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Nuclear Resonance Scattering of Synchrotron Radiation by 4°K
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We have observed the excitation of the 29.83 keV nuclear level of the radioactive “°K nuclide, which
level is not populated by any radioactive source, by synchrotron radiation for the first time. The absolute
energy of the level of 29.834 = 0.011 keV and the half-life of 4.13 = 0.12 ns were obtained from our
measurements. Our success in observing the nuclear excitation of radioactive “°K in a KCI powder
sample shows the possibility for study of the local vibrational states and the electronic states of potassium

in various areas of research.

PACS numbers: 76.80.+y, 27.40.+z, 78.70.Ck

Potassium is one of the most important elements in
material and biological sciences, and the extensive and de-
tailed investigation on the local vibrational and electronic
states of the element will lead new developments of the
areas of the researches. Mossbauer spectroscopy is an
effective and well-established method for those researches,
and the potassium isotope “°K is the nuclide with the
lightest mass for which a Mdsshauer resonance has
been observed [1,2]. This isotope itself is radioactive
with a half-life ¢, of 1.277 X 10° yr and has a natural
abundance of 0.0117% [3]. However, the 29.83 keV first
excited state is not populated by any radioactive par-
ent nuclide. The observation of the Mdssbauer effect,
therefore, is impossible by using ordinary radioactive
sources. Inbeam methods for nuclear reactions [(d, p)
reaction [1] and (n, y) reaction [2] ] on the predominant
potassium isotope K were adopted for the M 6ssbauer
measurement. In these cases, the damage of the source,
which is frequently used as a sample and nuclear reac-
tion occurs on, is serious. In addition to the required
29.83 keV vy rays, other y rays are strongly emitted from
the source and reduce the rel ative absorption of M dssbauer
effects. Though potassium is a very important element
for all kinds of material including biological substances,
these difficulties have prevented the extensive study on
potassium using nuclear resonance methods with some
exceptions.

For the hyperfine-interaction studies, the pulsed, highly
bright, well-collimated, tunable and polarized synchrotron
radiation is very distinct and advantageous as compared to
aconventional radioactive source; the regular short pul se of
synchrotron radiation offers a high-resolution spectroscopy
in time domain that is free of troublesome mechanical
motions in ordinary Mo&ssbauer spectroscopy. After pi-
oneering experiments [4,5], the nuclear resonant Bragg
scattering of synchrotron radiation was observed in 1984
[6]. Adding to the coherent nuclear resonant scattering,
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the time evolution of the incoherent nuclear scattering was
observed [7]. Furthermore, the observation of the single-
nucleus quantum beats in the incoherent scattering has
shown a possibility of the incoherent one for hyperfine
spectroscopy [8]. On the other hand, one of the most out-
standing and important aspects of synchrotron radiation is
that the measurement of a direct phonon energy spectrum
of aspecific element ispossible. After thefirst observation
of the phonon energy spectrum of iron using synchrotron
radiation in 1994 [9], various kinds of measurements on
the local vibrational states of condensed matter have been
performed with synchrotron radiation. Furthermore, the
use of synchrotron radiation allows the observation of the
spectrum of the diffusive motion of ions in liquids at an
arbitrary temperature [10]. Though the energy tunabil-
ity of synchrotron radiation has a possibility to do nuclear
resonance excitation experiments of various nuclides, the
resonance excitation with synchrotron radiation has been
observed only for few isotopes: *’Fe, 'Tm [11], '°Sn
[12], 83Kr [13], '8!Ta [14], S'Eu [15], and '¢!'Dy [16].
Therefore, the increase of the nuclide that can be excited
with synchrotron radiation is highly important and the most
important target we believe is the “°K nuclide, which has
no appropriate Mdssbauer source. The first proposal for
the use of the synchrotron radiation as a source for Méss-
bauer measurements was done in 1974 [17], and the ad-
vantage of the synchrotron radiation for 4°K was pointed
out in the paper. As far as we know, however, the reso-
nance excitation of “°K using synchrotron radiation has
not been accomplished yet. We have succeeded in observ-
ing the nuclear resonance scattering by °K for the first
time using high-pure and high-brilliant synchrotron radia-
tion of SPring-8 and report the results in this Letter. Our
results will lead to a new possibility of the vibrational and
hyperfine spectroscopic studies of potassium.

The experiments were performed at the JAERI beam
line (BL11XU) of the SPring-8. The storage ring was
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operated in a 116-bunch mode, giving a bunch distance
of 41.3ns. The eectron beam current of the storage
ring was 70—40 mA at 8 GeV. The 3rd harmonic of the
undulator radiation was reduced to ~2 eV bandwidth at
an energy of 29.83 keV with a double crystal Si(333)
monochromator. The energy of the Si(333) monochro-
mator was calibrated by measuring the Sn K absorption
edge (29.2001 keV [18]) for the Sn powder absorber. The
incident beam was limited to the size of 1 X 1 mm? with
dits, and an Al plate of 2 mm thickness was placed in
front of the dits to reduce the first harmonic radiation
(9.94 keV) passing through the monochromator. The in-
tensity ratio of the measured harmonics (1st:3rd:4th:5th) of
the incident radiation was 2:100:6:2. The average intensity
measured by a calibrated Si-PIN photodiode detector was
about 10'!" photons/sfor 29.83 keV. The sample was KCl
powder purchased from Oak Ridge National Laboratories
whose isotope ratio (*K:4°K:4!'K) was 90.42:4.03:5.55. It
was measured as a tablet of 4 mm diameter and 3 mm
thickness, held in a polyethylene sample holder at room
temperature (298 K).

We adopted an incoherent nuclear resonant scattering
geometry as shown in Fig. 1. If the recoilless fraction of
a sample is large enough, the coherent nuclear resonant
scattering of synchrotron radiation is advantageous to the
hyperfine spectroscopy [19]. On the other hand, when the
recoillessfraction issmall enough, most of the scattered ra-
diation isincoherent and is emitted into 477 sr. In the case
of the incoherent nuclear resonant scattering, the photons
having the transition energy between the excited state and
the ground state are directly emitted and the fluorescent
x rays following the internal conversion process of the de-
cay are emitted also. For the directly emitted photons, the
solid angle of a detector should be so small to obtain the
gquantum beat pattern with a high visibility, which reflects
hyperfine fields[8]. On the contrary, the fluorescent x rays
following theinternal conversion process lose the informa-
tion on hyperfine interactions. These facts seem to imply
that the incoherent scattering is not easy for the hyperfine
spectroscopy as compared to the coherent scattering. The
incoherent scattering is nevertheless important and not so
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FIG. 1. Schematic drawing of the experimental setup for the
incoherent nuclear resonant scattering of synchrotron radiation.
With a double-crystal Si(333) monochromator, incident radia-
tion was reduced to ~2 eV bandwidth at an energy of 29.83 keV
and was limited with dlits. The first harmonic radiation was re-
duced with an Al plate of 2 mm thickness. The photon flux
on the sample was calibrated with the prompt electronic scatter-
ing and the current of an ionization chamber. The powder KCl
sample was placed on the Be window of a Si-avalanche photo-
diode detector.

inconvenient for asample with alow recoillessfraction and
for anuclide with alow internal conversion coefficient, be-
cause directly emitted incoherent photons are dominant in
this case. For “°K nuclear resonance scattering, these con-
ditions are valid and 29.83 keV photons are incoherently
scattered following the deexcitation because the internal
conversion coefficient is low (0.29 [20]) and the recoil-
less fraction is small for most of the compounds at room
temperature [2,21]. Therefore, the incoherent nuclear reso-
nant scattering geometry was suited for our measurements.
A Si avalanche photodiode (APD, Hamamatsu Photonics)
detector [22] was used, the diameter of which was 3 mm.
The efficiency for 29.83 keV photons is about 1%. The
sample was placed on the Be window of the APD detector.
The sample irradiated with incident pulses of synchrotron
radiation emits isotropic radiation incoherently after a de-
lay, and this delayed emission is counted with the detector
in this setup. The photon flux on the sample was calibrated
with the prompt electronic scattering and the current of an
ionization chamber.

For searching the nuclear resonance excitation of
40K, the energy scan of the incident x-ray radia-
tion was carried out by changing the angle of the Si
monochromator. As “°K is a radioactive nuclide decay-
ing into “°Ca(89.28%, B decay) and into “°Ar(10.72%,
electron-capture decay), the measured background con-
tained the radioactive emission from 4°K. The signal due
to the resonance excitation has a time structure depending
on the incident pulse timing, whereas the radioactive
background is constant and is independent of the timing.
No signa due to the resonance excitation but only con-
stant radioactive emission is observed a long time after
each prompt pulse. Therefore, by limiting the measuring
time window to an adequate duration in which the signal
due to the resonance excitation can be observed, a good
signal-to-noise ratio can be obtained. We have searched
delayed counts in the time interval 5-15 ns after the
prompt incident pulse. The result of the energy scan is
shown in Fig. 2, in which delayed counts normalized by
the incident prompt counts are shown. The nuclear reso-
nance scattering by “°K is clearly observed. In the time
window, the average count rate of the resonance peak was
20 counts/s, and the average background was as weak as
2 counts/s. For the confirmation of no contribution due
to x-ray fluorescence following the internal conversion,
between the sample and the APD detector we placed
an Al foil of 0.3 mm thickness which cuts 3.3 keV K«
X ray, and a conceivable change was not observed in the
delayed signal. Therefore, the contribution due to x-ray
fluorescence following the internal conversion process
can be negligible in the spectrum. In this measurement,
the absolute energy of the first excited state of “°K was
found as29.834 *+ 0.011 keV. This value agrees with the
previous reported value of 29.8299 =+ 0.0006 keV [3].

To measure the correct time dependence of nuclear reso-
nance scattering, the window for the time distribution of
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FIG. 2. Energy spectrum of delayed emission from 4°K in KCl.
Open circles are the delayed counts normalized by the counts of
the prompt scattering in the time interval 5—15 ns after prompt
electronic scattering. The solid line is a Gaussian fit to the nor-
malized delayed counts, and the peak position was determined
to be 29.834 + 0.011 keV.

incoherent nuclear resonant scattering was set from 17 to
23 ns avoiding the influence of the strong prompt x-ray
pulses on the APD detector and the electronic timing sys-
tem. The time distribution of the incoherent nuclear reso-
nant scattering from “°K in KCl is shown in Fig. 3, and no
guantum beat is observed reflecting the cubic-symmetrical
electronic states of K atomsin KCI crystal. Thisis consis-
tent with the result of the M&ssbauer measurement at |ow
temperature [2], which showed a single L orentzian absorp-
tion. It should be noted that using synchrotron radiation
the measurement at an arbitrary temperatureis possible. In
the case of “°K nuclear resonance in KCl at room tempera-
ture, a contribution due to the secondary x-ray scattering
following the coherent nuclear resonance forward scatter-
ing is expected to be extremely small because of the small
recoilless fraction [2,21]. Therefore, a coherent scattering
contribution, the decay profile of which is not exponential,
can be ignored in the measured time distribution. Conse-
guently, the assumption that the time distribution is simple
exponential is reasonable, and the observed spectrum can
be fitted with a simple exponential time distribution. In
this case, the correct decay time of the excited state can
be obtained directly without complex parameters required
for the time distribution of the coherent forward scattering.
From this spectrum, the half-life of thefirst excited state is
obtained as4.13 = 0.12 ns and this value agrees with the
previously reported value of 4.24 = 0.09 ns[3] within the
experimental error.

In conclusion, we have observed the nuclear resonant
excitation of the first excited state of “°K and measured
the time evolution of the decay for the first time, and
we confirmed the energy and the lifetime of the excited
state. Although the 4°K is a radioactive nuclide, we could
obtain the resonance excitation spectrum with a good
signal-to-noise ratio (S/N = 10). The signal-to-noise
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FIG. 3. Time distribution of the incoherent nuclear resonance
scattering of synchrotron radiation by *°K in KCI. The measured
spectrum (open circles) is fitted by an exponential function, and
the half-life of the first excited state of “°K was evauated to be
4.13 = 0.12 ns.

ratio can be further improved by narrowing the time
window with a small reduction of the signal. Moreover,
the detecting efficiency for 29.83 keV photons can be
improved by using the stacked Si-APD detector keeping
the time resolution [23]. One of the most important
features of the nuclear resonance spectroscopy with
synchrotron radiation is the possibility to excite nuclides
having no appropriate parent nuclides. Potassium-40 is
just that kind of nuclide, and our experimental results
show the feasibility of the nuclear resonance spectroscopy
of °K and the effectiveness of the synchrotron radiation.
Though quadrupole and magnetic hyperfine interactions
were not observed in potassium compounds already mea-
sured [21], potassium clusters incorporated into zeolite
LTA, which has supercages arrayed in a simple cubic
structure and was found to show ferromagnetism below
about 4 K [24], may be promising for the measurement.
Furthermore, the use of synchrotron radiation allows a
direct measurement of the phonon energy spectrum in
the solid or the spectrum of diffusive motion of potas-
sium atoms in liquids. This method has a prominent
feature that the local vibrational state of the excited
nucleus can be obtained. The use of the high-resolution
monochromator with a ~5-10 meV bandwidth makes
the observation of phonon energy spectra of “°K possible.
Furthermore, the reduction of the number of incident
photons by using the high-resolution monochromator
permits the measurement of delayed photons just after
the prompt incident pulses. Therefore, the increase of
the signal-to-noise ratio can be possible without the loss
of signals. We are now in preparation for the measurement
of phonon energy spectrum of potassium. A high-resolu-
tion monochromator in the relatively high-energy region
is proposed [25]. We should emphasize that we could
measure the nuclear resonant scattering of synchrotron
radiation by the radioactive “°K nuclide in spite of the
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constant radioactive background, and this is the step for
the further study using radioactive nuclides. For example,
1291, 133B3, and 2*8U are the radioactive nuclides by which
the nuclear resonant inelastic scattering is expected to be
observed [26]. Our observation of the nuclear resonance
excitation of “°K shows that the electronic and vibrational
studies on potassium can be possible. Therefore, the
promising future of experimental studies on potassium in
material and life sciences is opened.
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