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We have observed coherent nuclear resonant scattering of synchrotron radiation from the 67.41-keV level of
6INi. The time evolution of the forward scattering signal was recorded by employing the nuclear lighthouse
effect. This method is used to investigate Mdssbauer isotopes in a coherent scattering process with synchrotron
radiation at high transition energies. The decay of the excited ensemble of nuclei in Ni metal shows quantum
beats that allowed the determination of the magnetic hyperfine field &itfheucleus. Moreover, we deter-
mined the lifetime of the 67.41-keV level 8iNi to be 7.41) ns.
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Over the last two decades, nuclear resonant scatteringcopic work has not been performed, due to the problems
(NRS) of synchrotron radiatioSR) experienced a huge suc- mentioned above. This is the case ft¥i (67.41 keV} (Ref.
cess in complementing the use of radioactive sources needad) and!97Au (77.35 ke (Ref. 20.
for traditional Mdssbauer spectroscdpy.ike Mossbauer Lately, a method was described that allows a modified
spectroscopy, nuclear forward scattefifiyFS) is an excel- NFS exp,)eriment that does not require the use of high-

lent tool to examine hyperfine interactions in sofdghanks . .
yp Hesolutlon monochromators: the nuclear lighthouse effect

to the brilliance of present SR sources, experiments wit ) i .
very small sample sizes such as under high pre$sore (NLE). When the sample is subjected to a fast rotation, the

ultra-thin films in grazing incidenéebecame feasible. Fur- time evolution of the decaying nuclei is translated into an
thermore, new concepts evolved that had no counterpart igngular deviation: With increasing time after excitation, the
traditional Mossbauer spectroscopy, such as nuclear inelastigemitted photons are deflected off axis with increasing an-
sca’[terin@v7 or synchrotron-radiation-based perturbed angu.gu|ar deviationa from the forward direction. This method
lar correlatiorf:® has been applied /Fe2! 11%n22 gnd 14%m23

Mossbauer transitions are characterized by a very narrow Here, we have studied the hyperfine interaction®fi
energy width in the neV region. NRS of SR has been rewith the NLE. Nickel is a very interesting system in many
stricted to a few isotopes, where sophisticated highaspects. Like otherdtransition elements, it exists in differ-
resolution Bragg monochromators allowed the reduction oent valence states, shows a multitude of striking magnetic
the large electronic scattering background by decreasing theroperties such as in iron-nickel Invar allod/sand plays a
large SR bandwidth down to the meV regitrt! Only then,  key role in biomolecule& It is therefore of great interest for
electronic gating of the signal from fast detectéfSpermits  hyperfine interaction studies. Traditional Mossbauer spec-
the discrimination between the rapid elgctronic. scatteringroscopy with this isoto&27is very much hampered by the
and the delayed response of the decaying excited nucleaport lifetimes of the two possible mother isotofi&8o and
level. Unfortunately, high-resolution monochromators of the61Cu, which have lifetimes of 99 and 213 min, respectively.
“nested” typé® are restricted to an energy range of up 10 The experiments were performed in the 16-bunch filling
approximately 30 keV. The reason for this is the decreasingnode at the nuclear resonance beamline 1D18 of the Euro-
angular acceptance of the Bragg reflection as x-ray energiqﬁgan Synchrotron Radiation Facilf§.Although the NLE
increase. This is less an issue f_or Bragg backscattétify. goes principally not depend on the type of filling m&de,
Nonetheless, above 50 keV, this method seems extremelygitional time discrimination was necessary in the case of
challenging: Very thick perfect crystals are needed, as thely;: The nuclear signal df!Ni is quite small as compared to
x-ray extinction depth is in the centimeter range, further rethe glectronic scattering background mainly caused by small-
quiring an enormous temperature stability, and the reflect|vang|e x-ray scatteringSAXS). As the latter is scattering on a
ity is only a few percent. N “prompt” time scale of 101 s, the 16-bunch mode together
., Apart from experiments with the 14.41-keV transition of wth a fast detector permits a time discrimination between
16':9’ whichis the most often used ISotope, experiments Withhe two processes. The reason for the small ratio of the

°Tm (8.41 keV), *%Sn (23.88 keV}, ®Kr (9.4 keV), **Ta  nyclear signal to the electronic scattering is the low Lamb-
(6.21 keV), *'Eu (21.54 keV}, **'Dy (25.65 keVf (Ref. 19,  Mosshauer factof,, for high-energy nuclear transitioR8.
“%8m (22.49 keV (Ref. 4, ' (27.75 keV (Ref. 16, and The setup for nuclear lighthouse effect experiments is
40K (29.83 keV} (Ref. 17 have been performed. Very re- shown in Fig. 1. The key part is a modification of a commer-
cently, the method of backscattering monochromatization aleially available rotor/stator systéfhconceived for magic
lowed investigations witht?'Sb (37.13 ke\J.!® Other iso- angle spinning NMR. The modifications allow for x-ray
topes with high-transition energies have only been excitedransmission and cooling down to 100 K, although rotor in-
and their fluorescence decay could be detected. Spectrstabilities limit us to around 150 K so far. Gas flows assure
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FIG. 2. (Color onling The nuclear lighthouse effect wiffiNi at
180 K. The detector signal was gated off during the first 7 ns to
discriminate the prompt SAXS backgroufied 10 kHz). The SAXS
is seen at early times when removing the gate temporarily for a
short instant. The NLE data could be fitted by the theory of nuclear

FIG. 1. (Color onling Experimental setup. The undulator radia-
tion U is monochromatized coarse{yE=9 eV) by two Si(3 3 3
reflectionsM and shaped by a slit systeg The rotorR containing
61ng: : . . . . .

Ni is spinning atv=8 kHz. The noninteracting prompt direct . .
beam(intensity P) hits the beam stojB. The prompt small-angle fct)rwe;rd SC?“?“QQ ufsmg tt::e _pIO%raMDT'F (fRif' ?l’g The_peat b
x-ray scattering SAXS is in competition with the delayed nuclearStricture originates from the interference of the transitions be-

lighthouse effect signal NLE, thus demanding fast detection with ar}ween the hyperfine-split gro_und and_the .67'414«?\/ excited states
array of avalanche photo diod€s and time-discriminating elec- In the presence of a magnetic hyperfine figl, as illustrated on

tronics E. The detector scans over a range of angles. Only for théhe top right. Without hyperfine interactions, the magnetic sublevels

nuclear delayed signal, angles are resolved proportional to the in"-vOUId be degenerate.

teraction time. electronics. Then, a large detector is best if it can bear the

acceleration and bearing. The cooling is performed with arPverall incoming flux. With small detectors as in our setup,
additional gas flow passing through a liquid nitrogen bathwhich do not cover the whole angular region of interest, one
heat exchanger and directed to the central part of the rotonReeds to scan uniformly over the whole angular region. It
PT100 sensors measure the gas temperatures. Important segflould be stressed again that using fast detectors and time-
ings were made of indium joints. A casing of two invar metal discriminating electronics alone in standard NFS geometry
plates connected with invar screws and spring washers hagithout a viable high-resolution monochromator fails. The
been used to enclose the stator body tightly. prompt flash of noninteracting photons hitting the detector is
The graph in the center of Fig. 1 illustrates the photontoo intense to detect the smaller nuclear resonant signal
intensities from three different processes. The huge peak  shortly afterwards. Thanks to the NLE, the prompt undevi-
the left corresponds to noninteracting undeviated photonsted beam and the delayed nuclear signal are separated in
and thus defines the time=0. Compton scattering and space.
SAXS contribute to deviated photons, but their interaction The sample consisted of two isotopically enrichEi
time with the electrons of the sample and the rotor walls isfoils (85% enrichment each 20um thick. Each foil was
on a prompt time scale of around 10s. This part is rolled to a tube that fitted tightly into a hollow ZsQotor of
sketched by a dotted line following an angular dependence d3-mm inner diameter. The outer rotor diameter is 4 mm. The
a~* according to Porod’s law for SAXS from randomly ori- ZrO, rotor absorbs 70% of the 67.41-keV photons and gives
ented particled! The third category are the photons that arerise to some SAXS. The undulator radiation, having 1/3 of
scattered via excitation of the 67.41-keV nuclear level inthat energy(22.47 keV, is transmitted by the S{1 1 1)
6INi. They are both delayed and deviated to the side accordeflection of the monochromator, but it is completely ab-
ing to the time spent in the foil before deexcitation. In favor-sorbed by the Zr@rotor walls. Therefore, it does not con-
able cases such as at tHee resonance, both the SAXS and tribute to the SAXS background. Single crystalline sapphire
NRS signals are of comparable strengths. The discriminatiorotors, as used in previous experiméatsith °’Fe samples,
can be done with successive measurements of the angulaould absorb less and give less SAXS for the 67.41-keV
intensity variation, once at resonance, once slightly detunedadition, but are brittle and can break in the spinning unit at
and subtractioB! In the case of!Ni this is no more possible low temperatures.
and fast detectors are employed to use the time information The measurements at 180 K are presented in Fig. 2. We
to discriminate between SAXS and the nuclear signal. With-used a stack of 24 silicon avalanche photo diodes, each
out discriminating detector electronics, the slit size in front100-um thick and 10< 10 mn? large, and inclined to an
of the detector defines the time resolution and each detect@ngle of 37° between the silicon surface and the beam direc-
position x=da corresponds to a time according tox  tion. A detector slit limited the sensitive area tx@ mn¥,
=2gdut, with d being the distance between sample and dehorizontalX vertical. At 67.41 keV, the calculated efficiency
tector, andv the rotational frequency of the rotot=0 is the  of the total assembly is 20%. The electronic time resolution
position of the direct beam. If, instead, time discrimination iswas 2 ns. During 375 min, the detector array was scanned
applied, the time resolution is given by the detector and itgepeatedly over a lateral displacemamanging from 0(be-
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cause a Doppler shift acting on the transition energfies.
3 An inhomogeneous line broadening was also observed in
the NMR measuremenisand attributed to impurities and

1000

SINi .
100 1 strain.
@ For an independent determination of the lifetime of the
§ 67.41-keV level, we measured the temporal evolution of the
o

3 incoherent scattering of individu&Ni nuclei (nuclear fluo-
rescenceg The coherence is destroyed, when phonons inter-
vene and an energy transf@honon creation or annihilatipn
L takes place during the nuclear transition. The decay of indi-
0 10 20 30 40 50 60 7 vidual excited nuclei follows an exponential behavior and
time [ns] the reemitted photons proceed inter 4s opposed to the
forward direction in the case of NFS and the NLE. Some
_ FIG. 3. (Color onIinlé'_I'ime evolution of the fluorescence radia- precautions have to be taken when realizing the setup shown
tion of the 67.41-I<.e\/S Ni Ievel.. The setup to measure the nuclear ;, the inset of Fig. 3. Th&™Ni metal foil was kept at room
fluorescence consists of two Si monochromator crystn the(3 o perature to obtain a negligibly low Lamb-Massbauer fac-
3 3) reflection, an absorbé to reduce photon intensity transmitted . . .
tor. Otherwise, coherent effects like a propagating delayed

via the Si(1 1 1) reflection, thé®!Ni foil, and a fast detectaD, with i
time-discriminating electronic&. An electronic gate blocks data wave field through the sample due to NFef. 3§ would

aquisition during the first 7 ns, i.e., especially the prompt photonsinfluence the exponential decay. Moreover, by covering a
large solid angle with the detector, effects from the angular

hind the beam stopto 50 mm. With »=8 kHz and d correlation between incident and scattered photons affecting

=13.9 m, the corresponding times are 0 to 72 ns. BetweeH® temporal evolution are averaged out. o

two scans, the monochromator energy was checked using a The measured exponential decay is shown in Fig. 3. The
setup as depicted in the inset of Fig. 3. The time discriminadetector was gated during the first 7 ns. The lifetime of the
tion in order to block the prompt signal of the SAXS back- 67.41-keV level of'Ni was determined to be 7#) ns. The
ground is done with an electronic gate that opens 7 ns afteadopted literature value is 7.@B) ns, based on two
the arriving SR pulse. A multichannel analyz&8/iCA)  measurement®. Shipley et al. report a value of 7@) ns
records the time spectrufdO channels per nanosecond; 400 (Ref. 40, which is closer to our result.

channels are displayed in Figl. The detector is 6 mm wide  |n the future, other isotopes in this energy region could be

laterally, corresponding to a temporal width of 8.6 ns. Thisaggressed as well, especialf’Np (59.54 keV and =
defines the time window where photon counting is possible- g7 ng, % (73.04keV, 7=8.8n3, but also *0s

at each detector position. The precise time informatiort69.53 keV,r=2.3 n3 and "*Ge (68.75 keV,7=2.5 n3. To

\elxv:gl?h;h:\jl C\:NAI\ndTOhV(\; [cism?ebtrzlgsliti\glr:hisﬂ;re]ugrgs/%nelk?;ttrl(q)glgz increase the signal-to-noise ratio, several improvements are
. ible. Fir llimatin mpound refractiv n
tector with its electronics and not by the detector slit S|ze.pOSSbe st, a collimating compound refractive Kns

The overall time the detector was in place to acquire deIaye&CRL) can increase the count rate by a factor of 10: The

photons for a particular data point in Fig. 2 was 45 min. Thevertical divergence of the photons from the undulatorris

average beam current in the storage ring was 70 mA. We 12 wprad full width at half maximum. It can be decreased by

detected 2770 photons being scattered byﬁﬁhé nuclei, a 80-hole parabolic aluminium E:RL ma:o._g prad, wh_|ch
after subtracting the background solely due to cosmic radiaMaiches the acceptance of a 1° asymmetrically c@83i3
tion or electronic noise. This corresponds to a count rate ofeflection. Second, a further improvement of the cooling
1 s, if we had a large detector covering the whole interest-Scheme to reach standard operation at 100 K without rotor
ing angular range at once. The rate of incoming photons iptability problems seems reachable. The lateral rotor move-
the energetic width of the resonance is 30D at the stated Ment or a precession of the rotor can be disregarded, if only
electron beam current. 1/3 circumference sample foils are used, as the beam passes
We could fit the data using the prograwoTiF (Ref. 33  the sample only once. Lower temperatures increase tremen-
and obtain a magnetic hyperfine field of @7 T and an dously the Lamb-Mdssbauer factor and operation at 100 K
additional line broadening of 0.45 natural linewidtig As  will give about another factor of 10 higher NLE signal. If the
input parameters, we ugg=-0.75uy and u.=0.48 uy for ~ stability problems are solved, the use of sapphire rotors
the nuclear magnetic moments ®Ni (Ref. 34 and f would be beneficial in decreasing both the SAXS signal and
=0.025 according to the Debye model with a Debye tem-the absorption of 70% of the 67.41-keV photons. Rotational
perature of 390 K® The lifetime of the excited level was frequencies can still increase to 12 kHz. Finally, although
taken to be 7.4 ns, as determined by us and explained beloVinear detectors with high efficiency at these energies are
The magnetic hyperfine field at this temperature as measureaudissing, detector improvements can give at least a factor of
with NMR is 7.2 T3¢ This slight discrepancy might be due 2, e.g., with two sets of detectors that scan half of the angular
to a small relative movement between the two sides ofange simultaneously.
the cylindrical foils as seen by the beam. This lateral move- In conclusion, we have performed coherent nuclear
ment can be due to a precession of the rotor and mightesonant scattering from the 67.41-keV level BN by
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employing the nuclear lighthouse effect. We found a mag- We wish to thank E. Gerdau for supplying the enriched
netic hyperfine field of 6(2) T at 180 K. The experiment °®!Ni foil and the detector array. We are grateful to K. Martel

opens the field for hyperfine spectroscopy at high-transitiorior help concerning the conception of the lighthouse, and S.
energies. The method of the nuclear lighthouse effect is exKitao for support during measurements. This work was
tended to lower temperature conditions and might be appliegartly supported by the German BMBF under Contracts No.
to temperature-dependent phase transitions in the future. 05 KS1HRA 8 and 05 KS1WOC/2.
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