
not be found during the experiment. Background with
sample removed from the primary beam was �0.14/s.

B. Experimental results and simulations

The measurements were performed with the sample kept
at temperatures 
�140 K, 255 K, and 269 K.29 These tem-
peratures lie around the mode-coupling glass transition tem-
perature in glycerol ��228 K�, however below the melting
point 
m=291 K. Thus the atomic dynamics at the start of
structural relaxation in glycerol was investigated.

In spite of the uncomfortably low intensities, taking data
for �9 h in each measurement session—i.e., for the particu-
lar interferometer regime �QB or RC� and fixed
temperature—the present experiment allowed one to demon-
strate time-domain interferometry in the RC regime and to
compare the RC and QB regimes. In Figs. 3–5 the interfer-
ence patterns are shown which were obtained for the QB and
RC regimes at different temperatures and for different mo-
mentum transfers.

In the observation time window the background consisted
of a fast-decaying part reaching as far as �30 ns and a part
which was constant over time. In Figs. 3–5 the fast-decaying
part was substracted from the original data, whereas the con-

FIG. 5. Time dependences of scattering of the synchrotron radia
�right-hand panel� regimes at the temperature of the glycerol sampl
simulations obtained on the basis of Eqs. �8� and �9�.
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stant background was left and was taken into account in the
fitting.

At 140 K �see Fig. 3�, where the scattering sample is stiff,
the time evolutions in both regimes �left-hand and right-hand
panels in the figures� correspond to the instrumental func-
tions measured in the forward direction �compare Figs. 2�h�
and 2�a� of Ref. 24	. It was possible to simulate the spectra at
140 K without assuming any additional line broadening for
target A. This proves the high quality of the constant-velocity
drive and a sufficient shielding of the scattering system
against vibrations from the drive and vacuum pump. In the
QB regime the overall shape is determined by the dynamical
beat �DB� characteristic of the propagation of radiation
through the �6-�m-thick target �first minimum of the DB at
�40 ns�. The overall dependence is strongly modulated by
quantum beats. In the RC regime the dynamical beat pattern
determining the overall shape of the time dependence is
characteristic for a target of twice this thickness �first mini-
mum of the DB at �20 ns�.

At higher temperatures �see Figs. 4 and 5�, the sample
exhibits dynamics, which modifies increasingly the interfer-
ence patterns in both regimes. In the QB regime the beat
pattern loses dramatically its contrast, whereas in the RC
regime the overall shape of the interference pattern is
strongly modified. The modifications of the interference pat-
tern depend significantly on both sample temperature and
scattering angle. Before proceeding to discuss these features
we would like to make several comments concerning the

in the interferometer measured in the QB �left-hand panel� and RC
9 K, and at the different momentum transfers. The solid curves are
tion
e, 26
slow atomic dynamics in our sample.
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Glycerol near its transition to the glassy state exhibits
structural relaxation on time scales comparable with the
nuclear lifetime of 57Fe. This type of relaxation is related to
the long-range transport of molecules in a medium. The
structural relaxation in glycerol was studied by many meth-
ods �e.g., see Ref. 25 and references therein�. Empirically it
is described by a superposition of damped oscillators with a
distribution of relaxation rates. The common description of
this relaxation is based on the Kohlrausch stretched exponen-
tial with a particular stretching coefficient �, called the Kohl-
rausch exponent. The Kohlrausch exponent describes the de-
viation of the energy spectrum of a collection of damped
oscillators from a Lorentzian shape. The intermediate scat-
tering function in glycerol in the nanosecond to microsecond
relaxation regime is thus represented by the following
expression25,1,18:

S�q,t� = fDWe−�t/�K��
with 0 � � � 1, �10�

where fDW is the Debye-Waller factor accounting for the
thermal vibrations of the atoms and fast structural relaxations
and �K is the relaxation time, which depends on momentum
transfer and temperature. The Kohlrausch exponent can be a
slightly varying function of temperature and momentum
transfer.26 In our case of coherent scattering we employ the
value of the stretching parameter found in Ref. 25 for coher-
ent neutron scattering, �=0.7. That is, we assume that only
the width, and not the shape, of the excitation spectrum is
changing with temperature and momentum transfer. As con-
cerns the Debye-Waller factor, we assumed that in our
sample at the temperatures under study, it varies like in a
harmonic solid. This means that in the expression fDW
=exp�−�r2�q2
 the mean-square displacement was taken pro-
portional to the temperature: �r2���. We compare the values
f =0.905 for q=1.43 Å−1 in Ref. 25 and of f =0.87 for

FIG. 6. Relaxation times obtained from the fit of the experimen-
tal time evolutions with the theory �Eqs. �8� and �9�	 are plotted
against momentum transfer q for the two sample temperatures
255 K and 269 K. For 140 K, the relaxation times lie far beyond
the scale of the figure. The solid lines indicate ��q−2. The dashed
line gives qualitatively the shape of the structure function for
glycerol �Ref. 27�. The shadowed bars indicated the q ranges for the
scattering accepted by the detector segments.
DW DW
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q=1.53 Å−1 in Ref. 1 for the temperature �=250 K. When
recalculated for the same momentum transfer q=1.53 Å−1

they differ by about 2% �0.89/0.87�. This small difference
could be just the isotope effect in predeuterated glycerol used
in Ref. 25. We accepted the value fDW=0.87 for this point.
Then relying on the linear dependence of ln�fDW� on tem-
perature obtained in Ref. 25, Fig. 4�b�, we calculated fDW for
the other two temperatures and for the momentum transfers
under study. The results are shown in Table I.

At the given limited statistics of the data, all time evolu-
tions could be well simulated assuming the presented form of
the intermediate scattering function and the accepted values
for � and fDW. The only variable parameter was the relax-
ation time �K. The important point is that it was possible to
find sets of the relaxation times by which the two sets of
completely different time evolutions for the QB and RC re-
gimes were consistently fitted; see the solid curves in Figs.
3–5. The relaxation times found from the fit are shown in
Fig. 6. It is seen that the two sets of �K associated with
temperatures 255 K and 269 K are arranged in a distinct
order, where approximately the dependence �K�q−2 is ful-
filled. Like in a previous study28 no increase of the relaxation
time near the structural factor maximum at �12° was
observed.

TABLE I. Debye-Waller factors used for the simulation.

� �K� /q �Å−1� 0.977 1.517 2.051 2.566

140 0.969 0.926 0.869 0.803

255 0.944 0.870 0.775 0.671

269 0.941 0.863 0.764 0.656

FIG. 7. Simulations of the interference patterns in the QB �the
upper block of panels� and the RC �the lower block of panels�
regimes at different temperatures of the glycerol sample and at dif-
ferent momentum transfers. The simulations fully correspond to the
experimental dependences.
-7
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C. Analysis
After normalization of the fit curves of our measurements

to one and the same vertical scale we grouped them together
into two 3�3 matrices, each referring to a particular regime
of the interferometer. The rows of the matrices correspond to
different temperatures, whereas the columns correspond to
different momentum transfers. The result is represented in
Fig. 7. The evolution of the interference patterns with tem-
perature and momentum transfer is well seen in this figure.

In the QB regime the overall shape of the interference
pattern remains unchanged for all scattering angles and tem-
peratures; however, a strong modification of the QB pattern
occurs �see the QB matrix�. Two kinds of modifications can
be distinguished: �1� a decrease of the initial QB contrast
with the rise of temperature and momentum transfer and �2�
a progressive fading of the QB contrast with time at higher
temperatures and momentum transfers. The first effect is
caused by the decrease of the Debye-Waller factor with the
rise of temperature and momentum transfer; see Table I.
With this the amplitude of the intermediate scattering func-
tion given by Eq. �10� is decreasing and, hence, the role of
the modulated term in the summary picture described by Eq.
�8� is diminished. The second effect is related to the decrease
of the relaxation time with increasing temperature and mo-
mentum transfer. The decrease of the relaxation time causes
an accelerated decay of the intermediate scattering function
given by Eq. �10� and, hence, a progressive fading of the
modulated term with time in Eq. �8�. Similar transformations
of the interference pattern were obtained in Ref. 1 in the QB
regime with increasing temperature for fixed q=1.5 Å−1.

In the RC regime, by contrast, the overall shape of the
interference pattern is modified. However, the changes of the
intermediate scattering function are not that simply traced
here as in the QB regime. The intermediate scattering func-
tion entering into each of the four terms of Eq. �9� modifies
the interference pattern in a rather complicated way. The

FIG. 8. Variations of the interference pattern are compared fo
temperature at the different momentum transfers.
most pronounced effect of atomic dynamics is a dramatic

184126
reformation of the dynamical beat structure of the time de-
pendence of the scattering intensity both with the rise of the
temperature �from bottom to top in the RC matrix� and of the
momentum transfer �from left to right in the RC matrix�: the
dynamical beat contrast is changed and the dynamical beats
are shifted. In the extreme case, for q�2.5 Å−1 and 

=269 K the shape of the DB pattern approaches that charac-
teristic of the single nuclear target �compare the shapes of the
interference patterns in the top-right panels of the QB and
RC matrices�. A characteristic transformation from a double-
target DB �the bottom-left panel in the RC matrix: first DB
minimum at �20 ns� to almost a single-target DB �the top-
right panel in the RC matrix: first DB minimum at �40 ns�
due to atomic dynamics in the sample was observed. The
essential reason for such modifications is the perturbation of
the radiative coupling of the nuclear targets and hence the
variation of the conditions of nuclear multiple scattering in
the system.

Thus in the two regimes of time-domain interferometry
the increase of quasielastic scattering is revealed in quite
different ways: either through pronounced changes of the
quantum beat modulation of a fixed interference pattern �in
the QB regime� or via strong changes of the interference
pattern itself, mainly of its dynamical beat structure �in the
RC regime�.

As for the sensitivity of time-domain interferometry in the
two different regimes, the following holds. Since the QB is a
very pronounced feature of the time evolution measured in
the QB regime, its fading due to sample dynamics is more
easily recognized during the experiment than the changes of
the interference pattern in the RC regime. The analysis ac-
cording to the theory, by contrast, is more sensitive to relax-
ation parameters when the time evolutions were measured in
the RC regime. In Fig. 8 the variations of the interference
patterns are compared for the same variations of temperature
for two different values of q. The comparison shows that the

QB and RC regimes of the interferometer with a change of the
r the
RC regime has especially high sensitivity to strong dynam-
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ics, which in the QB regime leads to a very fast fading of the
QB contrast �practically within the time range unaccessible
in the experiment�, but is seen in the RC regime in the full
time window. Therefore one can conclude that the consistent
fit of the data sets obtained in the measurements in the QB
and RC regimes can essentially increase the reliability of the
data evaluation and extend the observed range of dynamics

towards higher atomic mobility.
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