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Time spectra of a nearly-single-line pure nuclear reflection excited by synchrotron radiation
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The time dependence of the coherent response of a >’FeBO; single crystal excited by
synchrotron-radiation pulses was studied in the pure nuclear (333) Bragg reflection near the Néel
temperature, where the Mdssbauer reflection spectrum consists of nearly a single line of almost
natural linewidth. The time spectra revealed a delayed reemission of y quanta into the Bragg
direction starting at zero intensity. This behavior was determined by two factors: the coherent
decay of the nuclear excited state and the interference of two nearly coinciding hyperfine com-

ponents.

INTRODUCTION

Maossbauer radiation sources of very high brilliance will
be available in the near future at dedicated synchrotron-
radiation (SR) facilities. For Mdssbauer spectroscopy,
narrow single-line sources are essential in the case of
time-integral measurements. Therefore possibilities of
Mossbauer single-line filtering of synchrotron radiation
are searched for.

The most advanced method of Mdssbauer filtering is
based on pure nuclear diffraction by single crystals. How-
ever, pure nuclear diffraction is usually intimately related
to the hyperfine interaction of nuclear magnetic or quad-
rupole moments with the internal crystalline fields.' >
Therefore the energy spectrum of the filtered radiation
contains several hyperfine components. In the time spec-
trum of the filtered radiation, the interference of these
components gives rise to quantum beats.* %

One possibility to obtain a single-line source will be the
elimination of all hyperfine components but one by an ad-
ditional resonance absorber.” Another way used in the
present work is based on the possibility of directly obtain-
ing a single-line pure nuclear reflection in FeBO3 heated
up to the Néel temperature where the magnetic hyperfine
interaction is vanishing.® The first method yields a single
line of several natural linewidths, since in nuclear Bragg
diffraction the reflection lines are usually considerably
broadened due to dynamical diffraction effects. The
second method yields a single line of almest natural
linewidth because it is the superposition of several lines
which add destructively at their wings.

The aim of the present work was the study of the time
dependence of the coherent nuclear response of a ’FeBO3
single crystal excited by SR under the condition of vanish-
ing magnetic hyperfine splitting at the Néel temperature.
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EXPERIMENT AND RESULTS

The time dependence of the coherent resonant y reemis-
sion was measured at the Mossbauer station of the
HASYLAB [Hamburger Synchrotronstrahlungslabor,
Deutsches Elektronen-Synchrotron (DESY)].® The pure
nuclear reflection S’FeBO; (333) was employed. The
crystal was mounted in a special diffraction cell as in a
previous experiment, where the temperature dependence
of the reflection spectra in-between room and Néel tem-
perature was studied.'® The crystal was heated up to tem-
peratures slightly above the Néel temperature (Ty
=75.2°C). A weak magnetic field of about 10 mT was
applied to the crystal perpendicular to the scattering plane
in order to induce antiferromagnetic order above the Néel
temperature.® This weak external field served to expand
the critical temperature range where a nearly-single-line
Modssbauer spectrum can be observed. The time spectra
were measured at three different temperatures between
75.5 and 75.8°C. For comparison, the Mdssbauer spectra
of this reflection were measured at about the same tem-
peratures using an intense >'Co source at the Kurchatov
Institute. The results of both measurements are shown in
Fig. 1.

The energy spectra consist of a single line, which is
slightly asymmetric at the base. The reflection intensity
decreased with increasing temperature. The intensities
measured at the three temperatures were about 20%, 10%,
and 5% relative to the intensity of the full spectrum mea-
sured at room temperature, respectively (or 50%, 25%,
and 12% relative to the intensity of an outer line). The
energy width of the reflection is ~3.1 natural linewidths,
where the source linewidth of 2.1 natural linewidths has to
be subtracted from this measured linewidth.

The time spectra of the reflection reveal that the pulsed
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FIG. 1. Time spectra of the nuclear response to the pulsed excitation by synchrotron radiation in the pure nuclear reflection
$7FeBO; (333) and the corresponding Méssbauer diffraction spectra, measured at temperatures slightly above the Néel point. The
solid lines are fits to the spectra with magnetic fields of 1.5(0.2) T, 1.3(0.2) T, and 0.5(0.2) T, respectively.

excitation of the nuclear system is followed by a delayed
reemission into the Bragg direction. The reflection starts
at zero intensity and increases until a maximum is
reached at about 30-50 ns. Afterwards it decreases slow-
ly. The solid curves in the time spectra in Fig. 1 are the
results of a fit with the full dynamical theory. The quad-
rupole splitting A= eQV;, was —0.35 mm/s for all spec-
tra, so only the magnetic field, the back%round, and a nor-
malization factor were fitted. The y° values were all
below 1.1.

INTERPRETATION AND DISCUSSION

The energy spectra of the reflection demonstrate that in
stationary scattering conditions a nearly single line of
Maossbauer radiation of almost natural linewidth can be
filtered from synchrotron radiation. This situation is
achieved in antiferromagnetic FeBO; when near the Néel
point the magnetic hyperfine interaction breaks down and
becomes weaker than the electric interaction, which has
an axis perpendicular to the magnetization axis. The
Modssbauer absorption spectrum then collapses to a quad-
rupole doublet where each line is further broadened by the
magnetic field. The diffraction spectrum, by contrast, is
dominated by only one of the doublet lines. This can be
understood from the splitting of the excited 3 level by the
combined interaction. The electric interaction alone
creates two sublevels. The further splitting of these sub-

levels by the magnetic interaction is very different. One
level splits linearly with the magnetic field, whereas the
other splits only in higher order.!! Two groups of transi-
tions to the only magnetically split ground state occur.
They built a quadrupole doublet. Since in the present
case of a pure nuclear reflection of magnetic origin the
reflection intensity increases strongly with the magnetic
line splitting, only one line appears in the diffraction spec-
trum.

The time spectra, i.e., the time evolution of the radiative
emission into the Bragg direction, can be explained by a
process determined by two factors: the decay of the nu-
clear excited state and the interference between the nu-
clear hyperfine components, which results in the quantum
beats.!? The time evolution of the resonance fluorescence
strongly depends on the ratio between two characteristic
times: the decay time 7 and the beat period 7.

If T<«rt, the interference between the different
hyperfine components gives rise to a beating of the reemit-
ted intensity, which, on the average, follows the decay of
the excited state. Changes from constructive to destruc-
tive interference and vice versa occur so many times dur-
ing the lifetime of the excited state that the decay of the
nuclear excitation looks nearly the same in any allowed
coherent emission channel. If, however, T= 7 or even
T>> 7, the situation is completely changed. In the limit
T> t, the interference in the Bragg direction is destruc-
tive during the lifetime. The conditions of the present ex-
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periment were T = 7, since the hyperfine splitting was in
the order of the linewidth. In this intermediate situation
decay and interference compete: the transition from con-
structive to destructive interference (or vice versa) in the
y-ray emission occurs just in times comparable to the life-
time. For the electronically forbidden (333) reflection the
initial interference is destructive. The transition to con-
structive interference proceeds so slowly that most of the
stored excitation energy is already released. This explains
why only a delayed and relatively low intensity was ob-
served in the Bragg direction.

The delayed reemission into the Bragg direction could
give the impression that the decay was delayed altogether.
This behavior would then be in strong contrast to the
speedup of the decay observed at room temperature.> For
the characterization of the decay of the nuclear excitation,
however, one has to take into account all possible channels
of reemission. After the prompt interruption of the exci-
tation, the reemission is mainly influenced by the coherent
channels. In these nonstationary conditions two coherent
channels are allowed, the Bragg and the forward channels.
Since the forward reemission is initially constructive, a
strong decay channel is opened immediately after the ex-
citation by the synchrotron flash. A strong speedup of the
decay occurs. Under the conditions of slow beating, the
forward channel stays open long enough so that the
speeded-up decay carries away most of the excitation en-
ergy into the forward direction. In the Bragg reflection
direction the decay is not observed until very late times,
when the strong initial speedup is already over.

It is interesting to note that the time spectra give impor-
tant information about the physical nature of the energy
spectra. The nearly single line observed in the energy
spectra could be of different origin, being a true single line
or the sum of two single lines scattering either in phase or
in antiphase. A true single line or the sum of two single
lines scattering in phase would yield a time dependence
with initial maximum intensity. This is in contrast with
the observed time spectra, where the initial intensity is
zero corresponding to the antiphase scattering of two su-
perimposed single lines. Thus the present case of antifer-
romagnetic single-line filtering can be distinguished from
the (so far) not yet observed case of single-line filtering
(e.g., by an electronically allowed reflection) by just the
start of the time spectrum.

In this experiment the possibility of narrow single-line
Mossbauer filtering of synchrotron radiation has been
demonstrated. The pure nuclear reflection >’FeBO; (333)
yields at the Néel temperature a beam of nearly-single-
line Mossbauer radiation of almost natural linewidth,
which can be employed in Mdgssbauer spectroscopy for
time-integral measurements.
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