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We have observed scattering of synchrotron radiation by the 9.4-keV nuclear resonance of gaseous
Kr. In a gas, there is no recoilless absorption (no Mossbauer e6'ect). A cell of krypton gas (natural

abundance, 12% Kr) was placed after a Si(111)monochromator. Incoherent resonant nuclear scatter-
ing, 0.3 cts/s, was separated from nonresonant electronic scattering, 7X 10 cts/s, using the time resolu-
tion of an avalanche diode detector. The resonance energy was found to be 9403.5+1.8 eV. The time
dependence of the scattered radiation agrees with a previous measurement of the excited-state lifetime.

Mossbauer's discovery' in 1958 of recoilless emission
and absorption of nuclear radiation paved the way for
many fascinating physics experiments and opened the
field of Mossbauer spectroscopy, now used routinely as a
probe of atomic environments. In the last decade, since
work by Czerdau et al. , the 6eld of nuclear resonant
scattering has expanded to make use of synchrotron radi-
ation, which is broadband, highly collimated, polarized,
and pulsed ((1-ns pulse width). The first synchrotron
radiation experiments were diffraction studies of pure nu-
clear rejections in perfect crystals. Since then, tech-
niques have improved ' making it possible to study
coherent forward scattering from polycrystalline foils,
specular reAection from thin films, small-angle
diffraction from multilayers, ' and incoherent scattering
from a thin foil."

The broadband, pulsed nature of synchrotron radiation
allows investigation of samples that are dificult or impos-
sible to study using radioactive Mossbauer sources.
Severe broadening of the nuclear resonance, or an ex-

tremely low recoilless fraction, can make it very difticult
to excite a resonance using a narrow linewidth radioac-
tive source. In addition, the corresponding reduction in
the peak resonant nuclear cross section can prevent any
resonant effects from being observed above the back-
ground from nonresonant scattering processes. The large
bandwidth of synchrotron radiation makes it possible to
excite extremely broad lines, and the temporal definition
of the pulses makes it possible to eliminate the back-
ground from nonresonant scattering. Nonresonant
scattering is fast, or prompt, while scattering from the
long-lived nuclear resonance is slower, or delayed.

We report observation of resonant nuclear x-ray
scattering of synchrotron radiation by the 9.4-keV nu-
clear level of Kr (Ref. 12) in gaseous form. This is the
extreme case of a material with a vanishing recoilless
fraction: there is no Mossbauer effect in a gas. Further-
more, Doppler broadening reduces the peak resonant
cross section in this sample by about 6 orders of magni-
tude, relative to that of a solid exhibiting the Mossbauer
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effect. However, incoherent' nuclear resonant scattering
(into 4~ sr. ) of synchrotron radiation from this sample
may be observed because the incident radiation pulse is
short compared to the nuclear excited-state lifetime.

This work was done at beamline 6-2 of the Stanford
Synchrotron Radiation Laboratory (SSRL). The x-ray
beam prepared by a Si(111)monochromator was allowed
to fall onto a cell of krypton gas, after passing through a
slit and an ionization chamber. A 1.6-cm-diam avalanche
photodiode detector' was mounted near the cell and a
horizontal scattering plane was chosen to reduce the
background from prompt Rayleigh scattering (since the
synchrotron radiation is largely horizontally polarized).

The krypton used in this experiment was not enriched,
having the natural isotopic abundance of 12% Kr. The
sample cell, about 1X1X3 cm, was made small to
reduce the background from natural radioactive decay in
the krypton sample, probably from 'Kr, which has a
half-life of 2. 1X10 yr and emits a 276-keV photon. '

This background was less than 0.05 cts/s.
The use of the large-area avalanche diode in this exper-

iment is an important point. Although the isolation of
the delayed nuclear scattering signal through time gating
was suggested as early as 1962,' the limited dynamic
range of available detectors has required that additional
techniques be used to suppress nonresonant scattering in
synchrotron radiation experiments (see, e.g., Refs. 4—6
and 8 —11). This greatly increases their complexity. One
of the goals of this experiment was to show that effective
time gating could be achieved using only simple synchro-
tron radiation x-ray optics.

The prompt count rate due to nonresonant scattering
of synchrotron radiation by the sample was about 7 X 10
x-ray photons/s, as determined from the current through
the avalanche diode. The electron storage ring (SPEAR)
was run in timing mode, with electron bunches providing
x-ray pulses every 195 ns. Each pulse deposited an aver-
age of about 14 9.4-keV photons in the detector. By
about 40 ns after the prompt fiash, the detector had
recovered suSciently to detect single delayed photons. '

Figure 1 shows an oscilloscope trace of the photodiode
output, with a single delayed event bracketed by two
prompt Gashes from nonresonant scattering.

Figure 2 shows the delayed count rate (in the interval
62 —108 ns after the prompt Gash) as a function of the
Si(111)monochromator position. The energy scale of the
horizontal axis was determined from K-edge absorption
scans of copper and zinc foils. The energy of the first
inAection point in each case has been measured using an
interferometrically calibrated silicon crystal. ' The ener-
gy of the 9.4-keV transition in Kr is found to be
9403.5+1.8 eV, where the error is dominated by the un-
certainty in our measurement of the zinc K-edge
inAection point. This is in good agreement with earlier
work' where the resonance energy was determined to be
9400+10 eV using a Si(Li) detector.

The time window for the energy scan shown in Fig. 2
was carefully chosen. Though the electron bunches in
the storage ring are nominally separated by 195-ns inter-
vals, there are usually also some electrons in the interven-
ing regions. The current in these "microbunches" is
small (parts in 10 of the main bunch current), but the
nonresonant scattering of the radiation from them ap-
pears in the same time window as the delayed nuclear
scattering. This creates a background that can be sub-
stantially larger than the signal. The microbunches tend
to cluster about the main bunches and typically limited
the counting period to something like the 50 ns used
above. However, during one 4-h period, the number of
microbunches was reduced, making it possible to measure
the signal between 60 and 180 ns after the prompt pulse.
The resulting time response (background subtracted) is
shown in Fig. 3, along with a curve showing the natural
lifetime of 212 ns measured in Ref. 20. The data are in
reasonable agreement with this decay rate (y =25 in 30
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FIG. 1. Delayed single photon event between two prompt
flashes from nonresonant scattering (as seen on a Tektronix
TDS 620A digital sampling scope, 500 MHz, 2 Gs/s). The
avalanche photodiode output has been amplified by 10 .

FIG. 2. Delayed count rate (in the interval 62—108 ns after
the prompt Aash) vs Si(111)monochromator position. The ener-

gy calibration is based on Cu and Zn k-edge absorption scans.
Peak delayed rate in this time interval was 0.32 cts/s and back-
ground rate was 0.07 cts/s. The measured peak count rate of
about 0.3 cts/s is consistent with the incident Aux and band-
width, the counting time interval, and the estimated detector
ef5ciency and solid angle. The solid line is a Gaussian fit with
constant background. The width of the Gaussian (7.5-eV
FWHM) is the monochromator energy resolution.
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FIG. 3. Scattering rate as a function of time after the syn-
chrotron pulse for the 9.4-keV nuclear transition in "Kr gas.
The solid line corresponds to the nominal (1/e) lifetime of 212
ns. The background has been subtracted.

points).
The use of a gaseous sample in this work makes it

significantly different than a previously published report
of incoherent nuclear scattering of synchrotron radiation
from an enriched iron foil." The coherent nuclear for-
ward scattering in the gaseous Kr is negligible so that,
unlike in Ref. 11, there is no perturbation of the in-
coherent scattering due to the coherent forward scattered
wave. The time response is then simply the exponential
decay of a nucleus in an isolated Kr atom.

In the absence of coherent nuclear forward scatter-
ing, ' incoherent nuclear scattering experiments using
synchrotron radiation are similar to perturbed angular
correlation-distribution (PAC-PAD) experiments. ' In

fact, perturbed angular correlations have been studied
previously in gaseous samples. However, synchrotron
radiation experiments are potentially simpler in that they
involve only one nuclear excited state (up to hyperfine
splitting) and have the same particle incident as scattered
(thus distinguishing them from PAD experiments requir-
ing a radioactive parent state and PAD experiments with
an incident particle beam).

Finally, we note that incoherent scattering could also
be used to probe velocity distributions of resonant nuclei
in a sample. The bandwidth of the incident synchrotron
radiation could be reduced using a high-order Bragg
reflection [e.g., the Si (7 3 3) re6ection j. An energy
dispersive arrangement of a pair of such rejections could
reduce the bandwidth down to —10 meV, allowing inves-
tigation of velocity scales down to the level of 300 m/s.
At the meV level (-30 m/s Doppler shift at 9.4 keV),
one can envision investigating atomic velocity distribu-
tion profiles in gases or liquids. This would complement
recent work using nuclear resonant scattering to investi-
gate the phonon density of states in polycrystalline a- Fe
(Ref. 24) and the phonon excitations in a powder sample
of a large macromolecule.
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