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Nuclear inelastic scattering of synchrotron radiation by 119Sn
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We have investigated inelastic scattering of synchrotron radiation by119Sn nuclei using the radiative channel
of nuclear deexcitation. The energy dependence of nuclear scattering of the 23.8795-keV x rays by ab-Sn foil
was measured with sub-meV energy resolution. In the conditions of the experiment the scattering was inco-
herent over the various nuclei and averaged over the phonon momentum transfer. The experimental data are
compared with the theory of nuclear inelastic absorption. The general agreement is reasonable, however, some
deviation is noted. The possible origin of the discrepancy is discussed.@S0163-1829~98!02626-5#
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The progress in nuclear scattering of synchrotron rad
tion ~for a review see, e.g., Refs. 1,2! resulted in the recen
observation of inelastic excitation of nuclei by x rays.3 An
incident photon with an energy close to the energy of
nuclear transition can excite the nucleus, even though it d
not match the transition energy exactly. The energy con
vation in this case is fulfilled by creation or annihilation
phonons in the sample. The intensity of nuclear inelastic
citation can be monitored through the yield of the produ
of nuclear deexcitation.

Nuclear deexcitation can proceed via two channels: ra
tive decay and internal conversion. Decaying via the rad
tive channel the nucleus emitsg-ray fluorescence radiation
While the nucleus decays via the channel of internal conv
sion, the energy of the nuclear excited state is transmitte
an electron of the atomic shell. This conversion elect
leaves the atom, and the remaining hole results in a su
quent emission of atomic x-ray fluorescence radiati
Choosing in the experiment either nuclearg-ray or atomic
x-ray fluorescence radiation one may study nuclear inela
scatteringand nuclear inelasticabsorption, respectively.

Most of the experiments on inelastic excitation
nuclei3–7 were performed by monitoring x-ray fluorescen
radiation. The reasons are the dominating probability of
internal conversion channel, the higher efficiency of the
tectors for softer x-ray fluorescence radiation, and trapp
of g-ray fluorescence radiation in the sample.8 Therefore, the
up to now studied channel was nuclear inelastic absorpt
This channel has been well investigated. The theory
nuclear inelastic absorption is available for bo
polycrystalline9 and single crystal10 samples, and show
good agreement with the experimental data.3–5

In contrast to nuclear inelastic absorption, the radiat
channel of nuclear inelastic scattering has not yet been
plored. There are no published experimental data on nuc
inelastic scattering, which would be suitable for the quan
tative analysis, and the theoretical works have j
started.11,12 The aim of this work is to investigate the energ
dependence of nuclear inelastic scattering through the ra
tive channel of nuclear deexcitation.
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For this purpose we use the 23.8795-keV~Ref. 13!
nuclear transition of119Sn. For this isotope the energy of th
g-ray fluorescence radiation is much higher than the ene
of the x-ray fluorescence radiation, therefore the channel
nuclear scattering and nuclear absorption may be easily
tinguished. Synchrotron radiation experiments with119Sn
nuclei started several years ago.14 It was this isotope that
permitted the first observation of nuclear inelas
excitation.13 However, the energy resolution in that ear
work ('35 meV! was not sufficient for the quantitativ
analysis of the data. Here we report on studies of nuc
inelastic scattering by119Sn with sub-meV energy resolu
tion.

The experiment was performed at the Nuclear Resona
Beamline15 ID18 at the European Synchrotron Radiation F
cility ~ESRF!. The storage ring was operated in 16-bun
mode with an averaged current of 70 mA. The details of
experimental technique can be found in Refs. 5,15.

A new high resolution monochromator for the 23.879
keV radiation was built. It was elaborated according to t
conventional ‘‘nested’’ design.16,17 For the outer channel-cu
crystal we have chosen a Si~6 4 2! reflection with asymme-
try parametersb1520.043 andb251/b1. For the inner
channel-cut crystal a symmetric Si~12 12 12! reflection was
used. The angular acceptance of the monochromator
'7 mrad. The bandpass of the monochromator of 0.97~5!
meV @full width at half maximum~FWHM!# was determined
from the fit of the instrumental function with a Gaussia
distribution~Fig. 1!. The throughput of the spectral intensi
was smaller than expected, however, still sufficient to p
form the experiment. The flux in the 0.97 meV bandwid
was about 2.43106 photons/s.

The measurements were performed with the use of a p
crystalline foil ofb-Sn. The abundance of the resonant119Sn
isotope in the sample was'90%. The thickness of the foi
along the x-ray beam was'90 mm. Incoherent scattering o
radiation from the foil was measured with the large-area a
lanche photo diode detector,18 which covered the solid angle
of '1p srad. The electronics was adjusted to count only
23.8795-keV nuclear fluorescent radiation, the soft atom
L-fluorescent radiation (<4.1 keV! was rejected by the dis
254 © 1998 The American Physical Society
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criminator. During the measurements the instrumental fu
tion of the spectrometer was monitored via coherent nuc
forward scattering. This was measured with the stacked m
tidiode detector.19 The typical count rate at resonance w
'3.5 counts/s for incoherent scattering and'6 counts/s for
forward scattering. The measurements were performe
room temperature.

The energy spectrum of incoherent nuclear scatte
~Fig. 2! has a broad distribution with a width of'20 meV,
much wider than the instrumental function. This clearly de
onstrates inelastic scattering. The spectrum has two pea
inelastic scattering at about64 meV.

FIG. 1. Instrumental function of the high resolution Si~6 4 2! /
Si ~12 12 12! nested monochromator, which was measured w
forward scattering of synchrotron radiation by the119Sn foil. The
experimental data~dots! are fits by a Gaussian distribution~solid
line!. The best fit was reached with a width of 0.97~5! meV
~FWHM!.

FIG. 2. Energy dependence of incoherent nuclear resonant
tering of 23.8795-keV quanta by the119Sn foil. The experimental
data are shown by the open circles and the thin line~to guide the
eye!. The thick solid line shows the probability density of nucle
inelastic scattering, calculated using the density of phonon st
from Ref. 20 according to Eq.~2! and convoluted with the instru
mental function of the monochromator. The single-phonon con
bution and the sum of single- and two-phonon contributions to
total probability of nuclear inelastic scattering are shown by
dotted lines 1 and 112, respectively.
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The analysis of the experimental data is based on sev
assumptions. First, we assume that nuclear inelastic sca
ing was incoherent over various nuclei, and the contribut
of coherent inelastic scattering was negligible. Indeed, coh
ent inelastic scattering is likely to be significant only durin
a very short time after the excitation, when the special ph
correlation ofinelasticscattering over various nuclei is ful
filled. This phase correlation, which is specific for som
modes of the lattice vibration, should remain only during t
time, comparable with the phonon lifetime (10210

210212 s).21 Therefore the decay of coherent nuclear inel
tic scattering should be extremely fast. Since in our exp
ment the scattering events were collected starting'8 ns af-
ter the excitation, we suppose that the contribution
coherent nuclear inelastic scattering was negligible. S
ondly, we assume that due to the polycrystalline structure
the sample and due to the large angular acceptance o
detector, the collected signal of inelastic scattering was co
pletely averaged over all possible momenta of the phonon
the lattice. Finally, we assume that Lipkin’s sum rules,22,23

which are derived for nuclear inelastic absorption or em
sion, are valid also for the case of incoherent nuclear ine
tic scattering, since they result from the general conditions
the translation symmetry of the interatomic forces.

Based on these assumptions, we have normalized the
perimental energy spectrum of nuclear scattering using
condition, that the first momentum of the spectrum equ
the recoil energyER5\2k2/2M52.572 meV of a free119Sn
nucleus~see Refs. 4,5 for details!. Herek is the wave vector
of the resonantg-ray quantum andM is the mass of the
nucleus. The vertical scale for the normalized data is giv
by the right vertical axes in Fig. 2.

It was shown11 that in the harmonic approximation th
energy dependence of incoherent nuclear inelastic scatte
which is accompanied by creation or annihilation of a sin
phonon and is averaged over all possible momenta of
phonon, is identical to the energy dependence of the sin
phonon nuclear inelastic absorption:

S1~E!5
ERg~ uEu!

E@12exp~2bE!#
, ~1!

whereS1(E) is the normalized probability density of single
phonon scattering,E is the energy of the incident x-ray pho
ton relative to the energy of the nuclear transition,b
5(kBT)21, kB is the Boltzmann constant,T is the tempera-
ture, andg(uEu) is the density of phonon states~DOS!. The
data of the density of phonon states inb-Sn were taken from
Ref. 20, where DOS was calculated within the framework
the Born-von Karman model with the account of the s
coordination spheres. These calculations are in good ag
ment with the results of neutron scattering experiment.24 We
avoided using directly the experimental data from Ref.
because the energy resolution in those measurements v
with the energy transfer, and in the high-energy region it w
two times larger than ours. The single-phonon part of inel
tic scattering was calculated according to Eq.~1! and convo-
luted with the instrumental function. The results are sho
by dotted line No. 1 in Fig. 2. Comparison of the singl
phonon contribution of scattering to the experimental d
shows that this term is relatively small, thus inelastic scat
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256 PRB 58A. I. CHUMAKOV et al.
ing is mainly dominated by the multiphonon processes. T
agrees with the low Lamb-Mo¨ssbauer factorf LM50.042(2),
which was derived from the time dependence of nuclear
ward scattering.25 The positions of the peaks in the ener
spectrum of the single-phonon scattering (64 meV! corre-
spond to the peaks of the experimental spectrum.

One can suggest that for the momentum-averaged in
herent inelastic scattering not only the single-phonon con
bution, but also the total scattering has the same energy
pendence as the inelastic absorption.12 Then the normalized
probability density of inelastic scatteringS(E) is described
by the sum over then-phonon contributionsSn(E):9

S~E!5 f LM (
n51

`

Sn~E!. ~2!

In harmonic approximation they can be found from t
single-phonon termS1(E) through the recursive relation9

Sn~E!5
1

nE2`

`

dE8 S1~E8! Sn21~E2E8!. ~3!

The probability density of inelastic scattering was calc
lated according to Eqs.~1!–~3! and convoluted with the in-
strumental function. The multiphonon contributions un
n550 were taken into account. Figure 2 shows the comp
son of the normalized experimental energy spectrum~open
circles! with the calculations~solid line!. These two data set
are presented in an absolute scale without any additiona
In general, the calculated scattering probability shows g
agreement with the experimental data. However, one m
note that the peaks at64 meV are sharper in the experime
tal spectrum than in the calculated curve. On the basis of
available data we cannot judge whether this discrepancy
sults from the uncertainties in the DOS data, or indicates
expression~3! does not precisely describe the multiphon
contribution of scattering.

The calculated probability of inelastic scattering has
peak at zero relative energy. As seen from Eq.~2!, the elastic
contribution to the scattering probability (n50) is not taken
into account in the calculations. The energy spectrum of
single-phonon scattering also does not contain the cen
peak. Thus, the central peak of the calculated scatte
probability results only from the multiphonon scattering.
order to illustrate this point, we show in Fig. 2 the add
contributions of the single- and two-phonon scattering~dot-
ted line 11 2!. This curve has the same peaks at64 meV as
the single-phonon contribution, but contains also the pea
the center. Apparently, it arises from the convolution of t
energy spectrum of the single-phonon scattering with its
and accounts for the particular case of the two-phonon s
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tering, which is accompanied by the simultaneous crea
and annihilation of the phonons with approximately the sa
energy. This inelastic contribution to the central peak w
not previously noted in the energy spectra of nuclear ine
tic absorption,3–7 but here it is pronounced due to the sha
peak in low-energy region of the density of phonon states
b-Sn.

The significant contribution of inelastic scattering to t
central peak does not allow us to subtract the elastic con
bution of scattering according to the convention
procedure4–7 and to calculate the Lamb-Mo¨ssbauer factor
from the area of the inelastic part of the energy spectru
Instead of this, we have determined the lower and the up
margins of f LM , considering the central peak to be eith
completely inelastic or elastic, respectively. This gives
following range for the Lamb-Mo¨ssbauer factor: 0.031(3
< f LM<0.053(5). Comparing this estimation with the valu
obtained from forward nuclear scatteringf LM50.042(2)
~Ref. 25! we conclude that the central peak in the experim
tal data consists of approximately equal contributions
elastic and inelastic scattering.

In summary, we have measured the energy dependenc
nuclear inelastic scattering of the 23.8795-keV x rays
b-Sn through the radiative channel of nuclear deexcitat
with sub-meV energy resolution. The scattering was incoh
ent over the various nuclei and averaged over phonon
mentum transfer. We suppose that in this approximation
energy dependence of inelastic scattering should be clos
that of inelastic absorption. Comparison of the experimen
spectrum of inelastic scattering with the calculated spectr
of inelastic absorption shows in general good agreem
however, the peaks of the experimental spectrum are so
what sharper. This can hardly be attributed to the experim
tal uncertainty because any systematic error of the exp
ment~mechanical instability, thermal drift, etc.! would work
in the opposite direction. One possible reason of the disc
ancy may be the uncertainty of the data on the density
phonon states. On the other hand, it also may arise from
inadequate theoretical description of the multiphonon con
bution of inelastic scattering by Eq.~3!. In this respect we
note that there is an urgent need of a complete theore
description of nuclear inelastic scattering via the radiat
channel of nuclear decay.
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R. Röhlsberger, E. Gerdau, H. Homma, and M. Kentjana, Ph
Rev. Lett.70, 3351~1993!.
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