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AbstratThe nulear lighthouse e�et (NLE) is a new tehnique to examine M�ossbauer isotopeswith synhrotron radiation (SR). It is losely related to nulear forward sattering (NFS),whih is the time based analogon to traditional, energy based M�ossbauer spetrosopy.However, in rotating rapidly the sample, whih is basis of the NLE, the time responseof a NFS experiment is mapped to an angular sale. Interating photons are deviatedaording to their interation time within the rotating sample. In priniple, it is animprovement of nulear forward sattering (NFS), as it permits to apply the rules ofNFS, but does not need a ertain time struture of the synhrotron radiation.In this thesis, an experimental setup for NLE measurements was established to inves-tigate two di�erent types of systems. The �rst system are model 57Fe-layers in a grazinginidene geometry. This was the �rst angle-resolved measurement of the NLE in thisgeometry. The seond system is 61Ni metal. This M�ossbauer isotope has a very hightransition energy of 67.4 keV. This energy is twie as high as all other isotopes used inNFS or other oherent SR based nulear resonant measurements so far. The lak of inves-tigations on transitions with high energies is of no surprise, as the Lamb-M�ossbauer fatordesribing the probability of nulear resonant absorption sales with e�~�2�2E2<x2>. Fur-ther, high resolution monohromators beome diÆult to realise at these energies. TheNLE does not depend on a huge degree of monohromatisation of the inident radiation,as the non-interating photons are not deviated into the detetor.This thesis desribes the tehnial developments realised to use the NLE in grazinginidene geometry and at high energies. The latter appliation depends ruially on anelaborated sheme to ool the rotating sample. The performanes of the beamline ID18 atthe European Synhrotron Radiation Faility at high energies are presented. Small angleX-ray sattering (SAXS) leads to an undesired bakground and has to be minimised.Means how to minimise SAXS are presented.The results obtained for the 57Fe-layer systems are presented and their magneti prop-erties dedued. The main emphasis however is given to the 61Ni resonane. The �rstspetra ever obtained in oherent nulear resonant sattering of SR for a M�ossbauer iso-tope with high transition energy is presented. The analysis of these data obtained withthe NLE are ompared to literature and to results of a further method, synhrotron ra-diation based perturbed angular orrelation (SR-PAC). SR-PAC exploits the inoherent,inelasti deay hannel of a nulear exitation. It does not depend on the Lamb-M�oss-bauer fator and leads to higher experimental ountrates as ompared to NFS with a smallLamb-M�ossbauer fator. Advantages and drawbaks of these two methods are disussed.
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Chapter 1IntrodutionThe aim of this thesis is the development of a reently introdued nulear resonant sat-tering tehnique and its appliation to high energies and in grazing inidene geometry:the nulear lighthouse e�et. The roots of nulear resonant sattering (NRS) date bakto the late �fties.In 1958 R. M�ossbauer examined the nulear resonant absorption of -rays in 191Ir.He found out that, with dereasing temperature, resonant absorption inreased ontraryto what was expeted. His interpretation of the experiment based on works on neutronabsorption by Lamb [Lam39℄ and Wigner and Breit [Bre36℄, leading to the piture of\reoilless absorption". Although �rst disovered in 191Ir, many other isotopes proved toshow the e�et, the most prominent one being 57Fe. The e�et, now alled the M�oss-bauer e�et, soon beame a new spetrosopi tool to study the eletroni and magnetiproperties of solids via the hyper�ne interations at the M�ossbauer nulei, e.g. magnetihyper�ne �elds or valene states in hemial bonds. In fat, it was immediately widelyused in physis, hemistry, material siene and biology [G�ut78℄. The soures of the -raysare radioative mother isotopes, that are sometimes hard to obtain or impratial. Withthe onstrution of synhrotrons, the idea to exite the nulear levels with synhrotronradiation (SR) emerged [Rub74℄. The theoretial treatment of the physis involved insuh an experiment was soon developed [Tra78, Kag78, and referenes therein for earlierwork not spei� to synhrotron radiation exitation℄.As the natural linewidth of nulear levels is extremely small (in the range from neVto �eV), espeially as ompared to the typial energeti width of undulator generatedsynhrotron radiation (in the order of several eV), speial experimental measures have tobe taken in order to extrat the nulear signal from the bakground of non-interating oreletronially sattered photons. One is to maximise the ratio of resonant photons (i.e.photons having an energy within the natural linewidth of the nulear transition) to overallphotons. Another one is the use of a pulsed time struture of the inoming synhrotronradiation. Then, the delayed de-exitation of the exited nulei an be observed duringthe absene of non-interating or eletronially sattered photons.The �rst suessful observation of nulear resonant sattering with SR was ahievedin 1985 [Ger85℄ using yttrium iron garnet single rystals ontaining 57Fe. Properties ofthe 57Fe sites in these rystals were investigated using a nulear Bragg reetion, that isan eletronially forbidden Bragg reetion, whih is nonetheless allowed by a di�erentorientation of nulear 57Fe satterers in di�erent lattie sites. Aordingly, this typeof measurements was named nulear Bragg sattering (NBS). It is an eÆient means to7



8 Chapter 1. Introdutionextrat the interating photons from the energetially broad pulse of inoming synhrotronradiation.With inreasing quality of monohromator rystals and thanks to faster detetors, an-other approah beame possible, whih is no longer restrited to nulear Bragg reetionsof single rystals: Nulear forward sattering (NFS) [Has91℄. Coherently sattered pho-tons are allowed for all rystalline and non-rystalline solids in the forward diretion (i.e.the diretion of the inoming wavevetor ~k). The transmission of a synhrotron radiationpulse through suh a sample is haraterised by a prompt pulse of photons that did notinterat with the nulei and by a delayed signal of nulear resonant sattering. The timedisrimination of the detetor signal permits its separation.Yet, the inident radiation had to have a very well de�ned time struture with asharp peak in intensity followed by a huge gap of zero intensity. This type of �llingis sometimes realised in synhrotron radiation storage rings. At the ESRF, these areprinipally the 16 bunh and the single bunh �llings and represent about a quarterof available measurement time [ESRFa℄. In 1996, a group of sientists examined X-rayoptis for �eV-resolved spetrosopy [R�oh97℄. During these experiments, they observedthat the phase of the nulear exitation turns with the sample itself, if the latter is subjetto a rotation. The de-exitation proeeds deviated into a ertain angle as ompared tothe forward diretion. In fat, in this ase the time evolution of the deay of NFS ismapped on an angular sale. Inreasing angles orrespond to inreasing times, and thisindependently from the time struture of the inident radiation. The e�et beame knownas the nulear lighthouse e�et (NLE) [R�oh99℄. Apart from the independene from thetime struture of the inident radiation, the seond feature of greatest importane is theseparation of nulear sattered photons and non-interating or eletronially satteredphotons in spae. Whereas the �rst are deviated o� axis to the side, the latter -to a largemajority- stay on the beam axis and proeed undeviated. Monohromatisation shemeslike for NFS an beome muh less important. The �rst measurements demonstrating thepower of this approah have been arried out with 57Fe, 149Sm and 119Sn in transmissiongeometry [R�oh00, R�oh01, R�oh01d℄. As the NLE does not depend on the synhrotronradiation time struture, but obeys the rules of NFS nevertheless, it is in that respet animprovement of that last tehnique. Eletronially sattered photons that do not stay onthe beam axis originate mostly from small angle X-ray sattering (SAXS) and onstituteunfortunately an undesired bakground to the delayed signal.NFS and the NLE are valuable tools to investigate hyper�ne interations, as is theM�ossbauer e�et. Further, also dynamis like relaxation and di�usion [Leu99, Vog99,Ast01, Ser02℄ an be addressed with this tehnique. Another development of NRS tostudy dynamis is nulear inelasti sattering (NIS), disovered in 1995 [Set95℄, whihallows to measure the density of phonon states in solids and liquids [Bur00℄. Despitethe variety of appliations of NRS, a remark often heard about NRS is the limitationto a small number of M�ossbauer isotopes that are investigated in experiments. By farthe most used samples ontain 57Fe, as was the ase already in traditional M�ossbauerspetrosopy. But other isotopes have been addressed with SR, too. 181Ta, 169Tm, 83Kr,151Eu, 149Sm, 119Sn, 161Dy, 40K, 129I and 121Sb. Other isotopes have just been exitedand their delayed deay was observed: 127I, 197Au. Before this thesis, 61Ni belonged tothis ategory, too. For an overview and referenes onerning these isotopes, see hapter8. 61Ni was �rst used in traditional M�ossbauer spetrosopy by Obenshain and Wegener[Obe61℄. Due to its manifold appliations in magnetism and biology, it was hoped to



9aess this transition also with SR. E�orts by Wille et al. [Wil02, Ger02℄ did not pass thestep of simply exiting the level and observing the following nulear uoresene. Thisthesis presents the �rst spetrosopi measurement with 61Ni at a synhrotron, using thenulear lighthouse e�et. It further presents �rst results with 61Ni using synhrotronradiation based perturbed angular orrelation (SR-PAC), whih will be explained lateron in this introdution.Nikel is a very interesting isotope for M�ossbauer investigations: like iron, it exists indi�erent valenes, it shows various magneti behaviours and it plays a key role as ativeentre of biomoleules [Lan88, Hau97℄. Unfortunately, the use of M�ossbauer spetrosopyis very muh hampered by the lak of a suitable radioative mother isotope. The twopossible soures are 61Co with a lifetime of only 99 minutes and 61Cu with a lifetime of200 minutes. The only group involved sporadially in M�ossbauer spetrosopy with 61Niat present is the group of Prof. G�utlih in Mainz, Germany, having the possibility to ati-vate their soures with a nearby aelerator. A few other groups did so in the past. In thebeginning, nulear properties of 61Ni [Weg61, Spi68, Lov68, Eri69℄ and possible M�ossbauersoures [Sey65, Amb69℄ were the main interest of the investigations. Then, most researhhas been on eletron on�gurations via the isomer shift and the eletri quadrupole split-ting in moleules of hemial interest [Obe76, Dal79, Jan96, Got98, G�ut99℄, the nikelontribution to magnetism in metalli alloys [Lov71, Tan72, G�or73, Tom77,  Luk85℄ orspinel type magneti oxides [G�ut84, Gry89, Oka95℄ and hyper�ne interations at the op-per sites of superondutors via 61Cu(61Ni) emission M�ossbauer spetrosopy [Mas98℄.Also the ontribution of the nikel nulei to the magnetism of metalli glasses and amor-phous alloys [Sos81, Sta89℄, phase transitions in pyrites ontaining nikel [Kri76℄ andsurfae magnetism of nikel [Sta88℄ have been investigated. Very little results in the do-main of material siene [Rum82, Kse02℄ and biology [Jan96℄ are published, to �nish thisalmost omprehensive piture of the literature available on 61Ni M�ossbauer spetrosopy.Another obstale in M�ossbauer spetrosopy with 61Ni is the Lamb-M�ossbauer fator,that strongly dereases at high transition energies and with inreasing temperature (seeequation 2.21). As the transition energy of the 61Ni M�ossbauer level is �xed at 67.41 keV,it is therefore indispensable to ool the sample. In traditional M�ossbauer spetrosopy,this is done down to 4 K. Using the nulear lighthouse e�et and thus a sample thatspins inside a gas bearing and driven by another gas ow, these temperatures are out ofreah. The stator-rotor system with its toleranes is oneived for ambient temperature.Nevertheless, we an �nally report the feasibility to ool the sample down to 100 K. Duringthe development of a funtional ooling sheme, several options were thought of and alsoled to an approah with the spinning sample stiking out of the stator blok, allowing foran "external" ooling. Although rotors having a hollow sample hamber at their outerend beame too brittle and broke repeatedly in this region, the method of having thesample at the outer end of the rotor was maintained for a di�erent idea: measurementsin grazing inidene geometry on surfae samples.57Fe layers allow the reation of manifold systems to study magneti behaviour inredued dimensions (e.g. interfaes and layer strutures) [Bla94℄. NFS in grazing inidenegeometry [R�oh99b℄ with 57Fe has led to remarkable results in this �eld of researh [Chu99,R�oh03, R�oh04b℄. This tehnique an be ombined with the NLE. We therefore went onto oneive bulk rotors with a polished top surfae, whih were overed with layeredstrutures ontaining 57Fe. The advantage of the grazing inidene geometry is the fatthat no sample ontainer, e.g. the rotor walls, has to be passed by the synhrotronradiation. The rotor walls represent a key part of the SAXS bakground, that tends to



10 Chapter 1. Introdutionobsure the nulear resonant signal, as it is likewise deviated into the same angular range.Our measurements with the nulear lighthouse e�et in grazing inidene geometry onthese systems are the �rst of their kind.Unfortunately in both ases ( 61Ni sample in transmission geometry and 57Fe surfaelayers) the SAXS, oming either from the transmitted sample and rotor wall or from thesurfae roughness of the sample, turned out to be too big, if no further measures had beentaken. Lukily, SAXS is a sattering e�et on a prompt time sale as ompared to nulearresonant sattering. If the synhrotron is �lled in "timing mode", an eletroni gating ofthe detetor or the ampli�ers allows to distinguish between prompt SAXS and delayednulear resonant sattering. (Prompt non-interating photons are not deviated and donot need to be suppressed by eletronis.) The drawbak is the loss of a main advantageof the NLE, namely its prinipal independene of the �lling mode of the synhrotron. Forgrazing inidene measurements with 57Fe layered strutures, it is therefore advantageousto use the less problemati NFS setup with sophistiated, but available and reliable highresolution monohromators. However, to perform oherent nulear resonant measure-ments with 61Ni, NFS is no alternative, as sophistiated monohromatisation shemes donot work at photon energies above 30 or 40 keV, if Bragg baksattering is used. Theangular aeptane of Bragg reetions at these energies is too low to math the angulardivergene of urrent synhrotron soures. But without sophistiated monohromatisa-tion and in forward geometry, the ratio of nulear resonant photons to overall photons istoo bad even for modern detetors. Here, the separation in spae with the NLE is theonly method to overome this problem to date.Only reently [Ser04℄, a further nulear sattering tehnique has been reativated.After exiting a set of individual nulei with synhrotron radiation, their exponential deayis slightly modulated in time and angle, if the exited level onsists of several sublevelsthat interfere. It was �rst observed in 1996 and then alled single nuleus quantum beats[Bar96℄. It is in fat an inoherent proess, therefore involving just individual nulei.Due to the angular behaviour of the deay, nowadays the e�et is termed synhrotronradiation based perturbed angular orrelation (SR-PAC). In time di�erential perturbedangular orrelation, a radioative soure deays into an exited state of nulei showing afurther intermediate level between the primary exited state and the ground state. Anangular orrelation between the two subsequent deays of the investigated nulei providesinformation about its hyper�ne interations. Here, the radioative soure and the �rst stepof the two-stepped deay is replaed by the synhrotron and the diretion of the inomingradiation. No three level system is needed anymore. Possible andidates for this tehniqueare thus all M�ossbauer isotopes. The great advantage in the ontext of energetially highlying nulear levels like in the ase of 61Ni is its independene from the Lamb-M�ossbauerfator. The Lamb-M�ossbauer fator dereases with inreasing energy and temperature.So far, SR-PAC was used to investigate 57Fe samples, but the advantages ited abovemade it obvious to apply it to 61Ni. The interferene struture on top of the exponentialdeay reveals the hyper�ne splitting of the exited state. The magneti hyper�ne �eld of61Ni was thus determined by an alternative method.NLE and SR-PAC an be omplementary. Espeially the NLE is sensitive to a splittingof the nulear ground state. On the other side, SR-PAC works in the region of vanishingLamb-M�ossbauer fator. If this fator beomes bigger, SR-PAC data will be disturbedby the propagation of the oherent wave �eld in the sample. Both methods, NLE andSR-PAC, will hopefully allow to address still other isotopes with synhrotron radiation inthe near future. A few isotopes seem to be in reah.



11This thesis ontinues as follows: hapter 2 introdues the theory of nulear resonantexperiments and the hyper�ne interations. After foussing on the M�ossbauer e�et, ittreats espeially the nulear sattering tehnique and �nishes with non-resonant SAXS.Chapter 3 presents the di�erent types of samples used and the nulear properties of 57Feand 61Ni. Chapter 4 shows in detail the experimental setup used for the experiments,in partiular the lighthouse setup. It further explains synhrotron relevant instrumenta-tion. Chapter 5 presents nulear resonant sattering in grazing inidene geometry on57Fe layers. It ompares NLE results with the standard method of grazing inidene ona stationary sample. Chapter 6 starts with ux and energy onsiderations at the 61Nienergy and treats the measurements obtained on the 61Ni with the NLE in transmis-sion. Alternative results are obtained using SR-PAC measurements with 61Ni whih arepresented in a separate hapter 7, together with a short theoretial part. The questionweather the tehniques of NLE and SR-PAC an be applied to other M�ossbauer isotopeswith a high transition energy is eluidated in hapter 8 inluding an overview over pastand present M�ossbauer isotopes addressed with SR . The onlusions to take from thiswork are drawn in hapter 9.





Chapter 2Theoretial bakground
The main interest of this hapter is to review the theory of oherent nulear resonantsattering. It starts with the M�ossbauer e�et, whih historially was the starting pointof nulear resonane investigations in solid state physis. Then, with the advent of pow-erful synhrotron light soures, nulear forward sattering (NFS) and reently the nulearlighthouse e�et (NLE) developed, as the time-based analogon of the energy domainM�ossbauer spetrosopy. Both depend on the oherene of the sattering proess, thuson its elasti behaviour. Into the same ategory falls grazing inidene sattering on thin�lms ontaining M�ossbauer isotopes, whih will be disussed as well. In the ase of the61Ni isotope, it turned out that nulear lighthouse experiments are rather diÆult, asompared to investigations of the isotope with synhrotron radiation based perturbedangular orrelation (SR-PAC). This tehnique exploits the inoherent, inelasti satteringhannel of the nulear exitation, espeially the deviation from an exponential deay. Itwill be disussed later in the dediated hapter 7. Of further interest is small angle X-raysattering (SAXS), whih presents an undesired bakground in NLE experiments. Anintrodution to SAXS is found at the end of this hapter.2.1 The M�ossbauer e�et2.1.1 Nulear resonant absorptionNulear resonant absorption of photons treats subsequent absorption and re-emission ofa photon by nulei. An important issue onerning this e�et is the reoil of the nuleusafter emission, or absorption, of a photon. Let's onsider a free nuleus. Apart from itsground state, where all its nuleons oupy the energetially lowest on�guration allowedby the Pauli-priniple, a variety of exited states exist, whih an be reahed by supplyingenergy, e.g. by eletromagneti radiation or through the deay of a radioative mother-isotope [May94℄. An exited nuleus of energy Ee will deay into a lower level Eg, e.g. itsground state, after a harateristi time, the mean lifetime �o of this exited level. Thedi�erene in energy is Eo = Ee � Eg. This deay an be radiative. The energeti width�o of the level and the lifetime are orrelated via the Heisenberg's unertainty priniple:�o = ~�o (2.1)13
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Figure 2.1: Priniple of resonant absorptionThe energy distribution N(E) of photons emitted by suh nulei is of Lorentzian shapewith �o being the full width at half maximum. A photon arries a momentum p = E=,whih has to be balaned by the emitting free nuleus, due to momentum onservation.Therefore, the nuleus of mass m reoils with an energyER = p22m = E22m2 (2.2)The Lorentzian energy distribution of the emitted photons is thus entred around theredued value E = Eo � ER:N(E) = No (�o2 )2(E � (Eo � ER))2 + (�o2 )2 (2.3)The same aounts for the absorption of photons by nulei. The inoming photons haveto provide a surplus of energy needed for the reoil of the absorbing nulei: E = Eo+ER.Thus, energy dependant absorption ross setion, �(E) is entred at an inreased valueEo + ER: �(E) = �o (�o2 )2(E � (Eo + ER))2 + (�o2 )2 (2.4)Resonant absorption is only possible, if both distributions 2.3 and 2.4 overlap at leastpartly. This is not the ase for a free nuleus at rest: A prominent example is 57Fe withE = 14:4 keV, leading to a reoil energy ER = 2�10�3eV. Its mean lifetime is �o = 141 ns,whih translates into a natural linewidth �o = 4:7 � 10�9eV. Hene, there is no overlap.Things hange, if we onsider thermal motion of the nulei, like in gases and liquids.Due to the Doppler shift, the widths of 2.3 and 2.4 inrease, as thermal veloities aredistributed over a wide range aording to the Maxwell distribution. Thermal veloitiesorrespond to kineti energies in the range of ER, so some overlap between 2.4 and 2.3 willbe observed at the enter Eo. The probability of resonant absorption stays neverthelesssmall, as just the anks overlap.Nulei in a rystal struture are bound. While absorbing a photon, a nuleus annotreoil freely, as ER is smaller than typial binding energies (several eV). Energy might betransferred to exite lattie vibrations, phonons. The energy of phonons in a rystal isin the order of reoil energies of a free nuleus. Nevertheless, with a ertain probability,the absorption or emission of photons an our without hanging the phonon state ofthe system. Then, the reoil has to be taken by the rystal as a whole. The mass of therystal M is omparatively huge and ER = E22M2 is negligible. The energy of the emittedor absorbed photon then mathes the energy of the nulear transition, the di�erenebetween ground and exited state: E = Eo = Ee �Eg. Nulear resonant absorption an



2.1. The M�ossbauer e�et 15take plae. It has been observed �rst in 1958 by Rudolf M�ossbauer and is therefore alledthe M�ossbauer e�et [M�o�59℄[M�o�58, theory℄. The probability for transitions withoutphonon interation, zero-phonon -transitions, is alled the Lamb-M�ossbauer-fator fLM[Lam39℄. Although onfusing, one speaks about the reoilless fration. Remember thatthere is still a reoil, only it is taken by the rystal as a whole and does not lead to apereptible energy shift of the  -ray.2.1.2 The Lamb-M�ossbauer-fatorIt is evident that the knowledge of the Lamb-M�ossbauer-fator is of great importanefor nulear resonant sattering. We will �rst alulate it using lassial physis [Bar80,Fra63℄ and investigate a moving emitter of eletromagneti radiation. The result for theLamb-M�ossbauer fator turns out to be the same as obtained with the orret quantummehanial treatment. This is surprising, as reoil losses do not appear in the lassialpiture of a radiating emitter. Nevertheless, the temperature dependene in this approahis not satisfatory. The transition to quantum mehanis will be skethed later.Imagine a nuleus at rest bound in a rystal at zero temperature, emitting ontinuouslyradiation of energy E = ~!o. The vetor potential is then:A(t) = Ao ei!ot with: jAoj2 = 1 (2.5)At higher temperatures, the nuleus osillates around its equilibrium position. The fre-queny hanges: !(t) = !0(1 + v(t) ), with v being the non-relativisti veloity of thenuleus. The vetor potential beomes:A(t) = Ao e iR to !(t0)dt0 = Ao ei!oteikx(t) (2.6)x is the displaement of the nuleus and k = j~kj = !o the wave vetor of the emittedradiation. If we apply the Einstein model of lattie vibrations, we assume only onevibration frequeny of the lattie 
 and replae x(t) = xo sin 
t, obtaining:A(t) = Ao ei!oteikxo sin
t (2.7)Introduing the Bessel funtion with eikxo sin
t = 1Xn=�1Jn(kxo)ein
t, we get:A(t) = Ao 1Xn=�1Jn(kxo)ei(!o+n
)t (2.8)The frequeny spetrum of the emitted radiation splits thus into the frequenies !o; !o�
; !o � 2
; :::. The unshifted entral line with n = 0 is the line of zero-phonon -transition. It's intensity is given byf = jAn=0j2 = J2o (kxo) (2.9)If we onsider a real rystal with N atoms, there exist 3N independent vibration modes.The displaement of the emitter x(t) in the exponent of equation 2.6 is the sum of thedi�erent omponents: x(t) = P3Nm xm sin 
mt. For f we now obtain:f = 3NYm=1 J2o (kxm) (2.10)
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Figure 2.2: Model of a lassial osillating emitter [Sh92℄As f annot exeed 1, and 3N is large, eah fator of 2.10 is lose to 1, also the amplitudesxm are very small. Then, we an develop the Bessel funtion as a series Jo(kxm) =1� 14(kxm)2 + ::: and stop after the quadrati term. We alulate:ln f = 2 3NXm=1 lnJo(kxm) � 2 3NXm=1 ln�1� k2x2m4 � (2.11)We use ln(1 + a) = a � 12a2 + ::: and introdue the mean square displaement hx2i =12Pm x2m to obtain: ln f � �2 3NXm=1 k2x2m4 = �k2 
x2� (2.12)This is even exat for the limit N !1. The value is alled the Lamb-M�ossbauer fator.fLM = e�k2hx2i (2.13)The quantum mehanial result is very similar, we just have to interpret hx2i in termsof probability amplitudes. We an already see the following: To have a signi�ant valuefor fLM, we need k2 hx2i � 1. The nulei need to be bound, e.g. in a rystal or in an amor-phous solid. It further implies that the wave vetor shouldn't be too big, whih translatesto an upper limit of the -energy E = ~  k, for traditional M�ossbauer spetrosopy below200 keV. For nulear resonant sattering with synhrotron radiation, this limit is muhlower due to tehnial problems, as we will disuss in hapter 4. As it dereases the atomdisplaements and thus hx2i, ooling will help to inrease the resonant fration fLM.When onsidering aspets of quantum mehanis, two problems arise from our preed-ing treatment. First, even at zero temperature, osillations in a rystal exist. Seond, the-ray emission is not ontinuously, but implies a -quantum, a photon. It arries a reoilthat we did not onsider above. A very nie way of introduing quantum mehanis atthis point is given in [Weg66, hapter 2 and 3℄. Here, we will just replae the energy ofa lassial osillator by the energy of a quantum mehanial osillator to obtain the righttemperature dependene of the Lamb-M�ossbauer fator [Sh92℄.The energy of a one dimensional lassial osillator with xm being its maximum dis-plaement is given by El = 12m
2x2m. The mean square displaement is hx2i = 12x2m.Thus El = m 
2 
x2� (2.14)



2.1. The M�ossbauer e�et 17In quantum mehanis, the energy of a harmoni osillator being in the state n isEqm = ~
 �n + 12� (2.15)In a large set of idential osillators, eah energy level n is oupied with a probability Pnaording to Bose-Einstein statistis.Pn = e� n~
kBTPn e� n~
kBT (2.16)We ompare the lassial and the quantum mehanial energy of one osillator. For thequantum mehanial osillator, we average over all possible states n:m
2 
x2� = ~
 1Xn=0 nPn + 12! (2.17)Combining 2.16 and 2.17 we thus get the desired expression for the mean quadratidisplaement of the atoms of the rystal:
x2�E = ~2m
 �1 + 2e ~
kBT �1� (2.18)The index E standing for the Einstein model of lattie vibrations. If we assume a generaldistribution of phonon frequenies, Z(
) with R Z(
)d
 = 3N , with N being the numberof atoms in the lattie, we obtain:
x2� = 13N Z 10 Z(
) 
x2�E d
 = ~6mN Z 1o Z(
)
 �1 + 2e ~
kBT �1� d
 (2.19)If the phonon density of states is known, it is thus possible to alulate the Lamb-M�oss-bauer fator. A good approximation for an unknown density of states is given by theDebye model of lattie vibrations withZ(
) = 9N~3k3B 
2�3D for 
 < 
D = kB�D~ and Z(
) = 0 above (2.20)�D is the Debye temperature. Combining 2.19 and 2.20 and using fLM = ek2hx2i, we areable to �nd the Lamb-M�ossbauer fator as a funtion of temperature:fLM = e� 3~2k2mkB�D �14+ T2�2D R �D=T0 yey�1dy� (2.21)For low temperatures T � �D we get:fLM = e� 3~2k24mkB�D �1+ 2�23 T2�2D� (2.22)We state again that neither E = ~  k nor T should be two large, in order to have asigni�ant fLM value. For T , we appreiate T � �D. Espeially when investigating M�oss-bauer isotopes of large transition energy E , like in the ase for the 67.14 keV transitionof 61Ni, ooling beomes a must when investigating oherent nulear forward sattering.As we will see in hapter 2.4, this method depends on f 2LM. This is not the ase for nulearinelasti sattering or synhrotron radiation based perturbed angular orrelation.
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Figure 2.3: The Lamb-M�ossbauer-fator in 61Ni metal a) following the Debye model with �D = 390K,b) with a variable Debye temperature as shown in the inset and ) measured [Obe61℄. Results of the insettaken from [Bir64℄. On the right a omparison to fLM of 57Fe in �-iron [Ber94b℄.2.1.3 Energy onservation and reoil energySo far, we onsidered the probability of a transition in whih the -ray energy did mathexatly the energy di�erene between ground and exited state. This is given by fLM.Thus, there is the probability 1 � fLM, that the energy does not math. How will theenergy be onserved in this ase? The reoil energy ould be taken between the nuleus,the rystal and phonons. The nuleus annot leave the lattie, so it annot take transla-tional energy. The mass of the rystal M is too big to take a non negligible amount oftranslational energy, as we had ER = E2=2M 2. This leaves the phonons. Lipkin derivedthe average energy transfer between the  quantum and the phonons [Lip60℄. His law,the Lipkin sum rule, will be explained below [Weg66℄.The Hamiltonian of the lattie of atoms with momentum ~pi and position ~xi is givenby H = Xi ~p 2i2m + V (xo; x1; : : :) (2.23)If we alulate the ommutator [H; e�i~k~xo℄, the only term of H that does not ommutewith ~xo is 12m~p 2i . We get:ei~k~xo H e�i~k~xo �H = ei~k~xo hH; e�i~k~xoi = 12mei~k~xo h~p 2o ; e�i~k~xoi= ~2k22m � ~m~k~po (2.24)The eigenstates of H are jEG0i with eigenvalues EG0. We thus have H = P jG0iEG0hG0j.We further multiply hGj from the left and jGi from the right.XG0 hGjei~k~xojG0iEG0hG0je�i~k~xojGi �XG0 hGjG0iEG0hG0jGi = hGj~2k22m jGi � hGj ~m~k~pojGiXG0 jhG0je�i~k~xojGij2EG0 � EG = ~2k22m � hGj ~m~k~pojGi (2.25)The term hGj ~m~k~pojGi vanishes, as the operator ~po an be written as a linear ombinationof phonon reation and annihilation operators , thus hanging the eigenstate jGi, when



2.1. The M�ossbauer e�et 19ating on it and hGjG0i = 0 forG 6= G0. jhG0je�i~k~xojGij2 on the other side is the probability,that the rystal hanges its state from jGi to jG0i, while emitting a -quantum. The terme�i~k~xo is part of the Hamiltonian that desribes the interation of the  wave �eld and thelattie. The other parts of that Hamiltonian are independent of the lattie state and donot interest here [Weg66℄. We rewrite:XG0 P (G! G0)EG0 � EG = ~2k22m = p22m = ER (2.26)The mean energy transfer to the rystal equals the reoil energy of a free emitting nuleus.With this point lari�ed, we an understand Fig. 2.4 whih summarises the values for theLamb-M�ossbauer fator and visualises the distribution of proesses involving reation orannihilation of phonons.
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Figure 2.4: The frequeny spetrum of a single line M�ossbauer-soure at and above zero temperature inlassial and quantum mehanial treatment. In the latter ase, the enter of the spetra is shifted tosmaller frequenies and energies, orresponding to the reoil energy that would have been transferred to afree nuleon. [Weg66℄2.1.4 Sanning the region of nulear resonant absorptionWe alulated the probability, that a -ray emission or absorption proess takes plaewithout reation or annihilation of phonons. In this ase, we do not transfer reoil energyto the rystal. The probability is referred to as the Lamb-M�ossbauer-fator fLM. Now, wewill onsider a soure of -rays on one side, and an absorber of the same nulei at somedistane. As stated at the beginning, the soure ontains radioative mother-isotopes,that in performing the radioative deay, populate the level Ee of our M�ossbauer isotope.We will then displae the soure with the speed v.We remember the energeti width of emitted radiation 2.3, now of ourse in the ase



20 Chapter 2. Theoretial bakgroundof ER = 0 and modify it slightly, the index s standing for the soure:Is(v; E) = f sLM � �o=2�(E � Eo(1� v ))2 + (�o=2)2 (2.27)The onstant is hosen as to obtain R1�1 Isore = f soureLM . This radiation should pass theabsorber and hit a detetor on the other side. The ountrate will depend on the absorberdensity, thikness and the absorption ross setion. This splits into absorption due tointeration with the eletron loud and nulear resonant absorption. We remember thenulear absorption ross setion 2.4 and write for the transmissionT (E) = e�dn�(E) (2.28)�(E) = �el + �n(E) (2.29)�n(E) = �fLM�o (�o=2)2(E � Eo)2 + (�o=2)2 (2.30)�o = 2�k2 11 + � 2Je + 12Jg + 1 (2.31)The value for �o is obtained from quantum eletrodynamis [Ah62, deS74℄. One �rstalulates the partial ross setion of -ray absorption by a nuleus of ertain angularmomentum and ertain z-omponent of it. If we do not know the initial state of theemitting or absorbing nuleus with respet to its z-omponent of the angular momentum,we have to average over 2Ji + 1 possible values. Further, after the transition, the z-omponent will be in one of 2Jf+1 states. Here we have to sum over all these possibilities.The fator 2�k2 is a very general behaviour of -ray sattering. The fator 11+� originatesfrom the fat, that in addition to a radiative deay of the exited state, a de-exitationvia eletron onversion is an alternative possibility, but then no -ray is emitted, reduingthe resonant sattering (but not the resonant absorption) ross setion. The probabilityof emitting a -ray is just 11+� . For 61Ni, � = 0:14 and thus in 87%, the deay will beradiative. 57Fe is muh worse with � = 8:14 and thus only 11% of radiative deay. � is theisotopi enrihment of the sample. Only the right isotope has the resonane energy underonsideration. d is the sample thikness, n the number of sample atoms per volume. Thedetetor measures the ountrateZ(v) = (1� f sLM)e�dn�el + Z 10 Is(v; E) � e�dn�ele�dn�r(E)dE (2.32)The �rst part originates from the non-resonant part of the soure intensity. It is onvenientto ompare the veloity dependant detetor signal Z(v) to its value at Doppler shiftsfar away from the resonane, Z(1) = e�dn�el . If the sample is thin, then e�dn�r(E) �1� dn�r(E) and we getZ(v)Z(1) = 1� dn Z 10 Is(v; E)�r(E)d(E)= 1� 12dn�f sLMfaLM�o (�o=Eo)2(v=)2 + (�o=Eo)2 (2.33)The index a designates the absorber. In 1957, R. M�ossbauer was the �rst to measure thisnulear resonant absorption, using a 191Ir soure and absorber. The setup and the resultis shown in Fig. 2.5. The word 'spetrosopy' for this ase seems exaggerated, but if thenulear levels in the sample shift or split due to hyper�ne interations, this hange anbe investigated.
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PSfrag replaements!o I(~v)I(1) �E~v ~vradioative soureabsorber -ray detetorveloity driveFigure 2.5: Shemati setup for M�ossbauer-spetrosopy and the histori results on 191Ir [M�o�59℄.2.2 Inuenes on the energy of nulear levels: hyper�ne inter-ationsIn the preeding hapter, we analysed nulear resonant absorption in the ase of a nuleartransition between an exited state Ee and the ground state Eg, the di�erene being Eo.As only inuene to this energy, we dealt with the Doppler shift that arose from thermalmotion, lattie vibrations and rystal veloity. There an be di�erent inuenes to anuleus whih might furthermore split possibly degenerate levels. As a nuleus is hargedand a omposition of partiles with spin, the presene of its atomi eletron loud andmagneti �elds, external or internal, a�ets the energy of the nulear levels. Comparedto the energy of the nulear level, these inuenes are very small and an be treated as aperturbation. The set of possible perturbations is summarised with the term "hyper�neinterations". For the Hamiltonian of the perturbed nuleus, we an write [Bar80℄:Ĥ = Ĥo + Ĥhf Ĥhf = Ĥel + Ĥmagn (2.34)We will treat the eletri and magneti inuenes only individually, starting with theeletri part. The eletrostati interation energy between the harged nuleus and thesurrounding eletri �elds an be expressed lassially byEel = Zn �n(~r)V (~r)d3r (2.35)with �n(~r) being the nulear harge density (the protons) and V (~r) the salar potentialof all surrounding harges (the eletrons). We develop the potential in a Taylor series atpoint r = 0 in the enter of the nuleus, as the potential does not vary rapidly inside thesmall nulear volume:V (~r) = Vo + 3Xi=1 Vixi + 12 3Xi;j=1Vijxixj + � � � ; Vi = �V�xi ���r=o; Vij = �2V�xi�xj ���r=o(2.36)Eel = Vo Zn �n(~r)d3r| {z }eZ + 3Xi=1 Vi Zn �n(~r)xid3r| {z }=0 +12 3Xi;j=1Vij Zn �n(~r)xixjd3r + � � � (2.37)The �rst term is Vo eZ and represents the interation of a point-like nuleus with thesurrounding harges. It does not matter whether the nuleus is in its exited state or its



22 Chapter 2. Theoretial bakgroundground state. Thus, the term is of no interest here. The seond term is zero, as �(~r) is aeven funtion with respet to ~r. The third term an be rearranged. We add and subtratthe term 13Æij�n(~r)r2 inside the integral. Rearranging givesEel = 16 3Xi=1 Vii Zn �n(~r)r2 d3r| {z }Eis + 16Xi;j Vij Zn(3xixj � Æijr2)�n(~r)d3r| {z }EQ (2.38)
2.2.1 Isomer shiftThe �rst part of equation 2.38 is alled the Isomer shift or Chemial shift. To analyse it,we �rst state that the salar potential V obeys the Poisson equation. Espeially at thenuleus, ~r = 0 we have:4V (~r = 0) = 3Xi=1 Vii���~r=0 = �4��e�(0) = 4�ej	(0)j2 (2.39)Here, �ej	(0)j2 is the harge density of the eletrons, that are responsible for the existeneof V . 	(0) is the probability of �nding a harge at the enter of the nuleus. Further, forRn �n(~r)r2 d3r we onsider a spherial nuleus of uniform harge density �n(~r) = Ze � 34�R3and radius R. This impliesZn �n(~r)r2 d3r = 34�R3 Zn r2 d3r = 35R2 (2.40)Finally, we get Eis = 2�5 ej	(0)j2R2 (2.41)The nulear radius for the ground state is not the same as for the exited state. Inexiting a nuleus, we thus get an energy shift �Eis = 2�5 ej	(0)j2(R2e �R2g). As the radiiare almost the same, we approximate Re � Rg = ÆR and Re +Rg = 2R.�Eis = 4�5 ej	(0)j2 ÆRR R2 (2.42)In a traditional M�ossbauer experiment, there is the soure and the absorber. The valuesR2 and ÆRR are nulear properties and are idential for absorber A and soure S. Thisis di�erent for the eletron density at the nuleus j	(0)j2. s-eletrons an penetrate thenuleus and spend a ertain fration of time there, as they have zero angular momentum.Also p1=2-eletrons an do this, if we onsider relativisti e�ets [G�ut78℄. Depending onthe valene state of the M�ossbauer isotope in its lattie and hemial bonding properties,the eletrons are attributed to di�erent orbits and thus the eletron density at the nuleushanges. This either by hanging diretly the population of s-eletrons or indiretly byp-, d- or f- eletrons shielding more or less the s-eletrons. We thus get in a M�ossbauerexperiment a shift of energy for the transition by:Æis = �EAis ��ESis = 4�5 eS(Z) �j	A(0)j2 � j	S(0)j2� ÆRR R2 (2.43)S(Z) is a relativisti dimensionless orretion fator whih is 1.29 for 57Fe and 1.34 for 61Ni.The values for R2 are 24 fm2 for 57Fe and 24.8 fm2 for 61Ni, for ÆRR we have very roughly



2.2. Inuenes on the energy of nulear levels: hyper�ne interations 23�0:9 �10�3 for 57Fe and �2:6 � � ��0:9 �10�4 for 61Ni [Tra68, Gol68, Obe73, Ing75, G�ut78℄.In a M�ossbauer experiment, Æis is given by an o�set in veloity onerning the position ofmaximum overlap in the ase of an unsplit absorber level and unsplit soure level, see �gure2.6. With synhrotron radiation, as we will see later, this isomer shift is invisible, unlesswe take two di�erent nulear resonant samples to obtain the di�erene in isomer shiftbetween them. Frequently, the isomer shift is also alled eletri monopole interation.PSfrag replaements Soure Absorber
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Figure 2.6: Nulear levels and the isomer shift. On the left the orresponding M�ossbauer spetra. Astands for absorber, S for soure.Atually, it is just part of it. To understand this, one has to express the interation energynot with a Taylor series like in equation 2.37, but with the help of spherial harmonis, seefor example [M�o�67℄. Measurements of the isomer shift with 61Ni samples are in generalquite diÆult for several reasons: the linewidth of the exited level is rather broad, dueto the short lifetime. The hange in nulear radius during the transition is an order ofmagnitude smaller than in the ase of iron. Finally, the seond order Doppler shift, arelativisti temperature e�et that will not be treated here, see for example [Weg66℄, isin this ase of small isomer shifts omparable in magnitude and has to be orreted for,using theoretial models of the onerning lattie dynamis.2.2.2 Eletri quadrupole interationThe seond part of equation 2.38 is alled the eletri quadrupole term. We rememberEQ = 16 3Xi;j Vij Zn(3xixj � Æijr2)�n(~r)d3r or ĤQ = 16e 3Xi;j VijXp (3xpixpj � Æijr2p)(2.44)if we replae the lassial expression for �n(~r) by the quantum mehanial density operatorand sum over all protons p: �̂(~r) = Pp eÆ(~r � ~rp) [Bar80℄.For the determination of the energy eigenstates of a nuleus in the ground state I =Ig or in the exited state I = Ie, one uses perturbation theory and needs to alulatethe matrix elements 
I;mjĤQjI;m�, so in partiular 
I;mjPp(3xpixpj � Æijr2p)jI;m�.The sum desribes elements of the nulear quadrupole moment. The nulear quadrupolemoment as written here is a symmetri tensor of rank 2 with trae zero. We an applythe Wigner-Ekart theorem for suh a tensor, as for the operator of angular momentum.Their matrix elements are proportional:
I;mjXp (3xpixpj � Æijr2p)jI;m0� = 1 � 
I;mj3IiIj + IjIi2 � ÆijI2jI;m0� (2.45)



24 Chapter 2. Theoretial bakgroundTo determine 1, we solve equation 2.45 for a speial ase m = m0 = I and i = j = z:
I;mjPp(3z2p � r2p)jI;m�| {z }Q = 1 � 
I; Ij3I2z � I2jI; I�| {z }I(2I�1) (2.46)The left side represents just the quadrupole moment of the nulear harge distribution.De�ning a nulear angular momentum implies an axial symmetry, so only one value Q isof importane [Bar80℄. The quadrupole moment is positive for a igar shape like nuleusand negative for an oblate shaped one. We obtain:ĤQ = eQ6I(2I � 1) Xi;j Vij �32(IiIj + IjIi)� ÆijI2� (2.47)The perturbation ĤQ vanishes, if either the nulear harge density �n(~r) is of spherialsymmetry and thus Q = 0. Q is also zero, if I = 0 or I = 12 , as Q = I(2I�1) �1. Further,ĤQ vanishes if the nuleus is embedded in a ubi rystal struture. This an be veri�ed,if a oordinate system is hosen, so that Vij are diagonalised. Then, Vxx = Vyy = Vzz,with the other values Vij vanishing. Also, ontributions from s-eletrons and p1=2-eletronsan be negleted here, as they give rise to a potential of spherial symmetry. Exludingthese eletrons, we have no harges at ~r = 0 and an write the Laplae equation for thepotential of the "harge free" region at ~r = 0: Pi Vii = 0. In a oordinate system thatdiagonalises Vij and with the axes hosen so that Vzz � Vxx � Vyy we �nally get:ĤQ = eQVzz4I(2I � 1) h3Îz � Î2 + �2(Î2+ + Î2�)i (2.48)Vzz is often alled the eletri �eld gradient, as ~r ~E = �~r~rV . The asymmetry parameteris de�ned as � = Vxx�V yyVzz .With the perturbation Hamiltonian ĤQ, it is possible to determine its eigenstates, leadingto EQ = eQVzz4I(2I � 1) �3m2I � I(I + 1)�q1 + �23 (2.49)This equation is orret for � = 0 and all possible values of I and m. If I = 32 , it is orreteven for � 6= 0, whatever m is, also for I = 2 with m = 0 or m = +2. In other aseswith � 6= 0 and I > 2, only numerial results for the eigenvalues exist [Dun72℄. Exeptfor I = 2 and � 6= 0, a two-fold degeneray remains between substates of �m.In the ase of 57Fe, the ground state does not have a quadrupole moment, as Ig = 12 .If the eletri �eld gradient Vzz at the nuleus does not vanish due to rystal symmetry,the exited state splits into two two-fold degenerated sublevels withE(�12) = �eQeVzz4 q1 + �23 (2.50)and E(�32) = +eQeVzz4 q1 + �23 (2.51)The quadrupole moment of the exited state of 57Fe was a subjet of debate until reently.The most reent value is Qe = 0:15(2) barn [Mar01℄ and seems to settle the debate. Thereare two possible transitions between the ground state and both of the split sublevels ofthe exited state.



2.2. Inuenes on the energy of nulear levels: hyper�ne interations 25The angular moments of 61Ni are Ig = 32 and Ie = 52 . Therefore, in the presene of aneletri �eld gradient, the ground state splits twie and the exited state into 3 sublevels.For the eletri quadrupole moments, we have Qg = +0:16 barn and Qe = �0:2 barn.The M�ossbauer transition in 61Ni is of M1 harater. With the seletion rules of �m =�1; 0;+1 for transitions between ground state and exited state, of the 6 transitionsbetween these sublevels, only 5 are allowed, see �gure 2.7.PSfrag replaements
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Figure 2.7: Nulear levels and the quadrupole splitting for 57Fe and 61Ni in a non-magneti material andfor � = 0. (The saling of the 57Fe levels and the 61Ni levels are di�erent.)Vzz depends prinipally on two fators: First the ontribution from distant ions thatsurround the M�ossbauer atom in a non-ubi rystal, it is alled the lattie ontribu-tion V latzz . Seond, in the M�ossbauer atom itself, the valene eletrons an be distributedanisotropially. This is alled the valene ontribution V valzz . The lattie ontribution atu-ally is still enhaned by the fat that the �eld gradient from the distant ions polarises theeletron shells of the M�ossbauer atom. The valene ontribution on ontrast is diminishedby a shielding from the ore eletrons. All together, the sum o� both ontributions isoften expressed as: Vzz = V latzz (1� 1) + V valzz (1�R) (2.52)1 is the Sternheimer anti-shielding fator, R the Sternheimer shielding fator. For 57Fewe have 1 � �9 for iron ompounds and R = 0:25 � 0:35, for 61Ni, R should besimilar as there are just two eletrons more and 1 = �4:3 for the losed shells of 61Ni,[Bar80, G�ut78, Obe76℄.2.2.3 Magneti hyper�ne splittingIn lassial physis, the magneti moment of a nulei is proportional to its angular mo-mentum: ~� = ~I, with  being the gyromagneti ratio. In quantum mehanis, thede�nition for the magneti moment is � = hI;m=Ij�zjI;m=Ii, implying that only thez-omponent of ~� is observable. This leads to� = ~I = g�NI (2.53)g is the Land�e fator and �N the nulear magneton.  and g depend on how spin andorbital angular momentum ouple. Therefore, the magneti moment is not proportional



26 Chapter 2. Theoretial bakgroundto the nulear angular momentum. Instead, for 57Fe we have �g = +0:09 �N and �e =�0:155 �N . In the ase of 61Ni, it is �g = �0:75 �N and �e = +0:48 �N [Fir96℄.In the presene of a magneti �eld, the magneti moment interats with it. Theinteration energy is Em = �~� � ~B lassial (2.54)Em = hI;mj � �zBzjI;mi = �~Bzm quantum mehanis (2.55)A level of given I splits thus into 2I + 1 sublevels orresponding to the possible values ofm. There is no more degeneray. We hose the z-axis to be parallel to the magneti �eld.The �eld that the nuleus sees is alled the hyper�ne magneti �eld Bz = Bhf .PSfrag replaements
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Figure 2.8: Nulear levels and magneti hyper�ne splitting for 61Ni in a ubi lattie (Vzz = 0). Thesolid transition lines orrespond to �m = �1 transitions, the dotted ones to �m = 0.Again, the seletion rules for possible -ray transitions is �m = �1; 0;+1. In the aseof 61Ni, we end up with 12 allowed transitions and 12 di�erent transition energies, if thereis a magneti hyper�ne �eld at the nuleus. The ase for 57Fe is very similar, but as thenulear angular moments are Ig = 12 and Ie = 32 , the groundstate splits into two levelsonly and the exited state into four. With the seletion rules, 6 transitions of di�erentenergy are allowed.Despite the splitting of the level into 2I + 1 sublevels, there is an other result: Thenulear angular moment preesses around the diretion of the magneti �eld [Sh92℄. Thise�et is of great importane for SR-PAC, please refer to hapter 7.The reasons for the hyper�ne magneti �eld at the nuleus are multiple. The mainontributions an be written as [Bar01℄:~Bhf = ~Bore + ~Borb + ~Bdip + ~Bthf + ~Bext (2.56)Bore is alled the ore polarisation �eld or Fermi ontat �eld. It is the interation of anet spin-up or spin-down density ("unpaired spin density") of s-eletrons at the nuleuswith the nulear magneti moment. Even for a losed s-shell, the net spin density di�ersfrom zero, as the spin of the s-eletrons interats with the total spin of the outer eletron



2.2. Inuenes on the energy of nulear levels: hyper�ne interations 27shells (p, d and f). s-eletrons with a spin anti-parallel to the total spin of the outer shellsare stronger repulsed by these shells than s-eletrons with a parallel spin. Therefore, theystay loser to the nuleus and dominate over the other s-eletrons. Also eletrons from aonduting band of s-harater ontribute to this term. Sometimes their part is designedin an own term Bep, the onduting eletron polarisation �eld.Borb is the orbital �eld. Open, not ompletely �lled shells have an orbital angular momentL whih interats with the nulear magneti moment. In the ase of 57Fe and 61Ni, theseare the 3d-eletrons. L and Borb vanish for losed and half-�lled shells.The interation of the nulear angular moment with the spin of the valene eletrons isalled the spin-dipolar term Bdip. Again, losed or half-�lled shells do not ontribute.The term is further zero for an atom embedded in a loal ubi symmetry.Finally, the transferred hyper�ne �eld Bthf originates from the inuene of distant mag-neti ions. Distant magneti ions an polarise the ore eletrons (non-metalli systems)or the ondution eletrons (metalli systems) of a non magneti ion via magneti inter-ation. This term is in general small, but in ases where the M�ossbauer atom has nomagneti moment, it is the only remaining term. A prominent example is 119Sn.O� ourse, an external magneti �eld Bext an be added as well. This is very pratialas to obtain the diretion of the hyper�ne �eld or to simplify the M�ossbauer spetra, seethe end of the following hapter 2.2.4.2.2.4 M�ossbauer spetrosopy and line intensitiesIn hapters 2.2.2 and 2.2.3, we saw that ground state and exited state an split intosublevels. M�ossbauer spetrosopy is an exellent tool to investigate these sublevels. Inmost of the ases, for the M�ossbauer soure the M�ossbauer isotope is embedded in amaterial that is non-magneti and shows no eletri �eld gradient. Thus, the nulearlevels do not split into sublevels and only one transition energy is the result. This type ofsoure is alled a single line soure. The investigated sample ontains M�ossbauer nuleiembedded in their atomi and nulear environment. Depending on this environment(resulting harge density at the nuleus, the eletri �eld gradient and the magnetihyper�ne �eld) the levels of the M�ossbauer isotopes in the sample shift with respet tothe soure or split. As explained in hapter 2.1.4, the energy of the soure's radiationis shifted via the Doppler e�et. If this energy orresponds to the energy of a possibletransition in the sample isotopes, resonant absorption takes plae and the transmittedintensity dereases. Changing the inoming energy over a suÆiently large region, alltransitions in the sample will be deteted and give all valuable information about thehyper�ne-splitting, isomer shift or more subtle information like line broadening. In �gure2.9, both for 57Fe and for 61Ni, M�ossbauer-spetra with eletri or magneti hyper�nesplitting are shown as an example.One point that was not treated so far are the strength of the di�erent observed lines(with "line", one means an energy that orresponds to a transition in the sample). Toalulate the strength or intensities, we need to know the multipolarity of the transitionand the orresponding transition matrix elements, as well as the radiation harateristiof this multipolarity.During the transition between the exited state Ie; me; �e and the ground state Ig; mg; �g,a photon with quantum numbers l = Ie � Ig; m = me �mg; � is emitted. Conservationof angular momentum and parity � implies the emission of an eletromagneti wave with
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Figure 2.10: Dipole radiation angular harateristi.matrix element with the onerned multipole transition operator M̂(M1). The intensityof a ertain transition is given by:I / ���hIg; mgjM̂(M1)jIe; mei���2 F1m(�) (2.59)Using the Wigner-Ekart theorem and omitting the redued matrix elements of M̂ thatdepend only on Ig and Ie and are thus the same for all transitions in one isotope and withthe help of 3-j-symbols, this redues to [Sh92℄:I / � Ie 1 Igme m �mg�2 F1m(�) (2.60)With this formula, one an alulate the relative line intensities of all possible tran-sitions. In the ase of a polyrystalline sample, the values F1m(�) have to be aver-aged over all diretions, due to the arbitrary orientations of the nulei in the sample.R� R� F1m(�)sin(�)d�d� = 4�3 in all ases. Then, only the squares of the 3-j-symbols are ofimportane. In the ase of 57Fe and magneti hyper�ne splitting, we get relative intensi-ties ratios of 3:2:1:1:2:3 for the six transitions, as an be seen also in �gure 2.9. For 61Ni,we obtain 10:4:1:6:6:3:3:6:6:1:4:10. Still in a polyrystalline sample, but in the ase ofeletri quadrupole splitting, the levels are degenerated and we have to add up intensitiesof several transitions for one line. For 57Fe, this leads to a ratio of 1:1 for the two lines, seee.g. �gure 2.9. For 61Ni, the ratios are 9:6:1:4:10, starting with the line of lowest energy.If the sample is a single rystal or aligned with the help of an external �eld, theangle � between detetor diretion and the preferred axis is �xed. The values of F1m(�)play an important role now and may lead to a suppression of some lines (� = 0Æ) or todi�erent intensity ratios (e.g. � = 90Æ). The di�erent lines orrespond also to di�erentpolarisations. �m = 0 transitions are linear polarised and �m = �1 transitions areelliptially polarised, reahing in speial ases the extrema of irular or linear polarisation[Bar80℄.2.3 Absorption and satteringIn the previous part of this theory hapter, the M�ossbauer e�et has been treated asa resonant absorption proess. When dealing with SR experiments with a M�ossbauerisotope, it an be neessary to treat the subsequent absorption and emission of  orX-rays as a sattering proess of an eletromagneti wave�eld.



30 Chapter 2. Theoretial bakgroundAfter the SR exites a nuleus, the nuleus an deay into its ground state using twohannels: a radiative deay or the emission of inner shell eletron. This eletron is alleda onversion eletron. The eletron hole is then �lled by an eletron of an energetiallyhigher shell, thereby emitting X-ray uoresene radiation. In ase of the radiative deay,it is de�nitely appropriate to speak about a sattering proess. In the seond ase, theproess is sometimes alled nulear absorption [Chu98b℄. The onversion eletron or theX-ray uoresene radiation are produts of the absorption proess. The probability of aradiative deay is given by 1�+1 with � being the internal onversion oeÆient.The sattering or absorption proess an inlude the partiipation of phonons and thusa transfer of energy. It is helpful to lassify the proess with respet of elastiity. Theinteration of nulear matter with the inoming radiation an be desribed as [Stu04℄:j	iijii ! j	ni ! j	fijfi (2.61)Here, j	ii and jii are the initial states of the inoming X-ray wave�eld and the nulearmatter. The exited state j	ni is a temporary state with the inoming X-ray wave�eldbeing absorbed that �nally deays into the �nal state j	fi under the emission of a photonjfi or an other deay produt.If the initial and the �nal states jii and jfi are of idential energy, then the interationproess is elasti. If further the deay of the nuleus is radiative, we an speak aboutnulear elasti sattering. If phonons partiipate in the interation, jii and jfi are notof idential energy and the proess is inelasti. If furthermore the deay hannel is theradiative one, the emitted photon an be alled -ray uoresene [Chu98b℄.To onsider oherene, it is neessary to onsider a olletion of atoms and one ananalyse the following expression [Stu04℄:j	ii = j�iiYj j (j)i i (2.62)j�ii desribe the olletive state of lattie vibrations and itinerant eletrons. j (j)i i is theore state of atom j. In a oherent sattering proess, the initial and �nal ore statesof all atoms are idential. The sattering proess is alled inoherent if at least one orestate hanges.In nulear forward sattering and the related nulear lighthouse e�et, the radiativedeay is examined under the exlusion of phonon partiipation. It is an elasti oherentsattering proess. The theory to desribe this sattering will be skethed in hapter 2.4.Nulear inelasti absorption [Set95℄ and nulear inelasti sattering [Chu98b℄ are phononassisted inelasti and inoherent proesses. In these proesses, oherene is destroyed bythe phonon lifetimes on very short time sales, muh faster than the nulear deay andthus pratially unobservable in nulear resonant experiments. Synhrotron radiationbased perturbed angular orrelation (SR-PAC) is inoherent inelasti, too. It is treatedin hapter 7.M�ossbauer spetrosopy is elasti and oherent, though the oherent properties arenot easily visible in a standard absorption experiment. Conversion eletron M�ossbauerspetrosopy (CEMS) is an elasti inoherent proess. The oherene vanishes when theonversion eletron is emitted.



2.4. Nulear forward sattering 312.4 Nulear forward sattering2.4.1 Coherent elasti sattering and the nulear exitonM�ossbauer spetrosopy was introdued in hapter 2.2.4 as a valuable tool to investigatehyper�ne interations. To obtain similar results in a SR sattering experiment, nulearforward sattering is employed. When the radioative soure used in M�ossbauer spe-trosopy is replaed by the SR, several experimental fats imply and allow for a di�erentapproah. In M�ossbauer spetrosopy, the energy of the inoming radiation emitted by theradioative mother isotope is hanged in energy with respet to the investigated samplevia the Doppler shift. The energeti width of the emitted radiation is extremely narrow.It was stated in hapter 2.1.1, that in the ase of 57Fe for example, this width is 4.7 neV.Even with best monohromators, as will be seen in hapter 4.2.4, the energy resolution ofSR is in the meV range. This is muh broader than the energeti splitting due to hyper�neinterations, whih is in the order of several tens to hundreds of neV in general. Spei�split sublevels an not be exited individually, instead all possible transitions between thesublevels of the ground and exited state are exited simultaneously.However, as nulear forward sattering is an elasti oherent sattering proess, it ispossible to examine the interferene between the deaying sublevels. This an easily bedone if the SR is of pulsed nature. A ash of SR exites all sublevels of the exited state,and in the following time (when no further exitation happens), the delayed deay ofthe involved sublevels is observed on the time sale. With the nulear lighthouse e�et,a method was found that is independent from the pulsed behaviour of the synhrotronradiation [R�oh00℄. Still, the sattering proess an be treated with the same formalismas needed for NFS.An important onsequene of the oherent nature of NFS is the fat, that it is notpossible to know whih nuleus was involved in the sattering proess. No nuleus has beentagged via the emission of a onversion eletron or a hange in its osillatory behaviour.An illustrative piture to desribe this fat is the nulear exiton. The nulear exitonan be expressed as a oherent superposition of all realisations, in whih one nuleus isexited and the others remain in their ground states, [R�oh04a℄:j	n(~ko)i = 1pN Xi ei~ko�~rijgijeii (2.63)Here, jgi denotes the ground states of all but one nulei and jeii the exited state of theremaining nulei being at the position ~ri. The fator ei~ko�~ri is needed to preserve the phaserelation between the di�erent nulei at di�erent positions with respet to the inomingradiation ~ko. Only in the forward diretion, all individual phases add up onstrutively,unless the arrangement of the nulei in the sample allows for a Bragg reetion.To treat nulear forward sattering with synhrotron radiation, several theoretialonepts an be used. It is possible to treat the sattering in the energy domain, as theM�ossbauer e�et itself, and examine the response of a olletion of individual, energetiallydi�erent plane waves inident on the nulear satterer. The response of the broad-bandinoming SR is obtained after integration of all plane waves [Smi99℄. The outgoing waveis the sum of the inident plus the sattered wave.A seond possibility is to assume a loally homogeneous satterer that is representedby its anisotropi and polarisation dependent refrative index [Han99, B�ur99, R�oh04a℄.



32 Chapter 2. Theoretial bakgroundThis approah is used here. As the refrative index is frequeny dependent as well, alsohere a Fourier transform into the time domain is neessary. The outgoing wave is refratedinident wave.In a third approah, the response funtion tehnique, the sattering is solved diretlyin the time domain, without using the detour of the previous energy dependent planewaves [Shv99℄. First order integro-di�erential equations are used. Their kernel K(t; t̂)represents the oherent single sattering response of the nulear satterer at time t whenthe exitation happened at time t̂. This approah has been implemented in the data�tting program Motif whih is arguably the most user-friendly �tting program for NFS.However, the ompliated theory does not suggest any presentation of it here.2.4.2 Jones matries and the refrative index of a sattering proessPolarised light travelling along the z-axis an be expressed as~E = A�ei(!t+kz+��)~e� + A�ei(!t+kz+��)~e� or ~A = �A�ei��A�ei��� (2.64)in the Jones matrix formalism, if we restrit us in the following to oherent elastiforward sattering proesses. Synhrotron radiation is polarised in the horizontal �-planeand ontains, ompared to the width of a nulear resonane, a broad frequeny spetrummonohromatised to a width �!. We an represent it as~A0(!) = pI0=�!�10� (2.65)In the following, we will assume pI0=�! = 1.The propagation of an eletromagneti wave through a homogeneous material of thik-ness d an be desribed with the transformation of its Jones vetor as:~A0(!) = Td(!) ~A0(!) (2.66)The properties of the propagation matrix Td(!) depend on the sattering proess andthus on the sattering amplitude. It an be shown [Blu68℄ that~A0(!) = eiknd ~A0(!) (2.67)is a solution of the wave equation for eletromagneti radiation passing through a mediumof refrative index n. We use the refrative index in matrix form n. In anisotropi media,as is the ase for nulear satterers with a preferred spin orientation, the index of refrationis not a salar, but di�erent for orthogonal polarisations. It needs to be represented bythe Jones matries for birefringent material. Polarisation mixing an our. We use thebasis of horizontal and vertial polarised light:n = � n�� n��n�� n�� � (2.68)In the ase of forward sattering, the refrative index n depends on the forward sat-tering amplitude f via, [Lax51℄: n = 1� 2�k2 % f (2.69)



2.4. Nulear forward sattering 33where % is the density of satterers. A simple derivation of this equation an also befound in [Als93℄. 1 is the diagonal unit matrix and f is the polarisation dependentforward sattering matrix. It is onvenient for the following treatment to use n = 1+ f=kand thus to inlude the fator 2�%k into the expression of f . We further introdue k = k1.Equation 2.67 transforms thus to:~A0(!) = eiFd ~A0(!) with F = k+ f and eiFd = Td(!) (2.70)However, the fator eikd only aounts for a phase shift of all omponents of the travellingwave whih is negleted again in the Jones vetor formalism. Thus in pratie, it issuÆient to alulate ~A0(!) = eifd ~A0(!).2.4.3 The nulear sattering amplitudeThe sattering amplitude f represents the properties of the satterer, in partiular ofeletroni and of nulear nature: f = 2�%k (fe+ fn). It is a omplex amplitude, thus treatingboth phase shifts and absorption. In usual eletroni X-ray sattering experiments thatneglet the nulear ontribution, it is ommon to writefe = �roZ + f 0 + if 00 in ases treated here: fe = �roZ + i k4��tot (2.71)where roZ is the Thomson sattering amplitude of Z eletrons, ro = e2me2 is the lassialeletron radius and f 0 + if 00 is the omplex anomalous dispersion orretion term. Farfrom absorption edges, it is suÆient to onsider only the imaginary term i k4��tot whihomprises the total absorption ross setion due to Compton sattering and the photoe�et. The magneti sattering amplitude fm has been exluded in this equation. Then,the eletroni sattering amplitude is a salar and fe = fe1.If the nulear transition ours between two unsplit nulear levels, its ontribution tothe sattering amplitude an be written as:fn(!) = � Ze2mp2 + fo2(Eo � ~!)=�� i � fo2(Eo � ~!)=�� i (2.72)The �rst term orresponds to Thomson sattering on the nuleus and is negligible, sinethe proton mass mp is muh larger than the eletron mass. The seond part is the resonantontribution that has its maximum if the inident photon has the energy Eo of the nuleartransition. fo is given as [R�oh04a℄:fo = 12k 2Ie + 12Ig + 1 11 + � fLM � (2.73)where � is the isotopi abundane. The nulear sattering amplitude is onneted to thenulear absorption oeÆient �n(!) of equation 2.30 via the optial theorem �n(!) =4�k Imffn(!)g, and thus �o = 4�k fo.If the involved nulear levels are at least partially split by hyper�ne interations,di�erent transitions between the split levels an only be exited by light of a ertainpolarisation state, see also hapter 2.2.4. Therefore, the nulear sattering matrix fn hasto inlude the polarisation information. We will restrit ourselves to a M1 transition asin the ase of 61Ni and 57Fe. The seletion rules require �m = �1; 0; 1 =: M for the



34 Chapter 2. Theoretial bakgroundtransition between ground state and exited state. This leads to 6 transitions in the aseof a magnetially split iron sample or 12 lines in the similar ase for 61Ni. The nulearsattering amplitude is given as [R�oh04a℄:[fn℄�� = 4�k 1XM=�1[(�� � �) �Y1M(�;b)℄[Y�1M(�;b) � (�� � �)℄FM(!) (2.74)where � and � run over the two orthogonal diretions of the hosen polarisation basis.Using the � and � diretions as polarisation basis, one obtains the matrix form:fn = 4�k 1XM=�1�FM (!)� � �Y1M(�;b) Y�1M(�;b)�� �� �Y1M(�;b) Y�1M(�;b)���� �Y1M(�;b) Y�1M(�;b)�� � �Y1M(�;b) Y�1M(�;b)�� ��(2.75)The energy dependent part is presented by the fator FM that is spei�ed later. Thepolarisation properties are expressed via the term [(����)�Y1M(�;b)℄[Y�1M(�;b)�(����)℄. �;�and � are the unit vetors that span the o-ordinate system attahed to the inoming SR.The vetor spherial harmonis Y1M desribe the emission or absorption harateristisof a M1 transition. They depend on the diretion � of the examined photon and thequantisation axis of the nulear satterer, i.e. the diretion b of the magneti quantisationaxis or the symmetry axis of an axially symmetri eletri �eld gradient. For a detailedview of these spherial harmonis, see for example [Stu04, page S 520℄ or the appendix of[Han99, R�oh99℄. The energy dependent part an be expressed as:FM(!) = 2 11 + � 12Ig + 1fLM�Xmg C2(Ig 1 Ie;mgM)2(E(mg ;me=mg+M) � ~!)=�� i (2.76)The expliit form for F�1; F0 and F1 for the ase of a magnetially split 57Fe satterer anbe found in [Sid99, page 691℄. Equation 2.75 an be transformed with some trigonomet-rial alulations into:fn = 38k � F1+F�1+(��b)2(2F0�F1�F�1) �i(��b)(F1�F�1)�(��b)(��b)(2F0�F1�F�1)i(��b)(F1�F�1)�(��b)(��b)(2F0�F1�F�1) F1+F�1+(��b)2(2F0�F1�F�1) � (2.77)Equation 2.77 simpli�es drastially, if the preferred quantisation axis is parallel to one ofthe diretions �; � or �. Examples will be seen later together with the time evolution ofa deaying ensemble of exited states. If the quantisation axis is distributed isotropiallyor in a ertain plane, the polarisation dependent part [(����)�Y1M(�;b)℄[Y�1M(�;b)�(����)℄has to be integrated over all Euler angles �; � and  between � and b [R�oh94℄.With the use of equations 2.69, 2.77 and 2.76, the transmission matrix Td(!) = einkdan be alulated. The matrix exponential an be alulated analytially for ertainspeial ases only and numerially in general. To desribe a SR experiment with linearly�-polarised inoming radiation and a detetor that is insensitive to the polarisation, themeasured intensity is given byI(t) = j ~A0(t)j2 = ���� 12� Z 10 ~A0(!)e�i!td!����2 (2.78)with ~A0(!) = �T��(!)T��(!)� = � T��(!) T��(!)T��(!) T��(!) ��10� (2.79)



2.4. Nulear forward sattering 35and thusI(t) = I��(t) + I��(t) = ���� 12� Z 10 T��(!)e�i!td!����2 + ���� 12� Z 10 T��(!)e�i!td!����2 (2.80)Here, the inverse Fourier transform was used to obtain the time response A0(t) of thesattering amplitude A0(!). Causality demands that the integral starts only at t=0, thearrival time of the SR ash, that is taken to be a delta funtion in time.Using this result, some properties of nulear forward sattering and examples aretreated in the following hapters 2.4.4 to 2.4.6.2.4.4 Dynamial beats and speed-upThe �rst example to be onsidered is the ase of absent hyper�ne interations. In thisase, equation 2.77 redues to fn = fn1 with fn given by equation 2.72 where the nulearThomson sattering term an be negleted. This an be understood as the denominatorof 2.76 is equal for all terms and the sum of the nominators is proportional to 2Ie + 1.This leads to F�1 = F0 = F1 and thus F1 � F�1 = 2F0 � F1 � F�1 = 0. The matrix ofequation 2.77 is then of diagonal form and proportional to the unit matrix 1. Aordingly,the matrix exponential einkd an be determined analytially and the transmission matrixis given as [Sid99℄ T(!) = e�12�ed e i �(Eo�~!)�i�=2 � 1 00 1 � (2.81)The �rst fator e��ed=2 is due to the eletroni sattering amplitude and �e = % �tot. � isthe enhaned resonane width given by� = �% � fLMd 12k2 11 + � 2Ie + 12Ig + 1 � � = 14% �o � fLM d � � (2.82)In the time evolution of the transmitted radiation, this leads to a speed up of the exponen-tial deay. As T(!) is diagonal, the sattering proess does not hange the polarisationof the inoming radiation. ~A0(!) is a salar and given byA0(!) = e�12�ed e i �(Eo�~!)�i�=2 (2.83)The inverse Fourier transform leads to [Kag79℄:I(t) = e��ed e� t� �t� J 21 �q4�t� � (2.84)where � = �� = 14% �o � fLM d is the so-alled e�etive thikness and J1 is the �rst-orderBessel funtion.Equation 2.84 an be approximated at early times byI(t) / �2e�(1+�) t� (2.85)whih shows that the initial deay is aelerated. This behaviour was termed speed-up. Atlater times, the Bessel funtion has repeated minima with dereasing time delay betweentwo adjaent minima. The resulting beat struture was termed dynamial beats, as itappears in thik samples. In the limit of extremely thin samples, the time behaviour ofI(t) approahes the simple deay behaviour of an isolated nuleus I(t) = e�t=� . For 61Nisamples of varying thikness, the equation 2.84 is skethed in �gure 2.11.
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Figure 2.11: The inuene of the thikness on NFS with absent hyper�ne interations. A �tive 61Ni-foilat 180K without hyper�ne splitting is onsidered. The Lamb-M�ossbauer fator is 0.0246. For omparison,the exponential deay with the natural lifetime of 7.4 ns is also given. The deay for real samples isaelerated, this is alled the speed-up. The osillations in the spetra are alled dynamial beats.2.4.5 Quantum beatsNow, a nulear resonant sample will be investigated under the presene of a magnetihyper�ne �eld. In partiular, the magneti hyper�ne �eld is taken to be aligned in thevertial diretion by an external magneti �eld. This means � = b. In this ase, equation2.77 simpli�es to fn = 38k � 2F0 00 F1 + F�1 � (2.86)The matrix exponential an be alulated easily, beause the sattering amplitude is ofdiagonal form. As the inident radiation is �-polarised, only the matrix element F0 hasto be taken into aount. The Jones vetor for the transmitted radiation is given by~A0(!) = e�12�ed ei3� 12Ie+1Pmg C2(Ig1Ie;mg 0)2(Emg;me=mg�~!)=��i �10� (2.87)The sum runs over the possible transitions between the ground state and the exited statewhih satisfy me = mg, i.e. M = 0. In the ase of 61Ni, these are four transitions, as anbe seen in �gure 2.8, eah having a di�erent energy. To illustrate the interferene ausedby several possible transitions in nulear forward sattering, it is more simple to treat thease of 57Fe, where only two possible transitions exist (Ig = 12 instead of Ig = 32 in thease of 61Ni). The two transition energies are Ea and Eb. Writing ~A0(!) as a salar nowfor the 57Fe ase, it is:A0(!) = e�12�ed ei�2� 12(Eb�~!)=��i+ 12(Ea�~!)=��i� (2.88)The Fourier transform an easily be performed numerially, although an analytialsolution in this ase is not at all evident. Still, if the splitting of the two transitions



2.4. Nulear forward sattering 37�E = jEb � Eaj is larger than the natural line width �, a good approximation an befound as [Han99, page 218-219℄:A0(t) = �i e�12�ed e� t2� r �2t� �e�iEat + e�iEbt� J1�q2�t� � (2.89)This leads to the measured intensity ofI(t) = e��ed e� t� �2t� J21�q2�t� � os2 �E2 t (2.90)The os-term leads to a distint beat struture. This e�et is known as quantum beats.A similar equation as 2.90 an be derived for 57Fe-nulei under the inuene of an eletri�eld gradient. However, to get the two transitions with equal intensity, an isotropidistribution of the eletri �eld gradient diretion is neessary.
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Figure 2.12: Quantum beats for �-57Fe-iron at 300K. The nulear spins are aligned along the �-diretion,e.g. by a small external alignment �eld. The envelope is a hypothetial non-magneti 57Fe-foil of half thethikness. The inset shows the orresponding M�ossbauer absorption spetrum where the horizontal axisis the energy in units of the natural linewidth �=4.65 neV for 57Fe. The vertial axis is the transmittedintensity. The splitting is muh larger than the natural line width.Figure 2.12 shows quantum beats in the time spetrum of �-57Fe at 300 K. The hy-per�ne �eld of 57Fe is 33 T. The nulear spins are aligned in the �-diretion, whih ex-perimentally an be ahieved with a small external alignment �eld. The alulations areperformed with the program Motif [Stu94℄ and not following equation 2.90 as to avoidthe approximation used in alulating the Fourier transform of equation 2.88. The re-sult shows that for both thin and thik samples, the time spetrum of NFS is very lose



38 Chapter 2. Theoretial bakgroundto the modulated osine funtion of equation 2.90. As shown in the inset of the �gure,the energy di�erene of the two transitions, given in units of �, is muh larger than thenatural line width. It was stated above that this is a neessary ondition to obtain thesimple equation 2.90. The overlaying envelope was alulated assuming a hypothetialsample with vanishing hyper�ne �eld of half the thikness as used in the original urve.The envelope only shows dynamial beats.
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Figure 2.13: Quantum beats for metalli 61Ni at 180K. The nulear spins are aligned along the �-diretion, e.g. by a small external �eld. As the splitting is not muh larger than the natural linewidth, theenvelope of a hypothetial non-magneti 61Ni-foil of a quarter of the thikness does not math perfetly.The inset shows the orresponding M�ossbauer absorption spetrum for the thinnest and the thikest foil.In the ase of 61Ni, where four transitions are allowed with the nulei being aligned inthe �-diretion, the simple osine term of equation 2.90 does not hold. As the energies ofthe four transitions are equally spaed, three distint energy di�erenes exist, giving riseto three frequenies in the NFS time spetrum.For a thin sample of 1�m at 180 K, the time spetrum is shown at the bottom of �gure2.13. The magneti hyper�ne �eld was taken to be 7.3 T. The envelope assuming a �tiveidential non-magneti sample of one fourth of the thikness is shown for omparison. Theorresponding M�ossbauer absorption spetra are shown in the lower left inset. It is seenthat the splitting is only slightly larger than the line width. Therefore, the time spetrawith 40�m and 100�m thik samples are not equivalent to the urve of the magneti1�m thik 61Ni-foil modulated by the simple dynamial beat behaviour. The M�ossbauerabsorption spetra for the 100�m thik magneti foil and the 50�m non-magneti foil areshown in the top right inset.



2.4. Nulear forward sattering 392.4.6 Distributions of magneti quantisation axisIf the quantisation axis of the nulei varies inside the sample, this has to be taken intoaount in nulear sattering matrix as given by equation 2.77. It was already stated thatthe polarisation dependent part [(����)�Y1M(�;b)℄[Y�1M(�;b)�(����)℄ has to be integratedover all Euler angles �; � and  between � and b. If the distribution is ompletelyisotropi, the integration has to be done as given by [R�oh94℄:18�2 Z 2�0 Z �0 Z 2�0 [(����)�Y1M(�;b)℄[Y�1M(�;b)�(����)℄ d� sin� d� d (2.91)However, in thin �lms the magnetisation is often restrited to lie in the �lm plane. Thenthe integral has to be taken with 14�2 R 2�0 R 2�0 � � �d� d with � = 90Æ. The resulting nulearsattering matries are given by [R�oh04a℄f3dn = 38k �F1+F�1+F0 00 F1+F�1+F0 � f2dn = 14k �F1+F�1 00 12F1+ 12F�1+F0 �(2.92)In most experiments with SR, the inident radiation is �-polarised and the satteredradiation is deteted by a polarisation insensitive detetor. If the sattering matrix is ofdiagonal form, only F�� will ontribute. The sattering matrix is also diagonal for bk�and bk�. For bkk, this is not the ase and polarisation mixing ours. Polarisationmixing is often referred to as a generalised kind of Faraday-e�et.
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Figure 2.14: The time spetra of nulear forward sattering on a thin 57Fe sample with the magnetiquantisation axis aligned or distributed as depited to the left [R�oh04a℄. The quantum beats are more orless omplex, depending on the number of interfering transitions with di�erent energy.For �-iron, the NFS spetra under the onditions stated above are depited in �gure2.14 for a very thin sample, i.e. no dynamial beats appear. If one has to distinguishbetween the three ases of row two, additional measurements with a tilted sample an tellthe di�erene, as a di�erent sattering geometry will hange F��.
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Figure 2.15: The time spetrum of nulear forward sattering on a polyrystalline 61Ni sample of 80 �mthikness at 180K.Again, the time spetrum of 61Ni is more omplex, due to the maximal 12 possibletransitions. The ase of a polyrystalline metalli 61Ni-foil, thus the 3d-ase, is alulatedwith Motif for a 80�m thik foil at 180 K and with a magneti hyper�ne �eld of 7.3T, see�gure 2.15. For omparison, also e�t=7:4 ns is depited, i.e. the deay orresponding to thenatural lifetime.The inset of �gure 2.15 shows the orresponding M�ossbauer absorption spetrum. Themagneti hyper�ne splitting in metalli 61Ni is very small. As the splitting of the exitedstate �Ee = �eBhf=Ie = 44 neV is muh smaller than the splitting of the ground state�Eg = �gBhf=Ig = 115 neV, the twelve transitions are not resolved in the M�ossbauerabsorption spetrum. Remember that the natural line width is 85.4 neV. As an be seenin �gure 2.8, the twelve lines an be approximated by 4 triplets whih are still resolved inthe M�ossbauer absorption spetrum. This ase is thus not too di�erent from the ase of analigned 61Ni sample as disussed and depited in hapter 2.4.5. However, the time spetraof NFS di�er quite a lot. The resolution of NFS does not su�er from thik samples.2.4.7 Prinipal experimental setup of NFSA brief sketh of the experimental setup used in nulear forward sattering is shown in�gure 2.16. The detetor is plaed in the diret beam to detet the forward satteredradiation. Coherently sattered radiation of non-rystalline samples only exists in theforward diretion or in speular reetions. Unfortunately, non-interating radiation oreletronially sattered radiation is present in the forward diretion, too. In fat, itdominates by far the nulear signal, as the inident radiation is muh broader in energythan the nulear line width. Sophistiated monohromatisation shemes have to be usedtoo limit the detetor harge as muh as possible without reduing the nulear signal.The nulear signal is "�ltered" out of the huge total signal by timing eletronis. Non-interating radiation or eletronially sattered radiation basially arrives without delay atthe detetor, whereas the nulear sattered radiation is delayed in time ranging from 0 nsup to several lifetimes of the exited nulear level. The delayed arrival time with respet
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Figure 2.16: View of the experimental setup used for nulear forward sattering.to the prompt ash is analysed and a time spetrum aquired. This implies a pulsed timestruture of the eletrons in the storage ring with suÆiently large gaps between adjaenteletron bunhes. Furthermore, eah eletron bunh needs to be short in time. These�lling modes are alled timing modes. Figure 2.16 indiates quantum beats travellingtowards the detetor after the nulear satterer as one example of a nulear response.2.5 Grazing inidene satteringIf an eletromagneti wave�eld impinges on a surfae under a small angle, i.e. in grazinginidene, it gives rise to a reeted and a transmitted wave�eld. Reeted and transmit-ted beam represent two open sattering hannels and form the ase of a 2-beam di�ration.It is possible to extend the theory developed in hapter 2.4.3 for the ase of two (or more)open sattering hannels [R�oh99b℄.
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Figure 2.17: Geometry in nulear forward sattering experiments, panel a), and for grazing inidenereetions, panel b).Similar to equation 2.70 for forward sattering, the 2-beam ase of grazing inidene an



42 Chapter 2. Theoretial bakgroundbe expressed by the following 4 dimensional equation:A(d) = eiFdA(0) (2.93)with the 4 dimensional matrix F given in grazing inidene as [R�oh99b℄:F = �f + k0z f�f �f � k0z � (2.94)Here, f and kz = kz1 � k� � 1 are again the 2�2 matries as desribed in hapter 2.4.3.Only if the inident angle � is very small, all four f matries that appear in equation2.94 are idential. The wavevetors A(0) and A(d) are supervetors ombining both opensattering hannels, designed + for the inident diretion and { for the reeted diretion:A(d) = � ~A+tr(!)~0 � and A(0) = � ~A+in~A�re(!)� (2.95)It is helpful to introdue a matrix T as de�ned byeiFd =: T(F) = � T++(F) T+�(F)T�+(F) T��(F) � (2.96)With this notation, the reeted wave�eld an be alulated as~A�re(!) = �[T��(F)℄�1T�+(F)| {z }=: R ~A+in = �[T��(F)℄�1T�+(F)�10� (2.97)If the sattering matrix F is not onstant over the thikness z, like in a layer systemof N layers, the matrix T is a produt of the matrix exponentials of the individual layers:T = eiFNdN � � � eiF2d2eiF1d1 (2.98)The sattering matries Fi aount for the eletroni and nulear sattering properties ofeah individual layer and depend on the inident angle � via the kz � k� �1 ontribution.Numerially, the matrix exponential T = Qi eiFid an be derived without further as-sumptions. Then, equation 2.97 allows to alulate the reeted amplitude and propertiesimportant in grazing inident sattering: This is �rst the reeted intensity as a funtionof the inident angle � solely due to eletroni sattering. It an be alulated if ! ishosen lose to, but not on the nulear resonane energy. This is equivalent to negletingthe nulear sattering amplitude fn. Seond, the nulear ontribution an be inluded and~Are(!) alulated as a funtion of !, keeping � �xed. The delayed intensity as a funtionof time is again obtained with the Fourier transformIre(t) = ���� 12� Z 10 ~A�re(!)ei!td!����2 (2.99)This time dependent intensity an be integrated over times ranging from t0 to t1. Ifthis proedure is repeated for varying inident angles �, the nulear reetivity urve isobtained.To redue omputing time and to obtain further physial insight of the reetion matrixR, the sattering matrix F an be diagonalised. An important step of this proedure



2.6. The nulear lighthouse e�et 43is the diagonalisation of f . At the end, the matrix exponential Qi eiFd is expressed as amultipliation of several matries desribing individual proesses. For a single freestandinglayer, the following expression is derived [R�oh99b℄:T = eiFd = G1T �101R01E1R10T �110 G�11 (2.100)where all matries are 4�4 matries as to desribe the 2 open sattering hannels andtwo orthogonal polarisations. G1 is a oordinate transformation between the hosen setof polarisations and the one in whih F is of diagonal form. T is the transmission ofthe eigenpolarisations through the interfae of vauum and layer 1. R is the reetiv-ity matrix at the interfae vauum and layer 1 and E desribes the propagation of theeigenpolarisations through the layer 1. This formalism an be extended to multiple layerseasily.If the layer ontaining the M�ossbauer isotope is ultrathin, it is possible to approximateits sattering matrix T = eiFd by T � 1+idF. It an be shown [R�oh99a, R�oh04b℄, that thefrequeny dependent ontribution to the reetivity matrix R as introdued in equation2.97 is then given by R(!) = ida2(dutl)f(!) (2.101)with a2(dutl) being the normalised wave �eld intensity at the depth dutl of the ultrathinlayer of thikness d. This wave �eld intensity depends on the eletroni sattering proper-ties of the whole layer system and an be inreased by an appropriate waveguide struturewith the ultrathin layer plaed in an anti-node, see hapter 3.4.2. As the layer ontainingthe M�ossbauer isotope is ultrathin, the wave �eld intensity does not depend on the nulearsattering amplitude in �rst order. Equation 2.101 is valid as long as (kz d)2 < 0:1, orre-sponding to nm thikness at typial inident angles at the resonant energy of 57Fe. Thisultrathin limit orresponds to nulear forward sattering by the ultrathin layer with ane�etive thikness of a2(dutl)d. This ase is referred to as the kinematial approximation.2.6 The nulear lighthouse e�etIn nulear forward sattering, the signal originating from the interation of the inidentphotons with the nulei is delayed with respet to the eletronially sattered radiation.This allows to distinguish between them. However, to do so, the exiting radiation hasto provide a well de�ned time struture with quiet time periods that allow to detet thedelayed quanta in the absene of eletronially sattered radiation. Furthermore, as thedetetor is plaed in the diret beam and the lifetime of the nulear levels is very short,i.e. typially 1 to 100 ns, the detetor needs to reover rapidly after the eletroniallysattered radiation. This is only possible if the eletronially sattered intensity is redueddrastially with the use of high resolution monohromators. A method that ahieves aseparation of eletroni and nulear sattered photons not only in time, but also in spae, isthe nulear lighthouse e�et [R�oh99, R�oh00℄. This name is used to desribe a oherentnulear resonant sattering experiment on a rapidly rotating sample. High resolutionmonohromators and a ertain time struture of the inident radiation are not essentialfor this e�et.



44 Chapter 2. Theoretial bakground2.6.1 Phase shift upon rotationFormally, the nulear lighthouse e�et an be explained using angular momentum on-servation of a system. Linear translations of spatial oordinates involve a phase shift ofthe eigenstates of the system that are proportional to the invariants of motion ~p, thelinear momentum, and ~J , the angular momentum [R�oh98℄. Here, we are onerned withrotations: ~A(~ o+ ~ ) = e� i~ ~J�~ ~A(~ o) (2.102)During a oherent sattering proess, the phase di�erene between the partiipating sat-terers exited by the inident radiation of wavevetor ~ko stays onstant. In nulear reso-nant sattering, this oherent exited state is alled the nulear exiton. For a sample atrest, the deay of the exiton follows in the diretion of ~ko, unless the arrangement of thenulei allows for Bragg sattering, too. Now suppose the sample spinning with onstantangular veloity ~
 and ~�(t) = ~
t. This situation is skethed in �gure 2.18.PSfrag replaements
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Figure 2.18: Nulear resonant sattering on a rotating sample element.Similar to equation 2.102, the nulear exiton as desribed via the time-dependentwave�eld ~Ao(~r; t) that it emits at rest, aquires an additional phase:~A(~r; t) = e� i~ ~J�~
t ~Ao(~r; t) = e� i~ ~J�~
t ei~ko~r ~Ao(t) (2.103)where ~Ao(t) is the Jones vetor of the sattered radiation as given in equation 2.78. Theangular momentum ~J is the sum of orbital angular momentum ~L and of the spin ~S:~J = ~L + ~S = ~~r � ~ko + ~S (2.104)Inserting this into equation 2.103, we obtain the exponentials exp(i (~r�~ko) � ~
t) � exp( i~ ~S �~
t). The seond fator ontaining the spin ~S does not hange the ~r dependene of ~A(~r; t).It hanges the polarisation state of ~A(~r; t) and may introdue an energy shift of the nulearlevel by an amount of ~
 whih is negligible as ompared to the natural linewidth of thenulear levels [R�oh00℄. As the detetors used in nulear resonant sattering experimentsdo not depend on the polarisation of the deteted radiation, we an neglet this termhere.Using basi vetor algebra one an rewrite1~ ~J � ~
t) 1~~L � ~
t = (~r � ~ko) � ~
t = (~ko � ~
t) � ~r (2.105)and �nally obtains [R�oh00a, R�oh00℄~A(~r; t) = ei(~ko�~ko�~
t)�~r ~Ao(t) (2.106)



2.6. The nulear lighthouse e�et 45It is visible that equation 2.106 represents a time modulated ( ~Ao(t)) plane wave in thediretion of ~k(t) = ~ko�~ko�~
t. As the sattering vetor ~q = ~k(t)�~ko = �~ko�~
t is linear inthe time, the time response is mapped onto an angular sale with j~q(t)j = ko
t = ko�(t).However, the inident SR radiation is not a perfet plane wave but a divergent beam.This leads to a redued degree of transverse oherene at the nulei. The transverseoherene is desribed by a mutual oherene funtion W (~r), represented by a Gaussianof standard deviation �. To obtain information about the angular dependene of thesattered radiation under this ondition, it is more onvenient to treat the satteringamplitude in reiproal spae. This is done with the Fourier transform~A(~k; t) = Z ~A(~r; t) e�i~k~rd~r = ~Ao(t) Z ei(~ko�~ko�~
t)�~re�i~k~rd~r (2.107)With ~q = ~k(t)� ~ko, this transforms to~A(~q; t) = ~Ao(t) Z e�i(~q�~ko�~
t)�~rd~r (2.108)In equation 2.108, we still have to inlude the redued oherene via the funtion W (~r):~A(~q; t) = ~Ao(t) Z e�i(~q�~ko�
t)�~rW (~r)d~r (2.109)If the oherene length is assumed as in�nite, the oherene funtion W (~r) is onstantand 1. The integration of R1�1 e�i(~q�~ko�~
t)�~r leads to Æ(~q � ~ko � ~
t). Thus:~A(~q; t) = ~Ao(t)Æ(~q � ~ko � 
t) (2.110)It is onvenient to use now �~ko � ~
t = ko
tx̂ = ko�x̂.If the oherene length is �, equation 2.109 transforms to~A(~q; t) = ~Ao(t) Z e�i(~q�~ko�
t)�~r e� 2x2�2 d~r (2.111)The integration together with j~qj = ko� leads to~A(�; t) = ~Ao(t)e� 12 �2(��
t)2 (2.112)As the intensity measured at a �xed angle is the square of the wave�eld amplitude at thatangle, one alulates I(�) = Z 10 ��� ~A(~q; t)���2 dt (2.113)The results derived here are onsistent with a more vigorous theoretial approah[R�oh00℄ diretly in the spae time formalism derived by Shvyd'ko [Shv99℄.2.6.2 Nulear lighthouse e�et experimental shemeThe prinipal experimental realisation of the nulear lighthouse e�et is depited in �gure2.19. The delayed nulear signal of the rotating sample is mapped onto an angular sale.Unfortunately, the nulear signal is not the only deviated signal. Small angle X-raysattering also leads to photons deviated o� beam-axis, see hapter 2.7. Its distributionto the obtained signal by the detetor an be as important as the nulear signal itself.In �gure 6.5, the SAXS is inluded for the ase of an 61Ni measurement. For tehnialdetails of the rotor/stator system, refer to hapter 4.3.



46 Chapter 2. Theoretial bakgroundPSfrag replaements DI
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Figure 2.19: Basi experimental setup of the nulear lighthouse e�et. The undulator radiation U ismonohromatised oarsely by a simple pre-monohromator M. The rotor R ontaining a M�ossbauer iso-tope is spinning at high frequenies 
. The non-interating prompt diret beam (intensity P) hits thebeamstop B. The delayed nulear lighthouse e�et signal NLE is deviated as a funtion of time and rotorfrequeny and hits a position sensitive detetor D. This detetor aquires intensity as a funtion of thedeviation angle. In fat, the time spetrum of NFS is mapped to an angular sale. Small angle X-raysattering, see hapter 2.7 and �gure 6.5, has been negleted.2.6.3 Energy shiftsThe nulear lighthouse e�et is not only useful as a powerful variation of nulear forwardsattering thanks to the mapping of the deaying radiation onto an angular sale. Itfurther allows to shift the energy of the sattered radiation by small amounts, whih isuseful in inelasti X-ray sattering [Bur00℄. This is explained in detail in [R�oh97, R�oh98,R�oh00b℄.To analyse this energy shift, we rewrite the rotational phase of equation 2.1051~ ~J~
t) (~r � ~ko) � ~
t = (~
� ~r) � ~kot = ~v � ~kot (2.114)Inserting this into equation 2.103:~A(~r; t) = ei~v~ko t ei~ko~r ~Ao(t) (2.115)With the Fourier transform, we obtain the sattered amplitude in the energy domain as:~A(~r; !) = Z ei!t ei~v~ko t ei~ko~r ~Ao(t) dt = ei~ko~r Z ei(!+~v~ko)t ~Ao(t) dt (2.116)This means that the energy of the sattered radiation is Doppler shifted by the amount�! = ~v ~ko. For this purpose, it is best to irradiate the nulear satterer in the rotor atits edge, so that ~v k~ko. The energy shift will be at maximum. If the rotor is irradiatedin its enter, ~v ? ~ko and the energy shift is zero. In fat, with the geometry as used in�gure 2.18, it is �! = ~v ~ko = 
kox.If a slit after the rotating sample at angle �s selets a part of the nulear satteredradiation, the energy of this radiation an be shifted over a few meV when hanging theposition x of the impinging beam on the rotor. This has been demonstrated on the 57Feresonane [Qua02℄. This might allow in future to perform nulear inelasti sattering



2.7. Introdution to small angle X-ray sattering 47experiments with �eV resolution [R�oh00b, Bur00℄. The energeti width of the radiationis only a few �eV large, depending on the sum of nulear level width and the lateralbeamsize �x of the beam at the rotor.2.7 Introdution to small angle X-ray sattering2.7.1 Sattered intensity and orrelation funtionSmall angle X-ray sattering is an elasti sattering proess of photons on eletron densityvariations [Wil93℄. If the lateral dimensions of these density variations are in the rangeof 1 to 100 nm, these variations lead to a momentum transfer q in the angular rangewithin less than 1 degree of the inident beam. This is also the angular range of theexpeted NLE signal with typial rotor frequenies and nulear lifetimes. Contrary to thedelayed signal originating from an interation with a M�ossbauer nulei, SAXS happenson a "prompt" time sale of approximately 10�15 s.The volume element d3r at the position ~r ontains �(~r)d3r eletrons. The satteringamplitude of this volume element under irradiation is given as [Gla91℄:A(q) = Ao ZZZ �(~r)e�i~q�~rd3r (2.117)where the sattering vetor is given by ~q = ~kout � ~kin and its amplitude in an elastisattering proess with j~kinj = j~koutj = k an be expressed asq = 2k sin �2 � k� (2.118)The last approximation is only valid for small sattering angles � between inident andoutgoing wavevetor. The sattered intensity as a funtion of q is given asI(q) = A(q) � A�(q) = Io ZZZ d3r1 ZZZ d3 r2�(~r1)�(~r2) e�i ~q�(~r1�~r2) (2.119)Io is proportional to the inident intensity and to the square of the lassial eletron radiusRe = e2me2 . It is useful to introdue an autoorrelation funtion, also known as Pattersonfuntion [Por82℄, given by �̂2(~r) = ZZZ �(~r0) �(~r0 + ~r) d3r0 (2.120)whih leads to I(q) = Io ZZZ �̂2(~r) e�i ~q~r d3r (2.121)In many ases, sample is statistially isotropi when averaged over its volume implying�̂2(~r) = �̂2(r). This is also the ase for polyrystalline samples. Further, no long rangeorder should exist, leading to �̂2(1) = ��2. The eletron density di�erene is introduedas ��(r) = �(r) � �̂. The average of the exponential over all orientations is given byhe�ihri = sin qrqr . With these assumptions and de�nitions, the sattered intensity gives:I(q) = Io4� Z 10 r2��2(r) sin qrqr dr (2.122)



48 Chapter 2. Theoretial bakground2.7.2 Porod's lawEquation 2.122 an be further simpli�ed if the satterer is a omposition of two phaseswith two distint eletron densities whih are di�erent by ��, in partiular spherialpartiles in an environment. One an introdue o(r) := ��2(r)�� where o(r) is only relatedto the geometry of the sample. If the interfaes of the two samples omponents are sharpand we onsider only the �nal slope of I(q), that is we onsider only small distanes inreal spae, namely the interfae of the neighbouring two sample omponents, Porod wasable to derive the following approximation of the sattered intensity [Por82℄:I(q) = Io2�S(��)2q�4 (2.123)where S is the total interfae surfae.Thus, the �nal slope of I(q) follows a q�4 behaviour. This power law (power of -4) isknown as Porod's law. It is not only valid for single, separated spherial partiles, but alsofor densely paked systems, provided that a well de�ned internal surfae exists [Por82℄. Ifthe interfae is ontinuous, the absolute value of the exponent an be even larger than 4,meaning a faster deay of the sattered intensity towards inreasing sattering angles. Ifthe interfae is sharp, but has a fratal struture, e.g. self-resembling features on severallength-sales, the exponent an vary between -2 and -4. A similar power law an bederived also for non-spherial partiles: If the partiles have a rod-like struture, theexponent is -1, for diss it is -2 [Sh91℄.The energy dependene of the sattered intensity an easily be understood when re-plaing q by k�. This leads to I(�) = Io2�S(��)2k�4��4 (2.124)whih shows that SAXS is expeted to be signi�antly lower with inreasing photonenergies.2.7.3 Single rystalsIn a NLE experiment in transmission geometry, the material traversed by the beam is therotor and the sample. As the rotor wall thikness is two times 0.5 mm, but the samplejust two times 40�m, the main SAXS will originate from the rotor material. If the rotormaterial is polyrystalline, the grain boundaries have a signi�antly di�erent eletrondensity than the interior of the rystallites. This di�erene gives rise to a large SAXS andan be treated with Porod's power law for densely paked systems, leading to a I(q) / q�4behaviour. If however, single rystalline rotors are used, e.g. sapphire rotors, these grainboundaries do not exist and this large ontribution to the overall SAXS vanishes. Theremaining SAXS will be due to the sample itself and the various windows between vauumsetions and ambient pressure setions of the beam path. These windows an be produedout of single rystalline material, like thin silion wavers in priniple.In a NLE experiment in grazing inident geometry, the main ontribution to SAXS isthe surfae of the top layer, as large eletron density variations between the air and thelayer material exist. Unfortunately, the interfae is not ideally smooth, but haraterisedby a surfae roughness. It is this surfae roughness whih generates a large SAXS bak-ground in the NLE experiments in grazing inidene geometry. Also for surfaes, the �nalslope of I(q) an follow a q�4 behaviour, for example with vapour deposited gold �lms[Lev89℄.



Chapter 3Investigated samples
3.1 61Ni nulear parametersThe experiments with the NLE on a thin nikel foil used the nulear resonane of the 61Niisotope. The foil was enrihed to 81 % in this isotope. Here are the nulear parametersof 61Ni.property value referenetransition energy Eo 67412 eVwavelength �o 0.184 �Areoil energy of free nuleus ER 40.0 meVlifetime � 7.70 nshalife t1=2 5.34 nsnatural width �o 85.4 neV2�o 0.76 mm/sinternal onversion oeÆient � 0.12 [Obe73℄nulear angular moment I �gg 3�2 �I �ee 5�2 �maximum resonane ross setion �o 0.72 Mbarn [Obe73℄eletroni ross setion �el 10 barn [SLAC℄transition multipole harater M1+E2mixing Æ 0.0076relative hange of nulear radius ÆRR -2.6� � � -0.9 �10�4 [Obe73℄nulear quadrupole moment Qg +0.162 barnQe -0.20 barnnulear magneti moment �g -0.750 �N�e +0.480 �Nnatural abundane �nat 1.14 %Table 3.1: Nulear properties of 61Ni. Unless stated otherwise, values are taken from [Fir96℄ or derivedfrom it.Before ontinuing to the spei� 61Ni sample used in this thesis, the nulear level dia-gram of 61Ni inluding its possible mother isotopes for traditional M�ossbauer spetrosopyshould be disussed. It shows the main diÆulty in 61Ni M�ossbauer spetrosopy apartfrom the low Lamb-M�ossbauer fator and how muh the approah with synhrotron radi-ation is valuable. About the sienti� ase for 61Ni M�ossbauer spetrosopy, please refer49



50 Chapter 3. Investigated samplesto the introdution.
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Figure 3.1: Level sheme of 61Ni and its possible mother isotopes. Values taken from [Fir96℄The two possible mother isotopes of 61Ni are 61Co and 61Cu. 61Cu has the longerlifetime of 3.33 hours, but only 4.6 % of the deaying opper nulei populate �nally the67.41 keV level of 61Ni. Apart from this level, a multitude of other levels are exitedand lead to large -ray bakground during measurements. 61Co deays almost ompletelyinto the 67.41 keV level of 61Ni, but its lifetime is unfortunately even shorter, 99 min-utes. As opper is paramagneti even as pure element, obtaining a single line soure iseasy. In the ase of obalt, single line soures are NiV(14%), whih is non-magneti at4.2 K and shows almost natural line width, or NiCr(20%) whih gives a little broaderline [Obe73℄. The lifetimes of the mother isotopes are so small, that measurements anonly be done in the viinity of an aelerator, that reates the soure ativities, partlyeven in situ. Neither 60Co nor 60Cu are stable so that neutron apture of these iso-topes is no option. Most ommon reations are 64Ni(p,�)61Co whih requires � 20 MeVprotons and 62Ni(,p)61Co, whih uses bremsstrahlung from a � 25 MeV eletron beam[Obe73℄. Other options are 61Ni(p,n)61Co [Nas93℄, 58Fe(�,p)61Co [Sh73℄ for 61Co and58Ni(�,p)61Co, 58Ni(�,n)61Zn!61Cu [Oka95℄ or 63Cu(,2n)61Cu [Eri69℄ for 61Cu. Finally,the 67.41 keV an be populated via Coulomb exitation, that means irradiating 61Ni nuleiwith an oxygen O4+ ion beam [Sey65℄.3.2 61Ni-metalThe 61Ni sample we used to perform the �rst hyper�ne spetrosopy measurements withsynhrotron radiation was an enrihed nikel metal foil (85 % enrihment). The foil thik-ness was 20 �m, thik enough to neglet surfae e�ets. Bulk nikel rystallises in the faeentred ubi (f) struture. The lattie onstant of natural nikel at room temperature



3.2. 61Ni-metal 51is 3.52 �A and the density is 8.91 g/m3 [Kit96℄. The Debye temperature is approximately390 K above 80 K temperature and inreases slightly below [Bir64℄.In the temperature range of our experiments, e.g. 100-300 K, nikel is ferromagneti.The Curie temperature of nikel metal is T = 632.7 K [Sha80℄, above whih nikel isparamagneti. The atomi magneti moment of nikel is due to the eight eletrons in thepartly �lled 3d shell. As this is the outer shell of valene eletrons, the magneti momentsare not loalised at the atoms, but of itinerant harater. As ommon for 3d transitionmetals, the orbital angular momentum of the nikel atom is "frozen", i.e. L = 0, asopposed to L = 3 following Hund's rule. The reason for this are the strong eletrial rystal�elds ating on the nikel atoms. Below the Curie temperature, exhange interationbetween the atomi spins, S = 1, leads to a spontaneous ferromagneti ordering of themagneti moments in nikel.The behaviour of the spontaneous magnetisation as a funtion of temperature, M(T ),was measured using several tehniques, see for example [Sha80℄. M(T ) an be desribedwith the following equation:M(T ) = M(0 K) �B �T � TT �� (3.1)[Sha80℄ derive B = 1:3 and � = 0:355 as the ritial parameters for nikel lose to theCurie temperature. B is atually temperature dependant and drops to B = 1 at zerotemperatures.The magneti hyper�ne �eld as measured with NMR follows nearly the same be-haviour, as the hyper�ne oupling onstant is nearly onstant independent of temperature[Rie77℄. There are no M�ossbauer measurements overing this huge temperature range, asa matter of low Lamb-M�ossbauer fator. The magneti hyper�ne �eld at the nikel nu-lei was measured lose to zero temperature by several groups. For Bhf they obtained7.6� 0.1 T for bulk nikel [Lov71℄, 7.50� 0.02 T for a 250�m thik nikel foil [Sta87℄ and�NMR = 28:46 MHz! Bhf = �NMRhgg �N = 7:47 T [Str63, Rie77℄.
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Figure 3.2: 61Ni NMR ( ��o ) and magnetisation ( MMo ) measurements with nikel [Sha80℄The Lamb-M�ossbauer fator for nikel metal was measured in 1961 [Obe61℄ and anbe alulated assuming the Debye model of phonon states or knowing the phonon density



52 Chapter 3. Investigated samplesof states experimentally. At room temperature, fLM = 0:004. Our measurements havebeen performed at 180 K with fLM = 0:025 and at 115 K with fLM = 0:066. At 4.2 K,the Lamb-M�ossbauer fator has been measured to be 0.164 [Obe73℄. The temperaturedependene of the Lamb-M�ossbauer fator is shown in �gure 2.3.
PSfrag replaements 4 mm outer diameter61Ni foils rolled to 3 mm diameterap olour for speed determinationFigure 3.3: 61Ni-foil in rotor for transmission NLE measurementsRotors of the 4 mm stator-rotor system have been �lled with 2 foils of 20�m thikness,eah overing one the internal ylinder irumferene of � d = 3�mm. The height of thefoils was 7 mm. As the beam traverses the rotor, it passes through 80�m of foil.3.3 57Fe nulear parametersThe samples of the grazing inidene NLE measurements ontained 57Fe as nulear reso-nant satterers. It is therefore of interest to review it's most important properties here,also to failitate omparison 57Fe to 61Ni.Note espeially the long lifetime, the small natural width and the high maximum resonaneross setion of 57Fe. This, but also the high Lamb-M�ossbauer fator for iron or ironompounds is among the main reasons, why M�ossbauer spetrosopy with 57Fe is so widelyused. The small natural width is very favourable to detet small hyper�ne interations,the long lifetime pratial for time-resolved examinations. The Lamb-M�ossbauer fatorof �-iron at room temperature is fLM =0.77 [Ber94b℄. See also �gure 2.3.3.4 Magneti thin �lmsMagneti thin �lms and multilayers are extremely interesting materials �rst for funda-mental physis with respet to magnetism and seond for industrial appliations suhas magneti data storage [Gra93℄. A multitude of experimental tehniques to manu-fature and examine magneti thin �lms have been developed during the last deades[Bla94, for a nie overview℄. As it is sensitive to magnetism on a loal sale, nulearresonant sattering with 57Fe ontributes signi�antly to advanes in thin �lm and multi-layer researh [R�oh99a, Chu99℄. These measurements are performed in grazing inidenegeometry [R�oh99b℄. 57Fe probe layers allow for highest depth seletivity in these kinds ofexperiments [Nie98, R�oh02b, for example℄. Alternatively, onversion eletron M�ossbauerspetrosopy an be used [Wal94℄, although the brilliane of synhrotron radiation is byno means reahed with a onventional radioative soure. Espeially in grazing inidenegeometry and with small probe layers, ount rates favour nulear resonant sattering withsynhrotron radiation. Furthermore, reently the method of using waveguides to enhane



3.4. Magneti thin �lms 53property value referenetransition energy Eo 14412.5 eV [Shv00℄wavelength �o 0.860 �Areoil energy of free nuleus ER 1.96 meVlifetime � 141.5 nshalife t1=2 98.1 nsnatural width �o 4.65 neV2�o 0.194 mm/sinternal onversion oeÆient � 8.18 [Bar80℄nulear angular moment I �gg 1�2 �I �ee 3�2 �maximum resonane ross setion �o 2.57 Mbarn [Bar80℄eletroni ross setion �el 6.0 kbarn [SLAC℄transition multipole harater M1(+E2)mixing Æ 0.0022relative hange of nulear radius ÆRR -0.9�0.05 �10�3 [Gol68℄nulear quadrupole moment Qg 0 barnQe 0.15 barn [Mar01℄nulear magneti moment �g +0.0904 �N�e -0.1549 �Nnatural abundane �nat 2.2 %Table 3.2: Nulear properties of 57Fe. Unless stated otherwise, values are taken from [Fir96℄ or derivedfrom it.the intensity of nulear sattered signal was developed, dereasing the aquisition time ofnulear time spetra [R�oh04b℄ signi�antly.Apart from the sienti� motivation, other aspets pushed us to extend the nulearlighthouse e�et to investigations of thin �lms in grazing inidene: First, small anglesattering from the rotor material would be at a minimum, as no rotor material has to bepassed. Seond, as the sample is a surfae, it has to be at the end of a rotor ylinder whihwould provide a less ritial "top" ooling approah, where only the end part of a massiverotor would be ooled at the outside of the stator blok, see �gure 4.14. Finally andmost interesting from the physial point of view, grazing inidene investigations with thenulear lighthouse e�et have to treat the two beam ase. Although signs of the nulearlighthouse e�et were �rst observed on a rotating dis [R�oh97℄, no further investigationsof its angular properties and its time evolution has been done so far.To demonstrate the possibility to obtain time spetra of the nulear deay of a ro-tating sample in the two beam ase of grazing inidene, we used three di�erent layersystems, that were measured both with the nulear lighthouse e�et and in standardgrazing inidene geometry using a high resolution monohromator with standard timing.3.4.1 57Fe layer systemsThe three di�erent layer systems studied in grazing inidene geometry with the NLEare skethed in �gure 3.4. The di�erent layers have been deposited with the sputteringtehnique: solid targets of the material to be deposited onto a substrate are bombardedwith Ar+ ions. In ollisions with that target material, atoms are ejeted from its surfae
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Figure 3.4: 7mm rotors for grazing inidene NLE measurementsand reondense in its surroundings, e.g. on the substrate to be overed. The substrateused here is sapphire, as it is one of the few rotor materials that stand high rotationalfrequenies and an be polished to yield very smooth surfaes. Target materials werehigh purity tantalum, aluminium and enrihed 57Fe. The sputtering was performed in dmode. Sputtering is known to give smoother layer surfaes as ompared to evaporationtehniques. On the other hand, this tehnique is less appropriate for epitaxial growth ofthe layers.The rystal struture of sapphire, Al2O3, is hexagonal-trigonal with a = 4:8 �A and = 13 �A. The -axis is tilted by 30Æ with respet to the ylinder axis [BRUK℄. Therotor top surfae was polished and �nally had a mean quadrati surfae roughness of 0.13to 0.14 nm rms [Zeiss℄. On top of this surfae, an tantalum bu�er layer was sputtered.Sputtered tantalum layers generally are tetragonal �-tantalum if oxygen or nitrogen im-purities are present, the rystallite size being sometimes extremely small, whih has led tothe expression of X-ray amorphous tantalum [Sta92℄. The sputtered layer here was amor-phous [Kle04℄. Tantalum is often used as a bu�er or protetive layer due to the followingproperties: it forms passivating oxide layers that prevent oxidation of underneath layers.Under speial onditions, sputtered tantalum layers might smoothen with inreasing layerthikness whih improves surfae roughness. Self-di�usion is very small and they are oftenused as di�usion barriers in layered strutures. In partiular, iron-tantalum interdi�usionis not at all expeted [Gra93℄.For layer systems b) and ), the following iron layer grows polyrystalline in bodyentred ubi struture, with a = 2:87 �A. The size of one rystallite is in the order ofseveral tens of nm. 200 �A and 50 �A thik 57Fe-layers have been applied. In magnetisamples, there will be multiple domains, their size is in general in the �m range [Kle04℄.Domain walls in iron are in the order of 40 nm in width [Zab04℄. In the ase of rotor a),



3.4. Magneti thin �lms 55a 13 �A thik iron layer is sandwihed inside a 100 �A thik aluminium bu�er. Aluminiumis expeted to grow polyrystalline in the p struture. Iron and aluminium will nothave a sharp interfae, due to inter-di�usion. This might have large onsequenes, as thesputtered iron layer is very thin.layer Æ � �tantalum 13:1 � 10�6 1:64 � 10�6 0.29Æiron 7:4 � 10�6 3:39 � 10�7 0.22Æaluminium 2:6 � 10�6 1:53 � 10�8 0.13Æsapphire 3:9 � 10�6 1:45 � 10�8 0.16ÆTable 3.3: The omplex index of refration and the ritial angle of total reetion of the used layermaterials at 14.41 keV.The omplex refrative index for an isotropi medium is given by n = 1 � Æ � i�.Æ is proportional to the eletron density of the material and an be approximated withÆ = 12�rene�2 and � is related to the linear absorption oeÆient � via � = 14��� [Spi74℄.The ritial angle of total reetion � for radiation inident on a vauum-matter interfaein grazing geometry is given by � = p2Æ. We onsider X-rays of 14.41 keV energy. Table3.3 summarises the values of Æ, � and � for the materials of the layer systems.3.4.2 WaveguidesIn the ase of nulear resonant sattering from thin �lms, ount rate onsiderations play animportant role, the thinner the resonant layer gets. Sattered intensities an be enhanedif the resonant layer is inorporated into a waveguide [Spi74, Fen93, R�oh04b℄. A waveguideis a sandwih of a low eletron density layer between two high eletron density layers,e.g. tantalum (hek for instant table 3.3). Inside a waveguide, multiple reetions ofthe inident beam lead to the formation of standing waves, as depited in �gure 3.5.Anti-nodes form where the �eld amplitude of the inident and reeted wave�elds addup oherently. If the sample is plaed at the depth of suh a anti-node, the satteredintensity from this region is enhaned.The over layer should be not too thik, as to allow a ertain intensity of the inomingbeam to traverse this layer. The bottom layer an have quasi-in�nite thikness. Fortantalum for example, 300 �A are suÆient.The oupling into a guided mode via the thin over layer an be observed as a dip inthe reetivity urve ("� - 2� san") of the X-rays inident at a spei� angle � belowthe ritial angle �. At suh an angle, the evanesent �eld of the inoming radiationinside the waveguide exites a guided mode, haraterised by a standing wave. The z-omponent of the wavevetor k of the inoming radiation (z-axis is normal to the layerplane), kzi = 2� sin �i� needs to math that of the guided mode. Then, a part of theinident radiation is not reeted, but tunnels into the waveguide [Fen93℄. The intensitydistribution of the guided mode in the waveguide struture an be alulated [R�oh04b℄.The layer systems employed here use a waveguide struture with a tantalum substrateand over layer. Tantalum has a very high eletron density, needed for this purpose.Espeially layer system ) with the 13 �A of 57Fe embedded in a thik aluminium sandwihshowed the typial behaviour of a waveguide, see hapter 5.1. At proper hosen inident



56 Chapter 3. Investigated samples

PSfrag replaements
over layersubstrate
substrate

substratestanding wave over totally reeting surfae
standing wave in layer on totally reeting surfae
standing wave inside waveguide

sample layer
sample layer

node of standing waveabove surfae
node of standing waveinside layer

~k0 ~k1

Figure 3.5: Creation of a standing wave in grazing inidene geometry. This method is used to inreasesattered intensity, espeially in the waveguide [R�oh01a, modi�ed℄.angle, a node of the standing wave sits at the depth of the small 57Fe layer, allowing forsuÆient ountrates for the experiment.3.4.3 Magneti and eletri behaviour of the 57Fe thin �lmsThe only magneti layer in the simple layered systems shown in �gure 3.4 is the 57Felayer. Bulk b iron, also alled �-iron, is ferromagneti. The magneti moment ofiron originates from the 3d valene eletrons and is desribed by the itinerant eletronmodel. Below the Curie temperature of 1043 K, the spins of the iron atoms (S = 2) orderferromagnetially due to exhange oupling. As ommon for 3d transition metals, theorbital angular moments of the iron atoms are "frozen", i.e. L = 0 as opposed to L = 2following Hund's rules. The total angular momentum is thus given by the spin: J = S.The ferromagneti state an be expressed with the Hamiltonian desribing Heisenbergexhange oupling: Ĥ = �Pij JijSi � Sj. For iron and nikel, Jij > 0, resulting inferromagneti order.It is well known, that magneti properties of thin �lms an vary signi�antly from bulkproperties. The reason for this lies in the ombined e�et of a multitude of inuenes.The main e�ets are the rystal, shape and surfae anisotropy.The magnetisation state of a �lm is the state of minimal total energy E = Emag +Eex +Eai +Eme [M�ul03℄. Emag is the magnetostati energy, prinipally the energy storedin the stray �elds. Eex is the exhange energy, e.g. at domain walls, where regions ofdi�erently aligned magneti moments meet. If there is stress or deformation in the �lm,



3.4. Magneti thin �lms 57this gives rise to magnetoelasti energy Eme. Eai is the anisotropy energy. If the internalenergy of a magneti material depends on the diretion of its magnetisation, it is alledmagnetially anisotropi. Di�erent e�ets ontribute to it:The rystal anisotropy onsiders a bulk rystal and desribes, whih diretion in therystal is easy or hard to magnetise. This is also the axis along whih the magnetimoments prefer to align in the absene of an external �eld. In ubi iron, the easy axisof magnetisation are the f1 0 0g diretions, that are the edges of the ube. The axesf1 1 0g, the surfae diagonals, are hard. The f1 1 1g diretions, the volume diagonals,are the hardest to magnetise. The origin of rystal anisotropy is the spin-orbit oupling.As said, in 3d transition metals, the orbital omponent is strongly suppressed by strongrystal �elds. As a onsequene, rystal anisotropy is rather small in 3d transition metals.In ferromagnets like iron, stray magneti �elds outside a marosopi rystal would beimportant, if the spins of the whole rystal would diret all into the same diretion. Toredue the stray �eld energy, magneti domains form. Eah domain has its spins orientedin one of the easy axis diretions. In thin magneti �lms, the same stray �elds are respon-sible for the shape anisotropy. Thin �lms an be more easily magnetised in the plane thanperpendiular to the plane. Thus, the shape anisotropy lifts the degeneray of the easyaxis along the ube edges in iron. If the plane normal is the z-diretion, than the [0 0 1℄diretion is harder than [1 0 0℄ and [0 1 0℄. At surfaes and interfaes, the broken symmetryleads to an additional anisotropy, the surfae and interfae anisotropy. The strength ofthis anisotropy is reeted by a parameter, that an be positive or negative, resulting inpreferred perpendiular magnetisation or preferred in-plane magnetisation. The surfaeanisotropy sales with the area A. However, one has to onsider all anisotropy ontribu-tions together. With varying �lm thikness, espeially the shape anisotropy ontributionvaries. Therefore, for iron thin �lms, perpendiular magnetisation ours only for verythin �lms, typially below a few �A. This depends of ourse strongly on the layer systemin whih the iron �lm is embedded, defets and impurities. For the iron �lm thiknessesof the three layers investigated here, out-of-plane magnetisation an be exluded.Layer system a) with the thikest iron layer, 200 �A, is expeted to show in-planemagnetisation. Due to the polyrystalline struture, many domains with various magnetiorientations will form. This might not neessarily be the ase of for example of epitaxialgrown iron layers. In prinipal, the same behaviour of ferromagneti iron with manydomains is to be expeted with rotor b) and its 50 �A of iron. However, problems duringthe sputtering of this layer ourred and a smaller layer thikness an not be ruled out.If the layer thikness is muh smaller, the growth of the iron layer might have ausedseparated islands that did not start to join. In this ase, superparamagnetism might bea possible senario, [St�u63℄.Conerning the eletri hyper�ne interation of the 57Fe nulei, the eletri �eld gra-dient at the 57Fe nuleus has to be investigated. Whereas inside ubi bulk b iron, doto the symmetri surroundings of any iron atom, no eletri �eld gradient is present, 57Fenulei at surfaes or interfaes will experiene eletri quadrupole splitting. With dereas-ing layer thikness, the amount of 57Fe atoms at the interfaes beomes more important.In the ase of aluminium iron interfaes, interdi�usion will lead to a rather thik inter-fae region, where eletri �eld gradients will at on the 57Fe nuleus. The eletri �eldgradients will vary in amplitude and diretion. Furthermore, if the interdi�usion betweenaluminium and iron is so strong that iron and aluminium atoms mix to ratios around 1:1.Bulk disordered aluminium iron alloys at these mixing ratios beome paramagneti and,orrespondingly, the magneti hyper�ne �elds drop to zero, [P~er87℄.





Chapter 4Experimental aspets
4.1 Synhrotron radiationOne of the motivations of this thesis was to establish nulear resonant sattering withsynhrotron radiation for the M�ossbauer isotope 61Ni, or more general for M�ossbauerisotopes of higher energy. Obvious bene�ts are not only the advantage of avoiding theuse of a short lived mother isotope like in the ase of 61Ni M�ossbauer spetrosopy, butalso ollimation, polarisation and intensity of the synhrotron radiation. Therefore theprinipal properties of this radiation should be briey reviewed in the following.4.1.1 History of synhrotron radiationThe theoretial fundaments needed for synhrotron radiation have been established asearly as the end of the 19th, beginning of the 20th entury [Bro91, for a nie review℄.Starting from the Maxwell's equation in 1891 and the disovery of the eletron by Thomsonin 1897, the lassial theory of the radiation emitted by an aelerated harged partile wasestablished between 1898 and 1912. Though, no veri�ations of this theory for hargedpartiles on a irular trajetory have been reported until the mid 40's, when the eletronsynhrotron and other partile aelerators were invented and the radiation emitted byan aelerated relativisti eletron was a onern upon the maximum energy an eletronould reah with them [Iwa44℄. In 1948, the �rst synhrotron radiation was observed[Eld48℄ at General Eletri in the U.S. and one year later, J. Shwinger re-examinedthe theory of synhrotron radiation to �nal detail [Sh49℄. Experimentally, its spetralproperties have been examined thoroughly in the 50's [Tom56℄ and its value for solid statespetrosopy was reognised. In 1961, the �rst synhrotron was build fully dediated toresearh with synhrotron radiation. However, its synhrotron radiation originated fromone single bunh of eletrons that was aelerated (its energy E rises), aompanied with asynhronous inrease of the magneti �eld keeping these eletrons on the �xed radius of theaelerating struture. Stable beam onditions for multiple bunhes in a dediated storagering were realised only in the mid 60's and gave a big gain in ux. The �rst storage ringdesigned exlusively for synhrotron radiation, and not dediated for high energy physis,was operational in 1976. Although the �rst "undulator" radiation was produed in 1951with eletrons from a linear aelerator passing through a periodi magneti struture[Mot51℄, it was only muh later that their use in a storage ring gained huge interest.The �rst time that a straight setion of a storage ring has been equipped with suh59



60 Chapter 4. Experimental aspetsan insertion devie was in 1978. Storage rings optimised for the use of undulators andwigglers, alled third-generation soures, followed. The European Synhrotron RadiationFaility in Grenoble was the �rst of this kind in the hard X-ray regime and beameoperational for users in 1994 [ESRFb℄. The Advaned Photon Soure [APS℄ in the UnitedStates and Spring-8 in Japan followed [Spr-8℄.4.1.2 An aelerated eletronA harged aelerated partile emits radiation. In the ase of a relativisti eletron, theemitted radiation an be understood as that of an emitting dipole subjeted to the Lorentztransformation. It follows that the emitted intensity is strongly direted into a narrowone in the instantaneous diretion of motion of the eletron, see �gure 4.1.
PSfrag replaements aeleration aeleratione�-orbite�-orbit 1v � 1 v � 1Figure 4.1: Angular emission pattern of an aelerated eletron [Ko83, modi�ed℄The opening angle in the laboratory system is approximately 	 = 1= with  = Eme2 .At the ESRF, eletrons are aelerated to E=6.04 GeV, thus resulting in a vertial openingangle of about 80 �rad. The horizontal opening depends on the trajetory the eletrontakes over time. At a given instant in time, it is the same angle 	.The energy lost by a harged partile on a irular orbit of radius R is related to thetotal radiated power given by P = 14��o e2R2 � Em2�4 (4.1)with m being the partile's mass. To maximise the radiated power, eletrons or positronsare used for the purpose of synhrotron radiation, and not the heavier protons. Eletronsan be easily produed by heating a athode, while the prodution of positrons needsa supplementary step. Though, the use of positrons is believed to be bene�ial for thelifetime of the beam urrent in the storage ring. For example, the APS works withpositrons [APS℄.The emitted radiation is ompletely linearly polarised in the plane of the orbit, withthe eletri �eld of the radiation being parallel to that plane. The radiation emittedinto diretions above and below the orbit is elliptially polarised, getting more and moreirularly polarised with inreasing angle between the orbital plane and the diretion ofobservation [Duk00℄.



4.1. Synhrotron radiation 614.1.3 Bending magnets, wigglers and undulatorsObviously, a stati homogeneous perpendiular magneti dipole �eld of a bending mag-net aelerates a harged partile entripetally, thereby foring it to follow a irularorbit. Bending magnets were the �rst soures of synhrotron radiation and are still in usenowadays, with for example 14 bending magnet beamlines at the ESRF. Anyhow, they areneeded to reate the losed orbit of the eletrons in the storage ring. A more sophistiatedmethod is the use of periodi magneti strutures. Here, the magnets fore the eletronson a sinusoidal trajetory around the straight forward diretion. These strutures areinserted into straight setions between bending magnets and are the main synhrotronradiation soures in third generation failities. At the ESRF, 29 of these insertion deviebeamlines operate. For a sketh of these devies, see �gure 4.2. One distinguishes betweenwigglers and undulators, depending on the angle of maximum deviation from the forwarddiretion, �. If � is smaller than the instantaneous opening angle 1 , that is K = � < 1,the devie is alled a undulator. K is alled the deetion parameter. For K � 1 thedevie is a wiggler. The distintion between the two ases is not sharp.
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Figure 4.2: Soures of synhrotron radiation: Bending magnet, wiggler and undulator [Duk00, modi�ed℄In a bending magnet, the radiation is distributed over a wide fan, as the trajetory inthe bending magnet is a long ar and radiation is emitted form eah position on this ar.An observer at a �xed position in this fan is illuminated by one eletron during the time,when the one of opening angle 1 passes over this position. The duration of the ash is



62 Chapter 4. Experimental aspetsthen [Rao93℄ �t � 23 R3 (4.2)Frequeny omponents up to ! � 1�t � 332R an be expeted. In fat, a broad range ofwavelengths is emitted with a maximum near the harateristi wavelength, de�ned asthe wavelength that splits the spetral radiated power in equal parts:� = 2�! = 4�3 R3 (4.3)At the ESRF, for a bending magnet with R = 25:2 m and with E = 6:04 GeV, this leadsto � = 0:64 �A or E = ~! = 19:4 keV. The duration of the ash from one eletron ata �xed point is �t = 3:4 � 10�20 s. The spetral ux distribution an be seen in �gure4.3. Two values desribe the intensity of synhrotron radiation. The spetral ux orbrightness is de�ned as the number of photons into a given angle (or through a ertainsurfae), per seond, in an energeti bandwidth of 0.1% around a spei�ed energy, andfor a given eletron beam urrent. The shorter term "ux" is ommonly used for it. Thebrilliane is the brightness normalised to a soure area of 1 mm2. The soure area is thelateral size of the eletron loud in the bending magnet, wiggler or undulator. The smallerthe eletron loud is in this region, the more brilliant is the soure. The soure size playsan important role for fousing or ollimation of the photon beam with optial elementsin the beamline. The smaller the soure is, the better it is for these purposes.PSfrag replaements
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energy [keV℄energy [keV℄Figure 4.3: Flux and brilliane of bending magnets in di�erent synhrotrons normalised to 250mA eletronbeam urrent [Duk00℄The bending magnets gap or its strength annot be varied, as it would hange thetrajetory of the eletron beam in the storage ring. On the ontrary, for an undulator ora wiggler, the overall straight trajetory of the eletron does not hange when the gapg is modi�ed. However, the spetral distribution of the radiation harateristis hangesupon variation of the gap. It is therefore possible to adapt these devies to the needs ofthe experiment. The minimum gap of an insertion devie at the ESRF is 11 mm, if themagneti array is outside the vauum pipe of the eletron beam, like at ID 18, or 6 mm,if the devie is inorporated into the vauum system. The seond important parameterof an undulator or wiggler is the period �o, whih is shown in �gure 4.2. It an not



4.1. Synhrotron radiation 63be modi�ed, unless one replaes the whole array by another one. This starts to beomepossible now thanks to "revolver" undulators. These onsist of two individual arrays, thatan be interhanged depending on the experimental needs.In an insertion devie, the eletrons radiate during eah of their turns. The resultingbrilliane depends on the deetion parameter K. The angles � and 1 depend on eletronbeam parameters and the magneti �eld properties of the devie and K an be expressedas [Rao93℄: K = � = e2�me�oBo (4.4)Bo is the peak magneti �eld between the upper and lower array of magnets of theinsertion devie and depends on the gap g. If the deviations from the forward diretionharaterised by � beome bigger than the instantaneous opening angle 1 , the radiationof eah individual turn has to be summed inoherently over the number of turns 2N ; withN being the number of periods of length �o. The insertion devie is alled a multipolewiggler.In the ontrary ase, � < 1 , the amplitudes of radiation of eah turn superpose o-herently with the radiation emitted by a di�erent turn. The intensity of this radiationinreases with N2, as a onsequene. Construtive superposition is possible only at er-tain frequenies of radiation, a fundamental frequeny and higher harmonis. Thus, theradiation is monohromati in the energy region of a partiular harmoni. The energy ofthe kth odd harmoni is given byEk(�) = k � Efund. = k22�o 11 + 12K2 + 2�2 (4.5)It depends on the observation angle � between observer and straight forward diretion.The angular distribution of the even harmonis is zero in the straight forward diretion,whih are therefore irrelevant in experiments. An insertion devie with these hara-teristis is alled an undulator. Obvious advantages are a ux inreased by N2 andonentrated in a narrow energy range, as ompared to a bending magnet.
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64 Chapter 4. Experimental aspets
PSfrag replaements linear aelerator"booster"synhrotron

storage ring
beamlines

ID 18Figure 4.5: Linear aelerator, booster synhrotron, storage ring and the beamlines at the ESRF4.1.4 The ESRF storage ringAt the ESRF, the eletrons are aelerated in two steps before they are stored in thestorage ring to supply �nally the radiation. A "triode gun" emits eletrons with an energyof 100 keV, that enter a linear aelerator pushing them to 200 MeV. After a transferline, the eletrons enter the booster synhrotron. Here, after passing several turns, theeletrons are aelerated to the nominal energy of 6.04 GeV � 0.1%, before they areinjeted into the storage ring. In the 844.4m long storage ring, 3 radio frequeny avitiesprovide the eletri �eld that aelerates the eletrons permanently to ompensate for theirradiation losses, whih are about 6 MeV at the ESRF per eletron and turn [Duk00℄. Theradio frequeny works at 352.24 MHz and thus allows 992 bukets of stable phase for theeletrons ( 844:4m = 355:08 kHz, �RF = 352:24 MHz= 992 � 355:08 kHz).The 992 bukets are spaed by 2.839 ns. If the �lling proedure from the boosteris arefully done, single bukets an be �lled to a high degree of auray, leaving theneighbouring bukets empty. A �lled buket is alled a bunh. The bunh length is only50-120 ps. The purity is the harge ratio between �lled and empty bukets and is betterthan 10�7 [ESRF℄ for the so-alled timing modes, see �gure 4.6, whih are four bunh, 16-bunh and hybrid mode. The transition from �lled bukets to ompletely empty buketsis muh less sharp in 2�1�3 mode, where the intensity drops down ontinuously over approx.5 to 10 bukets.
PSfrag replaements

hybrid16-bunhfour-bunh 2 �1=3uniformImax = 16mAlifetime= 8h702 ns spaing Imax = 90mAlifetime= 10 h176 ns spaing Imax = 200mAlifetime= 60 h2.839 ns spaing Imax = 200mAlifetime= 55 h2.839 ns & 0.94 �s Imax = 196 + 4mAlifetime= 26 h(3 di�erent spaings)Figure 4.6: Filling modes at the ESRFIn the hapters 4.1.2 and 4.1.3, we examined the radiation harateristis of a single



4.2. The beamline ID18 65eletron. Fortunately, in a buket, there is a loud of eletrons. Most of them do not travelon the ideal orbit, but osillate around it, deviating both in position and in angle. Themean position deviations are �h and �v, horizontally and vertially. The angular spreadsare haraterised by �0h and �0v. An important �gure for the quality of the eletron beamin a storage ring is the emittane �, whih is the area of the ellipse oupied by the loudof eletrons in the phase spae of position and angle. The emittane is �xed by the designof the storage ring's bending magnets and fousing devies and stays onstant over thewhole ring. At any position on the storage ring orbit it an be fatorised as �v = �v � �0vvertially and �h = �h � �0h horizontally [Kri83℄. It is possible to build a storage ring thathas an eletron beam of small divergene but a big size in one plae, and in di�erentplaes a small size, but a bigger divergene. The ESRF is build in suh a way, providingin half of the straight setion (odd IDs) small beam size �h with big divergene �0h andin the other half (even IDs) small �0h with big �h. Vertially, the di�erenes between oddand even IDs are small. Using the betatron funtion �h = �2h�h , the odd IDs are alledlow-beta beamlines, the even ones high-beta beamlines.energy horizontal size vertial size rms-divergeneEe� �Ee� �h dh �v dv �0h �0v6.04 GeV 0.1 % 395�m 930�m 9.9�m 23.3�m 10.5�rad 3.9�radTable 4.1: ESRF high-beta insertion devie's eletron beam properties. In the beamsize olumns, the �rstvalue is rms, the seond FWHM, with dh;v = 2p2 ln 2�h;v.At the ESRF storage ring, �h = 3:9 nm�rad and �v = 0:039 nm�rad. ID18, the beam-line where all measurements onerning this thesis have been performed, is a high-betabeamline. Table 4.1 gives a list of its eletron beam properties.4.2 The beamline ID18ID18 is the ESRF beamline dediated to nulear resonant sattering. A seond beamline,ID22N, is used as well for nulear resonant experiments during 16-bunh mode, the mosteÆient timing mode operation for this kind of researh. The timing modes allow thedisrimination between delayed photons emitted by the nuleus and the less interestingprompt signal, as explained in hapter 2.4.2.1 Flux at high energiesID18 is an undulator beamline. The straight setion is oupied by three undulators with�o = 32 mm. Reently, one of the undulators beame a "revolver" undulator whih allowsto hange to a seond magnet array struture with a period of 20 mm, delivering evenhigher ux at the 14.413 keV transition of 57Fe. The 32 mm undulators are muh moreexible and provide high ux in more than one harmoni, see �gure 4.4: On the left theapproximate ase of the 20 mm undulator, in the middle roughly the ase of the 32 mmundulator. The 32 mm undulator allows to over reasonably all energies between 8 keVand 80 keV, see �gure 4.7 for details. Eah of the undulators is about 1.6 m long. Thevauum beam pipe is 10 mm high and thus allows a minimum gap of 11 mm between thetwo magnet arrays of the undulators.
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Figure 4.7: Flux at ID18. The values orrespond to the ux of three 32 mm undulators through a 2 mm � 1mm large pinhole (horizontal � vertial) plaed 32 m downstream of the middle undulator and onsidering100 mA of beam urrent [Cha04℄.In the framework of this thesis, spetrosopi work has been done with two resonanes:the 61Ni resonane at 67.412 keV and the 57Fe resonane at 14.413 keV. It is interesting toompare the available ux and to understand the performane of the following monohro-matisation proess, i.e. to know the energeti and angular width �E and �� of theundulator radiation at eah of these energies. The theory of the undulator radiation of asingle eletron leads to, [Duk00℄:�E1e�k = Ek 1kN �1e�� = r hEk 1N�o = r hEkL (4.6)Here, k is the kth harmoni, N is the number of periods in an undulator of period length�o with L = N�o. The 32 mm undulator has N = 51 periods. The divergene �1e��of an undulator radiation is about 1pkN that of a dipole bending magnet [Duk00℄. Ifthe eletron beam has a ertain energy spread and a ertain divergene at the undulatorposition, the values have to be orreted for this. This an be done with ertain programsfor �Ek [Cha04, using the program ode SRW [Chu98a℄℄ and in a simple way for �h;v� =q(�1e�� )2 + (�0h;v)2 with �0h;v for the eletron beam from table 4.1.A downstream bending magnet separates the eletron beam and the synhrotron radi-ation produed by the 3 undulators. The photons leave the vauum system of the storagering towards the front end beam shutter while passing a 500�m thik diamond window.At 14.413 keV, 86 % of the photons are transmitted, at 67.41 keV even 97 %.



4.2. The beamline ID18 67nulei energy ux in 0.1%bw � 100mA �E1e�k �1e�� �Ek �h� �v�57Fe 14.413 keV 4.16 � 1014 1�s 94 eV 7.26�rad 290 eV 12.7�rad 8.2�rad61Ni 67.41 keV 6.69 � 1012 1�s 78 eV 3.36�rad 1.6 keV 11.0�rad 5.1�radTable 4.2: ID18 photon beam parameters at the 57Fe and 61Ni resonane energies. The beam divergenesare given as rms values.4.2.2 MonohromatisationAfter passing the front end beam shutter and entering the atual beam line, the radiationontains photons of di�erent energy: First, all the di�erent energies orresponding to allthe harmonis of the undulator, and seond, the broad bending magnet spetrum. How-ever, the natural width of M�ossbauer transitions is in the order of a few to a hundred neV.Due to detetor limitations, it is neessary to get a muh more monohromati beam. Thisis done with the high heat load monohromator, often alled only the pre-monohromator,sine other monohromatisation steps might beome still neessary afterwards. If the threeundulators are losed down to 11 mm (K � 1:86), the eletron beam urrent is 200 mAand a slit of 2 mm�1 mm is in front of the monohromator, the power absorbed by the �rstof these two rystals is about 500 W [San98℄. This might lead to important distortionson the rystal, if the rystals were not ooled to about 123 K, where silion has almostnegligible temperature expansion.The monohromatisation is done by Bragg reetions at two parallel silion rystals,thereby keeping the outgoing beam parallel to the inoming one. Bragg's law says2d sin �B = n� (4.7)with �B being the Bragg angle between the inident beam and the rystal's lattie planes.d is the lattie plane spaing, � the wavelength of transmitted radiation and n the order ofreetion, in general equal to 1. As the inoming synhrotron radiation is less divergent inthe vertial plane than in the horizontal plane, the rystals reet the beam in the vertialplane (the rystal plane normal is in the vertial plane). In order to keep the vertial o�setonstant despite a tuneable energy, the seond rystal has to travel laterally, see �gure4.8.Important for a monohromator is the energeti width of the transmitted radiationas a funtion of the divergene �� = 2 � p2 ln 2 �v� of the inoming beam. The energyresolution an easily be obtained di�erentiating equation 4.7:���EE �� = ����� �� = ���dd ��+ j�� ot �Bj (4.8)Silion rystals an be produed with very high purity and values of �dd . 10�8 an bereahed [Fre93℄. Atually, in the ase of our silion rystals, this error an be negletedin most ases.For a perfet monohromati, divergent beam, the intrinsi angular aeptane of aBragg reetion of a symmetrially ut perfet rystal is given by its Darwin width ��sym.The dynamial theory gives the following result for the Darwin width for �-polarisedradiation (like synhrotron radiation, the eletri �eld is in the plane of the storage ring)[Dar14, Toe00℄: ��sym = 2sin(2�B) re�2�V jFH je�M (4.9)
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PSfrag replaements � d lattieplanenormallattieplanenormal Ain
Aout� Aino�set

lateral displaement �B�B�� ��~EFigure 4.8: Bragg reetion with two asymmetrially ut rystals, as used in the high heat load monohro-mator at ID18, not to sale.re is the lassial eletron radius, V the volume of the silion unit ell, jFH j the produtof form-fator and struture fator for the momentum transfer of the reetion. e�M isthe Debye-Waller fator. The Darwin width dereases with inreasing Bragg angle up to�B � 80Æ, then it inreases again towards a maximum at �B = 90Æ. This is the reason whyin some ases bak-sattering reetions are used - in this ase though, equation 4.9 has tobe replaed, as it does not allow �B = 90Æ. There are several programs to alulate Darwinwidths [San98, Stu94℄. The Darwin width should not be smaller than the divergene ofthe inoming beam, if all photons of the right energy should be transmitted despite theirangular spread. Table 4.3 (olumn � = 0) illustrates the problem of monohromatisationat high energies, omparing Bragg reetions of a silion rystal at the energies of the61Ni and the 57Fe M�ossbauer transition.If the rystal is ut asymmetrially, that means the surfae is tilted by an angle �with respet to the reeting lattie planes, the angular aeptane an be signi�antlyinreased. The onsequene is an inreased beamsize Aout. In partiular, with the use ofthe asymmetry parameter b: b = sin(�B � �)sin(�B + �)��as;in = ��sym 1pb (4.10)��as;out = ��sympbAout = Ain1bWith two subsequent asymmetrially ut rystals, the e�et of beamsize inrease anbe ompensated, and the beam divergene of the part that was transmitted by the tworeetions does not hange neither. Only the angular aeptane is improved as omparedto a symmetri rystal.The high heat load monohromator at ID18 is slightly asymmetri with � = 1Æ.The lateral displaement neessary to lead to the neessary �xed o�set of 25 mm in-reases with dereasing Bragg angle. Above 60 keV, the lateral displaement with the



4.2. The beamline ID18 69energy hkl T �B � = 0Æ � = 1Æ[keV℄ [K℄ [Æ℄ ��sym ��as;in ��as;out14.413 111 80 7.889 18.6�rad 21.1�rad 16.4�rad333 80 24.315 3.9�rad 4.1�rad 3.8�rad67.412 333 80 5.051 0.75�rad 0.92�rad 0.62�radTable 4.3: Darwin width of the Bragg reetions used in the high heat load monohromator at ID18.(111) reetion beomes bigger than the possible maximum value and one has to swithto the (333) reetion. Comparing the angular aeptane of the (333) reetion at67.41 keV, ��as;in=0.92�rad with the angular beam divergene of table 4.2, ��=2p2 ln 2�5:1�rad=12�rad, we see that the mis�t still remains for the slightly asymmetri high heatload monohromator rystals. For 57Fe, there is no problem.A possibility to derease the divergene of the beam is the use of ompound refrativelenses to ollimate the beam. This will be explained in the next hapter.4.2.3 Foussing and ollimation with ompound refrative lensesFoussing of X-rays an be ahieved with bent rystals [Spa80℄, urved mirrors [Kir48℄ orthe use of ompound refrative lenses (CRL) [Sni96℄. In the latter ase, use is made ofthe refrative index n, whih is di�erent between air and solid material, like in optis ofvisible radiation, but with a muh smaller variations of n in the ase of hard X-rays. Forthe refrative index, we have n = 1� Æ + i� (4.11)Æ expresses the refration and � the absorption. In the X-ray region, the real part ofn is smaller than one. Foussing lenses are therefore of onave shape and not onvexlike optial foussing lenses. Unfortunately, in the X-ray regime as opposed to the visiblerange, Æ is very small. Table 3.3 gives some values for Æ and � at 14.41 keV. The twoparameters an be expressed as [Ell98℄Æ � ro�22� NAA Z� � = �4� �� (4.12)The ross setion for photo-absorption �ph sales with Z4 to Z5 for the photo-e�et andwith Z for the Compton e�et. Therefore, � sales with Z� � > 1 at the 61Ni energywhereas Æ varies only with Z. It is therefore reommended to use low-Z material likeberyllium or aluminium.The foal length of a one bi-onave lens is given by F = R2Æ , R being the radius of thespherial lens. As Æ is very small, e.g. Æ = 1:19 � 10�7 for aluminium at 67.41 keV, a stakof a large number N of these single lenses have to be used in order to reah useful foaldistanes, see �gure 4.9. Then: F = R2ÆN (4.13)Two lenses for experiments at high X-ray energies used to be installed at ID18. The�rst one has N = 140 spherial holes of R = 1 mm and a hole distane of d = 50�m. Thematerial is AlMg3 with Æ � 9 � 10�9. The foal distane is thus F = 40:3 m. The seondlens is a pure aluminium paraboli lens with R = 0:5 mm, an aperture of 2Ro = 2 mm
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Figure 4.9: X-ray foussing with ompound refrative lensesand N = 80 elements with d � 80�m. For the aluminium lens at 67.41 keV, we haveÆ = 1:19 � 10�7 and thus F = 26:3 m. Both lenses absorb some of the 67.41 keV photons.The transmittane of the pure aluminium lens is 83% [San98℄.If a CRL is used at a distane f from the undulator, i.e. the foal spot of the lens isat the soure, the lens ollimates and the beam divergene an be greatly redued. Dueto the �nite size of the soure dv = 2p2 ln 2 �v and the e�et of an e�etive aperture De�of a CRL, it is not possible to redue the divergene to zero. The beam divergene afterthe CRL an be expressed as [Len99℄:��vCRL = s�dvf �2 + �1:029�De� �2 (4.14)If the CRL would be plaed just before the monohromator, 29 m after the undulators, fshould be 29 m. The vertial eletron beamsize at the soure is dv = 23:3�m. If we negletthe seond term in the root of equation 4.14, the divergene of the photon beam wouldredue to 0:8�rad. Using the 2 lenses available at ID18, we an alulate the e�etiveaperture [San98, CRL℄ and obtain De� � 1:1 mm for the spherial 140-hole lens andDe� � 0:87 mm for the paraboli 80-element lens. This gives us for 1:029�De� approximately0:02�rad, whih justi�es its disregard.At ID18, the position of the CRL used to be 27.5 m after the undulators, very loseto the foal length of the paraboli lens. Now, the angular aeptane of the high heatload monohromator and the divergene of the inoming beam after the paraboli CRLare niely mathed. Unfortunately, the heat generated by the omplete spetrum of theundulator radiation on the CRL was more than it ould bear, �rst destroying a 2 mmthik aluminium absorber, then starting to burn holes into the �rst elements of the lens.We ould not ontinue to use the lenses. Improving the ooling sheme of the lens andplaing them further downstream after some additional absorber sheets has to be done infuture. The total radiated power of an undulator an be alulated as [Duk00℄:P = 4�23 reMe22 Ie K2�o N (4.15)with N being the number of periods of the undulator. For the three undulators at ID18with 11 mm gap (K � 1:864) and at a beam urrent of 200 mA, this gives 8.78 kW. Intoa virtual slit of 5�5 mm2 at 27.5 m, orresponding to the beam pipe size before the CRL,this is slightly redued to 5 kW [San98℄. Most of this power is ontained in the lowerharmonis of the undulator radiation.



4.2. The beamline ID18 714.2.4 High resolution monohromatisationAs seen in the preeding hapter, it is prinipally possible to use the whole divergeneof the inoming beam with the Si (3 3 3) reetion of the high heat load monohroma-tor, if a proper CRL is used. For further monohromatisation to the meV range, oneshould examine two possibilities, one based on standard Bragg reetions and a seondon Bragg-bak-reetions. These onsiderations will show the diÆulties to realise thishigh monohromatisation and emphasise, that the nulear lighthouse e�et and SR-PAC,whih both do not demand this additional setup, are so far the only possible methods atthese energies to perform nulear resonant spetrosopy.To give a rough idea for the problems using standard Bragg reetions, we presentthe following monohromatisation sheme: A CRL with F = 29m before the high heatload monohromator redues the divergene of the photon beam to ��vCRL = 0:8�rad.The beamsize at the entrane of the CRL is � 29 m� tan(2p2 ln 2 � 5:1�rad) = 0:35 mm.The radiation passes the Si 333 high heat load monohromator without problem, as theangular aeptane of the asymmetri ut rystal is 0.92�rad. The divergene of thebeam after the CRL does not lead to a large inrease in beamsize while travelling to theplae of the high resolution monohromator at 43 m. The beamsize is now 0.36 mm.PSfrag replaements
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67.41 keV� 41meVITr = 94%
from Si 3 3 3pre-monohromator�E = 7 eVFigure 4.10: Further monohromatisation for 61Ni NFSAs shown in �gure 4.10, a ombination of a hannel ut Si (10 10 8) monohromator be-tween two Si (8 0 0) rystals would redue the energeti width of the synhrotron radiationfrom around 620 meV after the Si (3 3 3) pre-monohromator (using the ollimating CRL)down to 41 meV. The transmitted intensity should be 94% [San98, XInpro sub-program℄.Important is the stability, that is neessary to reah only a mere 41 meV bandwidth, on-sidering that this is not suÆient for nulear inelasti sattering anyhow. The angularpreision of rotation stages is in the order of 10 nrad. This would be just enough in thisase. But between the two Si (10 10 8) reetions of the hannel ut rystal, the lattieplanes have to be parallel to better than 12 nrad ! This seems to be a severe problem evenfor best single rystals, espeially as this auray needs to exist on almost 10 m of lateraldimensions. Less demanding seems the temperature stability, if temperature utuationswould not tilt di�erent lattie planes with respet to eah other. We remember equation4.8, neglet the angular part of it, and use the linear expansion oeÆient � = 1d �d�T . Thisleads to �T = 1� �EE (4.16)



72 Chapter 4. Experimental aspetsIf the energy of the monohromati radiation should not shift by more than 41meV2 , whihis half the energeti width of our proposed setup, the temperature needs to be stable ataround 0.1 K, and this over the whole rystal dimensions. It is of ourse questionable, iftemperature variations in this limit, but at di�erent rystal positions, will not destroy theneessary parallelism. Anyhow, it is evident that this approah faes severe problems.The seond approah that we will eluidate, is Bragg-bak-sattering. As we sawin the previous paragraphs, the angular aeptane of higher indexed traditional Braggreetions dereases too muh when the X-ray energy inreases and/or the energetibandwidth should beome small. Even asymmetrially ut rystals an not ompletelyhelp out of this situation. Maybe Bragg-bak-reetions an. We remember equation 4.9for non-baksattering reetions and introdue asymmetry:�� = 1pjbj 2sin 2�B j�H j �H = �re�2�V FHe�M (4.17)where �H is the eletri suseptibility for this reetion. In the ase of �B = 90Æ baksattering, dynami theory yields the following expression for the angular aeptane[Wil03℄: �� = 2pj�H j (4.18)The eletri suseptibility is very small, �H . 10�6 [Wil03℄. As in Bragg-bak-sattering,the angular aeptane is proportional to the square root of �H and not linear to it, theangular aeptane is muh inreased.Silion, though produed with highest quality, is not a suitable rystal for use in Bragg-bak-sattering as will be explained now. With �B = 90Æ, the Bragg ondition of equation4.7 redues to n� = 2dhkl (4.19)If the angle is �xed to exat baksattering and a ertain energy is demanded, the onlyvariable parameter is dhkl. An appropriate lattie plane will seldom be found to satisfythis equation, even when temperature adjustments of the rystal are exeuted to �ne-tunedhkl. In a ubi rystal, several hkl planes have the same lattie spaing d. It is thereforebene�ial to use non-ubi rystals, e.g. hexagonal sapphire Al2O3. It is muh moreprobable to �nd a ertain reetion in an aeptable temperature region.A possible Bragg-bak-reetion at 67.41 keV is the (16 31 54) reetion of Al2O3 at100 K [Wil04a℄. This reetion has an angular aeptane of 2.5�rad, whih an thereforetake the whole beam passing the Si (3 3 3) high heat load monohromator. The energyresolution is 0.03 meV, whih is already too narrow for present experiments of nulearinelasti sattering, giving only minimal ountrates, and muh too narrow for SR-PAC,whih demands a onstant ountrate overing all phonon energies. For nulear forwardsattering or the nulear lighthouse e�et, we have to ompare the 30�eV to the splittingof the nulear levels. The largest splitting observed so far with 61Ni M�ossbauer spe-trosopy was magneti hyper�ne splitting aused by a magneti hyper�ne �eld of 80 Tin the spinel Cu0:9Ni0:1Cr2O4 [Oka95℄. The energies of the possible transitions betweenthe sub-levels, see �gure 2.8, over the range of �E = 2(j�ej + j�gj)Bhf = 6:2�eV, inthis example. If now the monohromator drifts slightly, the di�erent possible transitionswill no more be exited equally. In the ase of 61Ni-metal, the splitting is about 10 timessmaller, and this bak-reetion would not be too narrow.



4.2. The beamline ID18 73The three big problems of this Bragg-bak-reetion are the low reetivity of thereetion of only 4.5%, the need of large perfet sapphire rystals, as the extintion depthis 3.9 m and the required temperature stability [Wil04a℄. For this reetion, �E�T =�0:048 eVK . As the width is only 0.03 meV, this demands a temperature ontrol of at least0.2 mK, and this over a rystal whih should extend over more than 4 m.Thus, also this approah does not promise pratial solutions in the near future. Aompletely other approah might be the development of new detetors, that an opeeven higher prompt ountrates and would thus not demand suh a degree of monohro-matisation. Unfortunately, there is no suh a detetor known yet. Finally, the nulearlighthouse e�et may be employed to separate the prompt bakground from the delayednulear signal.4.2.5 ID18 layout for the nulear lighthouse e�et and SR-PACThe layout of ID18, as far as it onerns the measurements on 61Ni and 57Fe with thenulear lighthouse e�et, is skethed in �gure 4.11. For the lighthouse experiments, of keyimportane is a large distane between the spinning sample in the lighthouse tower and thedetetor. This was ahieved by putting the lighthouse into the seond optis huth (OH2)and the beamstop as well as the detetors in the third experimental huth (EH3). Thesetups for the SR-PAC measurements and the grazing inidene measurements without thelighthouse are not shown expliitly, but they an be easily desribed. For the SR-PACmeasurements and the grazing inidene measurements without lighthouse, the sampleand the detetors were in the EH1, with EH2 and EH3 unused. Only for the measurementswith 57Fe in grazing inidene, that were performed for omparison, a high resolutionmonohromator was used in OH2. In the other ases, the high heat load - monohromatoris the only monohromator.beamline element distane to soure distane to lighthousefront end CRL 23.9m 18.7maluminium CRL 27.1m 15.5mhigh heat load monohromator 31mslit 3 38.67m 3.91mslit 4 42.14m 0.44mlighthouse 42.58mshutter between EH2 and EH3 54.77m 12.19mdetetor (slit 5) 56.23m 13.65mTable 4.4: Distanes at ID18 beamlineImportant distanes are given in table 4.4. Espeially the lighthouse-to-detetor dis-tane d is important. It is needed for the data analysis of lighthouse experiments, whenno time disrimination is used. Then, at a rotational frequeny �, the o�set x betweenthe deviated delayed nulear signal to the diret beam at the distane between lighthouseand detetor gives the time t between exitation of the 61Ni nulear level and its deaywith the emission of a photon via t = x2�d � (4.20)
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Figure 4.11: ID18 layout for nulear lighthouse e�et measurements. The distane between lighthousetower and detetor is maximised, as to ahieve a large displaement of the deviated nulear signal withrespet to the diret beam. Unfortunately, the dimensions of the beam pipes and the beam shutters betweenthe huthes limit this o�set. EH1 and EH2 are not used. Di�erent is the setup for traditional grazinginidene nulear resonane experiments: One of the high resolution monohromators of OH2 has beenused, the sample and detetor were in EH1. The SR-PAC setup needed no high resolution monohromatorand had sample and detetor in EH1.



4.2. The beamline ID18 75The other shown distanes are important when foussing with a ompound refrative lens(CRL) or for ompleteness. The term soure signi�es the undulators, omparable to alight soure in optis. They span over a range of 5 meters. As a good approximation, theentre of the middle undulator is taken as the soure point.To limit absorption and redue small angle sattering from air, a maximum of thebeam path in the beamline is in vauum. This is done with the help of evauated beampipes, having a pressure of approximately 10�2 mbar. As a matter of fat, the stator/rotorsystem annot be in a vauum setion, as it relies on gas driven aeleration and bearing.Also the detetor stays outside the vauum. Beam exit and entry windows are needed:two windows upstream and downstream of the lighthouse tower, and one large window atthe end of the beampipes in EH3, before the detetor. These windows an be tailored toone's needs. Additional windows in the beamline are a beryllium window at the entraneof OH2 and further a 500�m thik diamond window in the front end, to separate thestorage ring vauum from the beamline. To get the vauum setions very lose to thelighthouse with its gas atmosphere, speial beam pipe ends were manufatured, see �gure4.12 for details. The pipe end material is a ombination of stainless steal and PEEK(Poly Ether Ether Ketone, a semirystalline polymer), in order to limit the heat exhangefrom the part inside the overs to the outside world.
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Figure 4.12: Beam pipe ends upstream and downstream of the lighthouse tower. The windows an eitherbe 50�m thik silion wavers or 20 �m thik Kapton r foils. Whereas the single rystalline wavers produeless SAXS, they are very brittle and do not stand repeated pressure hanges do to pumping and oodingof the beam pipes. Therefore, the Kapton r windows are preferred. The lighthouse tower itself stands ona ombination of a tilt stage, a xyz-stage and a speial foot.In order to redue parasiti o�-axis radiation, onsisting of SAXS from beamline ele-ments upstream of the lighthouse, e.g. windows, absorbers or CRL-lens material, the slitsystems "slits 3" and "slits 4" have been installed. Eah system has two perpendiularsets of slit blades. Their aim is to ut the outer "halo" of the beam without generat-ing themselves SAXS. Obviously, in-vauum slits need to be used, as additional windowswould ompromise the e�et of these slits. The slit blades have been fabriated fromtungsten monorystals. As SAXS is sattering on eletron density variations, monorys-



76 Chapter 4. Experimental aspetstalline material limits these variations to a minimum. The use of two speial dediatedslit systems is motivated by the idea that the 4th slit will redue sattering aused by the3rd slit, if the 3rd slit blades ut parts of the entral beam and not only the halo. The lastslit blades should not be orientated in the vertial and the horizontal, but slightly tilted,e.g. 10Æ as in the ase of our setup. As a retangular slit reates a di�ration pattern, thisintensity pattern will be tilted by 10Æ, too. Instead of giving rise to radiation in the samediretion as the delayed nulear lighthouse signal (horizontal diretion), it will be tiltedby 10Æ with respet to this, see �gure 4.13. The thikness of the tungsten monorystalsin the beam diretion is 2 mm. At 67.41 keV, their transmission is 2.8�10�5. The uttingedge has been polished.
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vauum hamberdi�ration patternaxis of deviatedlighthouse signalslitsystem # 4 beamdiretionFigure 4.13: The last slit before the lighthouse is tilted by 10Æ. The bene�t of this tilt an easily be seenin the �gure. The observer looks upstream and the lighthouse is hidden behind the slit system.Of ourse, the onsiderations onerning the slit system are muh less important, iftime disrimination of the detetor signal is used, thereby bloking out the prompt SAXSintensity anyhow. Nonetheless, detetor load is muh redued espeially at small angularo�sets from the diret beam. This will in most ases allow to aess earlier times of thetime spetra of the nulear deay. Therefore, reduing the "SAXS-halo" of the beamshould not be negleted in any ase, i.e. even when using time disrimination of thedetetor signal.4.3 Spinning of the sampleThe main harateristi of the nulear lighthouse e�et is the fast rotating sample. Toahieve highest rotational frequenies, use is made of stator/rotor systems designed formagi angle spinning - NMR [Dot81, Sam02℄. The sample is �xed to a ylindrial rotor;either inside it or on its surfae. The rotor is gas driven and gas stabilised in a statorblok.4.3.1 Stators and rotorsThree di�erent stator/rotor systems are ommerially available from Bruker [BRUK℄, ofwhih two are available at ID18. They di�er by the diameter of the rotor: stator/rotor sys-tems exist in diameters of 2.5 mm, 4 mm and 7 mm. The maximum rotational frequenies



4.3. Spinning of the sample 77possible with suh rotors depends on the strain the material an stand, when subjetedto huge entripetal fores during rotation. The entripetal fore of a pointlike mass isFz = 2�m�2 r. Therefore, the fastest spinning system is the 2.5 mm system, but it is notavailable with a ooling gas onnetion. Further, there do not exist sapphire rotors forthis system yet, ZrO2 is the only option. This would have ompromised intense testingat the 57Fe resonane in transmission, due to a huge absorption at the 57Fe transitionenergy. The 4 mm system and the 7 mm system allow for entral ooling, see �gure 4.17,and provide a wider hoie of rotor materials. For the purpose of the 61Ni experiments,the 4 mm system has been hosen. It is evident, that ooling is required to inrease theLamb-M�ossbauer fator, see �gure 2.3. As the lifetime of the exited 61Ni level is small,high rotational frequenies are needed. The 7 mm system on the other side permits toperform measurements in grazing inidene geometry with 57Fe. Here, rotational frequen-ies an be lower, as the lifetime is muh larger. The large surfae area of the 7 mm rotorsis neessary, as the inident angles are very small in grazing inidene (here below 0.4Æ).The projetion of the surfae perpendiular to the beam is muh smaller than the vertialbeamsize, even for a 7 mm system.
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Figure 4.14: The three di�erent experimental on�gurations. The interior of the stator an be seen, as aover piee is removed.
In the framework of this thesis, three di�erent on�gurations have been used. Theyare depited in �gure 4.14. For the grazing inidene measurements with 57Fe, the 7 mmstator and a speial 7 mm sapphire rotor with several layer systems on a polished atsurfae have been used, as shown to the right. The 61Ni measurements have been donein the geometry as depited on the left. The sample is in the entre of the rotor and theooling gas ow has to at there, too. The setup shown in the middle of �gure 4.14 wasoneived as an alternative to the entral ooling 4 mm system. It avoids ooling of theentral part, as the sample is plaed in an easy aessible region outside the stator blok.This is referred to as top ooling. Cooling is treated in detail in hapter 4.4.



78 Chapter 4. Experimental aspets4.3.2 Stability issuesRotation axis and layer surfae normal in grazing inidene geometryA severe ondition that the stator/rotor system has to ful�l for grazing inidene mea-surements with the lighthouse on layer systems onerns the geometri stability of thelayer surfae during rotation. This an be expressed by a stationary layer surfae normalduring rotation. Two inuenes an ompromise this: First a tilt of the rotor surfaewith respet to the rotor axis, aused by impreise mahining or aused by the surfaepolishing proedure. Seond, a preession of the rotor in the stator during operation.Both inuenes an not be distinguished during the experiment. It is possible to treatthe onsequenes with the same formalism, analysing the beam after the reetion on asurfae that has its surfae normal preessing around the �xed stator axis. The anglebetween the �xed stator axis and the surfae normal is �, the inident angle is � and thedistane to the detetor is d. A sreen at the detetor positions maps the reeted beamover time. If � = 0, there is neither a tilted rotor surfae nor a preession. The reetedbeam hits the detetor always in the same point. If � > 0, the beam desribes an ellipseon the sreen. The size of the ellipse is given by its vertial extend Av and its horizontalextent Ah, see �gure 4.15.
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Figure 4.15: Beam imprint at the detetor position for inlined rotor surfaes or preession of the rotorin the stator. ~n is the surfae normal of the layer.Av and Ah depend on the angle �, the inident angle � and on the distane d. Tediousalulations lead to the following expressions:Ah = 2 d18 os2 � h4 sin � � os � �tan � �ptan2 � + 8 tan2 ��i ��q8 tan2 �� 2 tan2 � + 2 tan �ptan2 � + 8 tan2 �(4.21)Av = 2 d � sin(2�) os(2�) (4.22)As � is expeted to be below 0.5Æ, and � does not exeed 1Æ in the grazing inidenegeometry, we an approximate the trigonometri funtions to �rst order. This results to:Av = 4 d � Ah = 2 d18 �3� �p�2 + 8�2� �q8�2 � 2�2 + 2�p�2 + 8�2 (4.23)



4.3. Spinning of the sample 79In order to obtain a good separation of the diret beam and the nulear lighthouse signal,as explained in hapter 4.2.5, the distane d needs to be big for nulear lighthouse e�etmeasurements. In partiular, the setup as installed at ID18 has the detetor at thedistane d= 13.65 m. If the rotor turns at 8000 Hz and a time resolution in the order of1 ns is desired, the lateral detetor opening should be �x= 0.7 mm, as a onsequene ofequation 4.20. In order not to spoil this time resolution, the horizontal extend of theellipse should be less than half of this, i.e. Ah � 0:35 mm. At larger inident angles�, this limitation is more severe, see equation 4.21. An upper limit for � onerningthe measurements presented in this thesis is 0.3Æ. This situation together with equation4.21 implies � to be smaller than 0.07Æ. However, with �= 0.07Æ, the vertial extend of theellipse Av is 6.7 m. Either a large detetor is neessary, or some nulear sattered photonswill be lost. Although the time resolution is satisfatory with � = 0:07Æ, due to limiteddetetor sizes, a fator of 10 times smaller tolerane is desirable. The error of a tilted rotorsurfae with respet to the rotor axis an be measured outside the stator. The rotor is tobe put into a well mahined 90Æ groove. The reetion of a laser beam at almost normalinidene on the surfae is aptured on a distant sreen. The rotor is turned repeatedlyover a small amount in the groove. The laser reetion desribes a irle on the distantsreen of diameter D = d � sin 2�. Here, � is only due to the surfae tilt, and the inuenefrom a possible preession in the stator during operation is exluded.The rotors obtained from Zeiss after a �rst polishing presented errors of 0.33(3)Æ,0.36(3)Æ, 0.46(3)Æand 0.66(3)Æand had to be repolished. In a seond attempt, the angularerror was muh smaller and measured with the rotation in a �xed groove to be smaller than0.03Æ. The mahined error ould not be determined more preisely due to the experimentalerror of 0.03Æ. During the lighthouse e�et measurements in grazing inidene, the ellipseof one of the rotors as shown in �gure 4.15 has been taken on a photographi paper at thedetetor position. The ellipse size was measured as Ah = 12 mm and Av = 1:2 mm. Thevertial size is muh inreased by the normal beamsize at the detetor position. Usingonly Ah for the alulation of �, one obtains � = 0:012Æ. This is the sum of mahiningerror and rotor preession and thus an upper limit for the rotor preession in the statorfor the 7 mm system.
Preessing sample in transmission geometryAlso for the 4 mm stator/rotor system, a preession of the rotor is possible. However,reetivity measurements as obtained with the 7 mm rotor failed due to the lak of apolished surfae with the standard 4 mm rotor. The top part of the speial 4 mm rotor(�gure 4.14, entral panel) ould be illuminated by a laser beam. Due to the smallurvature of the top part, the reetion travels into all diretion of the plane perpendiularto the rotor axis and shows up as a line on a distant sreen. At standard operationtemperature and at room temperature, no thikness inrease of this line ould be observed.At very low frequeny, espeially around 2 kHz, a thikness inrease by approximately afator of two was visible. At low temperatures however, no reetions have been visualised.It is possible that operation at temperatures below 150 K lead to a large preession of therotor, see hapter 6.4.4. The resulting onsequenes are explained in that hapter, too.



80 Chapter 4. Experimental aspets4.3.3 The lighthouse towerThe stator/rotor system is integrated in the lighthouse tower. This tower has been spe-ially designed to diret all gas ows towards the stator and to allow for the two di�erentooling shemes, top ooling and entre ooling. It further allows for a lose approah ofthe beam pipe ends to the stator. A rigid, but easily removable housing overs the statorin order to prevent heat exhange via onvetion with the rather humid air of the huth.The base of the lighthouse tower is evauated in order to provide a thermal insulation forthe transport of the ooling gas to the stator. The details of the lighthouse tower an beseen in �gure 4.16.PSfrag replaements PT100 sensor inside thetop ooling onduitdrill in stator to allow forX-ray transmission throughsample in rotorend of glass �bre di-reted to rotor bottomto read its frequenyeletrial feedthrough #2support fortwo isolatingovers
srews toswith bet-ween topand entreoolingstart of entre ooling onduitstart of top ooling onduitvauum isolatedX95 interiorbearing gas onduitdrive gas onduitrobust evauatedX95 support

gas outlet toverify bearinggas pressure
eletrialfeedthrough #3glass �bre for fre-queny read out
PT100 sensor in-side the bearingonduit
Vespel r piees bear allgasonduits and hold thestator

Figure 4.16: The top part of the lighthouse tower. The gas ows inside the main tower parts are indiatedby dotted lines.The rotational frequeny is measured via an optial enoder that uses the reetion ofa half irumferene blak and half irumferene white paint at the bottom of the rotor.A glass �bre opti system illuminates this area and measures the reeted light. The readout eletronis is outside the ooled area, working at room temperature. The aurayof this equipment is better than 1 Hz. Three eletrial feedthroughs with 7 onnetionseah allow the use of several PT 100 resistive thermometers. When the two overs areinstalled the top part of the lighthouse, the only exhaust is an exhaust pipe, 10 mm large



4.4. Cooling 81in diameter. It might be useful to heat it in future to prevent ondensation and iing atthe outside of the tube and, after long runs, deposits of ie even at the exit of the tube.The olumn of the lighthouse tower is a standard X95 bar. It is hollow to take thegas onduits and an be evauated to minimise heat losses of the ooling gas and inorder to prevent ondensation of humid air on the X95 outside. All three gas onduits,for bearing, aeleration and ooling, pass through a opper blok, thereby dereasingslightly the temperature of the aeleration gas and the bearing gas. This leads to smallertemperature gradients at the rotor and thus a smaller risk of problems due to stress inthe rotor. The X95 system further permits attahment of multiple experimental deviesif needed. At the lower end of the X95, a huge hollow aluminium ube provides theonnetion of the feedthroughs for the various gases to the outside of the tower and theonnetion of a vauum pump. A baseplate enables the assembly of the lighthouse toweronto a ombined tilt and xyz-stage. These stages serve to align the sample in the beamand to tilt it, in order to perform grazing inidene measurements. Unfortunately, theentre of rotation is not at the sample's plae, and thus a orretive translation has to beperformed at eah angular adjustment.4.4 Cooling4.4.1 Cooling methodWhen addressing M�ossbauer isotopes with high transition energies with NFS or the NLE,it is essential to work at low sample temperatures. Only then, the Lamb-M�ossbauer fatoris signi�antly di�erent from zero, see for example �gure 2.3 for the ase of 61Ni. As thestator/rotor system relies on gas ows, it is not possible to insert the lighthouse into aryostat. The only ooling option is to ool the sample with the gas ows themselves,either using ooled bearing and drive gas ows, or applying an additional ooling gasow. The �rst hoie is limited, as ooling and operation are not independent: Inreasingthe bearing or aeleration gas ows in order to hange the rotational speed of the rotorwould drastially hange the sample's temperature. A further problem would be theJoule-Thomson e�et when the bearing and aeleration gas ows leave the tiny drills ofthe stator blok and expand. The temperature ould drop so far, that liquid droplets arereated, having disastrous onsequenes on the bearing and the rotor itself. Finally, thesample hamber is not in the immediate viinity of the bearing and aeleration gas ows,but in the entral or the top part of the rotor. As a onsequene, we hoose to work withan additional ooling gas independent from the bearing and aeleration gas ows to oolthe sample.The independent ooling gas ow emerges from a pressurised liquid nitrogen vessel of200 l volume. The maximum pressure available is 16 bar. This vessel delivers a suÆientow of nitrogen gas at room temperature both to the pneumati ontrol unit for thebearing and the aeleration gas, and for the additional ooling gas. It is important thatthe gas is ompletely free of humidity or oil droplets, as these impurities would eitherfreeze and blok the gas onduits, or impat on the rotor and ause instability. Highestpurity an be obtained when using evaporated nitrogen from a liquid nitrogen reservoir.Using gas from a pressurised bottle is therefore not reommended.After passing a pressure reduer and a regulation valve, the ooling gas, still at roomtemperature, enters a heat exhanger. This heat exhanger onsists of a 12 turn opper



82 Chapter 4. Experimental aspetstube spiral that is immersed into a seond liquid nitrogen Dewar. Before leaving theDewar vessel, the gas direting pipe is isolated by a exible metal hose that is permanentlyevauated. This hose is onneted to the lighthouse tower X95 struture, thus allowing aomplete insulation between the Dewar and the top of the lighthouse tower. The Dewarvessel an be re�lled during ooling operation thanks to a speial �lling aess. In aseof problems, the 12 turn spiral an be bypassed and the ooling gas helps heating of thelighthouse tower up to room temperature.Inside the lighthouse tower, ooling gas, bearing gas and aeleration gas are diretedthrough a opper blok. This redues slightly the temperature of the aeleration andbearing gas ows and prevents the rotor from huge temperature gradients. After thisopper blok, the ooling gas passes a seond opper blok with an integrated heater for�ne regulation of the gas temperature. Fortunately, already the regulation of the ow ofthe gas, i.e. its quantity, is suÆient enough to ontrol the temperature with the preisionof about 0.5 K as measured with a PT 100 resistor in the gas onduit at 3 m before hittingthe sample. After about one hour of ontinuous operation with onstant frequeny andooling gas ow, the temperature drift at that plae is below 0.1 K per minute.The sample temperature might di�er from that measured by the PT 100 due to theinuene of the neighbouring bearing gas outlets, see �gure 4.17. Fortunately, the massow of the ooling gas is by far larger than that of the bearing gas and the aelerationgas. The bearing gas therefore has to exit the stator towards the top and the bottom andnot towards the entre. We nevertheless admit that the �nal unertainty might reah 5 K.4.4.2 Stator modi�ationsAfter repeated ooling of the stator/rotor system during operation, problems with the sta-bility of the rotational frequenies and even the destrution of a rotor ourred. Althoughbased on limited experiene, we believe that the �rst operation at low temperatures ofthe stator/rotor system after reeiving it from Bruker is free of problems even at highrotational frequenies. The problems appeared only later. We therefore investigated indetail the stator system whih is depited in �gure 4.17.There are several reasons that might lead to the stop of a rotor in the stator duringooling operation. First, droplets might form aording to the Joule-Thomson e�et atthe exit of the tiny drills. This should be a muh bigger issue if the bearing and oolinggases are at temperatures lose to the dewpoint of nitrogen. In our ase, the temperaturesseem to be too high for that, but as the gas is at an elevated pressure, this phase transitionis already at higher temperatures. It would be interesting to test the operation of therotor system with helium gas, with its muh lower temperature of liquefation. Seond,a di�erent thermal expansion of the stator materials (ZrO2 for the bearing parts, BNfor the main part, Vespel r for the aeleration part) might ause leaks that form at theinterfaes, that are only glued by the fatory. The di�erent expansion with respet to therotor's own material and its diameter might hange the gap between rotor and stator asmuh, that it exeeds the toleranes needed for operation. This might be onsistent withthe observation, that we had only sapphire rotors broken or stopped at low temperature,but no ZrO2 rotors, that are of the same material as the bearing disks. On the otherhand, sapphire is muh more brittle at low temperatures than ZrO2. Whereas the ZrO2rotor might just temporarily slow down during the enounter of a temporary problem, thesapphire rotor ould explode immediately on touhing any stator part. A third reason
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Figure 4.17: The 7mm stator blok seen in a ut. All gas ow onduits are illustrated. The on�gurationas delivered by Bruker [BRUK℄ has been improved with indium sealings.are possible leaks that originate from raks in the glue after repeated yling. Thisproblem seems very important to us and furthermore ould be improved by us with somemodi�ations. A very ritial glue onnetion is the one at the lower part of the bearinggas onduits. It onerns the interfaes between the BN main stator body, a Vespel r ring,and the CuBe bottom plate, see �gure 4.17. While removing the four srews assemblingthe whole stator, the Vespel r ring did not stik to the BN main body anymore, thusfortifying the onern about this interfae and the glue. The glue rests have been removedwith a salpel and were replaed by several indium foils, ut espeially to over also theBN to ZrO2 interfae. The onneting hole in the Vespel r ring at the lower right side of�gure 4.17 between the BN main body and the CuBe part has been tightened with twoindium foils. A miro-tube has been inorporated to prevent obstrution of the onduitby an eventual surplus of indium. The tube has the length of the vertial onduit, butthe end parts have been half ut away. When reassembling the stator, the original brassrods (the srews) have been replaed with Invar rods. Invar exhibits almost zero thermalexpansion over a wide temperature range.To strengthen further the interfae between the BN main body, the top ZrO2 bearing
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PSfrag replaementsspring washers Invar asingInvar rodsFigure 4.18: An Invar asing with Invar rods and spring washers replaes the brass srews (ompare with�gure 4.16). It onsists of a top and a bottom plate that �t exatly to the stator surfae and thereby holdit tightly. The nuts at the end of the Invar rods at on spring washers, that generate an almost onstantpressure on the stator parts independent of the temperature.gas disk and the top Vespel r ompound that assures the drive gas delivery, an Invarasing has been applied. This Invar asing tightly holds the top and the bottom part ofthe stator and allows the use of spring washers to maintain a onstant pressure on theassembly during thermal yling. The onnetion between the two plates of that asing isprovided by four main Invar rods that replae the original brass rods and eight additionalInvar support rods. The nuts have been tightened equally to 6 mN/m. The lower Invarplates further presses an indium foil onto the srew in the CuBe plate, that regulates theaxial bearing. This had only been sealed with paint before.A piture of the Invar asing is shown in �gure 4.18, as installed in the lighthousetower, see hapter 4.3.3. It allows the beam to aess both a sample in the entre of a4 mm rotor or at the top of a 4 mm rotor, if top ooling is desired. The top ooling optionis explained in hapter 4.4.4. The suess of the modi�ations has been shown duringfour onseutive days of beamtime by exeuting repeated ooling yles down to 180 Kand 115 K for several hours repeatedly. The 4 mm standard ZrO2 rotors with the samplein the entral hamber have been used.4.4.3 Gas ows and oolingWithout ooling and in automati mode of the pneumati ontrol unit, ertain drive gasand bearing gas pressures are hosen by the ontrol unit. The quantity of gas therebyprovoked is not measured and taken into aount. To have a better understanding of thisontrol system and to eluidate ooling operation parameters, we measured the gas owharateristis of the stator/rotor system. The gas ow measurements have been done atthe exit of the pneumati ontrol unit with the help of standard variable area ow meters[PKP℄. Simultaneously, the pressure display of the pneumati ontrol unit has been read.The measurements are shown in �gure 4.19.As seen in �gure 4.19, the bearing gas ow stays below 7 l/min even at high speed. Inmanual mode, this might be raised to 9 l/min via inreasing the bearing gas pressure toabout 3600 mbar. During long term ooling operation of several hours, it was repeatedlyreognised, that this gas ow dereases slowly down to 6 l/min, where we used to intervenebefore further problems ould our. By some means, the gas ow seems to be bloked
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Figure 4.19: Gas pressures (left) and gas ows (right) at room temperature operation in automati modeof the pneumati ontrol unit. The bearing and drive gas ows have to be ompared to the ooling gasow, whih is muh higher, reahing up to 50 l/min.more and more. Raising the temperature and ooling again usually helps. However, onedoes not need to heat up to room temperature to ahieve this positive behaviour.The ooling gas ow varies between 20 l/min and 50 l/min, depending on the desiredtemperature. It is muh more important than the bearing gas ow and prevents therebythe bearing gas from entering the entral hollow part of the stator and around the sample.The lowest temperatures reahed for at least 5 hours of ontinuous operation has been90 K, as measured in the gas onduit 3 m before the sample. The ZrO2 rotor turnedat 10 kHz, but utuating in speed by �50 Hz. The ooling gas ow was 50 l/min. Thepneumati ontrol unit ran in automati frequeny mode, thereby stabilising the frequenyon its own. This is not always reommended, espeially for the sapphire rotors, as suddendrops in speed at very low temperatures due to stator problems lead to exaggeratedresponse of the aeleration pressure, making things even muh worse. Sapphire rotorsrepeatedly exploded in the old unmodi�ed stator. Frequeny variations while oolingare less important at lower speeds. At 8 kHz, typial speed variations are �3 Hz. Dueto the opper blok heat exhanger inside the evauated lighthouse tower, that onduitsboth the ooling and the drive and bearing gas ows, the temperature di�erene betweenooling gas and the other two gas ows is redued. With the ooling gas having 90 Kat 3 m before reahing the sample, the bearing gas is about 70 K warmer, the drive gasabout 110 K warmer, with the rotor turning at 10 kHz. These are the highest temperaturedi�erenes, as ooling, bearing and drive gas ows are lose to their maximum. At lowerspeed or lower temperatures, these di�erenes are muh redued.After frequent temperature hanges of the rotor during operation, the turbine ap ofthe standard rotor repeatedly loosened. This is avoided by gluing of the ap to the rotorafter the �lling of the sample.4.4.4 Top oolingTo operate the lighthouse at low temperatures, a seond ooling sheme has been devel-oped. The �rst motivation was to avoid the repeated rotor breakdowns with the standard
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PSfrag replaements7mm rotor 4mm rotor

gas rediretionsrew ooling gaswide fan narrow owsample hamberlayer system
Figure 4.20: The gas rediretion srews oneived for top-ooling. On the left the srew providing a widefan of ool gas for the ooling of the 7mm rotor. On the right, the gas rediretion srew is shown thatdelivers a narrow ooling gas ow in ombination with the 4mm speial sapphire rotors and its top samplehamber.4 mm system and entral ooling while using a standard sapphire rotor. The seond mo-tivation was to allow for ooling when investigating layer systems on the top of a 7 mmrotor. In this seond ooling sheme the sample is plaed outside the stator body at theend of a speial rotor. The sample is ooled from the top and thus, large temperaturegradients in the region of the bearing gas ow are avoided. To see the ooling gas owinside the lighthouse tower, see �gure 4.16. The speial rotors as plaed in the stator aredepited in �gure 4.14. Two types of a gas rediretion srew have been mahined, thatperform the last part of the ooling gas onduit. They are srewed into the top Vespel rpart of the lighthouse tower. The two speial rotors aommodate the sample just belowthis srew. One srew provides a large fan, the other a narrow ooling gas ow, see �gure4.20.First results with the 4 mm system seem to indiate a lateral fore on the top of therotor, leading to ontat of the spinning rotor with the stator. Three of these sapphirerotors broke. The diretion of the ooling might need to be better adjusted. The 7 mmsystem has not been used yet with ooling. Further testing of this ooling sheme has tobe performed in the future.4.5 Detetors4.5.1 Photon detetion for nulear resonant satteringIn nulear forward sattering experiments, inluding grazing inidene geometry, detetorshave to satisfy several riteria. Even when employing high resolution monohromators,the inoming ux is in the order of 107 to 1010 photons per seond. Dilute samples orlow Lamb-M�ossbauer fators on the other hand might limit the nulear delayed signalto ountrates below 1 photon per seond. This demands a huge dynami range for thedetetor and a very fast reovery time after the strong "prompt" pulse of non-interatingphotons. After the prompt pulse, the detetor must soon be ready to ount the weakdelayed signal. As the nulear signal might be very low, the detetor needs to have avery low noise, possibly below 0.01 ounts per seonds. The lifetime of the exited state



4.5. Detetors 87of typial M�ossbauer isotopes varies between 100 and 1 ns, see table 8.2, but the timeevolution of their deay an show beats on the ns time sale. The detetor needs tohave an exellent time resolution, around 1 ns seems desirable. Finally, a high quantumeÆieny is highly appreiated.A detetor that meets many of these riteria is the avalanhe photo diode (APD)[Bar00, Bar97℄. Although �rst experiments used a slow Ge diode detetor [Ger85℄ or plas-ti sintillator oinidene detetors [Met90℄, APDs beame soon the standard detetor innulear resonant sattering [Kis92, Bar94, onerning pioneering work℄. They are basedon silion diodes. The APDs used in our experiments were 120�m thik and 10 x 10 mm2large silion diodes. The ross setion of a diode is shown in �gure 4.21. An inidentphoton will most likely be absorbed in the large depleted region of the diode (100�mthik). The absorption proess will be prinipally via the photo e�et; at photon energiesabove � 40 keV also via the Compton e�et. The ejeted primary eletron will reate ahuge number of eletron hole pairs in its immediate viinity, about one pair per 3.6 eV.The drift veloity of an eletron in the silion material is about 100�m per ns. This isthe limiting fator for the time resolution. In the gain region lose to the p-n-juntion,the eletri �eld is maximal and leads to an aeleration of the eletrons and the reationof a huge avalanhe of seondary eletrons. Typial voltages applied to the diodes arebetween 270 and 450 V.
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PSfrag replaements p+ �depleted regionX-ray nh pe�120�m
10m

Figure 4.21: Layout of a EG&G reah through APD detetor seen in a ut [Bar97℄. The large depletedregion absorbs X-rays that reate thereby eletron hole pairs. The depleted region de�nes the ativethikness whih is around 100 �m thik. The eletrons drift towards the p-n-juntion region. Close tothat juntion, the eletri �eld and the aeleration of the eletron are maximal. This is the gain regionwhere avalanhes of eletrons form.Immediately after the disovery of the nulear lighthouse e�et, it was believed thatdetetor restritions known from standard nulear forward sattering ould be drastiallyreleased. The diret beam is bloked by a beamstop and the time information is mappedon an angular sale. In fat, demonstration experiments using 57Fe as the nulear sat-terers worked with simple detetors like wire proportional ounters [R�oh00b℄, an imageplate [R�oh01b℄ or with lateral sans with avalanhe photo diodes without the use of timedisriminating eletronis [R�oh00℄.Naturally, demonstration experiments use favourable experimental onditions, here es-peially the use of 57Fe as nulear satterer and highly enrihed samples. Both the delayednulear signal and the undesired, but unavoidable SAXS bakground, are of omparablestrength. The disrimination an be done with suessive measurements of the angularintensity variation, one at resonane, one slightly detuned, and subtration [R�oh00℄.This is no longer possible in the ase of dilute samples and espeially for nulear sat-terers with less favourable nulear parameters, where delayed ount rates an drop by



88 Chapter 4. Experimental aspetsseveral orders of magnitude. Fast detetors need to be employed to use the time stamp ofthe deteted photon in order to disriminate between the prompt SAXS and the delayednulear signal. Finally, APDs, although muh less eÆient at higher energies like the 61Nitransition energy, need to be employed.4.5.2 Avalanhe photo diode arrayThe quantum eÆieny of single, thin APD detetors is very poor at energies above 10to 20 keV, see �gure 4.22. Inreasing the thikness of the depleted region of a siliondiode to values muh higher than 100 to 200�m would inrease the typial drift time ofeletrons in the material and thereby deteriorate the time resolution to an unaeptableamount. In a �rst step, the silion diodes an be inlined, thereby inreasing the widthas seen by the X-ray while impinging on an angle on it. A seond approah is to stakindividual thin APDs in a row, an array. If the following eletronis is properly adjusted,the total time resolution of the stak approahes the time resolution of an individual APD.A limiting fator is the ost of the APDs and the eletronis, or the omplexity of theeletronis if several APDs are ontrolled together by the same eletronis.
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Figure 4.22: Detetor eÆieny of staked standard EG&G silion diodes with an individual ative thik-ness of 100�m for photon energies between 10 and 80 keV.Results presented in this work have been obtained with single APDs (espeially nulearuoresene signals of 61Ni and 57Fe), a stak of 4 inlined APDs (grazing inidenemeasurements with 57Fe) and in partiular with an 24 APD array. This array has beenbuild by the University of Hamburg [Ges04℄. 24 individual EG&G silion diodes, eah 10 x10 mm2 large and 100�m thik, are used, eah onneted to an individual pre-ampli�er,see �gure 4.23.Four groups of six detetors have been seleted for their almost idential behaviourof break-down voltage and an therefore be onneted to the same high voltage powersupply. The applied high voltage ranged between 275 and 310 V. The pre-ampli�ed signaloutputs of twelve of the detetors are grouped to an analogue sum. Aordingly, two ofthese sum signals have been direted to the fast eletronis, as explained in hapter 4.5.3,whih is plaed outside the huth in the ontrol abin. Using the analogue sum of thepre-ampli�ed signals aused the time resolution to be around 2 ns. The time resolutionof an individual APD is twie as good. It is therefore foreseen to onvert eah individual
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Figure 4.23: Photograph of the 24 APD array. They are inlined to an angle of 37Æ between the siliondiodes and the beam diretion.pre-ampli�er signal to a digital pulse and align these digital signals of individual APDsin time with a digital delay [Ges04℄ before reating a logial OR afterwards. This proessnevertheless demands a bunh lok signal in the huth itself and further modi�ations tothe standard fast eletronis setup of ID18. The time resolution should be lose to 1 ns.4.5.3 APD signal eletronisThe pre-ampli�ed APD detetor signal is fed in general towards two ounters and a multi-hannel analyser, that aquires the time spetra. The APD signal should be ounted in the"prompt" ounter, no matter when a photon was deteted. If it was deteted a reasonabletime after the prompt synhrotron radiation ash, it should be ounted as a "delayed"photon. To determine, at what time after the prompt ash this "delayed" photon wasdeteted, the delayed signal needs to be further transformed to be analysed by the multihannel analyser. The neessary steps are skethed in �gure 4.24.
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Figure 4.24: Fast eletronis at ID18 to deliver ounter signals and information for the multi-hannelanalyser. Constant fration disriminator CFD, time to amplitude onverter TAC, analogue to digitalonverter ADC and multi hannel analyser MCA.Upon absorption of an inident photon in the APD, the resistivity of the APD dropsand a voltage variation is passed via a apaitor into the pre-ampli�er. This ampli�er is in



90 Chapter 4. Experimental aspetsthe diret viinity of the silion diode, as to redue noise. After the 3 ampli�ation stagesof the pre-ampli�er, the signal is suÆiently strong to be transferred to a rak outsidethe experimental huth. A onstant fration disriminator, CFD, eliminates peaks belowa ertain threshold (noise or low energy X-rays) and delivers a NIM signal relativelyindependent of the inoming signal's pulse height (onstant fration). The output is splitto be a) ounted as a photon event in the "prompt" ounter (it does not only ountprompt photons, but all photons atually) and b) to be direted to a seond CFD. Theseond CFD is gated by a modi�ed bunh lok signal, that vetoes ounting during thearrival of the prompt photon pulse in the detetor. If the gate does not blok the outputof the seond CFD, the photon arrived outside the prompt ash and is ounted as adelayed photon. It therefore originates likely from the deay of an exited nulear levelor baksattering from the distant experimental huth walls. The latter an be avoidedby proper shielding in the viinity of the detetor, thereby reduing the ight time ofbaksattered photons. If a photon is deteted as delayed, the output of the seond CFDfurther starts a time-to-amplitude onverter, TAC. The next signal from the bunhlokmodi�er delivers the stop pulse. The amplitude of the TAC signal is onverted into adigital signal via the analogue to digital onverter, ADC, and is fed aordingly into themulti-hannel analyser. The delayed photon ontributes thus as one event in the time-spetrum. The time axis is inverted due to the abling of the start and stop signals of theTAC. This abling hoie is deliberate beause it avoids to reset the TAC for all bunhesthat do not show a delayed photon.4.5.4 Position sensitive APD detetors or sanning detetorsIt should be stressed, that the desribed 24 APD array detetor as desribed in hapter4.5.2 needs to be sanned over the angular range o� the diret beam that is expetedto show a measurable nulearly sattered signal. To inrease eÆieny, the individualAPDs are staked in beam diretion, and not lateral to it. The lateral dimensions are�nite, 10 mm x 6 mm due to the 37Æ inlination, housings redue this further. Due to the�nite angular aeptane of the detetor, most of the nulear sattered photons from thelighthouse will pass undeteted.Let us �rst onsider a more general detetor that is sanned: Without time disrimi-nating detetor eletronis, the slit size in front of the detetor de�nes the time resolutionand eah detetor position x orresponds to a time t aording to x = 2�d � � t, with dbeing the distane between sample and detetor and � the rotational frequeny of therotor. x = 0 is the position of the diret beam. If no slit is used but the detetor signal isanalysed with time disriminating eletronis together with a MCA, the time resolutionis given by the detetor and its eletronis. Then, a large detetor is better, provided itstill bears the overall inoming ux, espeially the SAXS bakground.To improve the detetion, one ould imagine a lateral set of APDs with suÆient indi-vidual eÆieny. As the nulear lighthouse e�et satters the delayed photons at di�erenttimes into di�erent diretions, ompromises an be done between position resolution andeletroni time resolution. No trade-o� an be done with the eletroni suppression of theprompt SAXS bakground.Fast, position sensitive or segmented detetors with high eÆieny at photon energiesabove 40 keV are a huge hallenge. There is nonetheless work in progress on positionsensitive APD arrays for use at rather low photon energies, [Bar00, Bar03℄. For nulear



4.6. Beamstop and in-vauum ux monitor 91lighthouse e�et measurements with 57Fe, suh a detetor would need to span over atleast 40 to 50 mm of lateral dimensions, to over a wide range of angles and thus times.A standard thikness of 100�m would be suÆient. An array of 50 APD, eah overing1 mm horizontally and for example 2 mm in the vertial diretion, ould be ahievedreasonably. For nulear lighthouse e�et measurements with 61Ni, the thikness of theindividual elements should be at least in the mm range. This ould be ahieved by usingthe silion diode sheets staked like a pile of paper, and the beam impinging from the pile'sside. A standard 10 x 10 mm2 diode would be 1 m thik in this geometry. Unfortunately,to over about 3 m at least (due to the short lifetime of 61Ni, the angular range tobe overed is less), one would need to pile more than 200 of these silion diodes. Amore pratial solution ould onsist of thirty diodes inlined to 6Æ. Eah diode overs10 mm� sin 6Æ=1 mm in the horizontal diretion and would have an e�etive thikness of100�m/sin 6Æ=1 mm in the beam diretion.A further advantage of a fast segmented detetor, that spans the whole angular range ofinterest at one (i.e. without sanning), is its independene from beam intensity variations.Espeially the drift of the monohromator leads to fast hanges of the intensity of resonantphotons, as angular aeptanes of Bragg reetions at high energies are partiular small.Alternatively, the performane of the monohromator ould be heked with a uoresenesignal from an additional 61Ni sample. This is explained in hapter 4.6.4.6 Beamstop and in-vauum ux monitorAmong the advantages of the lighthouse e�et is the point, that the diret beam doesnot reah the detetor. Thereby, detetor overload an be avoided without the use ofsophistiated high resolution monohromators. The use of a beamstop does not seemto be neessary at �rst sight, as one might just not put the detetor in the diret beam.However, at small lateral o�sets from the diret beam, that beam might reate uoreseneradiation in the detetor housing and generate undesired bakground radiation. Further,an in-vauum beamstop an avoid SAXS sattering that would be generated if the fullbeam leaves the vauum pipes via a window. For the design of the beamstop, somepoints are important, espeially at high photon energies or if no time disrimination ofthe detetor signal is performed.A �rst point is the position, where to put the beamstop. It needs to be far awayfrom the lighthouse, as to allow wide separation of diret beam and deviated photonsthat have been nulearly sattered at early times. The drift tube between lighthouseand detetor needs to be evauated, as to redue further SAXS or absorption in air toa minimum. Unfortunately, for tehnial and pratial reasons, this detetor is in air,thereby requiring a large exit window at the end of the evauated drift pipe. A largeKapton r window, 200�m thik, has been used in our ase. The detetor is plaed behindthat window. If the diret beam is bloked after the window, a huge amount of additionalSAXS would be produed by the window and satter also towards the lose detetor.This an be niely redued in integrating the detetor into the vauum system, suh as toblok the diret beam just before the Kapton r window. A "4-way-ross" vauum vesseltogether with a motorised arm has been installed, the beamstop being attahed at theend of the arm. Fine positioning of the beamstop an be ahieved with an ion hambertemporarily positioned after the Kapton r window.Apart from absorbing the primary radiation, interation of photons with material leads



92 Chapter 4. Experimental aspetsin many ases to exited eletroni levels. The ground state is often reahed again viathe emission of photons of the di�erent K-level emission lines. Resonant proesses leadto an inreased extintion length for these energies, so are has to be taken to absorbthis uoresene radiation further on. Due to the low energy of the K-level uoreseneradiation, detetors are in general muh more eÆient for them. Usually, sandwihes ofdi�erent absorber materials are used.
PSfrag replaements from lighthousedelayed photonsand SAXS
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to detetorFigure 4.25: Drawing of the beamstop that uts the diret beam. An enrihed 61Ni foil is inorporated tomonitor the energy of the monohromatised beam via detetion of the nulear uoresene radiation withan in-vauum APD.A �nal point is the integration of a foil of the investigated M�ossbauer isotope in front ofthe beamstop, but shielded to the side. This is depited in �gure 4.25. An in-vauum APDlose to this foil will be able to detet nulear uoresene radiation. The intensity of thisradiation serves as monitor signal for the energy of the monohromator. If it drifts, thiswill be seen easily. Espeially when the prinipal "lighthouse" detetor is sanning over awide range of angles, needing a ertain time at eah position, resonant ux variations anbe monitored and be used to alibrate the ountrate of the prinipal detetor. The in-vauum detetor needs to be fast of ourse, as to distinguish between prompt eletronisattering and the delayed nulear uoresene signal. Therefore, an APD has beenhosen. APDs should work under good vauum. Unfortunately, without the installationof further powerful pumps, we ould not reah 10�4 mbar or better. Intermediate pressures(10�2 to 10�3 mbar) are ritial for the APD, as eletri disharge ars an our lose tothe high voltage of the APD. Air at intermediate pressures is less isolating. For eÆientpumping, the APD should have a quite open ase and espeially the diode pakagingshould not be vauum tight. With an open asing, noise of the APD tends to inrease,so are has to be taken. The APD needs to be �xed to the beamstop and the motorisedarm.The beamstop oneived for our measurements uses a 1 mm hafnium, 2 mm tungsten,250�m silver and 100�m iron sandwih as primary beamstop for the diret beam. Asmall 1 mm hafnium, 250�m silver sandwih as lateral beamstop absorbs the uoreseneradiation from the integrated 61Ni-foil.



Chapter 557Fe -layer measurements in grazinginideneThis hapter presents the �rst angle-resolved measurements with the nulear lighthousee�et in grazing inidene geometry. This geometry was motivated by the fat, thatno rotor material had to be rossed by the beam, avoiding small angle X-ray sattering(SAXS) from the rotor material itself. Furthermore, the oneived rotors for this geometryhave their layer system outside the stator blok, allowing for a di�erent ooling sheme,top-ooling. Finally, SAXS turned out to be still important, now aused by the surfaeroughness of the layers. Therefore, 16-bunh mode beame neessary for the suessof the measurements even for 57Fe and its favourable nulear properties, i.e. relativelyhigh ountrates as ompared to similar systems with other M�ossbauer isotope. Due tobeam-time limitations, no measurements with the ooling sheme have been performed.It should be stressed that the primary aim of the measurements presented here hasnot been to obtain insight in the physial properties of the investigated samples, butto show the feasibility of the grazing inidene geometry with the nulear lighthouse ef-fet. To understand in detail the strutural and magneti properties of the investigatedlayers, di�erent additional methods would have been needed. Possible methods for theinvestigations of thin layers are suh diverse tehniques as the magneto-optial Kerr ef-fet (MOKE), Auger eletron spetrosopy, Conversion eletron M�ossbauer spetrosopy(CEMS), Low energy eletron di�ration (LEED) or atomi fore mirosopy (AFM), toite a few. This is outside the sope of this thesis. For a nie overview of these tehniques,see for example [Gra93, Bla94℄.In order to validate the approah with the nulear lighthouse e�et, measurementswith the standard grazing inidene geometry of nulear resonant sattering have beenperformed on the same layer systems for omparison. The time spetra of both setupsagree to a very high degree, as presented in the following.The standard method without the lighthouse turned out to be more omfortable. Asthe detetor an be in the same huth, thus avoiding the passage through three beamshutters, the eletroni and nulear reetivity urves of the layer systems are obtainedmuh easier and espeially over a muh wider angular range. With the lighthouse, the�-2� sans were limited by the vertial opening or stroke of the shutters between thehuthes. Further, in the standard grazing inidene geometry, almost all of the 176 nstime gap between the bunhes an be used, whereas with the lighthouse, the angle sansare limited by the horizontal opening of the shutters and the beampipe.93



94 Chapter 5. 57Fe -layer measurements in grazing inidene5.1 13�A thin 57Fe layer in an aluminium and tantalum sandwihRotor a) of �gure 3.4 onsists of a very thin 57Fe layer, around 13 �A nominal thikness.It is embedded in the entre of a bu�er or sandwih layer of nominal 100 �A aluminium.This layer system is onneted via an approximately 300 �A thik tantalum layer to thesapphire substrate, whih is the rotor itself. The whole is overed by 30 �A of tantalum.5.1.1 Eletroni and nulear reetivity urvesEletroni and nulear reetivity urves of rotor a), �gure 3.4, have �rst been takenduring the nulear lighthouse measurements in 16 bunh-mode. With this experimentalarrangement unfortunately, three shutters, the detetor and the tilt stage of the rotor needto be moved simultaneously to allow for the passage of the reeted beam to the detetor,being in the last huth. The motors are in di�erent huthes and use di�erent ontrol pro-grams (spe sessions). The last shutter has even been displaed manually with srews onthe shutter asing, to allow for a larger range of displaements. Even then, the reetivityurves have been limited to the range between 0 and 0.28Æ, roughly. Furthermore, therotor was not held tightly during the san, but ould move within the toleranes given bythe stator. It did not turn, as not to average over all surfae orientations during rotation,due to a tilted rotor surfae or the preession of the rotor. Of no surprise, muh bettermeasurements have been done later when using the standard grazing inidene setup. Allequipment was in EH1 alone. We therefore solely use reetivity urves obtained in thissetup. This is also valid for rotors b) and ).As the rotor surfae is only 7 mm wide in diameter and inlined to graing inidene,the beamsize at the rotor position is muh larger than the projeted rotor surfae as seenby the beam. With inreasing tilt angle �, a larger part of the inoming beam an bereeted by the layer system on the rotor surfae. Therefore, the measured reetivityurves are to be saled with a fator 1sin � when ompared to theoretial alulations. Themeasured eletroni and nulear reetivity urves without proper 1sin � saling an be seenin �gure 5.1.
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5.1. 13�A thin 57Fe layer in an aluminium and tantalum sandwih 95Eletroni and nulear reetivity urves depend strongly on the omposition of thelayer system. With the Conuss module KGIN for grazing inidene [R�oh99a, p. 465℄,eletroni as well as nulear reetivity urves an be simulated and ompared with theexperimental data. It is favourable to start with the eletroni reetivity urve, as ito�ers more features. The eletroni reetivity urve as measured is saled by 1sin � andnormalised to obtain the value of about 1 at angle � = 0. Relatively good agreement forthe eletroni reetivity urve is obtained with the simulation shown in �gure 5.2.
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96 Chapter 5. 57Fe -layer measurements in grazing inidene5.1.2 Nulear responseTime spetra of the layer system were measured at the inident angle of � = 0:27Æ bothwith the standard grazing inidene tehnique and with the nulear lighthouse e�et.These two measurements are ompared in the lower part of �gure 5.4. It an be learlyseen that the two measurements agree perfetly in the range up to 70 ns. At later times,the deviated beam is ut by the beam shutter between EH2 and EH3 or the vauum pipeitself. With the standard nulear grazing inidene setup, this is of ourse not a problemand the measurement ontinues up to 165 ns. At 176 ns, the next bunh arrives. Using thestandard grazing inidene setup, the time spetrum at an additional angle of � = 0:187Æwas obtained, too. This time spetrum is shown in the upper part of �gure 5.4.
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Figure 5.4: The time spetra of the layer system at the inident angles of � = 0:187Æ in the uppergraph and � = 0:27Æ in the lower graph. In the lower graph, the open irles orrespond to lighthousemeasurements. Five hannels have been summed up. It has been saled to �t to the underlying urveof full irles, whih orresponds to measurements in the standard grazing inidene setup, where eighthannels have been summed up.The agreement between the lighthouse e�et measurement on the rotating layer systemand the measurement using the standard setup with the rotor at rest is remarkable, asseen in the lower part of �gure 5.4.



5.1. 13�A thin 57Fe layer in an aluminium and tantalum sandwih 975.1.3 Fitting with NFS theoryIn a �rst approah to analyse the measured data of this layer system a), it will be treatedlike nulear forward sattering: Due to the small thikness of the 57Fe layer (13 �A), thedelayed temporal response an be desribed in the kinematial approximation of NFS.In that ase, the amplitude of the resonantly sattered radiation is proportional to thenulear sattering amplitude f(!) [R�oh02a℄.We will �rst onsider the time spetrum at the inident angle of � = 0:27Æ. Thestruture with maxima and minima in NFS time spetra an be due to thikness e�ets(dynamial beats) or hyper�ne interations (quantum beats). This has been explained inhapter 2.4. In �gure 5.4, only one minimum is visible. It is not immediately evident,whether the time spetrum shows dynamial or quantum beats. If we assume the abseneof hyper�ne interations and onsider only dynamial beats due to the thikness of thesample, then the beats are desribed by a Bessel funtion. The formula for the timespetra of dynamial beats an be redued to:D(t) = Io � e�1 t� � J1 �q t� � fLM � n d�2t (5.1)with � = 256�10�18 m2 the maximum resonant ross setion, d being the sample thikness,n = 8:3 � 1022 1m3 the density of the M�ossbauer element and � the enrihment in the 57Feisotope. 1 should allow for an additional speedup. It annot be smaller than 1. Thisfuntion has been used to �t the data, see the dotted line in �gure 5.5. In order to havethe minimum of D(t) in oinidene with the minimum of the measured time spetrum, dhas been �xed to 1.75�m. 1 is 1. Only smaller values, not being physial, would improvethe �t in rising the urve at later times. The only free parameter left is Io. As seen, themeasured data an not be explained by a simple dynamial beat when using NFS theory.
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Figure 5.5: The time spetrum at � = 0:27Æwith two �ts assuming nulear forward sattering theory. Itis seen that the data orresponds to quantum beats, Q(t), and not to dynamial beats, D(t).Alternatively, the beat struture ould represent quantum beats, originating from theinterferene of split nulear levels under the inuene of hyper�ne interations. As the



98 Chapter 5. 57Fe -layer measurements in grazing inidene57Fe layer is very thin (� 13 �A) and probably ontaminated with aluminium atoms due tointerdi�usion, eletri quadrupole splitting seems more probable than magneti hyper�nesplitting. The eletri quadrupole interation in 57Fe splits the exited state into twosublevels. Then, for a thin sample, the time spetra an be explained by the formula:Q(t) = Io � e�2 t� � (1 + os(
 � t)) (5.2)
 haraterises the frequeny of the beat struture and is proportional to 1�Eeq , the eletriquadrupole splitting. 2 allows for an additional speed-up. These two parameters havebeen �tted to math Q(t) to the data. The result is seen in �gure 5.5.The obtained value for 
 is 0.044 1ns , 2 = 3:88. The speedup of 2:88 = 3:88 � 1 anbe explained as an inuene of the thikness. In fat, a ombination of dynamial andquantum beats an be formulated with [B�ur92℄:H(t) = Io � e�3 t� � J1 �q t2� � fLM � n d�2t � �1 + os �
 � t + � n fLM � d8
 � �� (5.3)Given the right parameters, this funtion H(t) looks ompletely similar to Q(t) in �gure5.5. The reason for this agreement an be understood when approximating the Besselfuntion at early times by an exponential deay. The neessary parameters are d =1:07�m and 
 = 0:038 1ns . With �E � �t = ~ and 1�t = 
, the value for 
 = 0:038 1nstranslates to an eletri quadrupole splitting of �E = 25 neV= 5:38 �o b= 0:52 mms .There has been no attempt to �t this spetra with NFS theory and a magneti hyper-�ne interation at this point. However, it will be onsidered with the theory of grazinginidene in hapter 5.1.4.5.1.4 Fitting with the grazing inidene extension to CONUSSAs the 57Fe layer thikness inreases or the inident angle varies in suh a way, that theinident beam stays longer in the layer, the kinematial approximation used in hapter5.1.3 might no longer be valid. The orret formalism of nulear grazing inidene ree-tion has to be employed. This formalism has been implemented in the extension KGIN[R�oh99a, p. 465℄ of the software pakage CONUSS [Stu94℄ and is used in the following.The time spetra of the nulear response in grazing inidene geometry are simulated asa funtion of layer thiknesses, layer roughness, inident angle and of ourse the hyper�neinterations. The result an be saled automatially to a given data set.At the two angles � = 0:27Æ and � = 0:187Æ, simulations with various eletri quadrupolesplittings and magneti hyper�ne �elds have been performed. The results are shown in�gure 5.6.All four simulations at eah of the two angles fail when exluding hyper�ne interations.A thikness e�et an be exluded for the 13 �A of 57Fe for eah of the two inident angles.The �rst thikness beat without hyper�ne interations would be loated at t = 300 ns for� = 0:27Æand at t = 100 ns for � = 0:187 ns. However, it is not lear weather magnetior eletri hyper�ne interations ause the minima in the two time spetra. It is possibleto �t the time spetra with either a randomly orientated eletri �eld gradient, or withrandomly orientated magneti hyper�ne �elds Bhf , or with an out-of-plane Bhf �eld or�nally with randomly orientated in-plane Bhf �elds. To distinguish between these ases,



5.1. 13�A thin 57Fe layer in an aluminium and tantalum sandwih 99
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Figure 5.6: The time spetra of the layer system at the inident angles of � = 0:187Æ in the upper graphand � = 0:27Æ in the lower graph. For eah angle, four simulations have been performed, assuming a) arandomly orientated eletri �eld gradient, b) randomly orientated magneti hyper�ne �elds Bhf , ) anout-of-plane Bhf �eld and d) randomly orientated in-plane Bhf �elds.� = 0:187Æ � = 0:27Æsimulation strength FWHM ofdistribution value FWHM ofdistributionrandom Efg: �Eefg 0.6 mms 0.48 mms 0.45 mms 0.32 mmsrandom Bhf 2.6 T 0.26T 1.9 T 0in-plane Bhf 2.3 T 0 1.7 T 0.1 Tout-of-plane Bhf 3.4 T 2.7 T 2.45 T 1.7 TTable 5.1: Parameters for the hyper�ne interations used to �t the time spetra of �gure 5.6.a better statisti and an extension of the spetra to later times would be needed. Theparameters used in the simulations are given in table 5.1.For the simulations, not a unique sharp value for the hyper�ne interation has beenused. Instead, the value in the olumn "strength" refers to the entral peak value of adistribution. The distribution was assumed to be Gaussian and has a FWHM given in



100 Chapter 5. 57Fe -layer measurements in grazing inideneper ent of the peak value. This width is stated in the olumn "distribution". In the �rstrow, "Efg" stands for "eletri �eld gradient". The strength of the eletri quadrupoleinteration is given by the splitting of the two sublevels of the exited state, in mms . Thesplitting is a funtion of the produt of the nulear quadrupole moment of the 57Fe nuleiwith the loal eletri �eld gradient Vzz, see hapter 2.2.2.It seems surprising, that the hyper�ne interation parameters di�er between the twoexamined angles: The hyper�ne properties of the sample do not hange when tilting thesample. Most probably, the reason for the di�erent measured values originates from thefat, that at the two angles, di�erent depth and positions in the sample are probed.Comparing the value of 0.6 mms for the eletri quadrupole splitting at � = 0:27Æ withthe value obtained in hapter 5.1.3: 0.52 mms , we see a pretty nie agreement.5.2 medium thik (� 75�A) 57Fe layerRotor b) of �gure 3.4 arries a more basi layer system. It ontains a 57Fe layer sandwihedbetween the tantalum support and the tantalum over layers. The 57Fe layer thikness isapproximately 75 �A as determined by analysis of the eletroni reetivity urve. Due toproblems during the prodution of the layer system, no nominal values are available toompare to this result.5.2.1 Eletroni and nulear reetivity urves
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5.2. medium thik (� 75�A) 57Fe layer 101time gating module or its ontrol software, or by an inreased prompt signal extendingslightly to later times then. However, the time spetrum of nulear resonant satteringobtained with these settings is in nie agreement with the time spetrum obtained usingthe nulear lighthouse e�et with the rotating layer system, as will be seen in hapter5.2.2.The eletroni reetivity urve ould be �tted assuming a sophistiated model inlud-ing an oxidised top tantalum over layer and varying interfae roughnesses. The 57Fe layerthikness was determined to be 75 �A thik. The over layer of tantalum has been dividedinto a 32 �A thik Ta2O5 layer and only 6 �A of unoxidised tantalum remaining below theoxidised layer. Their density was evaluated as 12 gmm3 . The tantalum layer between thesapphire substrate and the 57Fe layer is found to be larger than 300 �A. Its atual thik-ness is not important for the �tting of the nulear time spetra, but a thikness of 500 �Aor larger is neessary to redue osillations at higher angles of the eletroni reetivityurve. The surfae and interfae roughnesses vary between 5 and 10 �A. The best �t tothe eletroni reetivity urve obtained with these values is shown in �gure 5.8
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104 Chapter 5. 57Fe -layer measurements in grazing inideneto be around 33 T. This is not at all observed in the time spetra presented here. As thenulear reetivity urve and the isotopi enrihment needed for a reasonable simulationof the time spetra are puzzling, no further analysis of this layer system has been per-formed. The main intend was to ompare the NLE measurement with the standard one.This agreement is exellent, as seen in �gure 5.9.5.3 thik (� 178�A) 57Fe layerRotor ) of �gure 3.4 onsists of a 57Fe layer sandwihed between the tantalum support andthe tantalum over layers. The 57Fe layer thikness is approximately 178 �A as determinedby analysis of the eletroni reetivity urve.5.3.1 Eletroni and nulear reetivity urves
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5.3. thik (� 178�A) 57Fe layer 107In �gure 5.16, three trials are shown to simulate the measured time spetrum obtainedwith the NLE. The 3 kHz and the 6 kHz measurements are ombined for this purpose. Allsimulations assume a magneti hyper�ne �eld at the 57Fe nulei of 32 to 34 T. It is nielyvisible that the beat frequeny of these �ts orrespond rather well with the atual mea-sured ones. However, the amplitude of the beating are either too big (simulations a) and) ) or dynamial beats hange the phase of the beats at inappropriate times (simulation b) ).The di�erene among the �ts is the assumed distribution of the diretions of the magneti hy-per�ne �eld. Simulations a) and b) assume a uniform magneti hyper�ne �eld in the diretion ofthe wavevetor ~k of the inoming synhrotron radiation. As the sample turns and no permanentmagnet around the rotor was used, this diretion is not possible even when having only a singledomain. Further details of the �t are an abundane of 15% (simulation a) ) or of 80% (simula-tion b) ) in the 57Fe isotope in the iron layer. The magnet �eld follows a Gaussian distributionaround its peak value with a FWHM of 3.4 T in simulation a) and 0.3 T in simulation b). Thesimulation ) assumes an out-of-plane magnetisation of the sample. The abundane is 25% andthe distribution of the magneti hyper�ne �eld is 5.8 T FWHM. An out-of-plane magnetisationmight our within extremely thin iron �lms but ertainly not for a �lm thikness of 178 �A. Bet-ter �ts without assuming omplex hyper�ne �eld distribution ould not be obtained, espeiallynot for the ase of a random in-plane distribution of hyper�ne �eld diretions. This ase wouldbe expeted for thin magneti �lms with a domain struture. In this ase of a random in-planeorientation, more than one beat frequeny should be visible, as skethed in �gure 2.14. Thesame is true for a random orientation in all diretions. In the measured data, there is only onemajor beat frequeny. The distane between the minima is always lose to 14.8 ns. Muh moree�ort would be needed to obtain better a better simulation. However, this is not in the aim ofthis thesis.In the lower right part of �gure 5.16, the time spetrum as obtained with the NLE is omparedto the time spetrum as obtained with the standard grazing inidene tehnique. The agreementis not as nie as in the previous ases of rotor a) and ). However, strong similarities are visibleat early times and for the frequeny of the beating. The reason for the small disrepany mightoriginate from the domain struture of the layer system. When using the NLE, the samplerotates in the beam and many domain distribution partiipate in an averaging proess. In thesetup with the rotor at rest, a spei� domain distribution is seleted, that leads to a slightlydi�erent time spetrum.
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Figure 5.16: The time spetrum of rotor ) obtained with the NLE is ompared to various simulationsand to a measurement with the standard grazing inidene setup.



Chapter 6Nulear lighthouse e�et with 61NiThe development of oherent nulear resonant sattering with synhrotron radiation for theM�ossbauer isotope 61Ni was the main task of this thesis. Before, only at DESY in Hamburg,the nulear level of 61Ni at 67.41 keV was exited with synhrotron radiation and uoreseneradiation from the following deay was deteted [Wil02, Ger02℄. In this hapter, the results ofthe �rst hyper�ne spetrosopi measurements on 61Ni with synhrotron radiation are presented,using the nulear lighthouse e�et. This was the �rst time, that the nulear resonant beamlineID18 at the ESRF was operated at photon energies above 30 keV. Therefore, this hapter startswith ux measurements at the energy of the 61Ni resonane, before presenting the results ofnulear resonant sattering with 61Ni.6.1 Flux at ID18 at the 61Ni resonane energyDi�erent detetors have been employed to measure the ux available at the 61Ni resonane energyat ID18: an argon �lled ionisation hamber, a silion pin diode and dosimetri �lms. Whereasthe ionisation hamber and the pin diode measure the absorbed energy via the urrent reatedfrom eletron ion or eletron hole pairs, the dosimetri �lm measures the energy deposited viaa hemial reation. For a monohromati beam, all obtained values are proportional to thenumber of inoming photons.In an ionisation hamber, an eletron is produed by photo absorption or the Comptone�et. That eletron ionises gas atoms ad looses its ionisation energy while slowing down inthe ionisation hamber. The reated urrent depends on the absorption oeÆient of X-raysin the gas and on parameters of the following ionisation proess aused by the eletrons. Wemeasured ionisation hamber urrents obtained at ID18 with the undulators and the high heatload monohromator adjusted to 67.41 keV and with di�erent absorber foils far in front of theionisation hamber. With this set of measures, we ould determine the di�erent distributionsof eah energy transmitted by the high heat load monohromator in the (1 1 1), (3 3 3), (4 4 4)and (5 5 5) reetions. The 67.41 keV radiation is best transmitted with the Si (3 3 3) reetion,as the Si (1 1 1) reetion is out of reah due to geometrial limitations of the monohromatormehanis and the Si (4 4 4) or (5 5 5) reetions have an even smaller angular aeptanes forthe divergent inident beam than the Si (3 3 3) reetion. The highest ux with the 32mmundulators is obtained if the 17th harmoni is used, sine in this ase, the undulator gap isjust slightly above 11mm, whih is the lower limit. Also, 17 is not a multiple of 3 (the Si(3 3 3) reetion is used), whih means that no other undulator harmoni mathes with an othermonohromator reetion. For example, it would be less favourable to use the 15th harmoni via109



110 Chapter 6. Nulear lighthouse e�et with 61Nithe Si (3 3 3) reetion. Then, the 5th harmoni of the undulator radiation would be perfetlytransmitted via the Si (1 1 1) reetion at the same time.Currents as presented in table 6.1 have been measured with a 30 m long argon �lled ion-isation hamber using one undulator at a storage ring urrent of 180mA through a slit of0.05�0.05 mm2 slit plaed losely after the monohromator.absorber transmission ionisationelement and at 22.5 keV at 67.4 keV at 89.9 keV at 112.3 keV hamberthikness via 1 1 1 via 3 3 3 via 4 4 4 via 5 5 5 urrent [pA℄no absorber 1 1 1 1 9035500�m Pb 0 0.111 0.012 0.082 23.5(above K-edge)2mm Cu 0 0.124 0.35 0.53 35.35mm Al 3.8�10�2 0.722 0.78 0.81 413150�m Ta 1�10�5 0.0565 0.24 0.45 19(above K-edge)400�m Sn 1.1�10�2 0.249 0.53 0.70 19675�m Au 2.9�10�4 0.627 0.38 0.57 17050�m Au 4.4�10�3 0.732 0.52 0.69 230250�m Ag 3.2�10�2 0.334 0.60 0.75 334150�m Ag 0.126 0.518 0.74 0.84 1144100�m Ag 0.25 0.645 0.82 0.89 2366Table 6.1: Ionisation hamber urrents for ux measurementsFor eah absorber, the angle of the �rst high heat load monohromator rystal was sannedto insure a parallel rystal alignment of the monohromator during the ion hamber reading.With the aluminium, the thin gold, the tin and the thikest gold absorbers, it was possible todistinguish between a broad Gaussian oming from the Si (1 1 1) reetion and a muh morenarrow ontribution form the narrow higher reetions. We �nally obtain the result that anon-absorbed radiation would lead to 8700(200) pA originating from the radiation passing viathe Si 1 1 1 reetion, 230(20) pA passing via the (3 3 3) reetion and 20(15) pA via the (4 4 4)reetion. The ontribution form the Si (5 5 5) reetion is less than 5 pA. With the tantalum,lead and opper absorber, whih transmit almost only the higher energies of the Si (3 3 3), (4 4 4)and (5 5 5) reetions and bloks the lower energy of the Si (1 1 1) reetion, measurements witha 0.5�0.5 mm2 slit have been done, too. The ux is a fator of 78(2) times higher. We thus have18(2) nA aused by the 67.41 keV radiation over the Si (3 3 3) reetion into a 0.5�0.5 mm2 slit.The program "absorb" [SLAC℄ alulates an absorption of 1.81% for the 67.41 keV radiation inthe 30 m of the argon �lled ionisation hamber. The slowing down of a photo-e�et reatedeletron of 67.4 keV leads to 2767 ion pairs, as one ion pair needs 24.4 eV to be reated for theargon gas. We an thus alulate the ux of inoming photons ofIin = 18nAe � 2767 � 0:0181 = 2:2(3) � 109 1s (6.1)Unfortunately, the program "absorb" onsiders eah Compton or Rayleigh sattered photon asabsorbed, although only a fration or none of the photon's energy is absorbed in the argon gas.With the xop-pakage [San98℄, we an alulate the ross setions for photo-e�et, Comptonand Rayleigh sattering at 67.41 keV in the argon gas. We get 12.7, 8.9 and 2.8 barns peratom, respetively. The total ross setion for Compton sattering � an be split into two rosssetions, whih desribe the frations of energy kept by the sattered photon �s and the frationof energy taken by the reoil eletron and thus absorbed in the material �a [Leo94℄� = �s + �a (6.2)



6.1. Flux at ID18 at the 61Ni resonane energy 111Formulas to alulate �s and �a are presented in [Leo94℄. At 67.41 keV, the ratio between totalCompton ross setion and the part desribing the energy absorbed by the eletrons is ��a = 9:74.As the absorption is very small (only 1.18% as alulated by "absorb"), we an onsider a linearapproximation for the exponential absorption and get for the absorption leading to detetableeletrons equivalent of 67.41 keV the following value:Iorr:in = �photo + � + �rayl:�photo + 19:74� Iin = 4:3(5) � 109 1s (6.3)If we onsider the whole beam, whih is about 2�1mm horizontal times vertial, we have tomultiply the last value by a fator of 4 to 5. With 3 undulators and saling to a storagering ux of 100mA, we �nally get a ux of 3.2(5)�1010 at 67.4 keV passing over the Si (3 3 3)monohromator. We an do the same reasoning for the other energies. With no absorbers, atthe same time, we get 4.5 times more ux oming over the Si (1 1 1) reetion at 27.47 keV, andabout 8 times less ux oming over the Si (4 4 4) reetion at 89.9 keV and about very roughly60 times less ux oming over the Si (5 5 5) reetion. This ratio ould be veri�ed with a lithiumdoped germanium Ge(Li) detetor and a very small slit, see �gure 6.1.
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Figure 6.1: Energy spetrum of the transmitted radiation when using the 17th harmoni at 67.41 keV viathe Si (3 3 3) monohromator, measured with a Ge(Li) detetor.The silion pin diode is equivalent to a gas-�lled ionisation hamber, only it is in a solidstate. Here, one eletron hole pair needs 3.6 eV to be produed. The measurements with a300 �m thik silion pin diode have been performed with 3 undulators and 190mA storage ringurrent. Two di�erent absorbers have been employed, see table 6.2.absorber transmission urrentat 22.5 keV at 67.4 keV at 89.9 keV at 112.3 keV [pA℄470 �m Pb 2�10�15 0.143 0.02 0.11 3.8�105(above K-edge)1mm Cu 3�10�10 0.359 0.60 0.72 9.9�105300 �m Si 0.80 0.981 0.986 0.988Table 6.2: Relevant transmission for pin diode measurementsTo analyse these ux measurements, one result of the measurements with the argon �lledionisation hamber is used, namely that the ux over the Si (1 1 1) reetion is about 4.5 timesbigger and the ux via the Si (4 4 4) or (5 5 5) reetions 8 or 60 times smaller than the ux of



112 Chapter 6. Nulear lighthouse e�et with 61Niinterest passing over the Si (3 3 3) reetion. Atually, the only ritial value here is the ratio of8 with respet to the (4 4 4) reetion of the 89.9 keV photons. The other two energies an beompletely negleted here. Again, one has to onsider only partly absorbed photons, if they weresattered by the Compton e�et, like explained for the ase of the argon ionisation hamber. Indetail this is done when alulating:Iin = IPi=1;3;4;5 ri Ti � Ei3:6 eVe � (1� T Sii ) �photo+�a�photo+�+�rayl: (6.4)with ri = f4:5; 1; 18 ; 160g and Ti the transmitted intensity in the onerned reetion of energyEi through the lead or the opper absorber. (1�T Sii ) is the alulated absorption for 300 �m ofsilion, inluding photo e�et, Compton sattering and Rayleigh sattering. I is the measuredpin diode urrent and e the eletron harge.We alulate a ux of 1.08�1011 and 1.18�1011 photons per seond, onsidering the opperand the lead ase, respetively. If we normalise this result to 100mA storage ring urrent, weget an average value of 5.9(6)�1010 at 67.41 keV into a 2�1mm2 large slit.The third type of measurement has been performed with dosimetri �lms. We used againthe 470 �m thik lead absorber and the 1mm thik opper absorber. After the lead absorber, adose of 1200 Gyh has been measured and after the opper absorber 3600 Gyh , [Br�a03℄. If this dosewould be only due to 67.41 keV photons, negleting espeially the 89.9 keV photons oming overthe Si (4 4 4) reetion, one would have the following orrespondene: 1 photons mm2 , 1:2 � 10�7 Gyh .Considering the absorption as stated in table 6.2, normalising to 100mA storage ring urrentand averaging over the two measurements, we obtain a ux of 4.5(5)�1010 photons mm2 . As the beamsizeis roughly 1mm2 FWHM, this transforms then to 4.5(10)�1010 photons per seond at 67.4 keVinto a 2�1 mm2 large slit and with 100mA storage ring urrent. The inreased error is the resultof this rough extrapolation to the inreased slit size.Averaging over all three measurements (ionisation hamber, pin diode and dosimetri �lm), itseems that the value of 4.5(10)�1010 photons per seond is fairly well. The energeti width of thesephotons is determined by the intrinsi Darwin width of the high heat load monohromator of0.92�rad and the beam divergene of the undulator radiation of 12�rad FWHM. With equation4.8, it follows that the energeti width after the high heat load monohromator is 9.1 eV. Withinthe width of the 61Ni resonane, there should thus be 85:4neV9:1eV 4:5 � 1010 1s = 422 photons perseond. To obtain the number of photons in this energy range oming from the undulator, onehas to multiply the result of 422 photons per seond with several fators: With 12�rad0:92�rad = 13for the ratio between inoming angular divergene and rystal Darwin width; with 1/0.96 forthe reetivity of the two Si (3 3 3) reetions [KPNR℄ and with 1/0.95 for di�erent absorbers,namely 500 �m of diamond before the "Front End" and 200 �m of Beryllium in OH2. The resultof this alulation is 6�103 photons per seond oming from the undulator in the energeti widthof the 61Ni resonane. The value alulated for the undulator radiation is 7�103, see table 8.2.This is an impressive agreement.For lighthouse experiments without timing, the small angle X-ray sattering (SAXS) hasto be suppressed as muh as possible. Espeially the ux at 22.47 keV and 89.9 keV should bebloked. Di�erent absorbers are possible. If the ZrO2 rotor is used, the rotor material itself utsall low energy photons. If the sapphire rotor is used, an additional absorber beomes neessary.We used the aluminium in the walls of a ompound refrative lens or a opper absorber, if thelens was not used. Copper is easily available in the desired thiknesses. Better absorbers wouldbe thin lead or tungsten sheets, as they would also blok the 89.9 keV radiation. The tungstenfoil might be more onvenient, it is muh sti�er. To ompare the di�erent absorbers, see �gure6.2.
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Figure 6.2: E�et of di�erent absorbers to the ux at 22.47 keV, 67.412 keV and 89.9 keV.6.2 The energy of the �rst exited nulear level of 61NiTo determine the energy of the exited level of 61Ni, one an ompare the high heat loadmonohromator angles for the 61Ni resonane with the absorption urve at the tantalum K-edge, see �gure 6.3. Alternatively, one an ompare the Bragg angles of our high heat loadmonohromator for the 61Ni and for the 57Fe resonane. Unfortunately, for this approah, thepreise knowledge of the lattie spaing d of the silion rystal at 80K is neessary. This isthe temperature of the seond rystal of the high heat load monohromator. Our results annot ompete with the preision of the literature value, as we did not measure the di�erentangles immediately one after the other. If both the resonane and the K-edge were measuredsimultaneously without a delay that allows silion rystal temperature hanges, we ould presenta more reliable value.
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114 Chapter 6. Nulear lighthouse e�et with 61Nienergies are lose, these orretions an be omitted. WithENi = h2d sin �Ni and EK-edge = h2d sin �K-edge (6.5)we an derive the following expression:ENi = EK-edge sin �K-edgesin(�K-edge ���) = EK-edgeos�� � sin�� ot �K-edge (6.6)With equation 6.6 and E TaK-edge = 67416 eV [Fir96, vol. 2 page F-37℄, we obtain ENi = 67437(4) eV.As sin�� is very small here, the exat angle �K-edge does not inuene the result to a sensibleextent. In fat, an angular unertainty of 0.1Æ only leads to an energy error of 0.5 eV. The biggestproblem here is the time delay between the two measurements, whih an lead to temperaturehanges and thus a variation of the rystal lattie spaing and angle. These should neverthelessbe small, as the beam urrent does not vary signi�antly on moderate time sales. The twourves here have been measured in a 1 hour 15 minutes interval. Prinipally, it is possible tomeasure both values simultaneously.The seond possibility is to ompare the Bragg angles of the 57Fe resonane and the 61Niresonane. This is not very reliable, as we need to know either the lattie spaing or the orretangle of the 57Fe resonane. A better option is to ompare the Bragg angles of the 61Ni resonanewith di�erent reetion, like Si (3 3 3) with Si (4 4 4) and Si (5 5 5). This has not been done sofar. The two resonanes have been used repeatedly one after the other in the same �lling modeof the synhrotron. The heat load is therefore not too di�erent, although the undulator gapis slightly di�erent. The 57Fe resonane has been addressed with photons transmitted via theSi (1 1 1) reetion, the 61Ni resonane via the Si (3 3 3) reetion. Averaging over several ofthese hanges gives a di�erene between the rystal angle of �� = 2:8423(5)Æ . Dynamial theorypredits the angular deviation from the kinemati Bragg angle and the experiment, see equation4.9. In partiular ��asym = ��sym(1+ 1b ) for the asymmetri ut seond monohromator rystal.For the Si (1 1 1) reetion at the 57Fe resonane this is ��asym = 8:8Æ�10�4. For the Si (3 3 3)reetion at the 61Ni resonane this is ��asym = 5:8Æ�10�5. We thus orret �� to 2.8415(5)Æ .We modify equation 6.6 to onsider the di�erent reetions (1 1 1) and (3 3 3):ENi = 3EFeos�� � sin�� ot �Fe = 3EFeos�� � sin�� ot�arsin h2d111EFe� (6.7)We need to know the exat lattie spaing d111 at 80K. At 300K, the lattie onstant of silionis given as 5.43102088(16) �A [Moh00℄. We multiply this value with 0.99974 to obtain the lattieonstant at 80K [Wil03℄ and obtain d111=3.1348(1) �A. This value hanges only by 0.0004 �Abetween 70 and 100K, as the expansion oeÆient of silion is very small in this region [Wil03℄.The biggest error omes thus from the error of ��. We �nally get ENi = 67463(15) eV.The literature value of 67412(3) eV [Fir96℄ was obtained observing the deay of 61Cu witha Ge(Li) detetor [Mey78℄. Three other authors report similar values, although with slightlybigger errors [Bha99℄. We believe the disrepany of our values originate mainly from thedi�erent onditions at the seond rystal of the high heat load monohromator, as onerningheat load or problems of mehanial stability. Remember that the values for �� have beenobtained omparing angles measured at di�erent times. M. Gerken, who sueeded to exite the61Ni level with synhrotron radiation for the �rst time, presents a similar �gure like our �gure6.3, but state the energy di�erene between the K-edge and the 61Ni resonane to be only 3 eV[Ger02℄. In a future beamtime, the energy question ould be addressed in more detail.



6.3. The lifetime of the 67.41 keV level of 61Ni 1156.3 The lifetime of the 67.41 keV level of 61NiFor the determination of the lifetime of the 67.41 keV level, the temporal evolution of the ino-herent sattering of individual 61Ni nulei (nulear uoresene) was measured. The ohereneis destroyed, when phonons intervene and an energy transfer (phonon reation or annihilation)takes plae during the nulear transition. The deay of individual exited nulei follows anexponential behaviour and the re-emitted photons proeed into 4� as opposed to the forwarddiretion in the ase of NFS and the NLE. Some preautions have to be taken when realising thesetup shown in the inset of �gure 6.4. The 61Ni metal foil was kept at room temperature to ob-tain a negligibly low Lamb-M�ossbauer fator. The Debye model for the Lamb-M�ossbauer fatorwith a Debye temperature of 390K yields fLM = 0:003 at room temperature. With higher Lamb-M�ossbauer fator, oherent e�ets like a propagating delayed wave�eld through the sample dueto NFS [Ber94a℄ would inuene the time behaviour of the uoresene radiation. Moreover,by overing a large solid angle with the detetor, e�ets from the angular orrelation betweeninident and sattered photons a�eting the temporal evolution are averaged out, as opposed tothe tehnique of SR-PAC, see hapter 7.To exite the 67.41 keV level of 61Ni, the 17th harmoni of the three 32mm undulatorsat ID18 was used. The high-heat-load monohromator was set to the (3 3 3) reetion. Anappropriated absorber, here 0.5mm of opper, redued the number of photons passing via the(1 1 1) reetion. The delayed, inoherent inelasti nulear uoresene radiation from a 16 timesfolded 61Ni foil of 20�m thikness was measured at room temperature with one standard APDdetetor. Fast eletronis was used to selet the delayed signal oming from the deay of theexited level of 61Ni.
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116 Chapter 6. Nulear lighthouse e�et with 61Niresonane suggest a lifetime of 7.16(20) ns [Ger02℄ and 7.6(4) ns [Wil02℄. The last measurementsu�ered from impurity bunhes in the storage ring and needs thus to be onsidered with are.Nevertheless, all values are in priniple in agreement with our measurements, onsidering theirrelatively large errors. We ahieved a more preise result, whih will be used in the treatmentof the NLE.6.4 Nulear lighthouse e�et in transmission with 61Ni6.4.1 Brief experimental reviewThe experiments were performed in the 16-bunh �lling mode at the nulear resonane beamlineID18 at the ESRF. Although the NLE does prinipally not depend on the type of �lling mode[R�oh00℄, additional time disrimination was preferable in the ase of 61Ni: The nulear signalof 61Ni is quite small as ompared to the eletroni sattering bakground mainly aused bysmall angle X-ray sattering (SAXS). As the latter is sattering on a "prompt" timesale of10�15 s, 16-bunh mode together with a fast detetor permits a time disrimination between thetwo proesses. The reason for the small ratio of the nulear signal to the eletroni sattering isthe low Lamb-M�ossbauer fator fLM for high-energy nulear transitions, see �gure 2.3. However,evidene of the NLE without timing mode is presented in hapter 6.4.5.PSfrag replaements
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Figure 6.5: The undulator radiation U is monohromatised oarsely (ÆE=9 eV) by two Si (3 3 3) re-etions M and shaped by a slit system S. The rotor R ontaining 61Ni is spinning at �=8 kHz. Thenon-interating prompt diret beam (intensity P) hits the beamstop B. The prompt small angle X-raysattering SAXS is in ompetition with the delayed nulear lighthouse e�et signal NLE, thus demand-ing fast detetion with an array of avalanhe photo diodes D and time disriminating eletronis E. Thedetetor sans over a range of angles. Only for the nulear delayed signal, angles are resolved proportionalto the interation time.The setup of the experiment is shown in �gure 6.5 together with an illustration of thephoton intensities from three di�erent proesses. The huge peak P to the left orresponds tonon-interating undeviated photons and thus de�nes the time t = 0. Compton sattering andSAXS ontribute to deviated photons, but their interation time with the eletrons of the sampleand the rotor walls is on a prompt timesale of around 10�15 s. This part is skethed by a dottedline following an angular dependene of ��4 aording to Porod's law for SAXS from randomlyoriented partiles, see hapter 2.7. The third ategory are the photons that are sattered viaexitation of the 67.41 keV nulear level in 61Ni. They are both delayed and deviated to theside aording to the time spent in the foil before de-exitation. In favourable ases suh as atthe 57Fe resonane in transmission geometry, both SAXS and NRS signals are of omparable



6.4. Nulear lighthouse e�et in transmission with 61Ni 117strength. The disrimination an be done with suessive measurements of the angular intensityvariation, one at resonane, one slightly detuned, and subtration [R�oh00℄. In the ase of 61Nithis is not possible and fast detetors are employed to use the time information to disriminatebetween SAXS and the nulear signal. Without disriminating detetor eletronis, the slit sizein front of the detetor de�nes the time resolution and eah detetor position x = d� orrespondsto a time t aording to x = 2�d � � t, with d being the distane between sample and detetorand � the rotational frequeny of the rotor. x = 0 is the position of the diret beam. If insteadtime disrimination is applied, the time resolution is given by the detetor and its eletronis.Then, a large detetor is best if it an bear the overall inoming ux. With small detetors asin our setup, that do not over the whole angular region of interest, one needs to san uniformlyover the whole angular region, see also hapter 4.5.4.The sample onsisted of two isotopially enrihed 61Ni foils (85% enrihment), eah 20�mthik. Eah foil was rolled to a tube that �tted tightly into a hollow ZrO2 rotor of 3mm innerdiameter, see �gure 3.3. The ZrO2 rotor absorbs 70% of the 67.41 keV photons and gives rise tosome SAXS. Undulator radiation having 1/3 of that energy (22.47 keV) is transmitted by the Si(1 1 1) reetion of the monohromator, but it is ompletely absorbed by the ZrO2 rotor walls.Therefore, it does not ontribute to the SAXS bakground. Single rystalline sapphire rotorsthat absorb less and give less SAXS broke repeatedly and have not been employed in 16-bunhmode operation presented. However, some results are presented in 6.4.5.We used the stak of 24 silion avalanhe photo diodes, eah 100 �m thik and 10� 10mm2large, and inlined to an angle of 37Æ between the silion surfae and the beam diretion, seehapter 4.5.2. A detetor slit limited the sensitive area to 6� 4mm2, horizontal� vertial. At67.41 keV, the alulated eÆieny of the total assembly is 20%. The eletroni time resolutionwas 2 ns. The detetor array was sanned repeatedly over a lateral displaement x ranging from0 (behind the beamstop) to 50mm. With � = 8 kHz and d = 13:9m, the orresponding timesare 0 to 72 ns. Between two sans, the monohromator energy was heked using a setup asdepited in the inset of �gure 6.4. The time disrimination in order to blok the prompt signalof the SAXS bakground is done with an eletroni gate that opens 7 ns after the arriving SRpulse. A multi-hannel analyser (MCA) reords the time spetrum (10 hannels per ns; 400hannels are displayed in �gure 6.7). The detetor is 6mm wide laterally, orresponding to atemporal width of 8.6 ns. This de�nes the time window where photon ounting is possible ateah detetor position. The preise time information within this window is obtained with thetiming eletronis and the MCA. The time resolution is thus given by the detetor with itseletronis and not by the detetor slit size.6.4.2 NLE time/angle spetra of 61Ni and bakground evaluationThree time spetra have been aquired during the experiment. At the 61Ni resonane energytime spetra have been aquired at temperatures of 180K and 115K. These raw spetra arepresented in �gure 6.6 at the left and in the middle. To estimate the inuene of eletroni noiseand osmi bakground radiation, a third time spetrum has been aquired under the sameexperimental onditions, but with an empty ZrO2 rotor. It turned at 8 kHz as in the other twoases to deliver the same SAXS bakground. The presene of the 61Ni sample is negligible forthe size of the SAXS bakground, as ompared to the SAXS of the rotor itself. The bakgroundmeasurement was done with the stator/rotor system operating at room temperature. It is shownon the right side of �gure 6.6.The ountrates at late times in all three spetra are solely due to eletroni noise and osmibakground radiation. The height of this bakground level sales with the time needed to aquirethe spetra. In the bakground time spetrum, a slightly inreased ountrate in the region
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bakground surplusFigure 6.6: The raw data of the 61Ni NLE measurements in 16-bunh mode and with timing eletronisin order to suppress the SAXS bakground. Time spetra of nulear resonant sattering by 61Ni havebeen obtained at 115 and 180 K. To evaluate eletroni noise and bakground radiation, a time spetrumwithout the 61Ni-foil in the ZrO2 rotor was aquired.between 7 and 22 ns is observed. The reason for this might be sporadi eletroni overshootingafter the detetion of a prompt photon, that triggers an additional ounting event in this timeregion. However, this additional "overshooting" bakground is rather small and an be easilysubtrated from the time spetra at 115 and 180K. Therefore, the time spetra of the bakgroundmeasurement is smoothed over 30 MCA hannels, and the surplus of ounts in the region between7 and 22 ns with respet to the average ountrate at times above 22 ns is alulated. Properlysaled to the aquisition time of eah spetrum, this surplus is subtrated from the time spetraat 115K and 180K.6.4.3 Results at 180K
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Figure 6.7: The nulear lighthouse e�et with 61Ni at 180 K. The detetor signal was gated o� during the�rst 7 ns to disriminate the prompt SAXS bakground (�10 kHz summed over the angular range overedby the detetor). The SAXS is seen at early times when removing the gate temporary for a short instant.The NLE data ould be �tted by the theory of nulear forward sattering using the program Motif [Shv99℄.The beat struture originates from the interferene of the 12 transitions between the hyper�ne-split groundand 67.41 keV exited states in the presene of a magneti hyper�ne �eld Bhf , see �gure 2.8.The measurement at 180K is presented in �gure 6.7. The overall time the detetor was



6.4. Nulear lighthouse e�et in transmission with 61Ni 119in plae to aquire delayed photons for a partiular data point in �gure 6.7 was 45 minutes.The average beam urrent in the storage ring was 70mA. We deteted 2770 photons beingsattered by the 61Ni nulei, after subtrating the bakground solely due to osmi radiation oreletroni noise. This orresponds to a ountrate of 1 s�1, if a large detetor would over thewhole interesting angular range at one. The rate of inoming photons in the energeti widthof the resonane is 300 s�1 at the stated eletron beam urrent, obtained by resaling the resultof hapter 6.1.The data was �tted using the programMotif [Shv99℄ and a magneti hyper�ne �eld of 6.7(2) Twas obtained together with and an additional line broadening of 0.45 natural line widths �o . Asinput parameters, we use �g=�0:75�N and �e=0:48�N for the nulear magneti moments of61Ni [Fir96℄ and fLM = 0:025 aording to the Debye model with a Debye temperature of 390K[Bir64℄. The lifetime of the exited level was taken to be 7.4 ns, as determined by the detetionof the inoherently emitted photon, see hapter 6.3. The thikness was taken to be 80�m. Boththikness and hyper�ne �eld were kept �xed without assuming any distribution.The magneti hyper�ne �eld at this temperature as measured with NMR is 7.2 T [Str63℄.This slight disrepany might be due to a small relative movement between the two sides of theylindrial foils as seen by the beam, see hapter 6.4.4. This lateral movement an be due to apreession of the rotor and might ause a Doppler shift ating on the transition energies [Qua02℄.An inhomogeneous line broadening was also observed in the NMR measurements [Str63℄ andattributed to impurities and strain.6.4.4 Results at 115KThanks to the improved stator and the applied Invar orset, a NLE measurement at 115K ouldbe performed. The result at 115K is presented in �gure 6.8, together with the measurement at180K.
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Figure 6.8: Comparison of the NLE results at 180K shown by full irles with the measurement at 115 Kshown as hollow diamonds.At �rst glane, it is very surprising that the time spetrum hanges signi�antly. Metallinikel is not expeted to show a phase transition in the temperature range overed. On theontrary, the magneti hyper�ne �eld is known to hange only slightly in this region, as the Curie



120 Chapter 6. Nulear lighthouse e�et with 61Nitemperature is at 632.7 K [Sha80℄. In fat, NMR measurements of the magneti hyper�ne �eldare available and presented in �gure 7.6. They show only 2% of hange in the magneti hyper�ne�eld between 180 and 115K. However, the Lamb-M�ossbauer fator of nikel hanges from 0.0246to 0.066 when dereasing the temperature from 180 to 115K. This hange is signi�ant. Usingthe �t result for the magneti hyper�ne �eld as obtained with motif, but inreased by 2% andhanging the Lamb-M�ossbauer fator, we simulated the time spetrum to be expeted at 115K.This simulation together with the �t at 180K is shown on the left side of �gure 6.9. In thisomparison, no bakground is onsidered and the time resolution of the detetor is onsideredto be ideal. The simulation at 115K saled and bakground orreted as done with the 180K�t is shown on the right side, together with the atual measurement.
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Figure 6.9: On the left side, the time spetrum of metalli 61Ni at 115K is simulated using the parametersobtained for the �t at 180K. Only the Lamb-M�ossbauer fator and the magneti hyper�ne �eld have beenadjusted to the expeted value at 115K. On the right side, this simulation is ompared to the atualmeasurement.It is evident, that this �t does not reprodue the obtained data. Even when allowing themagneti hyper�ne �eld, the Lamb-M�ossbauer fator and the sample thikness to vary withoutrestritions, no reasonable �t for this data set ould be obtained. This signi�ant disrepanymight be explained with the inuene of a preession and nutation of the rotor on the samplegeometry. Figure 6.10 illustrates this inuene.The rotor used in this experiment was �lled with two foils that both overed ompletely theinside wall of the rotor, see �gure 6.10, top left. The thikness of one foil was 20�m. NFS onthis rotor at rest would show the time spetrum of a 80 �m thik sample. The same is true for anideally turning rotor, that means a rotation without preession and nutation. If on the ontrarythe rotor is subjet to a preession and nutation, the two parts of the foil illuminated by thebeam are in a relative moment of one with respet to the other. Two foils of individual thiknessof 40�m have to be onsidered with a relative motion and thus a Doppler shift of the transitionenergies of one illuminated part with respet to the other. For the measurements at 180K, thisbehaviour might be less important and stays thus unpereived beause of two reasons, one is thatthe higher temperature allowed for better operation of the stator/rotor system, the other oneis the muh smaller Lamb-M�ossbauer fator. Multiple nulear sattering is therefore negligible.At 115K, the operation of the stator/rotor system might reate perturbations on the rotor,i.e. droplets of liquid nitrogen that tip the rotor, ausing permanent or damped preession andnutation. Further, the Lamb-M�ossbauer fator is muh higher and multiple nulear satteringan play a stronger role.The problem aused by this sample geometry an be ompletely overome in using only a1/3 �lled rotor, as depited in the lower row of �gure 6.10. In this ase, the beam illuminates
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Figure 6.10: The interplay of the sample geometry with the preession of the rotor. In the top row, afully �lled rotor is used. If the rotor turns perfetly, the beam rosses the sample twie and no relativemovement between the two sample parts illuminated is observed. If the rotor preesses, there is a relativemovement between the two irradiated parts. A rotor �lled only on 1/3 of the irumferene avoids theproblem.only one the sample, if the transverse beamsize is less than 1/6 of the rotor inner irumferene.Now, a preession or notation of the rotor does not hange the time spetrum, as NFS and theNLE are not sensitive to a Doppler shift without an inorporated referene sample.A positive result of the 115K measurement is the inrease in the delayed ountrate by afator of 1.4 as ompared to the 180K measurement. This is not surprising, due to the inreaseof the Lamb-M�ossbauer fator. In fat, the simulation at 115K and the �t at 180K as shown onthe left side of �gure 6.10 an be analysed and their integral in the range between 7 and 40 nsan be alulated. The inrease in delayed ountrate alulated this way is a fator of 1.6, nottoo far away from the value obtained in the experiment.6.4.5 Measurements without timing eletronis for the lighthouse signalTo onlude this hapter on the results of the NLE measurements with 61Ni, the questionwhether this type of experiment ould be performed also in non-timing �lling modes of thesynhrotron should be raised. The use of the timing mode to obtain the results as presentedabove is not satisfying, knowing that the NLE prinipally does not depend on the timing mode.Prior measurements on the 61Ni resonane with the NLE without the use of timing eletronishave been performed in fat and showed some positive results. These will be skethed brieynow.The synhrotron was �lled in 2�1=3-�lling mode. This allowed at least to verify the energy of theinoming photons and to adjust the high heat-load monohromator if neessary. Therefore, thesame inoherent sattering setup as depited in the inset of �gure 6.4 was used. Unfortunately,in 2 �1=3-�lling mode, the end of the 1=3 bunh trains is not at all sharp, instead the intensity dropsslowly to zero over the last 10 to 12 bukets. To measure the delayed photons from the deayingindividual nulei, the end of the bunh-train had to be ompletely gone, thereby limiting theobtained ountrates of the 61Ni deay. With the eletroni gate opening roughly 25 ns after theend of the bunh trains, the 61Ni resonane energy san as depited in panel a) of �gure 6.11



122 Chapter 6. Nulear lighthouse e�et with 61Niwas obtained.To optimise the ratio of photons lying energetially within the bandwidth of the resonane tooverall photons, the spherial ompound refrative lens as depited in �gure 4.9 was used. How-ever, even the intensity of one undulator was enough to damage the lens during this experiment.The two other undulators have been left open therefore.The measurements were performed on the same sample as reported on in hapter 6.4.3, i.e.2 foils of 20�m thikness overing eah the full irumferene. However, the rotor materialwas single-rystalline sapphire and not ZrO2. Otherwise, SAXS and absorption are muh toohigh to perform measurements without timing eletronis. The detetor was a lithium dopedgermanium detetor with the eÆieny for 67.41 keV photons being lose to 100%. The sensitivearea of the detetor was limited with a slit system to 2mm horizontal opening and 1mm vertialopening. The rotor turned at 7.5 kHz. With this slit size and rotor speed, the time resolutionof the NLE time/angle sans is 3 ns at the detetor distane of 13.9m. The temperature of the61Ni sample was 145K.

10

100

1000

10000

7 8 9 6050403020

 

 

  

5.0834 5.0836 5.0838 5.0840

1700

1800

1900

2000

2100
0

2

4

6

8

10

12

 

 

  

 

0 10 20 30 40 50 60

10

100

1000

10000

  

 

 

-2 -1 0 1 2
800

1000

1200

1400
 

 PSfrag replaements a)

)d)
b)

e)vertial o�setounts
o�-resonanethus bakgroundon-resonaneountrateounts

ounts "delayed"oun
ts

delayedounts time [ns℄

time [ns℄monohromator angle [Æ℄

61Niuoresene
61NiNLE ounts di�erene in ountrateon and o�-resonane�t as in�gure 6.7but resaled

Figure 6.11: NLE measurements on the 61Ni resonane in 2 �1=3-�lling mode. The 61Ni resonane energywas heked with an inelasti sattering setup, panel a). At this energy and with the 61Ni sample turningat 7.5 kHz at 145K, the deviated photons have been measured and ompared to same san o� resonaneenergy, panel b). The di�erene is shown in panel ) and ompared to the �t of hapter 6.4.3. At t = 20nsor the o�set x = 13mm, the same energy san as shown in a) has been repeated, see panel d). Further,at the same horizontal o�set x, the vertial san e) was obtained.With these experimental onditions, NLE angle sans have been performed, both on ando� resonane energy. The orresponding o�set at the detetor position ranged between 0mm(behind the beamstop) to 40mm, equivalent to 61 ns. The step size was 0.5mm and the a-



6.4. Nulear lighthouse e�et in transmission with 61Ni 123quisition time per data point was 20 s. To drop o� the resonane energy for the o�-resonanesans, the monohromator angle was hanged by 0.0005 dg or 7 eV. As seen in �gure 6.11, panel), a signi�ant di�erene between the two sans at 20 ns (or an o�set x = 13mm) is learlyseen. The on-resonane san was performed twie. The o�-resonane san onsists of the SAXSbakground and follows a smooth deay that ould be �tted by ISAXS = a1 � x�4:45 + a2 � x�1:7.The di�erene between the on and o�-resonane sans is shown in �gure 6.11, panel ),together with the �t obtained in hapter 6.4.3 during timing mode experiments. The �t wasresaled and the bakground adjusted. Although the quality is rather poor, the overall behaviouris mathed.Nevertheless, to proof de�nitely that the di�erene is due to resonantly sattered photonsfrom the 61Ni sample, two further test have been performed. In both ases the detetor o�setfrom the diret beam was hosen as x = 13mm as measured from the entre of the detetor slit,orresponding to t = 20 ns. This is the region of high ontrast between on and o�-resonane sanin panel b) of �gure 6.11. At this point, the photon energy was varied with the high heat-loadmonohromator and the ountrate obtained as a funtion of the monohromator angle, see paneld). As expeted, the behaviour is idential to the inelasti version of this energy san seen inpanel a), giving lear proof that the surplus of data obtained at x = 13mm or t = 20 ns onsistof resonantly sattered photons.Further, still at the horizontal o�set of 13mm from the diret beam, the vertial detetorposition was sanned over �2.5mm. In leaving the horizontal plane, the NLE photons have todisappear, as the rotor turns around a vertial axis. This is learly seen in panel e) of �gure 6.11.This measurement has been performed on resonane and results in a distint peak at the vertialo�set z = 0 (large squares). If the experiment is repeated o�-resonane, this peak disappears ofourse (small squares). The aquisition time per data point was 50 s.It is of interest to ompare the ountrates in both experiments. In the experiment with theAPD-stak in timing mode, a ountrate of 1Hz was derived, if the detetor ould over the wholeangular range of interest simultaneously, i.e. the times between 7 and 40 ns. With the lithiumdoped germanium detetor, the same problem exists, the di�erent angles annot be measuredat the same time. The sum of the delayed ounts between 7 and 40 ns in panel ) of �gure 6.11is 32 000. The detetor spent 2200 seonds to aquire photons in this range, e.g. 50 seonds perpoint and 44 data points in this range (overing 22mm). As the horizontal detetor opening was2mm, just 111 of the time range under onsideration was overed at one. The e�etive time isthus 200 seonds only, as a large position sensitive detetor with the same harateristis ouldhave been overing all this at one in priniple. 32 000 ounts in 200 seonds leads to a ountrateof 160Hz.Still, the ountrate obtained in 16-bunh mode has to be adjusted by the following fators:�5 for the ratio of detetor eÆienies, namely 100% for the lithium doped germanium detetorand only 20% for the APD stak. �2.2 for the ratio of storage ring beam urrent (�70mA in 16-bunh mode and �170mA in 2/3 �lling mode). �10 as the inrease in spetral ux passing viathe Si (3 3 3) monohromator when using the ompound refrative lens. �4.4 for the hange inrotor material absorption (92% transmission for 1mm of sapphire, only 21% transmission for theZrO2 rotor). � 13 as all three undulators have been used in the 16-bunh mode experiment. Theprodut of these fators is roughly 160. This agreement is amazing. However, the temperaturein the non-timing measurement was 145K instead of 180K.





Chapter 7SR-PAC with 61NiSynhrotron radiation based perturbed angular orrelation (SR-PAC) is the sattering analogueof time-di�erential perturbed angular orrelation (TD-PAC), well established in nulear solidstate physis [But96℄.The idea of performing TD-PAC measurements with synhrotron radiation instead of usinga radioative soure and without involving a three level nulear energy sheme was evoked a longtime ago by Trammel and Hannon [Tra78℄. The �rst experimental observation of the resulting"single nuleus quantum beats" was in 1995, [Bar96℄, using the 57Fe isotope. However, furtherinvestigations with this method have not been reported until reently, when it was revitalisedand named SR-PAC, [Ser03, Ser04, Set03℄.SR-PAC is an inoherent single nuleus resonant sattering proess that reveals hyper�neinterations without depending on the size of the Lamb-M�ossbauer fator. It is therefore per-fetly suited for the investigations of high transition energy M�ossbauer isotopes with SR, wherethe Lamb-M�ossbauer fator is vanishing at room temperature and rather small even at very lowtemperatures. This is demonstrated here for the 67.41 keV transition of 61Ni.7.1 Nulear levels important for TD-PAC and SR-PACIn TD-PAC, an intermediate nulear level is populated by a gamma deay of a higher nulearlevel that itself is populated by the deay of a radioative mother isotope. This �rst gamma deayis deteted by a �rst detetor. The following deay of the intermediate level into the ground stateis deteted by a seond detetor. If the intermediate level is split by hyper�ne interations, theinterferene of indistinguishable paths of the - asade via the split intermediate level leadsto modulations in the deteted intensity of detetor 2 when the time between the two gammaemissions is used as time axis. These modulations reveal the strength or type of the hyper�neinterations. Typial isotopes used in TD-PAC are 111Cd with its mother isotope 111In, further100Rh (with 100Pd), 140Ce (using 140La) and 181Ta (with 181Hf).In SR-PAC measurements, the intermediate state is populated from the ground state withthe help of a SR pulse. No higher exited state is involved. The diretion and timing of the�rst detetor is replaed by the diretion of the inident photon and its time. The diretion ofthe emitted photon as a funtion of time is reorded by a detetor. If the intermediate state (infat, this "intermediate" state is the only exited state) is split due to hyper�ne interations,the interferene between the deay of the sublevels leads to the same kind of modulations as inthe TD-PAC ase. Figure 7.1 illustrates both methods.125
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TD-PAC SR-PACFigure 7.1: A ombined piture of involved nulear levels and detetion sheme for TD-PAC (left) andSR-PAC (right).It is important to blok X-ray uoresene radiation originating from the possible internalonversion proess in the deay of the exited nulear level. In this proess, the diretionalinformation is not at all easily aessible. The deay deteted only with X-ray uoresene issolely exponential and shows no angular or time di�erential modulations. As the energy of theX-ray uoresene is always lower than the nulear level, suitable absorbers an be found inmost ases.7.2 Theory of synhrotron radiation based perturbed angularorrelationWe will limit our theoretial onsiderations to the ase of a vanishing Lamb-M�ossbauer fator.This is the ase where SR-PAC is partiularly valuable, as the alternative method of nulearforward sattering an not be applied then. With a vanishing Lamb-M�ossbauer fator, the timebehaviour of the inoherent inelasti deay of the nulei is not perturbed by the propagationof the delayed wave�eld through the sample in the forward diretion [Ber94b, Bar96℄, therebyinsuring that the exitation of eah nuleus happens at the arrival of the SR pulse only. Withan appreiable Lamb-M�ossbauer fator, the propagation of the delayed wave�eld in the samplein the forward diretion will exite nulei in the downstream part of the sample also at muhlater times.7.2.1 Di�erential angular probability of satteringThe basi priniple of perturbed angular orrelation measurements is the fat, that partileswith an oriented spin emit radiation with an angular distribution or anisotropy. The orientationof the spins an be ahieved by deteting the radiation of the �rst step in a - asade (TD-PAC). Due to angular momentum onservation, the remaining sub-ensemble remains aligned oranisotropi, as the �rst deteted -ray itself has a ertain angular momentum. Alternatively,the orientation of the spins an be ahieved after the exitation of a level with SR from a de�ned



7.2. Theory of synhrotron radiation based perturbed angular orrelation 127diretion (SR-PAC). In both ases, the hyper�ne interations an hange the spin orientationand a�et thereby the emission pattern as well. A omprehensive treatment of perturbed angularorrelations an be found in [Fra68, Ste75℄. Here, the speial ase of SR-PAC with a M�ossbauerisotope showing a M1 transition, like the 61Ni isotope, in the presene of an external magneti�eld ~Bext will be treated. The presene of ~Bext is valuable, as it selets a subset of possiblenulear transitions between the ground state and the exited state, if the diretion of ~Bext withrespet to the inoming synhrotron radiation is properly hosen. This simpli�es the modulationson the exponential deay.If a randomly orientated system of spins deays or the detetor an over the full solid angleof 4�, the deay will follow a simple exponential:I(t) = Io e� t�o (7.1)However, if the deay originates from an aligned set of spins and the detetion does not overthe full solid angle, a more detailed analysis inluding the angular emission probability W hasto be onsidered: I(t) = Io e� t�o � Z�
 dW (~k1;~�1;~k2;~�2;t)d
 d
 (7.2)In the last equation 7.2, the funtion W (~k1;~�1;~k2;~�2;t) depends on the diretion and polarisationof the two involved photons. The most general expression for the di�erential angular emissionprobability dW for a --asade and a TD-PAC measurement is [Ste75℄:dW (~k1;~�1;~k2;~�2;t) = d
1d
216�2 X�;�̂q;q0;q̂;q̂0 B��;q0 �D(�)q0q (S1!Shf) �Gqq̂��̂(t) �D(�̂)q̂0q̂ (Shf!S2) � A�̂;q̂0 (7.3)B��;q0 is an angular distribution oeÆient that onerns the deay of the exited to the inter-mediate level in TD-PAC, or alternatively the exitation of the only exited level in SR-PAC. Itdepends on the polarisation of the involved radiation and the kind of the transition. It is mostonveniently expressed in a o-ordinate system S1 (or Sin with SR-PAC) reeting propertiesof the inoming radiation, e.g. ~k1k~z.D(�)q0q (S1!Shf) is a rotation matrix as introdued by Wigner that hanges from the o-ordinatesystem S1, or Sin, to a o-ordinate system Shf whih reets the diretion or symmetry of thehyper�ne interations ating on the nuleus.Gqq̂��̂(t) desribes the evolution of the exited state under the inuene of the hyper�ne intera-tions, e.g. its preession in a magneti �eld. It an be treated as a rotation matrixD(�)q̂0 q̂ (Shf!S2) is again a o-ordinate transformation allowing to use the o-ordinate system S2,or Sout, adapted to desribe the outgoing photon.A�̂;q̂0 desribes the transition from the exited state to the ground state, similar to the angulardistribution oeÆient B��;q0 .The sum in equation 7.3 runs over the indies � and �̂ from 0,1,2,... and over the indies q from�� to � and similar for q0; q̂; q̂0.Equation 7.3 an be redued to onern only SR-PAC, following [Ser05℄. In partiular, theinoming radiation is linearly polarised in the plane of the storage ring, i.e. the �-polarisation.The detetor is not sensitive to the polarisation of the sattered radiation. Further, one anlimit the treatment to M1 transitions, like is the ase for 61Ni, 57Fe and many other isotopes.Any admixture of E2 omponents is exluded. The inoming SR is very ollimated and d
in4� = 1These assumptions lead to L = 1 and ertain restritions in the indies of the sum:dW (~kout;t) = d
out4� X�;�̂=0;2q0=0;�2q;q̂ B��;q0 �D(�)q0q (Sin!Shf) �Gqq̂��̂(t) �D(�̂)q̂00 (Shf!Sout) � A�̂ (7.4)
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Figure 7.2: The angles and o-ordinate systems used to present the SR-PAC theory.The transition amplitudes B��;q0 and A�̂ � A�̂ q̂0=0 are given by [Ser05℄B��0 = A� (7.5)B���2 = 14q (�+2)!(��2)! A� (7.6)A� = (�1)Ig+Ie�1 (2L+ 1)p(2�+ 1)(2Ie + 1) �L1 L�1 �0��LIe L�Ie �Ig� (7.7)where Wigner 3j-symbols and 6j-symbols are employed, see [Var88℄ for example.The summation over q0 an be exeuted, using a o-ordinate transformation forD(�)q0q (Sin!Shf)that is split into two rotations [Ser05℄. The �rst transformation rotates into a o-ordinate systemwith the z-axis vertial. The seond one rotates from this new intermediate o-ordinate system tothe o-ordinate system of the hyper�ne interation Shf . Then, the summation over q0 simpli�esto: Xq0 B��q0 �D(�)q0q (Sin!Shf) = p�A� �D(�)0q (S0!Shf) (7.8)where p� = 1 and �2 for � = 0 and 2, respetively. This leads to:dW (~kout;t) = d
out4� X�;�̂=0;2q;q̂ p�A�A�̂ �Gqq̂��̂(t) �D(�)0q (S0!Shf) �D(�̂)q̂0 (Shf!Sout) (7.9)The fators Gqq̂��̂(t) whih desribe the hyper�ne interations are diagonal in their indiesfor many experimental onditions. This is true in partiular for magneti dipole and axiallysymmetri eletri quadrupole interations [Ste75℄ and even for powder samples regardless ofaxial symmetry [But96℄. Using this restrition, one obtainsdW (~kout;t) = d
out4� X�=0;2 p�A�A� �Xq=��Gqq��(t) �D(�)0q (S0!Shf) �D(�)q0 (Shf!Sout) (7.10)We introdue the anisotropy oeÆient A�� � A�A� and an exeute the �rst sum easily:dW (~kout;t) = d
out4� 241� 2A22 2Xq=�2Gqq22(t) �D(2)0q (S0!Shf) �D(2)q0 (Shf!Sout)35 (7.11)



7.2. Theory of synhrotron radiation based perturbed angular orrelation 129where the fat was used that A00 = 1, G0000(t) = G00(t) = 1 and that D(�)00 (�; �; ) = P�(os �)and thus D(0)00 (S0!Shf) D(0)00 (Shf!Sout) = 1. P�(x) are the Legendre polynomials. To evaluateequation 7.11 further, more details have to be known about the hyper�ne interation. Thetwo ases of isotropi hyper�ne interations and of an external magneti �eld will be treatedseparately.7.2.2 Isotropi hyper�ne interationsIt an be shown [Win83℄, that in the ase of isotropi hyper�ne interations (eletri or magneti)and averaging over all intermediate o-ordinate systems, equation 7.11 further redues todW (~kout;t) = d
out4� [1� 2A22 G22(t) P2(os �)℄ (7.12)where � is the angle between the inoming SR and the detetor diretion. The Legendre polyno-mial is P2(os �) = 14(1 + 3 os 2�). For axially symmetri hyper�ne interations, Gkk(t) is givenby [But96℄ Gkk(t) = 12k + 1 + Xm6=m0 � Iem0 Ie�m km�m0� os (Em �Em0) t~ (7.13)As transitions with �m = 0;�1 are allowed, this leads to two di�erent possible frequenies inequation 7.12; see �gure 2.8. As the lifetime of 61Ni is quite short as ompared to the frequeniesappearing in equation 7.13, this interplay of two di�erent frequenies is not very onvenient.However, investigations of relaxation e�ets in glasses that show only eletri quadrupoleinterations an be studied with great suess using this approah and 57Fe as the nulear probe[Ser03, Ser04, Ser05℄. The inuene of relaxation modi�es the funtions Gkk.7.2.3 External magneti �eld ~BextIn applying an external �eld perpendiular to the wavevetor ~kin of the inident SR, transitionswith �m = 0 are not allowed. Unfortunately, the ase of isotropi hyper�ne interations of thepreeding hapter 7.2.2 an not be applied.The perturbation fators for a stati magneti hyper�ne interation whih is axially sym-metri around the diretion of an external magneti �eld is given by [Ste75℄ as:Gqq��(t) = e�iq!Bt � D(�)qq (q!Bt; 0; 0) (7.14)Thereby, the diretion of the external �eld de�nes the z-axis of the o-ordinate system Shf . TheLarmor frequeny !B is given by !B = �g �N~ Bhf , if Bext � Bhf . In equation 7.11, this leadsto the following sum over q [Ste75℄:2Xq=�2D(2)0q (S0!Shf)D(2)qq (q!Bt;0;0)D(2)q0 (Shf!Sout) = D(2)00 (S0!S(�!Bt)!Sout) = P2(os �(t)) (7.15)where os �(t) is given by:os �(t) = os �0 os �out + sin �0 sin �out � os(�out � �0 � !Bt) (7.16)The result of equation 7.15 together with equation 7.11 leads to:dW (~kout;t) = d
out4� [1� 2A22 � P2(os �(t))℄ (7.17)



130 Chapter 7. SR-PAC with 61Ni7.2.4 Speial orientations of the external magneti �eld ~BextIf the magneti �eld is parallel to the vertial axis z0 or parallel to ~kout, then either �0 = 0 or�out = 0 and the seond term ontaining the sine-funtions is zero. Thus, no time dependeneremains and os �(t) = os �, with � being the angle between the vertial z0-axis and ~kout. Thisarrangement is depited in on the right side of �gure 7.3. It is not suited to measure the magnetihyper�ne �eld Bhf . The measured intensity is given viadW (~kout;t) = d
out4� �1� 2A22 � 14(1 + 3 os �)� = onst. (7.18)and aordingly I(t) = Io e� t�o � onst. (7.19)PSfrag replaements
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Figure 7.3: The experimental arrangement when applying an external �eld. To the left and in the middle,~Bext ? z0 and ~Bext ? ~kout. To the right, ~Bextkz0.If the magneti �eld ~Bext is set perpendiular to the vertial axis z0 and perpendiular to~kout, then �0 = �out = 90Æand �(t) simpli�es to�(t) = �out � �0 � !Bt = �� !Bt (7.20)where � is the angle between z0 and ~kout. This situation is depited on the left side and in themiddle of �gure 7.3. The Legendre polynomial with this onditions an be alulated to beP2(os �(t)) = 14(1 + 3 os(2�� 2!B t)) (7.21)and dW (~kout;t) = d
out4� �1� 2A22 � 14(1 + 3 os(2�� 2!B t))� (7.22)If the detetor size is suÆiently small, we an onsider dW to be onstant over the spatialrange of the detetor and the integral in equation 7.2 an be evaluated immediately.I(t) = Io e� t�o � �
out4� �1� 2A22 � 14(1 + 3 os(2�� 2!B t))� (7.23)This equation an be rewritten asI(t) / e� t�o [1�K os(2�� 2!B t)℄ (7.24)with K = 3A222�A22 being the experimentally observable ontrast. The last equation is exat onlyfor an in�nitesimal small detetor.In fat, an optimum distane and size for the detetor has to be found to maximise ountratewithout loosing the ontrast of the modulations. The modulations average to zero, if the wholesolid angle of 4� is deteted.



7.3. Measurements 1317.3 MeasurementsFor 61Ni, the transition takes plae between a ground state of angular momentum Ig = 32 andthe exited state with Ie = 52 . The resulting anisotropy oeÆient is A22 = 750 = 0:14. Equation7.24 redues thus to I(t) / e� t�o �1� 731 os(2�� 2!B t)� (7.25)To verify this behaviour and to obtain an alternative measure for the magneti hyper�ne �eldof 61Ni, di�erent experimental arrangements have been realised, using the ID18 beamline at theESRF in 16-bunh mode.A 20 times fold 85% enrihed 61Ni-foil of 20�m thikness was irradiated at an inideneangle of around 10Æ. Its temperature was 300K. The Lamb-M�ossbauer fator of 61Ni at thistemperature using the Debye model and a Debye temperature of �D=390K is fLM = 0:003, seehapter 2.1.2. NFS is ompletely negligible in this ase and will not perturb the time evolutionof the deay. At elevated temperatures like room temperature, SR-PAC is thus the only nulearresonant sattering method that an be applied for 61Ni.The monohromatisation of the SR was performed using the high heat load monohromatorin the Si (3 3 3) reetion. A opper sheet of 1mm thikness bloked the radiation transmittedvia the Si (1 1 1) reetion of the high heat load monohromator, for details see hapter 6.3and �gure 6.2. A standard 10�10mm2 large APD detetor was used together with fast timingeletronis that prevented ounting during the �rst 7 ns after the prompt signal. The detetorwas plaed at a distane of approximately 15mm from the sample as a ompromise between aredution of solid angle and a high ountrate. A sheet of 1mm aluminium proteted the detetorfrom X-ray uoresene radiation onsisting of the 7.5 keV and 8.3 keV K� and K� eletroniemission lines of 61Ni. This X-ray uoresene radiation follows the deay of the exited nulearlevel if the deay hannel of eletroni onversion is taken, i.e. a K-level eletron is ejeted. Theprobability for this proess is �1+� = 0:12. Thus, 88% of the exited 61Ni nulei emit 67.41 keVphotons. However, see �gure 4.22, the detetor eÆieny at 8 keV (� 77%) is muh higherthan at 67.41 keV (� 1%) and the detetion of the X-ray uoresene radiation would reduesigni�antly the observed ontrast. The aluminium sheet transmits only 1.7�10�4% of photonshaving the energy of 8 keV and 94% of photons at 67.41 keV.The results for three di�erent geometri arrangements are shown in �gure 7.4. The leftolumn shows the total ounts as a funtion of time, the right olumn shows the part os(2��!Bt) desribing the modulation. In the top timespetrum, the geometry shown in the left panelof �gure 7.3 is realised with the magneti �eld applied in the horizontal plane and perpendiularto the inoming beam. Under this ondition, �m = 0 transitions an not be exited. Only onefrequeny is measured in the time evolution of the spetrum. In the middle timespetrum, thesetup shown in the middle panel of �gure 7.3 is realised with the magneti �eld parallel to ~kinand the detetor in the plane perpendiular to the magneti �eld at the sample. Transitionswith �m = 0 do not emit radiation into this plane with this external magneti �eld. Again, onefrequeny is visible in the time spetrum. In the bottom timespetrum, the external magneti�eld was applied vertially as seen on the right side of �gure 7.3. In aordane with equation7.19, no modulations on top of the exponential deay are visible in this ase.The typial ounting time per spetrum was about three hours. In eah spetrum, 30 MCAhannels have been added, leading to one data point per 3 seonds. The bottom time spetrum of�gure 7.4 was �tted to an exponential deay plus a bakground and without the osillatory term.The other spetra have then be �tted with the funtion I(t) = e� t� (1�K os(2�� 2!B t) + with � , K, �, !B and  as free parameters. The �ts overed the time range from 15 to 160 ns.The results for the ontrast ranged between K = 0:121 and K = 0:129, signi�antly lower



132 Chapter 7. SR-PAC with 61Ni
PSfrag replaements

time [ns℄time [ns℄

ounts ounts
~Bext k ~x~kout k ~z( � = 180Æ)
~Bext k ~y~kout k ~x( � = 90Æ)
~Bext k ~z~kout k ~x

2020 4040 6060 8080 100100 -0.5
-0.5
-0.5

0
0
0

0.5
0.5
0.5

1
1
1

10
10
10

100
100
100

1000
1000
1000

104
104
104

105
105
105

00Figure 7.4: SR-PAC measurements with 61Ni and an external magneti �eld applied in various diretions.The detetor is plaed perpendiular to both the inoming beam and the magneti �eld.as the optimum ase of K = 731 = 0:226. This is understandable, as the �nite detetor size,10�10mm2, together with the rather small distane to the sample, 15mm, auses an averagingover several angles. The results for � have been in perfet agreement with the value 7.4(1) ns asobtained in hapter 6.3.The external magneti �eld has been only a small alignment �eld of some tens of mT. We anneglet it in the alulation of !B. The obtained �t parameters for !B ranged between 65 and67MHz with the average value being !B = 66(1)MHz . The period of the osine modulationas seen in the timespetra is related to !B via Texp = 2�=!exp = �=!B = 47:6 ns. The relationbetween the Larmor-frequeny measured with SR-PAC and the magneti hyper�ne �eld is givenby Bhf = ~!Bge�N = ~!BIe�e with ge = �e�NIe (7.26)The values for the nulear parameters an be found in table 3.1. One obtains Bhf=7:18(11) T.This result is in fair agreement with the value of Bhf=6:87(2) T obtained at room temperatureas the average of two solid state NMR measurements [Str63, Rie77℄. When omparing thefrequenies as measured by NMR with those obtained with SR-PAC, one has to be areful thatNMR measurements reveal the splitting of the ground state, and SR-PAC measurements thesplitting of the exited state. Evidently, the Land�e g-fator is di�erent for the exited and theground state.In �gure 7.5, di�erent angles � have been arranged with the experimental setup as shown on



7.4. Disussion 133

0 0

PSfrag replaements

time [ns℄time [ns℄

ounts ounts
� = 180Æ
� = 215Æ�fit = 229Æ
� = 135Æ�fit = 155Æ

2020 4040 6060 8080100
100
100

100100 -0.5
-0.5
-0.5

0
0
0

0.5
0.5
0.5

1
1
1

10
10
10

100 1000
1000
1000

104
104
104

105
105
105
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Chapter 8Nulear resonant sattering withhigh energy M�ossbauer transitions
8.1 Experimental milestonesSo far, a variety of M�ossbauer isotopes has been addressed with synhrotron radiation. Table8.1 summarises them together with the used method.nulei E0 [eV℄ � [ns℄ NFS NBS NLE N-Fluo NIS SR-PAC181Ta 6214 6800 [Chu95℄169Tm 8410 5.8 [Stu91℄83Kr 9403 212 [Joh95℄ [Bar95℄ [Zha02℄57Fe 14413 141.1 [Has91℄ [Ger85℄ [R�oh00℄ [Ber94a℄ [Set95, Stu95℄ [Bar96, Ser04℄151Eu 21541 14.0 [Leu96℄ [Koy96℄ [Leu97, Bar04a℄149Sm 22496 10.7 [Bar04b℄ [R�oh01℄ [Kit00℄119Sn 23880 25.7 [Alp93℄ [R�oh01d℄ [Kik94℄ [Chu98b℄161Dy 25651 42.0 [Shv01℄ [Koy96℄ [Chu01, Shv01℄129I 27750 23.1 [Kit03℄ [Kit03℄40K 29834 5.9 [Set02℄ [Set00℄ [Set02℄121Sb 37147 5.0 [Wil04b℄ [Kit00℄127I 57610 2.8 [Yod02℄61Ni 67415 7.4 this thesis [Wil02℄ this thesis197Au 77351 2.7 [Kis00℄Table 8.1: NFS = nulear forward sattering. NBS = nulear Bragg sattering. NLE = nulear lighthousee�et. \N-Fluo" stands for nulear uoresene and means the detetion of the inelasti, inoherent deayhannel without pushing the setup to observe the phonon density of states or hyper�ne interations via SR-PAC. NIS stands for nulear inelasti sattering and means in partiular energy resolved measurementsof the density of phonon states. SR-PAC = synhrotron radiation based perturbed angular orrelation8.2 Overview of M�ossbauer isotopesThe following �gure 8.1 displays the family of M�ossbauer isotopes with transition energies be-tween 5 and 95 keV and halifes between 1 ns and 10 �s. Small grey irles represent theisotopes examined with the standard M�ossbauer e�et. Empty large irles are isotopes thathave been exited with synhrotron radiation and the nulear uoresene was deteted. Fulllarge irles are isotopes investigated further with synhrotron radiation, e.g. NBS, NFS, NLE,NIS and SR-PAC. Radioative isotopes are marked by a star or an empty irle.135
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8.2. Overview of M�ossbauer isotopes 137.nulei E0 � �nat � Ig Ie �0 �D f100 KLM �ID18� IN-Fluo ISR-PAC Î NLE100K[keV℄ [ns℄ [%℄ [10�24m2℄ [K℄ [s�1℄ [s�1℄ [s�1℄ [10-48m4s-1℄57Fe 14.413 141.5 2.2 8.2 1�2 3�2 256.0 420 0.896 1.08�105 1.0�105 2823. 5.47�109169Tm 8.410 5.9 100. 268. 1�2 3�2 25.78 167 0.942 6.23�106 2.7�106 2476. 1.57�109119Sn 23.871 25.6 8.6 5.12 1�2 3�2 140.3 170 0.513 1.37�105 1.1�105 4609. 5.85�108133Ba� 12.29 11.7 0. 110. 1�2 3�2 29.19 110 0.696 2.17�106 1.3�106 2980. 5.46�108187Os 9.75 3.4 1.6 264. 1�2 3�2 19.44 375 0.982 3.82�106 8.9�105 840. 3.25�10883Kr 9.40 212. 11.5 19.6 9�2 7�2 107.5 72 0.459 8.78�104 8.6�104 95.8 2.09�108161Dy 25.652 42.0 18.9 2.9 5�2 5�2 95.33 186 0.617 6.30�104 5.6�104 2624. 1.94�108181Ta 6.24 8728. 99.99 70.5 7�2 9�2 109.9 225 0.982 9.51�103 9.5�103 12.2 1.11�108151Eu 21.531 13.8 47.8 28.6 5�2 7�2 23.75 115 0.407 3.65�105 2.6�105 921. 2.38�107227A� 27.37 55.3 0. 4.5 3�2 3�2 59.39 100 0.283 4.00�104 3.7�104 1064. 1.03�107149Sm 22.496 10.4 13.8 50. 7�2 5�2 7.11 166 0.610 4.28�105 2.6�105 92.9 4.95�106121Sb 37.15 5.0 57.2 11.1 5�2 7�2 19.54 211 0.343 1.40�105 5.1�104 455. 2.31�106129I� 27.75 23.1 0. 5.1 7�2 5�2 39.07 106 0.129 8.93�104 7.3�104 214. 1.85�106137La� 10.56 128.4 0. 122. 7�2 5�2 13.35 142 0.853 1.23�104 1.2�104 1.73 1.53�106125Te 35.5 2.2 7.1 13.6 1�2 3�2 26.60 153 0.181 4.02�105 3.9�104 662. 8.92�105134Cs� 11.23 65.9 0. 90.6 4 5 25.89 33 0.0392 3.95�105 3.7�105 347. 3.78�10561Ni 67.412 7.4 1.14 0.135 3�2 5�2 71.16 400 0.0894 6.80�103 3.6�103 438. 1.44�105237Np� 59.54 96.7 0. 1.1 5�2 5�2 30.94 187 0.174 1.01�103 963 78.6 2.81�104189Os 69.53 2.3 16.1 8.0 3�2 5�2 8.42 375 0.400 1.74�104 2.1�103 31.9 2.33�10473Ge 68.75 2.5 7.7 0.8 9�2 7�2 23.01 360 0.0848 1.77�104 2.4�103 30.9 9.23�103193Ir 73.04 8.8 62.7 6.5 3�2 1�2 3.06 420 0.435 3.92�103 2.2�103 0. 3.92�103187Os 75.04 3.1 1.6 14.8 1�2 5�2 3.77 375 0.341 8.72�103 1.8�103 14.5 2.90�10373Ge 13.27 4260. 7.7 1095. 9�2 5�2 0.76 360 0.912 4.38�103 4.4�103 0.14 2.11�103243Am� 84.0 3.4 0. 0.3 5�2 5�2 25.88 200 0.0497 3.13�103 712 97.0 1.18�103164Dy 73.39 3.4 28.2 9.3 0 2 22.05 186 0.0207 9.60�103 2.3�103 78.0 469191Ir 82.40 5.9 37.3 10.7 3�2 1�2 1.54 420 0.343 2.25�103 961 0. 267145Pm� 61.25 3.8 0. 6.4 5�2 7�2 11.75 160 0.0176 2.12�104 5.7�103 81.6 242170Er 78.68 2.7 14.9 7.3 0 2 23.44 195 0.0182 6.74�103 1.1�103 46.3 197168Er 79.80 2.7 26.8 7.1 0 2 23.72 195 0.0165 6.47�103 1.0�103 45.1 15799Ru 89.36 29.6 12.8 1.5 5�2 7�2 8.12 430 0.0955 232 196 0.78 118160Gd 75.26 3.9 21.9 7.4 0 2 25.69 176 0.00974 6.74�103 1.9�103 78.9 116176Hf 88.34 2.1 5.2 5.9 0 2 22.71 227 0.0259 3.72�103 329 17.0 114166Er 80.57 2.6 33.6 6.9 0 2 23.86 195 0.0145 6.20�103 924 41.7 111231Pa� 84.22 65.1 100. 1.8 3�2 5�2 4.80 275 0.163 157 145 2.21 88.6157Gd 63.93 664. 15.7 0.97 3�2 5�2 23.20 176 0.0331 118 117 4.24 68.8180Hf 93.33 2.2 35.1 4.7 0 2 24.64 227 0.0185 2.45�103 243 15.2 50.7162Dy 80.66 3.2 25.5 6.55 0 2 24.91 186 0.00874 5.08�103 1.1�103 49.7 49.9178Hf 93.18 2.1 27.3 4.6 0 2 25.17 227 0.0180 2.50�103 240 15.3 49.2158Gd 79.51 3.6 24.8 6.0 0 2 27.65 176 0.00536 4.96�103 1.3�103 64.0 27.6161Dy 74.57 4.5 18.9 0.65 5�2 3�2 6.75 186 0.0169 6.34�103 2.1�103 4.78 27.4163Dy 73.44 2.2 24.9 8.4 5�2 7�2 6.44 186 0.0201 1.52�104 1.5�103 17.4 25.6160Dy 86.79 2.9 2.3 4.5 0 2 29.53 186 0.00386 3.06�103 550 35.7 7.1363Ni� 87.13 2409. 0. 0.99 1�2 5�2 48.40 400 0.0201 3.61 3.61 0.52 3.41164Er 91.40 2.1 1.6 4.2 0 2 28.16 195 0.00403 2.47�103 234 16.0 3.00154Sm 81.99 4.4 22.7 5.05 0 2 30.08 166 0.00173 3.19�103 1.0�103 59.8 2.74197Au 77.35 2.8 100. 4.3 3�2 1�2 3.86 165 0.0114 7.49�103 1.2�105 0. 2.36155Gd 86.55 9.4 14.8 0.43 3�2 5�2 33.96 176 0.00182 976 573 55.5 2.19156Gd 88.97 3.1 20.5 3.9 0 2 31.54 176 0.00132 2.35�103 458 33.3 0.791145Nd 67.25 42.4 8.3 6.1 7�2 3�2 3.81 157 0.00645 1.26�103 1.1�103 3.16 0.67840K� 29.83 6.1 0.01 6.6 4 3 28.97 91 4.7�10�5 2.84�105 1.3�103 330. 0.230127I 57.6 2.8 100. 3.8 5�2 7�2 20.49 106 1.3�10�4 4.46�104 7.6�103 168. 0.0527174Yb 76.47 2.6 31.8 9.4 0 2 20.12 118 8.6�10�5 8.68�103 1.3�103 43.0 0.00374171Yb 75.88 2.4 14.3 7.8 1�2 5�2 14.49 118 8.5�10�5 1.02�104 1.2�103 39.9 0.00185138La� 72.57 167.4 0.09 6.41 5 3 3.99 142 5.8�10�4 211 204 1.17 0.00108129Xe 39.6 1.4 26.4 12.3 1�2 3�2 23.47 64 1.4�10�5 3.60�105 1.0�104 190. 0.00101172Yb 78.7 2.4 21.9 8.5 0 2 20.79 118 4.4�10�5 8.14�103 996 37.4 8.3�10�4147Pm� 91.0 3.7 0. 2.2 7�2 5�2 6.93 160 1.5�10�4 1.55�103 385 2.17 4.3�10�4176Yb 82.13 2.5 12.7 7.1 0 2 22.41 118 2.3�10�5 5.40�103 754 33.2 2.1�10�467Zn 93.31 13200. 4.1 0.89 5�2 1�2 4.96 305 0.00157 0.401 0.40 0. 2.4�10�5170Yb 84.26 2.3 3.1 8.1 0 2 18.94 118 8.9�10�6 4.41�103 505 19.8 1.4�10�5168Yb 87.73 2.1 0.13 5.43 0 2 24.72 118 2.9�10�6 3.87�103 367 20.4 1.8�10�6133Cs 81.0 9.1 100. 1.7 7�2 5�2 10.36 33 2�10�74 1.72�103 989 6.59 4�10�143Table 8.2: Properties and aessibility of M�ossbauer isotopes shown in �gure 8.1



138 Chapter 8. Nulear resonant sattering with high energy M�ossbauer transitionsThe information of the preeding table 8.2 has to be explained: The � harater indiatesa radioative isotope having a halife of more than one year at least. Energy E0, lifetime � ofthe exited state, natural abundane of the isotope �nat, onversion fator �, nulear angularmomentum of the ground state Ig and the exited state Ie do not need further explanations.The data of these olumns is based on [Fir96℄ apart of the values for � [Ste73, NDS℄. Themaximum nulear ross setion �0 is given by equation 2.31. It has further been multipliedwith the branhing ratio onerning the deay of the exited level, if there is the possibility ofa radiative deay into an intermediate level. This ratio is less than one only in a few isolatedases (157Gd, 161Dy, 187Os, 231Pa, 237Np and 243Am).For an estimation of the feasibility of NFS and NLE experiments, the Lamb-M�ossbauer fa-tor plays a ruial role. It depends on the energy of the transition and the Debye temperature�D, 2.21. The latter an vary over a huge range depending on the sample where the nulei areembedded in. However, as the aim is only to get an estimation, a pure sample is onsidered.Thus, �D is the Debye temperature for a solid ontaining only the orresponding element [Kit96℄or if possible at 100K if data was available for that temperature. 100K is the atual low temper-ature limit of the lighthouse operation and was hosen therefore. With the Debye temperatureand using equation 2.21, we get the value of olumn f 100KLM for the Lamb-M�ossbauer fator. Inompounds, suh as oxides, the Debye temperature and thus the Lamb-M�ossbauer-fator mightdeviate signi�antly from this value. 133Cs su�ers most from this simple alulation, having aDebye temperature in the pure metal of only 33K, far below the lighthouse operation temper-ature of 100K. Taking di�erent ompounds into aount was nevertheless omitted, due to thehuge number of possible ompounds. Further, the dilution of the nulei in a ompound leadingto a more rigid solid might also derease the obtained NFS or NLE intensity.The next olumn is again unambiguous. �ID18� is the spetral ux at the ESRF beamline ID18obtained with the three 32mm undulators, a storage ring urrent of 80mA, passing through aslit of 2mm horizontally times 1 mm vertial plaed at a distane of 31m, whih is the plaeof the high heat load monohromator [Cha04, for ux over 0.1% bandwidth℄. Spetral ux,beause it designates the ux in a ertain energy band, whih is here the natural width �0 = ~�of the exited nulear level.The olumn IN-Fluo stands for nulear uoresene and onsiders the detetion of deayingnulei emitting radiation in 4� ontaining photons having the resonane energy and uoreseneradiation. It is simply the spetral ux �ID18� times a fator e�5ns�� . This fator onsiders anexponential deay of intensity and a detetor that is available only 5 ns after the exitation ofthe nulear levels by the synhrotron ash. Just the part e�5ns�� is seen after 5 ns. Thus:IN-Fluo � �ID18� � e�5ns�� (8.1)If the sample is thik enough, and we neglet eletroni absorption in that sample, �0 is ofno importane. In other words, we assume the nulear ross setion to be muh bigger thanthe eletroni absorption ross setion. In a few ases, like 73Ge at 13.26 keV, this might bewrong, but in general it seems ok. The olletion of all delayed quanta after 5 ns is onsidered,negleting detetor eÆienies and the solid angle that this detetor overs. The solid angleis independent of the onsidered isotope. The detetor eÆieny ould of ourse be taken intoaount, but would restrit us to a ertain detetor hoie. Therefore, it was omitted.The next two olumns are meant as an indiator to estimate the aessibility of a ertainisotope with nulear resonane investigations, in partiular SR-PAC and the NLE. They are byno means more than an estimation! They are based on many approximations, but must ontainsome truth nevertheless, as isotopes already addressed in nulear resonant sattering are foundin the top plaes. The olumn ISR-PAC onerns the feasibility of SR-PAC. It uses a similar



8.3. New M�ossbauer isotopes to be addressed with SR 139evaluation as used in olumn IN-Fluo. However, photons emitted by the nulei after internalonversion proesses are exluded, see hapter 7.1. This implies a multipliation with 1�+1 . Inhapter 7.2, the time spetrum of a deaying ensemble of exited nulei as measured by a SR-PAC experiment has been alulated for nulear transitions of multipolarity 1. Both for randomhyper�ne interations and magnetially aligned samples, the measured intensity ontaining thehyper�ne interation information inluded the fator A22 = A2 �A2, the anisotropy. This fatoran be easily alulated following equation 7.7 and overs values between 0.357 and 0. Takingall fators together, we have: ISR-PAC � �ID18� � e�5 ns�� � 1�+1 � A22 (8.2)For M2 and E2 transitions, further anisotropy terms ontribute, too. Therefore, the limitationto A22 in these ases is risky. In these ases, the obtained value is displayed in grey olourand slanted in the table. The SR-PAC intensity is independent of the Lamb-M�ossbauer fatorand therefore to a large degree temperature independent. Of ourse, SR-PAC investigations areeasier to analyse in the ase of vanishing fLM, whih means sometimes higher temperatures.The last olumn onerns the nulear lighthouse e�et and might give an idea, whih isotopesould be addressed in future. This is the key interest of the table. The value ited is a produt offour fators: The spetral ux �ID18� designates the available ux inident on the sample havingthe right energy. Angular aeptane onsiderations of the high heat load monohromator orabsorbing windows are negleted. A ompound reetive lens might be needed. The followingtwo fators onern the nulear lighthouse e�et in partiular: the signal is proportional �20 �f2LM.The NLE is a oherent sattering proess and quantum beats and dynamial beats have beendisussed in detail in hapter 2. To alulate in detail the time behaviour of this ompliateddeay would have been unfeasible for this table and the many isotopes. A rough approximationof the time integrated intensity seen by the detetor starting 5 ns after exitations is againquanti�ed by the fator e�5ns�� . This learly takes aount of the fat, that the deay of anisotope with a small lifetime will lead to larger losses due to detetor deadtime (due to gatingof the signal) than an isotope with longer lifetime. In the end, one hasÎ NLE100K � �ID18� � �20 � f2LM � e�5 ns�� (8.3)The table is ordered with dereasing Î NLE100K. No surprise, 57Fe is in the top position, followed byall other isotopes employed by nulear resonant spetrosopy with synhrotron radiation (exept40K) and some intrusions: the radioative isotopes 133Ba, 227A, 137La, 134Cs and the short livedisotopes 187Os and 125Te. A detailed disussion about the feasibility of applying the NLE orSR-PAC to investigate a ertain isotope is found in hapter 8.3.8.3 New M�ossbauer isotopes to be addressed with SR8.3.1 NLE isotopesThe last olumn of table 8.2 was obtained using many assumptions, as mentioned already in thepreeding hapter. The point whih is the most problemati is the value of the Lamb-M�ossbauerfator. It depends both on the energy and the Debye temperature and annot be easily splitinto two parts, one ontaining the energy, the other one the Debye temperature. Therefore,the disussion of the isotopes that an be addressed with the NLE will �rst onsider the �nalresult as obtained with the Lamb-M�ossbauer fator of the pure element. However, a few otherisotopes that su�ered a lot from the low Debye temperature or are otherwise noteworthy will beinluded, too.



140 Chapter 8. Nulear resonant sattering with high energy M�ossbauer transitionsIsotopes with transition energies below 30 keV an be perfetly addressed with NFS and NISusing high resolution monohromators. There is prinipally no need to use the NLE there. Inpratie however, there are a few exeptions. The �rst one is the 57Fe transition. As the nulearparameters of 57Fe (see table 8.2) are so favourable for oherent nulear sattering, the NLEpermits with ertain 57Fe samples to work in any �lling modes of the synhrotron, espeially2 � 1�3 or uniform �lling, and this despite the presene of SAXS.The seond exeption are isotopes with very long lifetimes. Although �tting programs likeMotif and CONUSS take the �lling struture of the storage ring into aount, if the lifetime ismuh larger than the SR pulse repetition rate, problems arise. The beat strutures at late timesan be spoilt by the deay of nulei exited by a following bunh. This onerns 181Ta with alifetime of 8728 ns, whih has already been addressed with NFS, and 73Ge with its 13.23 keVtransition and a lifetime of 4260 ns, unused so far. The gap between two �lled bunhes in 16bunh mode is 176 ns and 2816 ns in single bunh mode. SAXS is quite high at low energies, butthe advantage of long lifetimes is the possibility to deviate the delayed quanta via the NLE far o�the beam axis, where SAXS beomes smaller and smaller. The ountrate of a NLE experimentwith the 13.23 keV transition of 73Ge ould be at the lower limit of feasibility. It is muh lowerompared to other M�ossbauer isotopes in this low energy range as a result of its tremendousinternal onversion fator �. The value Î NLE100K of 73Ge alulated aording to equation 8.3 isalready 50 times smaller than the one of 61Ni.The last exeption is due to the simple universal implementation of the NLE as omparedto the onstrution of individual high resolution monohromators for NFS. If no high resolutionmonohromator is yet available for a ertain isotope, the NLE might be used. At ID18, thisonerns 187Os, 169Tm and 83Kras well as the radioative isotopes 133Ba, 134Cs, 137La and 227A.The danger of a rotor breakdown while spinning a radioative sample will be treated later. 187Oswith its low energy and the high Debye temperature and high Lamb-M�ossbauer fator even atroom temperature might be a interesting andidate to be used in a 2.5mm stator/rotor systemthat allows frequenies up to 35 kHz without ooling. This might allow to address more easilythe early times of the deay of this short lived isotope as with the standard NFS experiment.Traditional NFS beomes more ompliated at energies above 30 keV, the reason being theangular aeptane of the Bragg reetions needed for a high resolution monohromator. Thereis the possibility to extend NFS to energies up to say 50 keV using baksattering reetion inthe design of the high resolution monohromator. This needs highly perfet and thik singlerystals of silion, or better sapphire, as it has more possible reetions lose to 90 degrees.The rystals need to be thik, beause the extintion length at high energies beomes more andmore pronouned. This sort of monohromator has reently been applied to 121Sb [Wil04b℄ withits transition at 37.15 keV and worked very well. In the same energy range lies the 35.5 keVtransition of 125Te. Unfortunately, its lifetime is very short, 2.2 ns. Still, the ountrate to beexpeted after 5 ns is even higher than in the ase of 61Ni, whih has suessfully been used withthe NLE. It is therefore a future andidate both for investigations with a baksattering highresolution monohromator as well as the NLE.The next isotopes showing a M�ossbauer transition and a lifetime above 1 ns follow only atabove 57 keV. At these energies, even baksattering monohromators run into diÆulties, as theextintion length inreases and perfet rystals in these dimensions are needed. As an example,using a sapphire (16 31 54) baksattering reetion for the 67.41 keV resonane of 61Ni, a rystalthiker than 4 m would be needed (the extintion length is 3.9 m) and still only reet 4.5 %of the inoming beam [Wil04b℄. The NLE is so far the only method to address these transitions,if we exlude SR-PAC for now. 61Ni was the �rst isotope to be studied in this range.Likewise, 237Np, 189Os, 193Ir and a seond transition in 73Ge have transition energies between



8.3. New M�ossbauer isotopes to be addressed with SR 14155 and 75 keV and follow 61Ni in the plaement of table 8.2. None of these elements has beenused in NRS experiments with SR yet. Espeially the 59.54 keV transition of 237Np is ofinterest. Together wit 227A, they are the only atinides with reasonable nulear parametersallowing for NRS with SR. Atinides and atinide-ompounds are extremely interesting dueto their magneti properties arising from the un�lled 5f eletroni shell. There are severalreent works on M�ossbauer-spetrosopy with the 237Np isotope [Col04, for example℄. Due tothe long lifetime of the exited state, separation from SAXS might be feasible even withouttiming. On the other hand, exploding rotors have to be exluded, as it would be undesirableto have radioative sample parts distributed in the experimental huth after a failure of thestator-rotor system. The halife of the ground state of 237Np is 2:14 � 106 years. 237Np is part ofthe plutonium-neptunium deay hain. For 227A, the halife is only 21.8 years, whih means ahigher radioativity of a omparable amount of sample material and thus make handling moredangerous.The 69.53 keV transition of 189Os and the 68.75 keV transition of 73Ge have not only om-parable energies, but also lifetimes, 2.3 ns and 2.5 ns respetively. Both seem to be reasonablyaessible via the lighthouse e�et, but 16 bunh mode and eletroni gating of the promptSAXS is a must, due to the short lifetimes. Both samples have to be isotopially enrihed. The69.53 keV transition of Osmium is very attrative for investigations of eletri quadrupole andmagneti hyper�ne interations [G�ut78℄. It even gives the advantage to kill K� bakground radi-ation of Osmium with time gating, whih masks the signal in traditional M�ossbauer spetrosopyexperiments.Finally, the 73.04 keV transition of 193Ir might be addressed, having the advantage of a quitelong lifetime of 8.8 ns, a high Debye temperature and high natural abundane. Unfortunately,the maximum resonane ross setion of this transition is quite small.There is a huge number of rare earth M�ossbauer transitions in the range around 80 keV.Unfortunately, although the high interest in these elements onerning magnetism, the expetedsignal after 5 ns is rather poor. The reason lies in the ombination of the short lifetime of theseisotopes, the high energy of the transition and to a lesser extend in the modest Debye tempera-ture of the pure rare earth metals. Compounds with a muh inreased Debye temperature ouldimprove the situation slightly.There are a few more isotopes that ath the eye on �gure 8.1. These are 155Gd, 157Gd,145Nd, 133Cs and 138La. Although the lifetimes are quite high, espeially 157Gd with � = 664ns,they might not be addressable easily with the NLE. The longer the lifetime is, the smaller theresonane width and thus the available ux in this energy width. In none of these isotopes, thissmall spetral ux is ompensated by a high Lamb-M�ossbauer fator. The Debye temperatureis moderate to small, espeially for 133Cs where in the pure state, it is only 33K. A ompoundleading to muh stronger bonds of the element in the lattie and thus a muh higher Debyetemperature might lass these elements higher in the table. But e�orts to use the pure elementin oherent nulear resonant sattering at 100K will be in vain. For lanthanum and aesium,the low energy isotopes seems more aessible. The halifes of these radioative isotopes is 6000years for 137La and two years for 134Cs.8.3.2 SR-PAC isotopesThe analysis of the olumn ISR-PAC is not as ambiguous as the previous disussion, as the Lamb-M�ossbauer fator does not play any role anymore. The maximum resonane ross setion doesnot a play a role neither, if we assume that nulear absorption dominates the eletroni one andif we have a thik enough sample, that all photons with the right energy will �nally interat.



142 Chapter 8. Nulear resonant sattering with high energy M�ossbauer transitionsHowever, high lifetimes and high inoming ux lead again to best onditions for low energytransitions.Among the most favourable isotopes for SR-PAC are 119Sn, 57Fe and 161Dy. These isotopesare regularly and easily addressed with NFS, unless the temperatures are high and the Lamb-M�ossbauer fator vanishes. Then, SR-PAC might extend investigations to higher temperatures.The anisotropy is 0.25 for 57Fe and 119Sn and 0.183 for 161Dy.169Tm and 133Ba should give high SR-PAC ountrates, too. They have not been addressedwith NFS, yet, although 169Tm was used in a NBS experiment. SR-PAC measurements wouldbe easy to realise without needing the oneption of high resolution monohromators (whihshould be easy to implement, though). Their onversion oeÆient is quite unfavourable, so thedetetor should get some proper absorbers to diminish ounts arising from deays via eletrononversion. For the radioative 133Ba, also the radiation following the radioative deay wouldhave to be �ltered. It's halife is 10.5 years. The anisotropy is 0.25 in both ases. 227A willneed �ltering, too. It is also rather promising and has an anisotropy of 0.16.151Eu is the next pratial isotope aording to the SR-PAC olumn of table 8.2. It is againa "standard" NRS isotope, so SR-PAC measurements would fous still at high temperature,probably. The anisotropy is 0.107. 187Os follows. However, its very small lifetime might beproblemati if the expeted modulation frequeny is muh larger. For 61Ni with its lifetime of7.4 ns, the osine like modulation with the period of 47.6 ns ould hardly be seen ompletely.Comparable ountrate as for the 61Ni isotope should ome from SR-PAC investigations with121Sb. The anisotropy is slightly smaller, namely 0.107. The lifetime is smaller, too, and thesame omment to the ase of 187Os apply. Still, 121Sb is not easily addressed with NFS and wasexamined only very reently [Wil04b℄ with a baksattering monohromator.Following the argumentation as above onerning the modulation frequeny ompared to thelifetime, 125Te seems to be out of reah for reasonable appliations, despite the rather high valueobtained in the SR-PAC olumn. Its anisotropy is 0.25.Slightly less ountrates are expeted from 40K and 129I. Both isotopes an still be examinedwith standard methods, see table 8.1. Both isotopes and 134Cs with a similar ountrate areradioative and their deay might lead to an inreased bakground radiation, if no proper �ltersare used. In all ases, the anisotropy is small, e.g. 0.02 for 40K, 0.018 for 129I and a slightly better0.088 for 134Cs. The small anisotropy implies, that there will be a muh higher bakground ofexponentially deaying intensity than in the ase of an isotope with high anisotropy having asimilar value in olumn ISR-PAC. I do not think that this is a problem for the measurement andthe data analysis if the underlying exponential deay is perfet. However, if the Lamb-M�ossbauerfator is not ompletely negligible, the propagation even of a weak delayed wave�eld through thesample might perturb the exponential deay by more than the anisotropy term. This problemis similar for 83Kr and 149Sm with an anisotropy of 0.023 and 0.018, respetively.The two isotopes where SR-PAC will be extremely helpful as ompared to NFS and NIS are237Np and 155Gd. Both isotopes are far above the range of operating high resolution monohro-mators. Magnetism in rare earth elements is very interesting and no gadolinium isotopes areaessible with NRS yet. The internal onversion of 155Gd is very low and the anisotropy high,i.e. 0.14. The lifetime of 9.4 ns should be suÆiently high to observe omplete osillations.Although the transition energy of 86.55 keV is extremely high, the spetral ux within the en-ergeti width of the transition available at ID18 is higher than that for 63.93 keV transition of157Gd, whih seems attrative due to its longer lifetime.For 237Np, the internal onversion is very low and the anisotropy high, i.e. 0.183. Thelifetime of 237Np is a omfortable 96.7 ns. The radioative bakground needs to be �ltered anda threshold on the detetor signal might have to be applied. Using the method of SR-PAC on



8.3. New M�ossbauer isotopes to be addressed with SR 143237Np instead of the NLE avoids all seurity issues onerning the possibility of an explodingrotor due to a gas bearing failure.





Chapter 9Conlusions and outlookNulear lighthouse measurements with 61NiFor the �rst time, oherent nulear resonant sattering with synhrotron radiation was appliedto energies well above the 10 to 30 keV region. The only method apable of doing this at presentis the nulear lighthouse e�et (NLE). Using this method, we have performed the �rst oherentnulear resonant sattering from the 67.41 keV level of 61Ni. A magneti hyper�ne �eld of6.7(2) T at 180K was found.Traditional M�ossbauer spetrosopy with 61Ni is very muh hampered by the short lifetimesof the radioative mother isotopes 61Co and 61Cu, i.e. 99 and 100 minutes, respetively. Fastdetetors and time disriminating eletronis alone in standard NFS geometry without a viablehigh resolution monohromator fails. The prompt ash of non-interating photons hitting thedetetor is too intense to detet the smaller nulear resonant signal shortly afterwards. EvenBragg-baksattering monohromators are not available for the 61Ni resonane yet and further-more seem diÆult to realise. Thanks to the NLE, the prompt undeviated beam and the delayednulear signal are separated in spae.As the Lamb-M�ossbauer fator for M�ossbauer isotopes having a high transition energy isvery small at room temperature, the ooling of the sample is a must. A ooling sheme forthe rotor/stator system has been developed, tested and improved. The ooling is realised bya stream of old gas owing towards the rotor's entre. This sheme performs down to 90K.However, rotor instabilities might be important at temperatures below 150K. In hanging theooling, bearing and aeleration gases to helium, stability problems due to possible liquidnitrogen droplets an be ruled out. Then, an operation at temperatures down to 20K might beenvisaged.The major obstale for a general appliation of the NLE to a large variety of M�ossbauerisotopes, whatever their transition energy is, is small angle X-ray sattering (SAXS). SAXSovers the same angular range as the deviated NLE signal. In the ase of 61Ni, it was neessaryto use 16 bunh mode, fast detetors and timing eletronis to distinguish between the promptSAXS ontribution and the delayed nulear part and to obtain a reasonable time spetrum.However, also without timing eletronis, the nulear distribution hidden under the strong SAXSbakground was identi�ed irrevoably.To inrease the signal-to-noise ratio, several improvements are possible. First, a ollimatingompound refrative lens (CRL) [Len99℄ an inrease the ountrate by a fator of 10: Thevertial divergene of the photons from the undulator is �=12�rad FWHM. It an be dereasedby a 80-hole paraboli aluminium CRL to ��=0.9�rad whih mathes the aeptane of a 1Æasymmetrially ut Si (3 3 3) reetion. Seond, a further improvement of the ooling sheme145



146 Chapter 9. Conlusions and outlookto reah standard operation at 100K without rotor stability problems seems reahable. Thelateral rotor movement or a preession of the rotor an be disregarded, if only 1/3 irumferenesample foils are used, as the beam passes the sample only one. Lower temperatures inreasetremendously the Lamb-M�ossbauer fator and operation at 100K will give about another fatorof 10 higher NLE signal. If the stability problems are solved, the use of single-rystalline sapphirerotors would be bene�ial in dereasing both the SAXS signal and the absorption of 70% of67.41 keV photons as ompared to the ZrO2 rotor used here. Rotational frequenies an stillinrease to 12 kHz, allowing both to reah earlier deay times and a lower SAXS bakground ata �xed time. Finally, although linear detetors with high eÆieny at these energies are missing,detetor improvements an give at least a fator of 2, e.g. with two sets of detetors that sanhalf of the angular range simultaneously. Muh higher eÆieny would be obtained by an arrayas desribed in hapter 4.5.4.The NLE experiment presented here opens a new �eld for hyper�ne spetrosopy at hightransition energies. The method of the nulear lighthouse e�et is extended to lower temperatureonditions and might be applied to temperature dependent phase transitions in future.Nulear lighthouse measurements on rotating surfaesWhile elaborating a new ooling sheme for NLE measurements in transmission geometry, ool-ing of a sample at the top of a rotor was examined. From there, it was only one step to developgrazing inidene NLE measurements on rotating surfaes. We examined 57Fe ontaining layersystems sputtered onto polished rotor top surfaes. This was the �rst use of the nulear light-house e�et in grazing inidene geometry.Very important for these measurements is the stability of the rotor's surfae normal duringoperation. A tilting of the rotor surfae with respet to its rotation axis or a preession ofthe rotor in the stator have to ful�l severe limitations. The SAXS originating from the surfaeroughness is muh higher than was hoped and implies that NLE in grazing inidene needs fasttiming eletronis and timing mode operation of the synhrotron. The beamline layout withindividual huthes and shutter between them is very limiting for �-2� reetivity sans. Beampipes to derease SAXS from air between the surfae and the detetor limit the beam pathfurther, the larger � is. This implies a slow speed, whih does not favour the time resolution orthe SAXS bakground level. However, the used 7mm large rotor/stator system does prinipallynot allow for a muh faster rotation. There is still a long way to follow before this method ouldbe an alternative to standard grazing inidene measurements on M�ossbauer isotope ontaininglayer systems.SR-PAC investigations of 61NiFor high transition energies as is the ase of 61Ni, the Lamb-M�ossbauer fator is omparablysmall. Inoherent synhrotron radiation based perturbed angular orrelation does not depend onthis fator and proved to be a valuable alternative for the study of hyper�ne interations. Firstresults with 61Ni were obtained. The temperature range useful for SR-PAC is muh larger thanfor the NLE, espeially to higher temperatures. The simpliity of the SR-PAC setup enouragesto address other isotopes in the future, see below. However, SR-PAC with 61Ni pro�ts from ahigh anisotropy A22 = 0:14. The lifetime of the 67.41 keV level of 61Ni is just large enough toobserve a full osillation generated by the magneti hyper�ne �eld of approximately 7.18T atroom temperature. Although hyper�ne �eld as obtained by NLE and SR-PAC di�er, they arestill in fair agreement with NMR results. The error is less than 10%.



147New isotopes with NLE and SR-PACAs was mentioned in hapter 8.3, traditional nulear forward sattering o�ers the great advan-tage of an unlimited sample environment, e.g. possibilities to apply high pressures or tempera-tures down to 4K. If high resolution monohromators are pratiable for the desired isotope'stransition energy, one would in general not use the nulear lighthouse e�et. This is not thease for isotopes showing a high transition energy. Above 50 keV, even Bragg-baksatteringmonohromators seem to be severely limited. Then, the NLE or SR-PAC are the only options.First appliations were presented in this thesis on the 67.41 keV transition of 61Ni. In future,other isotopes in this energy region ould be addressed as well, espeially 237Np (59.54 keV and�=97 ns), 193Ir (73.04 keV, �=8.8 ns), but also 189Os (69.53 keV, �=2.3 ns) and 73Ge (68.75 keV,�=2.5 ns) with NLE experiments. The approah with the NLE is more general, as it an beapplied easily to transitions of multipolarity one and two. M2 and E2 transitions an not beanalysed with the present SR-PAC theory, yet. The anisotropy term for SR-PAC experiments isvery small if the exited state is of smaller spin than the ground state and is even zero if Ie = 12 ,like for 193Ir. The NLE does not depend that muh on these spin onsiderations. Isotopes whereSR-PAC is the preferable method as ompared to NLE and NFS are 237Np and 155Gd, bothhaving transitions well above of urrent high resolution monohromators. The problem of aradioative soure that might explode in a rotor aident an be avoided here, but are has tobe taken whether the radioative bakground lose to the detetor an be �ltered out or not.Further future appliations of the NLEApart from hyper�ne spetrosopi studies on M�ossbauer isotopes with high transition energiesor other partiularities, two further appliations of the NLE have been proposed: The �rstone dates bak to the "roots" of the NLE and onsiders �eV-resolution inelasti sattering[R�oh97, R�oh99, R�oh00a, Bur00℄. At a ertain angle � of the nulear radiation deviated by thelighthouse, a slit system �lters out a small part of the beam, having �eV bandwidth that anbe tuned in energy over a range of several meV. This was disussed in hapter 2.6.3. Finally,the NLE has been proposed for the use in an experiment to distinguish between ovariant ethertheories and speial relativity [Kho04℄. In the desired experiment, two samples would be plaedat di�erent radii in a rotor and turned at high frequenies. As eah sample travels at a di�erentspeed relative to an arbitrary referene frame (speial relativity) or the distinguished refereneframe (ether theory), interferene e�ets between the two sample part arise and prinipally anlead to a distintion between the two theories. For both of these appliations SAXS suppressionis very ruial. A speial slit system and foussing of the beam to �m size has been proposed inorder to redue it [R�oh04a, page 279℄. Nevertheless, ountrates need to be improved, possiblywith 4th generation soures, espeially for the experiment as desribed by [Kho04℄.
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