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Introduction

Quantumobjectslike photonsor neutronsacquiredynamical
phaseshiftsuponpropagationin rotatingframesthat canbe
measuredin interferometryor diffraction experiments.The
occurenceof suchinterferenceeffectsrequiresthetransittime
of the particlethroughthe systemto be sufficiently long for
the phaseshifts to evolve. This condition can be fulfilled,
for example,if a resonancewith an energy width

���
is ex-

cited in the system.Thepropagationof radiationis thenaf-
fectedby resonantscatteringprocessesthat take placeon a
time scalegiven by ���	�
�� � �

. If the resonanceis excited
by aradiationpulsethatis shortcomparedto � , acollectively
excitedstate(exciton) is created,wherea singleexcitationis
coherentlydistributedover theatomsof thesample.Theco-
herenceleadsto remarkablepropertiesof theexciton decay,
notablythespeedupof theradiativedecaycomparedto thatof
an isolatedatom,andquantumbeatsresultingfrom interfer-
enceof wavesemittedfrom differentresonancesat different
atoms. The analysisof the temporalevolution of the subse-
quentradiativedecayprovidesvaluableinformationaboutthe
environmentof theatomsin thesample.Therefore,this type
of time-resolvedspectroscopy hasgeneratedseveralapplica-
tions in condensedmatterphysics,involving electronicand
nuclearresonances[1,2]. In this contribution, we describe
aneffect thatarisesdueto theevolutionof dynamicalphases
uponnuclear resonant scattering in rotatingframes.

Theory

Coherentresonantexcitationof an ensembleof nuclei by x-
raysleadsto a boundstatebetweenthe nuclei andthe elec-
tromagneticfield, that is often referredto as ’nuclearexci-
ton’. An interestingsituationariseswhenanuclearexciton is
createdin a rotatingsample.If thecollective phasingof the
nuclei in the sampleis preserved during the lifetime of the
exciton, the exiton stateis rotatedwith the sample. Conse-
quently, the wavevectorof the radiative decay �������

deviates
from � �

by therotationangle� thathasdevelopedduringthe
time

�
afterexcitation. As a result,the time spectrumof the

nucleardecayis mappedto an angularscale,assketchedin
fig.1. The time evolution of the exciton wavevectorcanbe

describedby theprecessionequation: ������� � ��� � . With the

initial condition ��� �!� �"� �
, thesolutionis :

������� � � �$# � � � � � �%�'&)(* ��� � � � � � � � �%� � #,+-+.+
(1)

For theexperimentto bediscussedit is agoodapproximation
to terminatethis seriesafter the first-orderterm. The wave

resonantlyscatteredfrom the rotating sampleis then given
by:

/ � 021 ��� �436527'8:9 � � � # � � � � ���<; 0>= / � � ���
(2)

where / � �����
is the time responsefrom the sampleat rest

whichcanbecalculatedwithin theframework of nuclearres-
onantforwardscattering(NFS)[3].
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Figure1: Scatteringgeometryof nuclearresonantscattering
atasamplerotatingwith angularvelocity � . Thecollectively
excitednuclearstate(nuclearexciton)is carriedwith thesam-
plesothatthetimespectrumof theradiativenucleardecayis
mappedto anangularscale[4].

Eq.2 describesa wave that propagatesin the direction of
��� ��� � � �?# � � � � �

. The mappingto an angularscaleis
describedmostconvenientlyby a one-dimensionaltransfor-
mationof eq.2 into reciprocalspace.Assumingfully coher-
ent illumination, which is a good approximationunder the
presentexperimentalconditions,the time responseis given
by / � @21 ��� � / � �����2A2� @ # � � � � ���

. Expressingthemomen-
tum transferthrough @ � � � � , integrationover time

�
then

yields the scatteredintensityasa function of spatialcoordi-
nateonly : B � � � �DC / � � � � � � C � (3)

Thismeansthattheangulardistributionof thescatteredradia-
tion canbedescribedby thetheoryof NFSusingthemapping� �E� � �

. Due to theapparentanalogywith a sweepingray
of light, this effect hasbeentermedthe Nuclear Lighthouse
Effect. It wasrecentlyobservedin nuclearresonantscattering
from the14.4keV resonanceof F�G Fe[4].



Experiment

For anexperimentaltestof thisprediction,wehaveemployed
nuclearH resonantscatteringat the14.4keV resonanceof F�G Fe
with a level width of

�'�
= 4.7 neV anda lifetime of � = 141

ns. To obtain an angularseparationof 0.1 mrad for events
that areseparatedby 1 ns, rotationalspeedsin the orderof
10kHz arenecessary. Suchhigh-speedrotarymotionis com-
monly usedin themagic-angle-spinning(MAS) techniqueof
solid-stateNMR with frequenciesup to 35 kHz.
Theexperimentwasperformedat theundulatorbeamline3-
ID at theAdvancedPhotonSource.The experimentalsetup
is shown schematicallyin fig.2.
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Figure2: Schemeof the experimentalsetup[4]. The scat-
teredradiationfrom the rotor wasguidedthroughan evacu-
atedflight tubeto the detector. The coordinatesrefer to the
sameframeasintroducedin fig.1. In thebottomright across
sectionalview of thescatteringat therotor is shown.

A slit systemright after the heat-loadmonochromatorwas
adjustedto defineabeamcrosssectionof 500

�
30 I m

�
(hor-

izontal
�

vertical),resultingin a typicalflux of 2
;
10

� �
sJ �

on
the sample. For samplerotation, a commerciallyavailable
NMR - MAS systemwas used(Bruker Analytical GmbH,
Germany), slightly modifiedfor x-ray transmission.Samples
werecontainedin hollow cylinders(4 mm diameter, 0.5 mm
wall thickness)consistingof sinteredpolycrystallineSiK N L .
In this experiment,thesampleswerespunarounda horizon-
tal axiswith a rotationalfrequency of 18 kHz, corresponding
to an angularvelocity of 0.11 mrad/ns. After transmission
throughtherotor, thebeamwasguidedthroughanevacuated
flight tubeto minimizesmall-anglescatteringin air.

Results and Discussion

Theangulardistributionof thescatteredradiationwasrecorded
up to a scatteringangleof 10 mrad relative to the primary
beam,shown in fig.3. Quantumbeatsof nuclearresonant
scatteringareclearlyvisible on top of a background(dotted
line) thatmainlyresultsfrom small-anglescatteringat thero-
tor material. The inset in fig.3 shows the dataafter back-
groundsubtraction. The solid line is a theoreticalfit with
the theoryof NFS for a 5.7 I thick Fe foil. This evaluation
confirmsthat the time responseof nuclearresonantscatter-
ing in rotatingframesis mappedto anangularscaleaccord-

Figure 3: Measuredangulardistribution of 14.4 keV pho-
tonsscatteredfrom a5.7 I m thick foil of F�G Fespinningat18
kHz [4]. Theresonantlyscatteredquantaappearontopof the
small-angle-scatteringbackgroundthat was measuredinde-
pendentlyandfittedwith apower law (dottedline). Theinset
shows thebackgroundsubtracted-datawith a fit accordingto
eq.3 (solid line)

ing to eq.3. The NuclearLighthouseEffect thus allows to
obtaintime spectraof nuclearresonantscatteringby purely
geometricalmeans. The temporalevolution of nuclearres-
onantscatteringcanbeconvenientlyrecordedasfunctionof
a spatialcoordinateonly, e.g., with an imageplate. Since
themagnitudeof theangulardeflectiondependsonly on the
timedifferencebetweenexcitationandreemission,thiseffect
is independentof thetime structureof theexciting radiation.
As a result, this effect can be exploited in caseswherethe
conventionaltiming techniqueis difficult, or impossible,to
apply. For example,timeresolutionscanbeachievedthatare
not possiblewith existing x-ray detectorsandnot even lim-
itedby theelectronbunchlength.
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