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Quasielastic Scattering of Synchrotron Radiation by Time Domain Interferometry
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We use synchrotron radiation and time resolved x-ray detection to measure structural relaxation
of glycerol [C3H5(OH)3] having time scales of 30 to 200 ns at1.5 Å21 momentum transfer. Foils
containing 57Fe (14.4 keV nuclear resonance, 141 ns lifetime) are placed before and after the
nonresonant sample, and a small differences,70 MHzd is established in their nuclear response
frequencies. Quasielastic scattering from the sample perturbs the 70 MHz quantum beat pattern
the nuclear scattering. A simple model relates the perturbation to the dynamic structure factor of th
sample. [S0031-9007(97)04191-4]
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The motion of atoms and molecules on angstrom leng
scales and few ns time scales is a subject of great inter
providing the possibility to gain insight into many physi
cal processes, including diffusion [1], glass transitions, a
the motions of complex biological molecules and polyme
[2,3]. Here we introduce a method of measuring quasiela
tic x-ray scattering from samples having relaxations o
time scales of,15 ns to more than 150 ns (energy scale
of ,50 to ,5 neV) and at large momentum transfers, i
principle up to14 Å21 (this work is at1.5 Å21). The es-
sential idea of this technique is to set up a temporal i
terference pattern in the nuclear scattering from two foi
containing57Fe (14.4 keV nuclear resonance, 141 ns life
time) and then see how it is modified by quasielastic sca
tering from a sample placed between the two foils.

Previously, scattering experiments at large momentu
transfers and sub-meV resolution have largely been the
domain of neutron work. The spin echo technique ca
measure relaxation on few ns (or shorter) time scal
(energy transfers of,100 neV or more) and momentum
transfers of a few Å21 [4]. However, high resolution (long
time scales) and large momentum transfer are difficult
achieve simultaneously. Light scattering techniques [
can achieve neV energy resolution (or better), but a
limited to low momentum transfers.

In some special cases, when the sample contains
suitable nucleus with a low-lying excited state, it is als
possible to do x-ray (org-ray) measurements with few
neV resolution. The Mössbauer effect allows one to ta
advantage of the intrinsically small linewidths of nuclea
resonances, e.g., 5 neV for the 14.4 keV resonance of57Fe,
to investigate samples either in conventional frequenc
domain absorption experiments [6], or, more recentl
in time domain measurements [7]. Both frequency [8
and time domain [9] methods have been applied to t
study of diffusion. However, these techniques are usua
limited in the momentum transfer to exactly that of th
absorbed photon (7.3 Å21 for 57Fe). If the sample does not
contain a suitable isotope, then either one must be implan
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(possibly disturbing the system) or a more complicated a
much lower count rate Rayleigh scattering of Mössbau
radiation (RSMR) measurement [10] must be performe
RSMR uses a narrow line source before the sample an
narrow line absorber after the sample to directly meas
the frequency distribution of the scattered radiation. W
note that there has been one attempt to do an RS
measurement using synchrotron radiation [11].

We describe this technique as time domain interfero
etry. The essence of most interferometry measureme
is to combine the wave scattered from an object with
reference wave. Usually, one measures the spatial int
sity distribution and thus obtains information about th
spatial characteristics of the sample. Here we measur
temporal intensity distribution (quantum beats), and o
tain information about the temporal characteristics of t
scattering from the sample. We use two single line n
clear scatterers (57Fe containing foils) chosen to have dif
ferent response frequencies (see Fig. 1). After excitat
by a pulse of synchrotron radiation, the nuclear scatter
from them will show quantum beats (our interference pa
tern), as the radiation reemitted by the two foils at slight
different frequencies goes in and out of phase. If o
places a sample between the two foils, from which t
scattering changes on a time scale of the order of
quantum beat period, it will perturb the beats. In essen
after the impulse excitation, the wave from the second f
acts as a reference, allowing the sample-induced modu
tions of the wave from the first foil to be measured [12].

The amplitude of the quantum beats may be relat
to the dynamic structure factor of the sample usin
a semiclassical model. We take the responses of
two 57Fe foils after impulse excitation att ­ 0 to be
G1stde2isv01Vdt and G2stde2iv0t , where 1 and 2 indicate
the foils before and after the sample, respectively.v0 is
the nuclear response frequency, andV is the frequency
difference in the response of the two foils (which ma
be introduced artificially via Doppler shift).G1 and G2
are slowly varying functions of time (in the limit of thin
© 1997 The American Physical Society 2823
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FIG. 1. Experimental setup.57Fe stainless steel foils were
placed before and after the sample, with the first mount
on a Mössbauer drive in constant velocity mode. Detecto
measured both the transmitted radiation and that scattered
the glycerol into its structure factor maximum.

foils, jG1j
2 and jG2j

2 will be exponential decays with the
natural lifetime, 141 ns for57Fe).

A pulse of synchrotron radiation excites foil 1, then
is scattered by the sample with some finite momentu
transfer,q, and excites foil 2. Considering only single
scattering from the sample (Born approximation limit), th
ratio of the field scattered by the sample to the incident fie
is proportional to the integral over the electron densityr

of the sample, with appropriate phasing for the momentu
transfer. The time dependence of the scattered field (after
impulse excitation att ­ 0) is

Emsq, td ~ G1stde2isv01Vdt
Z

rmsr, tdeiq?r dr

1 G2stde2iv0t
Z

rmsr, t ­ 0deiq?r dr .

The first term is the field from foil 1 after scattering
from the sample, while the second is the field from foil
(the reference wave). The subscriptm indicates that this
expression is for some particular microstate of the syste
and its subsequent evolution. We neglect the influen
of the wave from foil 1 on the emission from foil 2,
which leads to a convolution term which is small if the
frequency shift,V, is much larger than the width of the
lines used in the experiment. The measured intens
will be the absolute square ofEm, averaged over sample
configurations, since the experiment is performed ov
many successive synchrotron radiation pulses, which a
not correlated with the sample microstate. Taking (fo
simplicity) foils 1 and 2 to be identicalsG1 ­ G2 ­ Gd,

Isq, td ~ jGstdj2fSsq, t ­ 0d 1 Ssq, td cossVtdg ,

whereSsq, td, the intermediate scattering function, is pro
portional to the Fourier transform of the dynamic structur
factor [13],

Ssq, td ­
Z

dr
Z

dr0 eiq?sr2r 0dkrmsr, tdrmsr0, t ­ 0dl

~
Z

dv Ssq, vdeivt .

We takefqe to be the ratio of the scattering within our
experimental time window to the total scattering [where th
total scattering is the integral ofSsq, vd over frequency,
or Ssq, t ­ 0d]. fqe includes both elastic scattering and
quasielastic scattering with time scales greater than ab
10 ns (energy scales less than or the order of 75 neV) a
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is essentially the Debye-Waller factor [14]. One has

Isq, td ~ jGstdj2
∑

1 1 fqesqd cossVtd

3
Z

dv Snsq, vdeivt

∏
,

wheren indicates normalization (division) by the integra
of the dynamic structure factor over frequency.

Two effects are clear from the above equation. Firs
if the amount of quasielastic scattering is small relativ
to the total scatteringsfqe ø 1d, then the amplitude of
the beats will be small, and the measured response w
be essentially the single foil response. Second, if the
is significant quasielastic scattering, then the decay
the quantum beats (the reduction of the contrast of t
beats with time) will directly give the Fourier transform
of the dynamic structure factor. In particular, structur
relaxation around a glass transition is frequently model
using a Kohlrausch function [15], giving

Isq, td ~ jGstdj2f1 1 fqesqd cossVtde2stytk db

g ,

wheretk andb are the (q-dependent) parameters describ
ing the quasielastic scattering from the sample.

Note that no time domain effects are visible if one
or both, of the foils are removed. Within the abov
plane wave analysis, this is due to the average ov
sample microstates. However, in light of recent x-ra
intensity fluctuation measurements [16], we examine th
in more detail. In particular, if one could observe th
x-ray speckle pattern (essentially the exact diffractio
pattern of a microstate of the system) from the samp
then one could relate temporal correlations in the spec
intensity of the sample dynamics. However, this typical
requires that the incident beam have a size comparable
its transverse coherence length (some few microns) a
that the detector size be similarly reduced (to that of
single speckle) resulting in a severe drop in flux. Thu
while x-ray correlation experiments have been extend
to times of ,0.1 ms [17], reduction toms scales will
be difficult even at third generation synchrotron radiatio
sources. In addition, the bandwidth used to gain sufficie
flux to achieve event the 0.1 ms resolution limits the ran
of momentum transfer to less than1022 Å21.

Our experiment was performed on the Nuclear Res
nance Beamline [18] of the European Synchrotron R
diation Facility (ESRF). The storage ring was run i
16 bunch mode, providing x-ray pulses of about 100
duration every 176 ns. The incident radiation was tun
to the 14.4 keV nuclear resonance in57Fe. The flux was
about 109 photonsysec in a 6 meV bandwidth, at an aver
age storage ring current of,70 mA. The beam size was
about0.4 3 1.5 mm2.

In order to demonstrate the feasibility of this techniqu
we choose glycerol as our sample because it has b
the subject of many previous investigations. Here, w
reference a tiny fraction of the recent work, hopin
that the interested reader will look up the references
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the papers. Previous work includes measurements wh
resonant isotopes were introduced into the sample [1
RSMR experiments [20], and neutron scattering [21
In particular, our results may be compared to RSM
measurements by Elwenspoeket al. [22].

The first foil [stainless steel (SS) 95% enriched i
57Fe] was mounted about 30 cm upstream of the sa
ple on a Mössbauer drive moved at a constant veloc
of 6.3 mmysec s64.9G0d (see Fig. 1). A second SS foil
(nearly identical to the first) was placed, at rest, 60 m
downstream of the sample and intercepted both x ra
transmitted directly through the glycerol sample and tho
scattered at finite angles. Time resolving avalanche ph
todiode (APD) detectors were placed downstream of t
second foil. A small APD was used to measure the fo
ward scattering from the two foils while a larger one
10 3 10 mm2 [23], was placed near the sample in th
structure factor maximum for scattering from the glycero
sq ­ 1.5 Å21 or 2u , 12±d. The acceptances of the de
tectors, as seen from the sample, were about2 3 1025

and2.4 3 1022 sr, respectively. A baffle was installed to
prevent the detector in the structure factor maximum fro
seeing scattering from the direct beam hitting the seco
foil. In addition, Al (120mm) placed in front of this detec-
tor and a high discriminator threshold ensured that bac
ground events from 6.4 keV Fe K x-ray fluorescence we
not detected (e.g., proceeding from internal conversion
the second SS foil). Count rates in this detector were typ
cally ,2 s21 in the window of 15–150 ns after the promp
pulse. Prompt rates were,105 Hz. Count rates in the for-
ward detector were about 2 orders of magnitude larger.

The glycerol sample, 5 mm thick, was mounted i
a cryostat with thin kapton windows. Removal of th
cryostat from the path of the direct beam showed th
background (due, e.g., to air scattering along the bea
path) in the detector in the structure factor maximum
was about 3%. The contribution from the thin kapto
windows of the cryostat was estimated to be an addition
2%. Both backgrounds were ignored in the data analys

Figure 2(a) shows the time dependence of the nucle
forward scattering (see [7]) from foil 1, without foil 2
in place. One observes the expected exponential de
modulated by a Bessel function from multiple nuclea
scattering [24]. The minimum att , 75 ns is not very
sharp, indicating the SS foils have a thickness distributio
A good fit to the time response was found takin
an average thickness ofT ­ 27.3 (T ­ the number of
absorption lengths at resonance) and a distribution
sample thickness of615% over the area of the x-ray
beam. This thickness corresponds to a linewidth6G0
in a conventional Mössbauer transmission experime
(neglecting source width). The time response of foil 2
nearly identical to that of foil 1, with an average thicknes
of T ­ 26.2 and a distribution of617%.

Figure 2(b) shows the time dependence of the forwa
scattering in the direct beam passing through the tw
foils. The quantum beat at,70 MHz (13.6 ns period)
ere
9],
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FIG. 2. Forward scattering from (a) foil 1 alone and (b) bo
foils in series, with foil 1 on the Mössbauer drive at consta
velocity (temperature at 200 K). Lines are fits (see text).

introduced from the constant velocity motion of the driv
is clear. Note that we used a nitrogen bath cryostat
avoid introducing vibrations (e.g., by the compressor
a closed cycle refrigerator). The fit in the figure use
the parameters found from measurements of the two fo
individually and a constant velocity shift corresponding
64.9G0. In addition, for good agreement, we included
slight broadening of0.3G0 which is probably caused by
imperfect drive motion or residual effects of vibrations
This broadening and the thickness distributions in the fo
account for the slight decrease in beat amplitude at la
times. The forward time response was constant.

Figure 3 shows the change in the time response in
scattering at the structure factor maximum of the glyce
with temperature. One immediately notes that the contr
in the beats decreases with increasing temperature. In
ticular, at 263 K, the beat contrast at later times is rema
ably reduced from that at early times, corresponding to t
expectations for quasielastic scattering. In addition, t
amount of inelastic scattering increases with temperatu
leading to an overall, time independent, reduction in t
beats. (Measurements were also made without foil 2
place. These always showed just the time response of
first foil [Fig. 2(a)], independent of the glycerol tempera
ture, as expected from the model above.)

The data were well fit using a stretched exponent
for Ssq, td. The quality of the data was not sufficient t
fit all parameters (b, tk, and fqe) independently so we
choseb ­ 0.7 as was found from neutron measuremen
[21] and allowed thetk and fqe to vary. Fitting gave
tk . 5 ms, fqe ­ 0.93 6 0.06 at 200 K, tk ­ 180 6

70 ns,fqe ­ 0.87 6 0.05 at 250 K, andtk ­ 34 6 8 ns,
fqe ­ 0.79 6 0.05 at 263 K. (At 276 K, the data quality
did not allow unique determination of the parameters
here we show the data are consistent withtk ­ 12 ns,
fqe ­ 0.7.) The results (200–263 K) agree nicely wit
the RSMR work of Elwenspoeket al. [22].

We have demonstrated a new technique that may
used to do time domain measurements of quasiela
scattering with large momentum transfers. In comparis
2825
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FIG. 3. Scattering from glycerol measured in structure facto
maximum at different temperatures. Lines are fits (see text).

to other synchrotron based work, this technique has a
cess to a unique range of momentum and time scales. T
time scales here are much longer than the ps time sca
of even the highest resolution inelastic x-ray scatterin
measurements with either crystal analyzers [25] or nu
clear absorption techniques [26] and much shorter than t
,0.1 ms scales that have been reached by speckle m
surements [17]. Neutron scattering measurements provi
more direct competition with this technique, allowing
access to similar (or slightly shorter) time scales an
momentum transfers. However, they have difficulty si
multaneously achieving both high energy resolution an
large momentum transfer, and they may suffer from inco
herent scattering backgrounds. The last is very differe
from this work where the dominant channel (Thomso
charge scattering) is entirely coherent.

This work is similar to the RSMR technique, and migh
be thought of as a time domain analog to that metho
However, aside from being a direct time domain measur
ment which might add insight in some cases, this metho
seems to more easily access longer time scales, which
sometimes obscured by the broad linewidths of the sourc
and absorbers used in RSMR. Also, the inherent bri
liance of synchrotron radiation permits one to do exper
ments with smalls,1 mm2d samples and with modest or
even extreme (mrad) collimation, such as investigation of
quasielastic scattering in the neighborhood of Bragg peak

The authors thank G. V. Smirnov for useful discus
sions. We thank E. Gerdau for loaning us the S
foils and J. Peisl for the bath cryostat. A. B thanks
F. Comin for facilitating the completion of this paper.
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