
HAL Id: tel-00207457
https://theses.hal.science/tel-00207457v2
Submitted on 26 Dec 2008 (v2), last revised 30 Aug 2009 (v3)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Electromagnetic field analysis in coils, used for high-field
NMR experiments in HR-MAS probes.

Baudouin Dillmann

To cite this version:
Baudouin Dillmann. Electromagnetic field analysis in coils, used for high-field NMR experiments in
HR-MAS probes.. Electromagnetism. Université Louis Pasteur - Strasbourg I, 2007. English. �NNT :
�. �tel-00207457v2�

https://theses.hal.science/tel-00207457v2
https://hal.archives-ouvertes.fr
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Analyse du champ électromagnétique,

dans les bobines des sondes de

HR-MAS utilisées pour la RMN à
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Introdution généraleLa résonane magnétique nuléaire (RMN) est une tehnique d'analyse puissante d'unetrès grande polyvalene. Peu de spetrosopies peuvent en e�et se prévaloir d'une gammeaussi rihe d'appliations. De l'imagerie médiale à l'analyse physio-himique, le matérielétudié peut aller des gaz aux métaux, en passant par les polymères, les peptides en solutionou dans leur milieu membranaire. Ils peuvent être aussi des amalgames omplexes telsque les tissus et ellules. Dans e as, le mélange de petites moléules dans une matrieanisotrope exige une tehnique très partiulière : la rotation à l'angle magique (MAS),a�n d'obtenir un spetre de haute-résolution (HR-MAS). C'est grâe à une approheéletromagnétique et quantique que peut s'établir une ompréhension approfondie de lanature du signal reueilli. L'expériene de RMN, en e�et, néessite la mise en oeuvre dedeux hamps magnétiques : le hamp statique Bo qui peut être réé par des bobines supra-ondutries, et un hamp radio-fréquene (RF) appelé B1, de moindre intensité, qui estréé par la bobine dans la sonde de RMN (un exemple d'un tel iruit est donné par [154℄).Le hamp B1 irradie le volume de l'éhantillon soumis à Bo et permet les transitions derééquilibrage des moments inétiques nuléaires, peuplant les états d'énergie quantiquedu spin observé. En général et idéalement, les bobines de RMN se doivent de satisfairesimultanément les onditions suivantes portant sur B1 :(i) Produire un maximum de hamp RF dans une orientation qui est perpendiulaire auhamp statique (Bo).(ii) Produire une distribution de hamp aussi homogène que possible dans des éhan-tillons qui peuvent être de nature très di�érente.(iii) Atténuer autant que faire se peut les omposantes du hamp életrique indissoiabledu hampB1 à l'intérieur du volume oupé par l'éhantillon et ainsi réduire le risqued'éhau�ement provoqué par la dispersion dans les milieux polarisés.C'est pour ela qu'après une brève introdution de notre appliation spéi�que de laRMN (partie I) nous aborderons ertains onepts issus de la théorie lassique de l'éle-tromagnétisme (partie II) qui nous semblent néessaires a�n de mieux dérire l'impat del'inhomogénéité du hamp B1 sur le signal RMN (partie III). Ensuite nous avons examinéix



Introdution généraleles e�ets d'éhaufement qui s'opposent a la réiproité et peuvent ompromettre des ex-perienes de RMN (partie IV). Finallement (partie V) nous introduirons un résonateurinnovant qui ameillore l'homogénéité du hamp B1 et reduit le hamp életrique E1.***Notre intérêt pour la artographie du hamp RF dans les bobines des sondes HR-MASa ommené en 2001, à partir de résultats surprenants obtenus après appliation d'uneséquene dite TOCSY ouramment utilisée sur une série d'éhantillons étudiés par HR-MAS. En e�et, une même séquene donne un signal d'intensité amoindrie et de phasedéalée à ertaines fréquenes de rotation méanique bien préises et toujours en relationave l'intensité du hamp magnétique B1 [48℄. Après une étude approfondie mêlant uneonnaissane de la distribution de hamp magnétique et une desription de l'évolutionde la Matrie Densité (équation de Liouville-von Neumann), il s'est avéré que l'originedu problème est l'interférene entre l'évolution spatiale d'un noyau de spin 1/2 dansson mouvement de rotation à l'intérieur de la bobine, et la séquene d'impulsions elle-même. Par ailleurs le même type d'observation fut reproduite en hangeant les onditionsexpérimentales, omme par exemple :(i) le type de séquene TOCSY d'abord, puis de type COSY (90o
x-délai-90o

−x-aquisition),ensuite. Plus tard e type de phénomène fut aussi observé dans le as d'une expé-riene de nutation, telle qu'elle peut être utilisée dans presque tous les laboratoirespour évaluer l'amplitude et l'homogénéité du hamp RF ;(ii) des éhantillons de nature di�érente furent utilisés, aussi bien solides que liquides.Ce même e�et est reprodutible à partir du moment ou les noyaux se déplaent àla même vitesse angulaire autour du entre de la bobine ;(iii) en�n di�érentes variantes de bobines RF furent utilisées pour s'a�ranhir d'unartéfat qui serait propre à un solénoïde partiulier.Ainsi une généralisation à toutes les bobines de géométrie hélioïdale fut possible. Il aété établi, qu'au ours de sa période de révolution à l'intérieur du rotor, l'éhantillon estamené dans des régions de hamps B1 distints, du fait de la distribution inhomogène deelui-i dans le plan transverse. En e�et, par dé�nition geométrique, une hélie ne pos-sède pas d'axe de symétrie autour duquel le hamp serait identique. Cette inhomogénéité`périodique' donne lieu à une modulation dans l'évolution de l'observable qui dérit lavaleur moyenne de l'aimantation, telle qu'elle est détetée par RMN. Des aluls baséssur la résolution de l'équation maîtresse de l'évolution de l'opérateur densité ont permisde reproduire les résultats observés expérimentalement.x



Dans la troisième partie es reherhes sont menées de l'avant en introduisant unedesription simpli�ée du hamp radial appliable à toute bobine de géométrie hélioïdale,dans un iruit bien équilibré. Ces modèles de distribution du hamp B1 ont été validéspar la résolution aussi bien analytique que numérique des équations de Maxwell à la foispour des bobines régulières, des solénoïdes à pas progressif et des bobines enroulées àpartir d'une spirale. Il est important de signaler qu'auune expliation satisfaisante dupoint de vue de l'életromagnétisme n'avait été proposée. Depuis, des e�ets semblablesont été rapportés par d'autres équipes.En RMN l'impat de la omposante életrique du hamp RF (E1) sur les éhantillonsdispersifs, est partiulièrement interessante à haute-fréquene. Il y a au moins quatre e�etsobservables qui sont ausés par la ondutivité de l'éhantillon :(i) elui-i représente l'introdution d'un élément dispersif dans le shéma életrique dela sonde. Il en résulte don une grande in�uene sur la fréquene de résonane, elle-i étant fortement dealée vers le bas par l'introdution d'un rotor ontenant un teléhantillon. Celui-i est l'élément le plus fortement ouplé au hamp életrique dela bobine. La onséquene de e premier e�et est que, pour une bobine lassique,il onvient d'élargir vers le haut la gamme d'aord pour toutes les voies d'unesonde (la voie 1H en partiulier), pour leur permettre de `rattraper' la perturbationproduite par ette in�uene du hamp életrique sur l'éhantillon ;(ii) la présene d'un milieu dispersifs dégrade fortement le fateur de qualité (Q) des voiesd'irradiation et par onséquent dégrade aussi la sensibilité de la mesure, quanti�ableen termes de rapport signal-sur-bruit ;(iii) si des éhantillons dispersifs sont introduits dans un hamp RF, le pro�l de ladistribution de elui-i sera sensiblement modi�é, et ela en ontribuant à augmenterles e�ets produits par l'inhomogénéité B1 ;(iv) les pertes dont l'origine est la polarisabilité de l'éhantillon, se traduisent toujours endissipation énergétique par e�et joule, et don par un éhau�ement de l'éhantillononduisant rapidement à sa dénaturation.L'établissement de et e�et indésirable au hamp életrique pour un éhantillon visqueuxa pu être observé diretement par RMN dans une expériene dérite sur des Bielles [36℄.Ce problème, qui a été pris en ompte dès les débuts de la RMN, a onnu réemmentun regain d'intérêt, en partiulier dans les appliations biologiques. L'étude des Biopsiesà haut-hamp (dès 500MHz) est onfronté à des élévations de température qui ne sontpas enore maîtrisées. La quatrième partie introduit don quelques-uns des méanismesd'éhau�ement, que e soit à ause de la vitesse de rotation, ave propagation de la haleurxi



Introdution généralepar onvetion, ou par irradiation à ause du hamp E1.Ainsi, les e�orts faits pour trouver une bobine à faible inhomogénéité B1 et don auhamp E1 réduit se trouvent justi�és par l'étude de l'impat d'une élévation de la tem-pérature sur l'éhantillon. C'est pourquoi, dans ette dernière partie de notre étude, estintroduit un nouveau type de bobine hélioïdale appelée Z-Coil ([152℄). Ce résonateur faitpartie de la famille des hélies. Il peut se substituer au solénoïde dans le même iruitd'aord. Pour éloigner le hamp életrique du entre de l'éhantillon, l'usage de spiralesqui ontiennent elui-là dans le plan radial, est tout à fait adapté. Au entre, un ylindrefendu aumule le hamp magnétique alors plus homogène et réduit l'éhau�ement deséhantillons onduteurs ; en�n es propriétés remarquables seront présentées dans la in-quième partie, grâe à une étude omparative realisée sur plusieurs bobines dans un mêmeiruit. ***Cette thèse, qui a débutée par une problématique liée à l'inhomogeneité du hampmagnétique, se onlu sur l'invention d'un résonateur à faible hamp életrique. En her-hant à omprendre le pro�l du hamp B1 nous en sommes venus à essayer de trouverun résonateur qui diminuerait l'inhomogeneité transversale. L'intérêt d'un tel e�ort à été,�nalement, de pouvoir ainsi obtenir une rédution du hamp életrique à l'intérieur duvolume oupé par l'éhantillon. Mais ette démarhe prouve aussi que, dans une ondeéletromagnétique, les omposantes életriques et magnétiques ne sont pas indépendantesles unes des autres. D'une part elles sont gérés par les équations de Maxwell ; d'autre part,la géométrie de la bobine ou du résonateur, ainsi que le iruit et le positionnement del'éhantillon (sa loalisation et son extension dans la bobine) sont autant de `onditionsaux limites' dont il faut prêter attention. Dans la dernière partie l'étude détaillée d'un ré-sonateur à faible hamp életrique montre que, le fait d'aller vers une symétrie du hampéletromagnétique est une ondition néessaire pour réduire l'éhau�ement. En poussante raisonnement jusqu'au bout, on pourrait dire qu'un résonateur dont l'axe prinipalserait aussi axe de symétrie (omme par exemple un ylindre fermé), ne donnerait ertesplus de hamp életrique, mais malheureusement il ne pourrait pas non plus fournir deomposante magnétique B1. On omprend e ompromis qui est fondé sur la premièreéquation de Maxwell (Maxwell-Ampère) et qui peut se formuler de la façon suivante :toute amélioration de l'homogénéité spatiale du hamp magnétique RF dans le volume del'éhantillon implique une diminution de la quantité d'énergie életrique aumulée danselui-i.
xii



Part IHardware aspets of the HighResolution Magi Angle SpinningSpetrosopy : oils and rotors

1





1General priniples of HR-MASexperimentsHR-MAS experiments are usually performed on standard liquid-state NMR spetro-meters equipped with a dediated HR-MAS probe that allows to spin the sample at themagi angle. Likewise, the gradient oil generates a gradient �eld strength similar to whatis found on a liquid state probe (ie. 50G.cm−1). HR-MAS probes are not designed to runross-polarization, nonwithstanding ertain CP-MAS probes an be employed to performHR-MAS-like experiments. The shape of the sample and the sample ontainer itself (MASrotor) are designed to minimize the e�et of the di�erent soures of Bo �eld inhomogenei-ties in order to obtain an intrinsi linewidth similar to the one obtained on standard liquidhigh resolution probes. In the following setions, some general onsiderations onerningthe design of HR-MAS probes will be presented starting from the most important : theRF oil.1.1 RF Solenoidal oilsHelies and solenoids are synonyms for a passive struture ommonly employed ineletronis alled "indutanes" : two-port elements with positive imaginary omplex im-pedane. Indutors �nd their plae together with apaitors in any osillating iruit foranalog eletri designs. These strutures, exhibiting a partiular symmetry, are used asdelay lines in travelling wave tubes [129℄ or as �lters [144℄ for radio-frequeny eletronisappliations. As a mere example, they are present in nowadays mobile phone tehnologies,as antenna omponents. A signi�ant number of publiations exist for the various modelsand �elds of appliations for solenoidal oil strutures. For the early work the reader isreferred to the review of referene [121℄, while some of the more reent researh literaturerelevant for magneti resonane an be found in referene [49℄.3



Chapitre 1. General priniples of HR-MAS experimentsThe use of indutors is the most ommon way of generating magneti �elds, as theyallow maximum urrent density. Solenoidal oils have been used to generate the radio-frequeny �eld B1 sine the beginning of NMR in the late 1940's. It is reported in theexperiments of Purell and Torrey (see the review of Soutif and Gabillard [5℄) that 1 mi-rohenry indutors were used to produe a RF �eld at 30 MHz for 1H resonane frequeny.Nowadays only a few tens of a nanohenry are required to generate �elds at 900 MHz. Thepriniple of reiproity, formulated for NMR by Hoult [74℄, was presented �rst by the useof solenoidal oils. It was shown that, in priniple, suh oils possess a performane signi-�antly higher than Helmholtz oils (saddle oils) in terms of ahievable signal-to-noiseratio, provided that the same ylindrial dimensions are applied. In the 1970's, the de-velopment of ross polarization, magi angle spinning and proton high-power deouplingtehniques led to the development of multi-tuned single-oil NMR probes for solid-stateNMR. Double-resonane MAS probes and probes suitable for 1H CRAMPS experimentsemerged, homebuilt as well as ommerially available, and beame a standard instrumen-tation in solid-state NMR spetrosopy [27, 131, 55, 107, 106, 101, 9, 59℄. It was not untilthe end of the 1980's with the invention of REDOR tehniques [67, 69℄, that the neessityarose to have aess to single-oil triple-resonane MAS probes - and here, again, the ver-satility of solenoidal oils represented an obvious and e�ient tehnial solution for thesesolid-state NMR MAS probes. An alternative idea to �nd a tehnially e�ient solutionto ful�ll the di�erent requirements for iruits and oils for widely di�ering frequenies(e.g., for 1H and 13C) was pursued by Doty [42, 44℄. He departed from the strategy of amultiply tuned single oil and used instead a dediated resonator struture for the high-frequeny hannel and a solenoidal oil for the low frequenies in his HR-MAS probe.Sine the 1980's RF homogeneity of oils was given inreased attention. One approahto inrease the RF homogeneity of the solenoidal oil was to vary the pith angle of thesolenoidal windings or the width of the oil wire [76, 133, 115℄. Leifer [89℄ proposed aninverse strategy to optimize homogeneity of the RF �eld in 6 and 10 turn oils with dia-meters larger than 10 mm operating at frequenies of 85 and 21 MHz, respetively. Byusing Chebyshev polynomials to desribe the �eld, he uses an inverse tehnique proposedby Turner [138℄ to derive the urrent distribution that generates the desired �eld and,in turn, from the urrent distribution the positioning of the nonequidistant windings anbe derived. Sun and Maiel [133℄ have proposed and built an RF oil for MAS probeswhere the plane of eah oil turn is tilted suh that the amplitude of the transverse RF�eld is inreased while the oil axis is oriented at the magi angle. They laimed, thatfor suh a oil the signal-to-noise ratio ould be improved by 17% ompared to a stan-dard solenoidal oil oriented along the MAS axis. Apart from the detailed oil geometry,4



1.1. RF Solenoidal oilseletrial balane of the oil is another important point to ahieve good homogeneity ofthe RF magneti �eld inside the oil, high sensitivity of the probe iruits as well as aminimum oupling of eletri �elds to the sample dieletri. Eletrial balane means,that at a given frequeny the two ports of a solenoidal oil are onneted to a iruit thatprovides equal omplex impedane to eah port suh that the re�etion fators on bothports are equal to eah other and a symmetri standing wave appears with the osillatingmaximum RF magneti �eld in the oil enter. In early spetrometer designs, where thetransmitter and/or preampli�er were usually integrated muh loser to the osillator ir-uit that made up the probe, symmetri operation of both was muh more ommon (see,e.g., [103, 28, 21℄). In order to redue losses in biologial samples having relatively highondutivity aused by the presene of the RF eletri �eld of oils implanted in biologialtissues, Murphy-Boesh and Koretzky [108℄ apply symmetrization or balaning of the oilusing additional apaitors in a single-resonane iruit. As a result they demonstrate asigni�antly inreased Q fator of the probe iruit and a drasti inrease of signal-to-noiseratio of 31P spetra at 97 MHz. Deorps et al. [31℄ have shown that well balaned iruitsan be ahieved as well by indutive oupling of the NMR oil to the RF iruit. The keypoint for these two appliations is that balaning leads to a minimization of the eletriRF �elds inside the oil and therefore dieletri and ondutive losses appearing in theNMR sample an be aleviated. Another ase where a balaned iruit is advantageous iswhen the NMR oil has to be mathed to the transmission line onneting the oil to aliquid nitrogen ooled preampli�er. This set-up was studied by Conradi and Edwards [22℄in their low-temperature probe with the goal to minimize Johnson noise originating fromline losses. Finally, as mentioned above, a balaned oil possesses a well de�ned loationwhere the eletrial �eld is minimum and the voltage to ground is equal to zero. This oldpoint an be used to tap the oil, for example, with a shield whose purpose is to removestray �elds from the oil [32℄. Solenoidal oils have been used as RF oils in NMR probesdediated for small samples with volumina in the range of a few miroliters and for sub-miroliter samples as well [145, 104, 105℄. The main advantage of these miro-solenoidaloils with sub-mm diameters is that they provide high �lling fators and therefore allow arelatively high signal-to-noise ratio per volume unit for small NMR samples. A ommonharateristi for solenoidal oils of sub-mm diameter for miroliter samples as well asfor solenoidal oils in the mm range of diameter applied as RF oils in HR-MAS probesonsists in the fat that their presene leads to a perturbation of the homogeneous stati�eld, sine (a) usually the magneti suseptibility of the oil materials is di�erent from themagneti suseptibility of their environment and (b) these oils do not represent ylinderswith homogeneous walls and are not aligned with their main axis along. Tehnial solu-5



Chapitre 1. General priniples of HR-MAS experimentstions to minimize the resulting �eld distortions will be disussed in the following setions,but before we will fous on the sample inside the rotor.1.2 The sample ontainer : The 4 mm rotorThe rotor is an essential omponent of the hardware used to run HR-MAS experiments.Due to the strong entrifugal fores that exert themselves on the walls of the rotor at highspinning speeds, the rotor has to be extremely resistant. For that reason the materialof hoie is usually ZrO2 eramis. In order to optimize the sensitivity of the probe, therotor an be designed with an inner volume that mathes the detetion volume of thesolenoidal oil. This experimental set-up allows to detet all the material ontained inthe rotor. The signal to noise ratio also (SNR) will depend on the amount of materialinvolved. Good sample positionning in the rotor is an important pre-requisite for (1)olleting the best homogeneous magneti �eld, (2) avoiding air-bubbles that would spoilthe mehanial equilibrium 1 and �nally (3) preventing part of the sample to be denaturedthrough heating produed by eletri �elds at the ends of the oil.
Fig. 1.1 � Desription of the di�erent parts required to pak the sample in a 4 mm Rotorused for HR-MAS experiments. Bottom Spaer (1), Upper Spaer (2), Grub srew (3) andRotor Cap (4) are engineered to redue the perturbation of both Bo and B1 �eld. Thesample remains the most ritial part.At the time beeing HR-MAS rotors (both 12 µl and50 µl) do not have a bottom spaer but a massive ZrO2 bottom. See Fig. 1.3.Sine the detetion volume is unfortunately smaller than the total volume of the rotor,sample restrition is required de fato [16℄. To know the position of the samples and theirvolumes, is a prerequisite for a good HR-MAS experiment.The Fig.1.2 shows a rotor for 4 mm stators, used for samples with up to 50 µl volume.The left side denotes the bottom of the rotor and the right side represents the top wherethe sample is to be inserted, followed by a Te�on plug to restrit the sample volume. Theaxial extend of the oil is refered from the bottom part at the left side. This has beenmeasured in the ase of a 5-turns oil, made out of �at wire, at the upper part of the oil,1Piotto and al. [112℄ have learly shown that the resolution of the HR-MAS spetrum is not a�etedby the air bubbles present in the sample6



1.3. Marosopi suseptibility di�erenes
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Fig. 1.2 � Rotor 4 mm positioned in a oil holder, used in this work.opposed to the oil leads. There is a mark in red to signalize the middle of any 4 mm oilfrom the bottom of the rotor. The 2 mm height, represented at the right end, orrespondsto the absolute minimum volume that must be keept free in order to allow the insertionof the ap(3 mm are required for safety in Fig. 1.3). The ilindrial rotor and the oilaround him are positionned as desribed by Fig. 1.5.Two di�erent types of inserts are often employed, we present here two : a 50 µl that�ts the detetion volume of the oil (Fig.1.2 without the upper Te�on plug) and a 12 µlspherial sample that allows to position a smaller quantity at the magneti enter of theoil (9.5 mm from the bottom). The inserts for 15 µl were originaly made out of te�on asshown in Fig.1.1, with the disagreement of sari�ing the bottom plug eah time. This hashanged sine, the new 4 mm rotors are of di�erent types as presented in Fig. 1.3, andthe bottom is �lled up with Zr02 with a better mehanial and eletromagneti behavior.The inner sample an oupy a diameter of maximum 3 mm in these on�gurations, otherrotors an be provided with thiker walls in order to redue the entrifugal fore, in suhase the sample is restrited in the radial dimension (2 mm).In the following two setions we will see that the magneti perturbation a�eting theultimate resolution of a HR-MAS spetra an be divided in two di�erent ategories :perturbations external to the rotor system (marosopi) and perturbations originatingfrom the rotor system (mirosopi). The main di�erenes between these two soures ofperturbation is that the former is not modulated by MAS while the later is averaged outto zero by MAS.1.3 Marosopi suseptibility di�erenesThe experimental set-up of a MAS experiment onsists of a sample in a erami rotorplaed inside a solenoid oil. The solenoid itself is embedded inside a erami stator.Plaed in the stati magneti �eld Bo the oil assembly is unfortunately not transparent7



Chapitre 1. General priniples of HR-MAS experiments
 

 

Fig. 1.3 � Rotor 4 mm used for HR-MAS experiments, and inserts employed for anellipsoidal sample.to the magneti �ux lines. The magneti �eld disontinuities present at the surfae of thedi�erent parts of the MAS set-up may result in a severe line broadening of the spetra. Inorder to alleviate this problem, the following strategy is employed : First, the magnetisuseptibility (χm de�ned in the next hapter by Eq. 2.10) jumps are redued duringprobe onstrution by suseptibility ompensation or by suseptibility mathing of thedi�erent elements of the probe. Seondly, the residual weak magneti suseptibility jumpsare shimmed out using dediated shim oils.1.3.1 Suseptibility ompensationThe material in HR probes should not exeed 3 ppm in suseptibility when disposedlose to the samples [41℄. Sine the oil wires are less that 0.5 mm far from the rotorwall, suseptibility ompensation is required. This tehnique onsists of adapting the oilsuseptibility to the loal environment in order to anel the disontinuity of the magnetipermeability. The most popular material used to produe NMR oils is the opper-ladbased wire2 [42℄, eventually platted with a golden alloy to inrease the ondutivity andompensate the weak suseptibility of the opper. The quality of this tehnique an be2Copper has a magneti suseptibility χm of -9.6 ppm, we refer to the tables given by Doty for di�erentompounds suh as metals, dieletris and solvents8



1.3. Marosopi suseptibility di�erenesevaluated by the half line width of the 13C in adamantane samples whih should notexeed 5 Hz. Surfae oating is intended to allow suseptibility ompensation. Zelaya'sexperimental artile [155℄ on Rh-plated opper ylinders proves, experimentally and theo-retially, that for a de�ned oating surfae the additional magnetization introdued bythe opper is totally ompensated adding a ertain layer of rhodium.1.3.2 Suseptibility mathingAording to eletromagneti �eld theory [145, 155℄, a perfetly uniform and in�nitelylong hollow ylinder arranged perpendiular to a stati magneti �eld will give a perfetlyuniform, albeit redued in magnitude, magneti �eld inside the ylinder. Compensationor mathing tehniques make it possible to neglet the demagnetization �eld produed inthe oil due to suseptibility jumps. The ase of MAS requires to onsider �nite lengthfor the rotors and Barbara [8℄ has proved that the modulation of the demagnetization�elds, perturbing the Bo homogeneity, is around 5 times greater at the rotors edges thanat the enter of the rotor. Through graphial representation of the magneti �elds linesobtained by numerially solving the Laplae equation of the magneti salar potential[78℄, Kuhel et al. [84℄ shows that the best suited geometries are in�nitely long ylindersaligned parallel to the magneti �eld Bo. In the pratie of HRNMR mathing plugs areused to enlarge the apparent longitudinal dimension of a sample (Shigemi and Doty arereferenes among others for these produts). Kubo et al. [83℄ have proved that the shapeof the sample, has a diret in�uene on the number of sidebands in NMR : a prolate likesample within a length to diameter ratio of 12 : 1 will show almost no side bands, andsame rotation frequeny an oblate like sample with geometri ratio equal to 0.8 : 1 willexhibit almost 20 satellites.1.3.3 Shimming gradientsProper shimming will redue the disontinuities produed by the presene of any bodyin the viinity of the rotor. Shimming a sample spinning at the magi angle requires toreate gradients in the tilted frame along the MAS axis [50℄. The standard shim systemfound on most high resolution NMR instruments an be used to orret the shims of aHR-MAS probe along the MAS axis to third order [128℄. For a HR-MAS probe with astator along the x axis, the zonal shims along the MAS axis BMAS
Z1 , BMAS

Z2 and BMAS
Z3 arerelated to the laboratory frame shims by the following relations : 9



Chapitre 1. General priniples of HR-MAS experiments

Fig. 1.4 � 13C resolution and lineshape of a 31.8 mg sample of adamantane. Spinning speedat 5 kHz. 13C RF �eld amplitude during CP of 83 kHz, is followed by a 1H deoupling at
∼30 kHz during 800 ms. The probe used was a 900 MHz H/C/N SB BL3.2 with a Maorstator. Linewidth at 50% : less than 2.0 Hz ; at 10% : less than 8 Hz ; at 5%, 13 Hz.

BMAS
Z1 =

1√
3
BLAB

Z1 −
√

2

3
BLAB

X

BMAS
Z2 = BLAB

(X2−Y 2) − 2
√

2BLAB
ZX

BMAS
Z3 = − 2

3
√

3
BLAB

Z3 − 1√
6
BLAB

Z2X +
5√
3
BLAB

Z(X2−Y 2) −
5

3
√

6
BLAB

X3 (1.1)The set of shims desribed in Eq.1.1 is su�ient to shim a well designed HR-MASprobe [112℄.Here we present a good shimming setup that an be obtained from the 13C signal ofadamantane. This tehnique is in priniple far better than using the lok of deuteratedwater, due to the strong thermal gradients present during the mehanial rotation. The�gure 1.4, obtained at 900 MHz shows two di�erent arbon peaks, present in adamantane,and the orresponding satellites. The salar oupling of two adjaent Carbons 13C (1% innatural abundane) an be observed after 16 sans (J ∼ 30Hz). Bakground signals from10



1.4. Mirosopi suseptibility di�erenes under MASthe probe iruit itself are avoided 3. As presented by Fig.1.4, spinning at the magi angleis of primary importane for the averaging of mirosopi inhomogeneites.1.4 Mirosopi suseptibility di�erenes under MAS1.4.1 General onsiderations on the averaging on magneti sus-eptibilities di�erenes under MASAs it was mentioned in the introdution, the averaging of magneti suseptibilitydi�erenes by MAS is an essential aspet of HR-MAS spetrosopy. In this setion, weevaluate the stati magneti �eld seen by a spin in a medium onsisting of a magnetisuseptibilities distribution. If the di�erenes in magneti suseptibilities are reasonablysmall and, if they are isotropi, the additional magneti �eld reated by a volume elementof magnetization ~Mj of oordinates rj = (rj, θj , φj) at a point ri = (ri, θi, φi) an betreated as a dipolar interation. In the laboratory frame and for stati samples, thisdipolar �eld is given by [93, 90℄ :
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(1.2)Where rij is the distane between the points ri and rj ,θij is the angle between Bo andthe vetor joining ri to rj , and the summation expresses the fat that point ri experienesthe sum of all the di�erent magneti dipoles ~Mj in its viinity.When the sample is rotated at an angle β respet to the main magneti �eld Bo at aspeed ωr, Eq.1.2 an be rewritten as in [4℄ :
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] (1.3)Where βd

ij is the angle between the vetor joining ri to rj and the axis of rotation ofthe sample and φij is a phase fator desribing the angular position of ri. If β is set to the3MAS probes based on transmission line (TL) iruits, permit remote tunning and mathing, andhelp to eliminate spurious probe signals. The adventage of the TL design [154℄, is that it removes lumpedelements, as hip-apaitors whih may produe sueptibility jumps lose to the stator, as disussedpreviously. 11



Chapitre 1. General priniples of HR-MAS experimentsmagi angle (54.7o) in Eq.1.3, the term 3(cos2 β−1) vanishes and only two time-dependentterms modulated in ωr and 2ωr remain. These two terms lead to spinning side bands atfrequenies ωr and 2ωr with respet to the main peak. Under magi angle rotation, theontribution of B (ri, θi, φi; t) , and onsequently of volume elements of di�erent magnetisuseptibilities, to the width of the NMR resonane vanishes and only spinning side bandsremain in the spetrum. The fat that inhomogeneous bulk magneti suseptibility an bee�iently removed by MAS was demonstrated both experimentally and theoretially byDoskoilova [38℄, VanderHart [142℄, and Garroway [62℄ in the ase of liquids and solids withrandom orientation.More reently, Barbara [6℄ used arguments based on eletromagnetialulations to explain this averaging proess of MAS. However, the magneti suseptibi-lity χm is not always purely isotropi [142, 141, 30℄ and a substantial amount of anisotropyan be present in the sample. The magneti suseptibility χm is no longer a salar andmust be desribed by a tensor. As an example, onsider the well known anisotropy of thebenzene ring. In the presene of a magneti �eld, the intensity of the ring urrents of thebenzene ring depends on the orientation of the ring with respet to Bo. This implies thatthe intensity of the magneti dipole M of the aromati ring depends on its orientationwith respet to Bo. During the MAS averaging proess, the magnitude of M will varyand will interfere with the quality of the averaging proess. This time-dependene of Mduring sample rotation has important onsequenes, as it an be shown that MAS anonly average out the isotropi (salar) part of the hemial shift dispersion tensor, but notthe anisotropi part [141℄. In the ase of a sample like a peptide bound to a polystyrene-based Wang resin with a large amount of heterogeneity, the hemial environment of eahpeptide moleule will be unique : The number, the distane and the orientation of theneighboring aromati moleules will be di�erent for eah peptide moleule. As previouslyseen, the magneti dipole reated loally by all these phenyl rings annot be ompletelyaveraged out to zero by MAS. The ombination of these two e�ets will result in a broadNMR line made of a superposition of di�erent hemial shifts (inhomogeneous broade-ning). These onsiderations are extremely important for HR-MAS when onsidering thenature of a Wang resin whih is made essentially of highly anisotropi ross-linked aro-mati groups. The di�usion proesses an modify the trajetory of spins and thereforeinterfere in an inoherent way with the rotation [120℄. These additional ompliations willnot be onsidered here.
12



1.4. Mirosopi suseptibility di�erenes under MAS1.4.2 Averaging of magneti suseptibilities present at the sample-rotor interfaes under MAS
The previous setion explains how MAS e�iently removes the line broadening due tomagneti suseptibility gradients present inside heterogeneous systems. MAS plays alsoa very important role in averaging out magneti suseptibility gradients present at thesample-rotor interfae. A typial HR-MAS arrangement is suh that the whole sample isontained within the detetion volume of the solenoid oil. In some ases, the sample ison�ned inside a 15 µl volume of a 4 mm rotor (Fig.1.1). This is a remarkable feature sinethis experimental set-up allows the whole sample to be deteted and allows for the highestsensitivity. Under these experimental onditions, magneti suseptibility jumps exist atthe sample-rotor interfae along the long axis of the rotor and at the top and bottomof the sample. Typially, this interfaes are between a solvent ontaining heterogeneoussubstanes and the rotor material (ZrO2 and Te�on for the insert). On a stati sample,these magneti suseptibility jumps give rise to important magneti �eld gradients whihare unorretable with the shim system of the spetrometer. MAS has the very uniqueproperty of being also able to average out these magneti suseptibility to zero. Thisproperty an be explained using arguments similar to those developed in setion 1.4.1. Theonsequene is that the rotor material whih is the soure of the magneti perturbationsis rotating at the same time as the sample and its e�et on the sample vanishes. Thisvery important property of MAS explains why the shim of HR-MAS is almost sample andsolvent independent provided that the rotor is always at the same position in the probeand that the volume deteted is always the same. One set of shims is su�ient for all thesolvents used in HR-MAS. It is important to note that perturbations external to the rotor,and therefore not rotating at the magi angle, will not be averaged out by MAS and willhave to be orreted by the shim system. This is true, as mere example, for a apaitorplaed in the neighborhood of the sample. Its dipolar �eld will perturb the magneti �eldseen by a spin paket travelling on a thin irle in a plan perpendiular to the main axis ofthe rotor. These spins will see a periodi modulation of the main magneti �eld that willresult in a sharp line �anked by spinning side bands. Another spin paket taken at thedi�erent position along the main axis of the rotor will resonate at di�erent frequenies.The resulting frequeny distribution along the main axis of the rotor an only be orretedusing a ombination of shims that at along the magi angle axis [128℄. 13



Chapitre 1. General priniples of HR-MAS experiments1.5 Gradient oil tehnologies for MAS1.5.1 Spei�ity of the HR-MAS gradientsPulsed �eld gradients are widely used in modern high-resolution liquid-state NMRspetrosopy. The seletion of oherene order pathways with gradient pulses in a singlesan allows to obtain faster results than with a phase yling proedure. Gradients arepartiularly useful for inverse experiments and solvent suppression [75, 140, 113, 114℄.With the advent of HR-MAS probes equipped with gradients, similar experiments maybe envisioned on in HR-MAS [95, 18℄. A variety of designs for gradient oils were proposedfor MAS probes. The design of a gradient oil for MAS NMR spetrosopy di�ers in anumber of points from traditional gradient oil designs used in standard high-resolutionNMR. First, the orientation of the sample (MAS rotor axis inlined at 54.7o with respet tothe main stati �eld) violates the overall symmetry ditated by Bo. Seondly, the sample israpidly spinning, suh that a given spin in the sample travels along a marosopi spatialpathway and therefore may reah a quite distint spatial regions after a gradient pulse.Mathematially, while the magneti �eld itself represents a vetor �eld with intuitive andrelatively simple properties when we onsider a rotation of the oordinate referene frame,the situation is more ompliated with gradient �elds sine they have to be desribed byseond-rank tensors. Although we are eventually only interested in three omponents ofsuh a nine-omponent �eld, namely ∂Bz/∂x,∂Bz/∂y,and ∂Bz/∂z the omplete seond-rank tensor has to be taken into aount if we are performing a oordinate transformationfrom the laboratory frame with the z axis parallel to the stati �eld Bo to the MAS framewith the 0Z axis inlined at the magi angle relative to Bo (Lab frame is represented inthe �gure 1.5).This ompliation when performing rotations of the referene frame re�ets itself quiteexpliitly when designing gradient oil geometries. Gradient oils in onjuntion with MASwere proposed originally by Wind, et al.[148℄, and implemented experimentally by Cory, etal. [25℄, (using, at that time, Golay oils entered around the spinner axis) and Shauss, etal. [119℄, (using anti-Helmholtz oils and also Golay oils entered around the spinner axis)for imaging of solid samples spinning at the magi angle. For these imaging experiments,the urrents through the gradient oils need to be modulated in order to generate rotatinggradient �elds synhronously to the MAS rotor motion. Apart from the idea to wind thegradient oils on surfaes of ylinders with axes inlined at the magi angle, Bowtell andPeters [13℄ went to pursuit the goal to �nd a gradient oil on�guration with wires woundon a ylinder with an axis parallel to Bo , but generating a z gradient along the diretion
OZ oriented at the magi angle relative to Oz (magi angle gradient). In order to �nd14



1.5. Gradient oil tehnologies for MAS

Fig. 1.5 � Representation of the (x, y, z) laboratory frame (gray) and of the (X, Y, Z) oilframe (blak). The radial and axial omponents of the magneti �eld B1 , are projeted intothe oil frame. Only the upper part of the rotor is displayed for larity. As an illustration,for a given angle θ, the spin at a distane ρ from the enter, experienes a �eld B1 thatadmits as projetions in the oil frame the vetors Bax
1 and Bra

1 .the oil-wire paths on the ylinder along z, two tehniques were used : (i) the usage ofa ombination of an anti-Helmholtz pair with Golay oils, and (ii) the appliation of the`target-�eld approah' as proposed by Turner [138℄.Experimental results were obtainedand disussed, inluding imaging data and NMR spetra. Magi angle gradients wereapplied in high-resolution 2D NMR in order to suppress long-range dipolar ouplings.Based upon the transformation properties mentioned above of the seond-rank gra-dient �eld tensor, Cory et al. [95, 23℄, derived a gradient oil geometry that was (i)ompatible with existing MAS stator geometries, (ii) generating a z omponent of thestati magneti �eld that inreased linearly along the MAS spinner axis, and (ii) wherethe z omponent of the gradient was uniform in planes perpendiular to the spinner axis
0Z. Suh a gradient, when properly adjusted, should not lead to temporally modulatedNMR signal. One partiular rotating spin will always sample the same magneti �eldstrength.Fyfe and oworkers [60℄ as well as Shnell, et al. [53℄, proposed a design for theirmodi�ed MAS system by winding an anti-Helmholtz oil pair onentri to the spinneraxis. In that ase, however, the rotating spin will experiene a gradient modulation.Barbara, et al. [8, 7℄ took a di�erent approah to �nd oil geometries for magi anglegradients by extending the tehnique proposed by Bowtell and Peters [13℄. In their designof magi angle gradient oils they rely on Turner's [138℄ inverse target �eld method.To our knowledge, both types of gradient �elds, either with magi angle gradientsas proposed by Cory et al. [95, 23℄, and Barbara et al. [8, 7℄, or with onentri anti-15



Chapitre 1. General priniples of HR-MAS experimentsHelmholtz gradient oils as proposed by Fyfe, et al. [60℄, and Shnell, et al. [53℄, have foundappliations in solid-state MAS NMR in quite a variety of di�erent NMR experiments. Forexample, oherene pathway seletion was ahieved by means of pulsed gradients in 1HMAS double quantum experiments in the work of Spiess, et al. [58℄ on dipolar solids and in
27Al 3QMAS experiments on zeolites by Fyfe [60℄. Similar experiments were performed aswell for gradient heteronulear orrelation experiments by Maas, et al. [94℄, Beause �eldgradients provide spatial seletivity, they an be applied to map the RF �eld generatedby the RF oil in MAS probes. Sine 1H FSLG deoupling in solids sensitively depends onRF homogeneity, experiments with pulsed �eld gradients an be designed [16℄ that eitherrestrit the sample volume to a homogeneous region of the RF �eld, or alternatively, anbe used to map the RF �eld distribution. Finally, similar to high-resolution NMR, inorgani solids with residual solvents like in mirorystalline proteins, the need arises tosuppress the solvent peak in 1H MAS NMR experiments applying Bo pulsed gradients[53, 17℄.
1.5.2 Pulsed �eld gradient inhomogeneities under MASThe appliation of �eld gradient pulses to a sample spinning at the magi angle leadsto a spei� set of onstraints regarding the spatial harateristis of the gradient pulse.Under MAS, a spin paket will travel along a irle in a plane perpendiular to the mainrotor axis oriented at the magi angle. During their journey along the irular path, thespins should experiene a onstant �eld gradient so that eah of the spins in the irleexperienes the same gradient. Ideally the �eld gradient should therefore be orientedexatly along the axis of the magi angle. This ideal on�guration means that a seondrefousing gradient pulse an be applied at any time during the rotation of the sampleto refous the entire magnetization. If this ondition is not satis�ed, magnetization losseswill be observed sine the seond gradient pulse will be not exatly reverse the e�et ofthe �rst gradient pulse. Signal losses were observed by Lippens et al. [147℄ in HSQC anddi�usion experiments when using non rotor-synhronized gradient pulses. The remedy tothis problem is to use pulse sequenes where gradient pulses are applied only when therotor is loated at a given position. This solution requires that the delay separating twogradients pulses is set to an integer number of rotor periods. It is worth noting that agradient oil generating a gradient exatly at the magi angle may be less a�eted bythese e�ets than a gradient oil onsisting of two anti-Helmhotz oils.16



1.6. Conlusions to this introdution to HR-MAS1.6 Conlusions to this introdution to HR-MASHere we brie�y desribe the basis of HR-MAS instrument, starting from the sampleholder in an inside-out explanation : the rotor, the oil, the MAS gradients. Our goal is topin-point the main harateristis of the di�erent probes that an be used in an HR-MASexperiment. The versatility of HR-MAS makes it ompatible with MAS hardware origi-nally designed for high-power appliations, as it is the ase along this study. Nevethelessfrom this �rst part it is lear that the oil remains the entral hallenge of an HR-MASappliation. In order to reah a good resolution, the issues onerning suseptibility andgood shimming will be assumed from now. In this thesis, we fous on the task of develop-ping new oil-strutures, to improve the B1 homogeneity but also to redue the thermale�ets produed in visquous, eletrialy dispersive samples, as those used in biomedialappliations.
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Chapitre 1. General priniples of HR-MAS experiments
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Part IIFundamental onepts, derived fromlassial Eletrodynamis, to beemployed in Probe design. Engineeringapproah of B1
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2Maxwell equationsThe set of Maxwell equations appears for the �rst time in 1864, as a synthesis of Fara-day's laws of indution, the laws Ampere disovered during the �rst half of the nineteenthentury, as well as Gauss laws on harges. The original artile went so far in the desrip-tion that it gave birth to the �rst uni�ation of eletri and magneti phenomena in theframe of the so alled `Eletromagneti Waves' [100℄. The equation of light, an the generalequations of wave propagation 4, were already derived by J.C Maxwell in his foundingpaper.2.1 Maxwell equations and the desription of iruitsWe pretend here, only to introdue their range of appliations for the present work,and also to prove that all alulations and models used for eletrial alulations, as fornodal analysis, an be �nally refered to Maxwell's �eld theory. In this work we will use amarosopi desription of these equations that allows us to onsider spatially loalizedsoures of urrent denoted by the surfae density of urrent Js and de�ned point-hargesdenoted by q. The bene�ts of this lassi desription are seen in a frame where iruittheory has it's plae. But in addition, we need to onsider the variation of magneti�ux produed by the spin �utuations as a �eld distribution. Indeed, the spins an notbe purely desribed as loalized partiles. A �eld's approah should be employed at themirosopi level to haraterize the interations between the soures of magnetizationand the signal detetion. This plays a role in the sequel to what we have to say laterregarding reiproity (deriving the equation 9.7), and dieletri dispersion in the part IV(10.2).4we will develop later in the subsetion 3.1.2 of this part21



Chapitre 2. Maxwell equationsAfter these prerequisites, Maxwell equations are rewritten as :
−→
rot ~H = ~Js +

∂ ~D

∂t

−−→
rot ~E =

∂ ~B

∂t

div ~D = qΩ

div ~B = 0 (2.1)here Js is de�ned in A/m2 , qΩ the volumi density of harge in Coulomb.m−3 , ~E isthe eletri �eld vetor (also alled E1) in V/m , ~D is the eletri �ux density vetor in
As/m2 , ~H orresponds to the magneti �eld expressed in A/m , ~B is the magneti �uxexpressed in Gauss (CGS) or V s/m2 (SI).To illustrate these notations, we an use the following iruits models. We �nd themusefull to introdue the soures of EM �eld. These what orrespond to loal phenomenaeand lay down in some (preise) part of the iruit. The physial iruit will admit a ertainthikness, so the ondutors will de�ne a volume (alled Ω1 ). With this statements thetwo �rst Maxwell equations from 2.1 an be respetively illustrated with a parallel and aseries iruit.2.1.1 Maxwell-Ampere in a parallel iruitThe �rst Maxwell equation, also alled Maxwell-Ampere equation deals with urrents�owing in parallel branhes. As a appliation of the Kirhho�'s node law the urrent inthe main branh is a sum of the urrent �owing in the two other branhes.

Fig. 2.1 � Volume iruit used to illustrate the �rst equation of 2.1.In addition, the surfae is the ross-setion of the wire, and a losed loop l, is de�nedto surround this surfae, as desribed by piture 2.1. The urrent density J �ows through22



2.1. Maxwell equations and the desription of iruitsthis surfae Σ.
Io denotes the urrent bound to the irulation along a losed loop path, of a magnetiexitation vetor ~H .It is stated by Ampere's law. This losed loop, as it irumvents theeletrial branh, de�nes a Stokes surfae (Σ in �g. 2.1) in suh a way that the followingsurfae integral an be formed :

Io =
∮

Σ

−→
H dl =

∫

Σ

−→∇ ×−→
H d~Σ (2.2)by appliation of the Stokes integral transformation. Where ∮ is a losed path on a surfae

Σ. The other two branhes arry a displaement urrent (I2) and a soure of urrent (I1).This soure is produed by the �ux of the surfae density Js. So we may write :
I1 =

∫

Σ

−→
Js d~Σ (2.3)And at displaement urrent, produed by the variation of harges at the surfae of aondutor yields to :

I2 =
∫

Σ

∂ ~D

∂t
d~Σ (2.4)

I2 has nothing to do with moving point harges beause as de�ned by J.C Maxwell `Ele-trial Displaement onsists in the opposite eletri�ation of the sides of a moleule, orpartiles of a body whih may or may not be aompanied with transmission throughthe body'[100℄. That's why we illustrate I2 as the urrent in a ondenser apaitor, alleddisplaement urrent

Fig. 2.2 � Equivalent iruit used to desribe the Maxwell-Ampere equation.The node equation is applied in the two last branhes in suh a way that we have,after removing the surfae integral, and if we replae the rotational operator ( ~rot) by its23



Chapitre 2. Maxwell equationsvetorial pendant (~∇×) :
−→∇ ×−→

H =
−→
Js +

∂
−→
D

∂t
(2.5)In this equation we should pay attention to the fat that both loalized and �eld termsare mixed. −→Js is a density of urrent, at one point of the iruit. On the other hand ~Dand ~H are �elds i.e., spaial distributions.2.1.2 Maxwell-Faraday equation in a series iruitThe derivation whih an be done for the seond equation, named Maxwell-Faradayequation, looks the same. We use the Kirhho� equation for meshes, whih means thatthe vetor sum of voltages equals zero.

Fig. 2.3 � Volume iruit used to desribe the seond equation.In addition the surfae is area de�ned by the iruit, and the losed loop path l, is theiruit path as desribed by piture 2.3. If we assume there is no �eld in the ondutors,
Vo denotes a voltage soure . The onservative �eld ~E stands perpendiular between thetwo surfaes of a gap onsidered in the bulk iruit. Sine the losed loop l enompass theeletrial iruit, a Stokes surfae is de�nded, and so the potential Vo an be written :

Vo = −
∮

Σ

~E dl = −
∫

Σ

~∇× ~E d~Σ (2.6)Here again we onsider two ontributions to this voltage Vo, indued by the variationof magneti �ux. We assume two di�erent soures of magneti �ux variation. The �rstone is produed by the self indutane of the iruit, alled the magneti �ux densityand denoted by ~B. The seond one is somehow interating with the onsidered iruit,by means of mutual indutane (right hand of Fig.2.4). In the present ase this atuatorwill be the distribution of spins present in the sample volume.It represents the samplemagnetization ~M, obviously not delivered with the probe and at the same time, stronglyoupled to it. Both �utuations of the indutane at over the same surfae (Σ). We24



2.1. Maxwell equations and the desription of iruitsdistinguish them in the following equations :
V1 =

∂

∂t

∫

Σ

~B d~Σ

V2 =
∂

∂t

∫

Σ

~M d~Σ (2.7)

Fig. 2.4 � Volume iruit used to desribe Maxwell-Faraday equation.The meshes equation of Kirhho� is applied in the iruit desribed by �gure 2.4, sinethe surfae Σ is the same for all we write the seond Maxwell equation :
−−→∇ × ~E =

∂ ~B

∂t
+
∂ ~M
∂t

(2.8)inorporating the magnetization as ause of NMR signal, and as �eld distribution, as itwill be lear while deriving the signal equation later (in setion 5.2 of this part).2.1.3 EM �eld distribution and iruit simulationFrom the preeding, we see how Kirhho� laws an give a nie illustration of the two�rst Maxwell equations. This analogy serves us to refer iruit simulation to eletromagne-tism. During this study a large number of probe iruits have been designed and analyzedin the frequeny domain using a freeware program alled `Vipe' 5. It onsists of a lightC++ ode used to alulate the impedane matrix on a linear system. Nodal analysis easilytreats apaitanes (C), indutanes (L) as well as soures of voltage and of urrent, aslumped elements. The geometry dependane of C and L is the reason why nodal ana-lysis requires some prior knowledge, based on Maxwell equations. A good example, to5Vipe is developed under the terms of the GNU liense, by J.Rossouw and E.Jansen, and an beobtained at the following homepage http ://vipe.soureforge.net 25



Chapitre 2. Maxwell equationsshow the dependeny of a nodal-analysis model on E1 �eld distribution, is the problem ofstray apaitanes to ground. These are of great in�uene in the iruit behavior and anonly be revealed when solving the full 3D eletromagneti distribution for the onsideredstruture. Nevertheless, as soon as soures of urrent, and voltage, as well as the elementsgenerating ~B �elds (Indutanes L) and ~E �elds (apaitanes C) have been loalized, anequivalent iruit an be set to desribe the impedane, resonane frequeny, and qualityfators of a real iruit.Most network analysis programs will form an admittane matrix (Y-matrix) internallyand invert the matrix to �nd a solution of the basi equation :
V = Y −1.IThe network of lumped elements has no length. Dephasing through propagation is notonsidered there. The physial phenomena are propagated immediately. This hypothesismay be true for a large number of problems when the exitation made by eletri wavesis larger than the distanes harateristis of the onsidered network. For example at900 MHz the wavelength in free spae equals 30 m. In other words, as soon as we onsiderdevies longer than 3 m, we should onsider a transmission-line equivalent model inthe iruit, below these distanes stray indutanes and apaitanes satisfy the networkapproah. Only in ase of TEM mode the quasi-stati approah behind iruit analysis isvalid. Resonane appears when a standing mode is established. This mode allows to solve3D problems in a plane as soon as the diretion of propagation is known and supposedto be in�nite. The limitation stands in the fat that most EM �eld distribution presenta di�erent pattern than the TEM, and so they do not admit the quasi-stati approah,this is the ase of most oils. Modeling a oil as an indutane in iruit analysis may bepossible in a �rst approximation, but turns deieving at high frequenies, the usage of ahelial transmission line model is reommended instead.2.1.4 Maxwell equations for the mirosopi FieldThe equations given by Eq. 2.1 are suited for marosopi detetion and, therefore,they over the engineering approah of the present part. The auxiliary �eld ~D and ~Bare introdued when not all harges are inluded as soures. These �elds however ontainimpliitely parts of the soures, namely the bound harge and urrent densities, in the formof polarization �elds and urrents. These auxiliary �elds inlude the material response (theeletri polarization and the magnetization) to the applied �elds ; they are onneted with

~E and ~H by relations depending on the onstitution of matter . In the simplest onstitutive26



2.1. Maxwell equations and the desription of iruitsrelations ~D is parallel and proportional to ~E, and the same ollinearity applies for ~H and
~B. This �rst ondition is well established in the probe iruit where all elements arearefully seleted for their low-loss harateristis. But, of ourse, this an not be thease inside the oil due to the nature of samples used for HR-MAS (at it will be seen inPart IV). There, eletri polarization ~P needs to be introdued in order to onsider thedieletri response.Here ~P is the the average polarization, sum of the mirosopi ~pi omponents of thesample. It is the response of matter to an eletri exitation :

~P = ǫo.χe
~E ; ~D = ǫo(1 + χe) ~E (2.9)where χe is the eletri suseptibility, and ǫo the permittivity of vauum.The magneti part admits a similar reasoning, and the magneti suseptibility χm isintrodued by :

~B = µo.(1 + χm) ~H ; ~M = χm
~H (2.10)where χm is the eletri suseptibility, and µo the vauum permeability. Fortunately forNMR in general and, as explained in the previous hapter, for HR-MAS in partiular χmis aneled in the oil volume. It is therefore justi�ed to onsider the magneti �ux asbeing ollinear with the magneti �eld.Finally the mirosopi formulation of Maxwell equations needed for quantum ele-trodynamis, saves the problem of material equations :

∇× b = µojs +
1

c2
∂e

∂t

−∇× e =
∂b

∂t

∇ · e =
q

ǫo
∇ · b = 0 (2.11)where c is the speed of light in vauum (c2 = 1/ǫoµo), b and e are the mirosopi pendantsof the eletromagneti �elds introdued in Eq. 2.1.This is not a justi�ation of the usage of the miroopi magneti indution b to denotemagneti �eld. Suh pratie is inorret from the strit views of eletrial engenieering.Nevertheless the link between both in free spae and in most of our NMR samples isso obvious (b = µoh) that most people agree in mentioning one for the other. At the27



Chapitre 2. Maxwell equationsend of this hapter and in Part III, we will understand how usefull it is to designatethe distribution assoiated with the magneti �eld indued in the sample by B1, and theorresponding RF magneti exitation by H1.2.2 Continuity equations2.2.1 General de�nition of the ontinuity equationsContinuity equations are well suited for the desription of the eletromagneti �eldboundary onditions when the media is divided in several regions eah one of distintpermittivity and permeability.The surfae separates the free spae, whose index is a and material onstants are ǫoand µo, from a seond medium of index b. This seond medium an be metal or dieletrimaterial. In the following, we will onsider as boundary the over shield surrounding theprobe. The shield is made in suh a way that ondutivity an be assumed to be in�nite,so the skin depth at the onsidered frequenies is onsidered to be negligibly small.Appliation of Stokes theorem

Fig. 2.5 � Integration pathway for the appliation of the Stokes transformation.The Maxwell-Ampere equation an be written as follows in its integral form :
∫

Σ

~∇× ~H ~dΣ =
∫

Σ

~Js
~dΣ +

∫

Σ

∂ ~D

∂t
~dΣ (2.12)with ~Js a urrent at the surfae of the material.The same integration path is invoked as before, so the equation 2.12 will have thefollowing form after the appliation of the Stokes theorem :

∮

l

~H ~dl =
∫

Σ

~Js
~dΣ +

∫

Σ

∂ ~D

∂t
~dΣ (2.13)28



2.2. Continuity equationsit is important to insist on the fat that on the �rst approximation (skin e�et negligible)there is no urrent in the bulk ondutor, and obviously none in the free spae, the surfaeintegral an easily be transformed into a linear integral (hereby the linear urrent density isde�ned as Jl). The losed loop path whih enompass the surfae is de�ned as in �gure 2.5,again e is the smallest distane we an imagine. By integrating the equation 2.13 as shownin the �gure 2.5 using the fat that dΣ = e.dlo one obtains after deomposition of thepath over dlo and e :
−→nab.( ~Hb − ~Ha).e+ (HbT −HaT ).dlo = Jl.dlo + ~n.

∂ ~D

∂t
.e.dlo (2.14)At the limit of e lose to 0, half of the terms of this equation vanish :

HbT −HaT = Jl (2.15)Currents exist also at the surfae of dieletris, this is a remarkable property of die-letri resonators.On the other hand, but always on the same ontour de�ned by Fig.2.5, the Faraday-Maxwell equation an be written as follows :
∫

Σ

~∇× ~E ~dΣ = −
∫

Σ

∂ ~B

∂t
~dΣ (2.16)The element surfae dΣ is de�ned as a surfae rossing the interfae of length dlo and ofheight e.By applying the Stokes theorem 2.16 beomes :

∮

l

~E ~dl = −
∫

Σ

∂ ~B

∂t
~dΣ (2.17)Again a ontour loop around the surfae element is taken. This loop is small enough toestimate that ~B is onstant over the surfae de�ned by it. With this statements Eq.2.17admits this derivation :

−→nab.( ~Eb − ~Ea).e+ (EbT −EaT ).dlo = −~n.∂
~B

∂t
.e.dlo (2.18)At the limit of e lose to 0 only the seond term doesn't anel and the seond ontinuityequation appears :

EbT − EaT = 0 (2.19)29



Chapitre 2. Maxwell equationsAppliation of Ostrogradsky-Gauss theorem

Fig. 2.6 � Integration pathway for the appliation of Ostrogradsky transformation.The Gauss's law an be expressed by the following equation, this time with a volumeintegral, whose volume is represented by the �gure 2.6 :
∫

Ω

~∇. ~D dΩ =
∫

Ω
qΩ dΩ (2.20)As presented in the �gure 2.6 the volume element is a ylinder of in�nitesimal height e.We assume the surfae of the sides small in omparison to the surfae at the intersetionwith the interfae (we all it dΣo).The bulk eletri harge q is the point harge introduedin the previous setion, related to qσ the harge per unit surfae, and qΩ introdued hereis the volume harge. By means of the Ostrogradsky-transformation one gets from thepreeding equation :

∮

Σ

~D ~dΣ =
∫

Σo

qσ dΣo (2.21)Finally, as we assume e beoming in�nitesimal, and the ontribution of the tangential partof the eletri displaement density ~D anels : this equation beomes the third ontinuityequation :
DbN −DaN = qσ (2.22)At last (but not at least) the onservation of the magneti indution, whih is expressedby the Gauss-magneti fourth Maxwell equation stands like that :
∫

Ω

~∇. ~B dΩ = 0 (2.23)Equivalent by means of the same theorem to the following surfae integral,
∮

Σ

~∇. ~B dΣ = 0 (2.24)30



2.2. Continuity equationswhere Σ is the losed surfae surrounding the above mentioned volume. When the surfaeformed by the ylinder approahes the two disks (as e is approahing 0) the equation 2.24,will admit as expression the fourth ontinuity equation :
BbN − BaN = 0 (2.25)2.2.2 Appliation to the ase of an NMR probe shieldingWe have to onsider these equations to approah the EM �eld distribution within anNMR probe, and espeially the in�uene of the probe over. We an onsider the probe'sshield as a perfet ondutor, whose thikness is suh that at a ertain depth neitherharges nor urrents an be indued.The results displayed in the table 2.1 show the boundary ondition imposed by theshield at the probe's over surfae, in the ideal ase of a shield whose ondutivity isperfet. In pratie it is good to onsider a transitional region where ET and BN do notanel. This is the so alled skin depth de�ned as :
δs =

√

2

µcωσ
(2.26)where µc is the permeability of the ondutor, ω the frequeny of the wave, and σ theondutivity in Siemens per meter .Flux of energyThese results are essential to prove that the �ux of a Poynting vetor anels whenpassing through a good ondutor. Eletromagneti energy will not go through a probeover. This is the reason why despite of the high power used inside an NMR probe willnever be a good RF antenna. With the same element of surfae ~dΣ de�ned as in �g. 2.7taken in�nitely lose to ondutor's walls, we an write :

lim
e→0

∮

Σ

~E1 × ~H2. ~dΣ = 0 (2.27)Where (1) and (2) are denoting two wave soures in the free spae volume.Tab. 2.1 � Field distribution at the interfae with a perfet ondutor.Eletri �eld ET = 0 DN = qσMagneti �eld HT = Jl BN = 0 31



Chapitre 2. Maxwell equationsImage harge theorem

Fig. 2.7 � Illustration of the image-harge theorem, onsidering in�nitely thin wires inan empty spae (A) and when an inner irular shield mimis the ondutive ball used toprobe the magneti indution. The �ux lines are alulated using this eletrostati theorem.The Gauss theorem an be employed to replae point harges by spheres, and lineardistribution of harges by in�nitely long ylinders, as a diret impliation of the two lastontinuity equations.It is well known that the equipotential lines of a two-harges distribution are a familyof spheres (S) , whose enters are ontained on a symmetry axis passing by the harges.The Image harge theorem, also alled substitution theorem, states the following :`If any of those spheres (S) surrounding the harge is metalized with a layer of perfetondutor then, aording to the sreening properties of eletrostati harges, the surfaeon it will be harged with the same, but opposite value. And therefore, a sreening surfaean be substituted by the orresponding puntual image harge without altering theequipotential distribution.'If O is the enter of a shield whose radius is R, and |OM | the distane from O to theharge reating a distribution of potential, then another harge of opposite value an befound at M ′ aligned with O and M . The relation between these values is given by thealgebrai produt :
|OM |.|OM ′| = R2 (2.28)This image harge an be de�ned to remove the shield, and still keep the same eletrostatidistribution.A diret appliation of the image harges theorem, is given by the ase of TEM wavestraveling inside the probe's over :As the diretion of propagation is longitudinal, along the probe's shielding onsideredin�nitely long, the deomposition of the wave omponents beomes trivial. The �elds32



2.3. Field mapping by perturbation methods : the Ball-shiftan be solved in transverse plane using the quasistati approximation, and the voltagedistribution is alulated easily using this tehnique. Another pedadogial appliationwould be the desription of the �ux lines distorded by a ondutive body inside theoil simulated with point harges. Fig. 2.7 pretends only to illustrate, with a quasitatiapproximation, the �eld lines inside of a oil. This pattern orresponds to a perturbationof the B1 when inserting a ball. Suh a perturbation tehnique is employed to map the�eld inside of the NMR oil.
2.3 Field mapping by perturbation methods : the Ball-shiftIn order to experimentally determine the H1 �eld magnitude inside resonators or oils,small metalli (e.g., spherial) bodies are positioned into the region of interest to induea loal perturbation of this �eld and to inrease the resonane frequeny of a tunedand mathed iruit. Suh frequeny variation is alled ∆fbs. The so-de�ned `ball shift'measurements provide an aurate �eld mapping [97, 109℄. The value of the frequeny shiftis a (monotonous) funtion of the magneti �eld amplitude at the same loation. In thiswork, we used a set of ylindrial dieletri inserts with embedded opper balls (of diameter3 mm) to probe the magneti �lling fator (ηbs) by introduing and positioning theseinserts along the main axis of the oil with inremental steps of 0.5 mm (an example ofsuh urves is given by the Fig. 11.9 where three di�erent resonators are to be ompared).We onsider a avity of initial volume Ω1, as depited by Fig. 2.8 the initial area of theavity walls is Σ1, now we modify the surfae of suh a resonator by inserting a ball inthe enter of this avity, so we perturb the eletromagneti �eld distribution inside thisvolume. The new volume is then alled Ω2. By extension we will de�ne by index `1' allvariables without perturbation (before inserting the ball) and by `2' the variables withperturbation.This desription is symmetri, and the alulations are done under the assumptionthat the perturbation is small, so that the �eld lines in the probe an be assumed toremain more or less the same after the insertion of a metalli ball.Now let us take the omplex onjugate of the �eld ~E1, we write it as ~E∗

1 and multiplyit by the Maxwell-Ampere equation in the state 1, it will be the �rst equation of 2.29and then take the omplex onjugate of the Maxwell Faraday equation in the state 2, andmultiply it by ~H2, the pair of equations obtained are : 33



Chapitre 2. Maxwell equations

Fig. 2.8 � Deformation of equipotential lines, due to the presene of a metal ball insidethe oil.
~E∗

1 .
~∇× ~H2 = iω2

~E∗
1
~D2

− ~H2.~∇× ~E∗
1 = −iω1

~H2
~B∗

1 (2.29)Taking into aount the well know vetor relation :
~∇.( ~A× ~B) = ~B.~∇× ~A− ~A.~∇× ~B (2.30)We an sum the two preeding equations 2.29, the result of the term to term sum isthe �rst equation in 2.31, and the seond one is dedued by simple symmetry.

~∇.( ~H2 × ~E∗
1) = iω2 ǫo ~E

∗
1
~E2 − iω1 µo

~H2
~H∗

1

~∇.( ~H∗
1 × ~E2) = iω2 µo

~H2
~H∗

1 − iω1 ǫo ~E
∗
1
~E2 (2.31)Now we add these two equations, and we perform the volume integration over thevolume Ω2 of the perturbed avity.34



2.3. Field mapping by perturbation methods : the Ball-shift
∫

Ω2

~∇.( ~H2 × ~E∗
1) + ~∇.( ~H∗

1 × ~E2) dΩ = i(ω2 − ω1)
∫

Ω2

(ǫo ~E
∗
1
~E2 + µo

~H2
~H∗

1 ) dΩ (2.32)Finally let us apply the Gauss-Ostrogradski transformation on the right-hand side ofthis equation, to replae it by :
∮

Σ2

( ~H2 × ~E∗
1)

~dΣ +
∮

Σ2

( ~H∗
1 × ~E2) ~dΣ

︸ ︷︷ ︸

0

(2.33)Both terms of this expression represent the �ux of Poynting vetors through a losedsurfae, the seond term of this expression vanishes at the surfae Σ2 of the ondutorbeause of the ontinuity relations we have mentioned in the setion 2.2. The �rst termdoes not anel at all due to the fat that Σ2 onsiders also the surfae of the ball, andin this preise region, ~E∗
1 is not, as it is at the probe shielding, normal to the surfae( ~E 6= EN .~Ur). Of ourse it will still be the ase at the surfae of the ondutive walls, inboth states. We reformulate these statements into the following equations :

∮

Σ2

( ~H2 × ~E∗
1) dΣ =

∮

Σ1

( ~H2 × ~E∗
1) dΣ

︸ ︷︷ ︸

0

−
∮

∆Σ
( ~H2 × ~E∗

1) dΣ (2.34)So at the end, Eq.2.32 is rewritten in suh a way that a frequeny shift appears to be :
(ω2 − ω1) =

i
∮

∆Σ( ~H2 × ~E∗
1) dΣ

∫

Ω2
(ǫo ~E2. ~E∗

1 + µo
~H2. ~H∗

1 ) dΩ
(2.35)This equation is the general formula obtained assuming no losses. The rude approxi-mation to be made in 2.35 is that of substituting the �elds pattern ( ~E2, ~H2) by the onefrom the unperturbated state ( ~E1, ~H1). For small perturbations, this is ertainly reaso-nable for the denominator (we are performing an integration over the whole spae) andshould be valid if the deformation on the equipotential lines is shallow and smooth. Inpratie this theory is quite robust, nobody need to look for an in�nitely small ball for themeasurement. In addition for some experimental reasons, the ball has to be su�ientlylarge in order to allow a pratial measurement with the wobbler or the network analyzer.Indeed, an in�nitely small ball would produe an exat but fully unmeasurable result.

∮

∆Σ
( ~H2 × ~E∗

1) dΣ ≈
∮

∆Σ
( ~H1 × ~E∗

1) dΣ (2.36)By using the �rst equation of 2.31, with the proper index 1, instead of 2, we end up35



Chapitre 2. Maxwell equationswith the following ratio :
f2 − f1

f1
=
ω2 − ω1

ω1
=

− ∫

∆Ω(ǫ|E1|2 − µ|H1|2) dΩ
∫

Ω(ǫ|E1|2 + µ|H1|2) dΩ
(2.37)Ball shift measurements are easy to measure and they have proved to be very useful inorder to estimate the sensitivity of a probe, by omparing one hannel to another, butnevertless they will not be inluded `as it' into our expression of the signal to noise ratio.For this, some other harateristi parameters, like �lling fator ζ or quality fator Q arebetter suited. We are going to introdue them now,2.3.1 Magneti �lling fatorThe portion of the magneti �eld energy stored in the volume equal to the ball vo-lume (without ball) may serve to de�ne the magneti �lling fator [97℄. By the preeedingdemonstration we have learly exposed that the ball-shift di�erene in frequenies is pro-portional to the variation of energy inside of the NMR oil (whose impedane is de�ned by

LNMR). The fration of the magneti �eld energy stored in the ball volume (∆Ω), servesto de�ne the magneti �lling fator ζbs. Starting from Eq. 2.37 with the simpli�ationintrodued by the absene of eletri �eld in a pure indutor :
ζbs =

∫

∆Ω |B1|2 dτ
∫

Ω |B1|2 dτ
=

∆Em

Em

=
∆LNMR

LNMR

(2.38)where Em is the magneti energy, stored in the NMR oil, and related to its indutane,and ∆Em an in�nitesimal variation of volumi energy.We an write the preeding equation in a simpler way to relate ζ to a diretly measu-rable quantity :
ζbs = 1 −

( f1

f1 + ∆fbs

)2 (2.39)where f1 denotes the iruit resonane frequeny measured with an empty insert. If wewant to ompare di�erent oils, it is the magneti �lling fator that turns out to be relevantto relate B1 �eld magnitudes to eah other at a given position inside the respetive oil.The formula given by Eq.2.38 is speially useful when prediting the sensitivity of airuit simulated by nodal analysis. The frequeny inrease obtained when dereasing theindutane of the NMR oil desribed as a lumped elements, serves, as �rst approximation,to predit the amount of �eld inside of the oil. In fat this means also that : the �elddistorsion produed by a ball inside of the oil, results in a new oil indutane alled
LK

NMR = LNMR − ∆LNMR and providing that the eletri �eld is not modi�ed in thisregion (by hypothesis), the equivalent parallel apaitane of the resonant iruit will36



2.4. Quality fatorstay unmodi�ed. So invoking Thomson's law : LC.ω2 = 1 we an �nally link the newindutane to the resonane shift :
ζbs =

∆LNMR

LNMR
= 1 − LK

NMR

LNMR
= 1 − ω2

1

ω2
2

= 1 −
( f1

f1 + ∆fbs

)2 (2.40)where f1 is the resonane frequeny measured with an empty holder, f2 the resonanefrequeny of a loaded oil, and ∆fbs the inrease of frequeny when inserting a ondutivesphere in the resonator. This expression is to be ompared to the initial one in Eq. 2.37.2.4 Quality fatorThe Q fator is related to the eletromagneti energy stored in a resonator or iruitdivided by the dissipated power. As known from lassial eletromagneti theory [78, 68℄,the quality fator is de�ned by :
Q =

ω × energy stored

average power dissipated
(2.41)where ω refers to the resonane frequeny.For high quality fators, 1

Q
an be also alled power fator. A general expression ofstored and dissipated energy is :

1

Qs
=

∫

sample volume σ(~ρ)E(~ρ, t) · E(~ρ, t)∗ dΩ + Pd

ω
∫

sample volume B(~ρ, t) ·H(~ρ, t)∗ dΩ
(2.42)where Qs is the measured quality fator of a probe ontaining a sample,the �rst term in thenumerator is dissipation, aused by ondutive urrents in the sample, to be distinguishedfrom other kinds of soures of dissipation, like dieletri dispersion (denoted by Pd). Thisintrodues σ, the ondutivity, expressed in S/m. The overbar designates the time averageover one yle.Therefore it desribes quite exhaustively the losses in the probe and in the sample[33, 136, 79℄. From this de�nition we derive that, in the presene of distint soures ofdissipation, the Q fator will be deomposed as follows :

1

Qs

=
1

Ql

+
1

Qu

(2.43)where Ql is due to the spei� loss in the ondutive load whih an not be aesseddiretly, and Qu is the measured loss of an unloaded probe. The ratio of quality fators ofthe loaded resonator to the empty resonator (1−Qu/Qs) as used in Fig.11.16 fouses on37



Chapitre 2. Maxwell equationsthe spei� in�uene of the ondutive load, and an be found in the literature elsewhere[92, 132℄ as an indiator of how strong the oupling of the eletri �eld to the sampleis. It serves to evaluate the derease of the loaded quality fator when inreasing theondutivity σ of the sample. The smaller the importane of the eletri �eld is, thesmaller will be the in�uene of the ondutivity on the quality fator.2.5 Marosopi Magnetization : lassial desriptionAs it will be lari�ed through quantum theory in hapter 6, the magneti �eld ats onthe spin magnetization as a rotation operator. Suh rotations are alled Nutations whenaused by the RF �eld, to distinguish them from the rotations alled Preessions fromthe stati Bo. Suh terms are part of a jargon employed in lassial mehanis. In thissetion, to stik to the marosopi formulation of Maxwell equations (Eq. 2.1) we willstik to H to designate the magneti �eld. In this lassial frame, the NMR experimentan be understood thanks to a mehanial analogy. The basis of signal detetion in NMRan be explained through the now explained nutation experiment.This one is to be separated in three sequential steps :� a starting preession to stabilize the sample denoted by index 0 ;� a pulsing time, alled �ipping as RF emission period denoted by index 1 ;� the aquisition period (or measuring time) of index 2.The relaxation during the pulsing, and aquisition times exits, and an be aessedthrough the Bloh equations. In this setion we follow the formalism used by Abragam torelate nutation speed to the magneti exitation (hapter II in [1℄)The pulse is an eletromagneti wave expressed as :
~H1 = 2ω1.cos(ωrf t1 + φ).~y (2.44)from now 2ω1 is the magnitude of the osillating �eld in the laboratory frame, ωrf is thepulsation of the RF wave (we assume monohomati), and φ is the phase of the wave,taken as a onstant over all the sample. This last point will be justi�ed at the end of thefourth part.Larmor Equation : The spin is submited to the stati magneti �eld Ho whih produesa preession on the magnetization in suh a way that :

~ωo = −γr. ~Ho38



2.5. Marosopi Magnetization : lassial desription
νo =

γr

2.π
.Ho (2.45)where γr is the gyromagneti ratio of the spin nuleus.The Magnetization vetor : Many atomi nulei in their ground state have a non-zerospin angular momentum6 and a dipolar magneti momenth̄I olinear with it, so

µ = γr.h̄.I (2.46)Thus the magneti �eld produes a torque of strengh G with :
G = µ × H (2.47)lending to twist µ and to fores the spin vetor to preess around a one of axis Oz(Fig. 2.9).The lassial equation of motion is written as :

d

dt
(µ) = −γr(µ × H) (2.48)the sign is a matter of onventions, it indiates that the `right-hand' rotation should beused to predit the evolution of the dipolar magneti moment. Sine the bulk magnetimoment ~M is the sum of all the individual nulear moments µ, we introdue the evolutionof magnetization in the following �rst order di�erential equation :

d ~M
dt

= −γr( ~M× ~H) (2.49)2.5.1 The Nutation experimentThe preparation timeWe onsider, as in Fig.1.5, the lab frame de�ned as (x, y, z). The oil axis is the y axesof this frame. During this time the spin motion is solely due to the stati �elds so :
d ~Mo

dt
= −γr( ~Mo × ~Ho) (2.50)resulting in a distribution of spins rotating in a one.6integer or half integer in units of h̄ 39



Chapitre 2. Maxwell equations

Fig. 2.9 � Preparation state of the magneti moment, using the onvention that theLarmor preession is onterlokwise.The �ipping with a nutation angleThe following is the evolution during a RF pulse of phase7 x. During this time, H1 issuperimposed to the stati �eld Ho. The nutation speed ω1 (assoiated with the RF �eld
H1) is of some few kHz. This is negligible in front of the preession speed ωo, of severalhundreds of MHz. We introdue then, the rotating frame of axis (x′, y′, z′), rotating around
Oz at an angular speed of ωo. This mathematial treatment enlightens the usefulness ofon-resonane pulsing, to understand how does the RF �eld to in�uene e�etively theNMR experiment.The pulsation of the applied RF �eld H1 is �utuating at the pulsation ωrf . In thease of linear polarization, the RF �eld given in Eq. 2.44 an be deomposed in twoompoments of strength ω1, rotating at ωrf in two oposite diretions. The omponentsynhronized with +ωo is loked along the axis Oy′.Aording to the general law of relative motion, the time derivative (d/dt) in thelaboratory frame, and its derivative (∂/∂t) omputed in the moving frame, are relatedtrough the so alled Coriolis orretion :

d ~M
dt

=
∂ ~M
∂t

+ ~ωo × ~M (2.51)Combining 2.50 for a linearily polarized RF �eld (Eq. 2.44), and the equation. 2.51, themotion of the magneti moment in the rotating frame beomes :
∂ ~M
∂t

= −γr

(

~M′ × ( ~Ho −
~ωrf

γr
)
)

− γr

2
( ~M′ × ~H1) (2.52)to ondensate notations we introdue the e�etive magneti �eld, stati in the rotating7The meaning of the phase notations will be treated later in this Part (Setion 5.1) . It is su�ientfor the present to asume that phase x, means that the magnetization vetor will be rotated towards Ox40



2.5. Marosopi Magnetization : lassial desriptionframe :
γr. ~Heff = −(~ωrf − ~ωo) + ~ω1 (2.53)the di�erene in pulsation is alled o�set ∆ωo = ωrf − ωo = 2π∆ν, this last is the o�-resonane fator onsidered in Part III. (Our notation of ∆ωo is the same but opposite asthe one employed by Desvaux [34℄)Finally the �ipping is evaluated by its nutation angle :

θ = γr.Heff .t1 (2.54)The �gure 2.10 gives a shemati overview of this lassial desription.

Fig. 2.10 � The appliation of an RF pulse on-resonane, produes the �ipping of themagnetization in the transverse plane.If the relaxation starts playing a role during this period, the Bloh di�erential equationhas to be expanded in the rotating frame. Using matrix algebra we hose to write Eq. 2.49in suh a way :
∂
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+
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0

M0/T2








(2.55)The strength of the radio �eld in the plane is represented by ω1x′ and ω1y′ . ∆ω0 isthe o�set of H1 to the Larmor frequeny of the nuleous, as seen before in Eq. 2.53. T1(spin-lattie relaxation) and T2 (spin-spin transverse relaxation) are time onstants forthe exponential deay of Mz respetively Mx and My. They are spei� properties of thesample and normally T1 ≫ T2.When the purpose in RF �eld mapping, the hoie of the sample is intended to obtainlong relaxation time ompared to the pulse length. Regarding the longitudinal relaxation41



Chapitre 2. Maxwell equationstime (T1), the length of the prepartion has to be enlarged orrespondingly. For whatonerns the transverse relaxation (T2), the nutation frequeny has to be several ordersof magnitude bigger than the half-line width of the observed peak.Aquisition of the magnetization : At the end of this �ipping period, the magneti-zation is deteted by the probe. During the aquisition time t2, a modulation by a osinefuntion, is performed to ome bak to the laboratory frame. If the relaxation is notonsidered the magnetization reorded along x is simply given by :
Mx = Mo sin(ω1.t1). cos(ωo.t2) (2.56)this is one omponent of the so alled Free Indution Deay (FID). In pratie the FIDis fourier transformed, and the �rst point (t2 → 0) is aessed by measuring the areaof the spetra. This is a �rst approximation to evaluate the intensity of the �eld H1 by�nding the orret pulse length t1 assoiated with the projetion of magnetization in thetransverse plane.

Fig. 2.11 � During the evolution time, the projetion of the Magnetization evolves andprodues an Voltage at both ends of the oil by nulear Faraday-indution.Finally B1 an be alled `Nutation �eld' and still onsiderd to refer to a magneti �eld
H1. This is justi�ed, form the point of view of mirosopi Maxwell equations. We referto the explanation given at the end of setion 3.4.2.6 B1 �eld as a funtion of the input powerWe have seen that the perturbation of the distribution of magneti energy produesa shift of the self resonant frequeny of the iruit. Suh energy an be written in twodi�erent manners :42



2.6. B1 �eld as a funtion of the input power

Fig. 2.12 � Intensity of the B1 �eld as a funtion of the input power measured, in √
W ,for eah hannel using the same adamantane sample. The �eld intensity B1 was measuredfrom the �rst 0 rossing of a nutation urve.

∆Em =
1

2
∆LNMR.I

2
o (2.57)

∆Em = µo
~H1. ~H

∗
1 ∆Ω =

1

µo

|B1|2 ∆Ω (2.58)
Io is the urrent irulating in the NMR oil, whose expression is derived from the probeiruit's analysis :

Io =

√

2.PeQl

ωo.LNMR

(2.59)here the RF �eld B1 is tuned to frequeny fo = 2π.ωo, whose quality fator is Ql, andsuh hannel is attaked by a pulse of power PeFrom the fat that the magneti energy density B2
1/2µo is equal to the RF power Pesupplied to the probe, multiplied by the magneti �lling fator ζbs divided by the frequenybandwidth ωo/Ql of the probe and divided by the volume of the element referring to ζbs,the expression for the �eld magnitude B1 is given by :

B1 = k

√

2µoPeζbsQl

ωo ∆Ω
(2.60)where Ql denotes the quality fator of the iruit with the lossy sample inside the RFoil, and ωo is equal to the angular RF frequeny. The �lling fator ζbs is measured relativeto the volume element ∆Ω . In an already ited paper from Doty k√2µoζbs is linked to a`geometry fator', in our ase the fator k takes into aount the orientation of the oil43



Chapitre 2. Maxwell equationsor resonator axis relative to the preession �eld Bo. It onsiders also the linear relationbetween the magneti �eld produed in the oil and the nutation frequeny in the labframe.Finally in Eq. 2.60 we identify the volume ∆Ω whih has been already de�ned. Thisquantity an also be delared to be the oil volume8. Sine it is lear for us that thevolume perturbed is small in omparison the the entire volume under the NMR probe-over, this is perfetly aeptable under the statement of the perturbation approah. Butin fat ∆Ω already orresponds to a signi�ant fration of the NMR oil. When the B1�eld distribution follows a Gaussian distribution, the point values probed by the ball shiftat the oils enter, orrespond to the volume atually seen by a well positioned sample(as for example the 12 µl sample presented in Fig. 1.1).To onlude this hapter, we introdue the following parameters desribing the perfor-mane of a spei� probe iruit, with a partiular oil-sample arrangement. Some power
Pe is sent to the probe hannel. We an relate the square root of Power sent to the probeto the measured nutation �eld B1, as predited by Eq. 2.60. Here the �gure 2.12 presentsresults obtained for an 800 MHz probe used in solid-state MAS esperiments. The powerwas measured with a sope DS06102A (Agilent tehnologies). Conversion of the powerlevel at the 50Ω ables from the preamplifer was done through an attenuator of almost-50dB (frequeny dependent value). The power is taken at the probe onnetor. The de-�nition of power e�ieny, or power onversion fator η used in the last hapter an beintrodued here as the nutation frequeny rate squared per unit of power Pe.

8as done in Eq. 7 of the artile from Doty [44℄44



3Desription of waveguides used inNMR probes
3.1 Propagation of Eletromagneti �eld in TEMThe analysis of transmision line probes [154℄ must be onsidered as a partiular ase ofthe broader problem of propagation in waveguides. As in many RF eletronis problems,this implies solving Maxwell equations to alulate the eletromagneti (EM) spaial �elddistribution. As stated by J.C Slatter ` When ideas of transmission lines lead to the sameresults as Maxwell's equations they are right, thought super�uous, when they lead todi�erent results they are wrong9'3.1.1 Maxwell equation for monohromati wavesSupposing a monohromati wave of angular frequeny ω propagating in a mediumwhose physial properties are suh that it is onsidered linear, homogeneous and isotro-pi. In marosopi media the eletri ~E and magneti �elds ~H are linked to the eletridisplaement ~D and the magneti indution ~B (simply alled the magneti �eld in mostof the NMR litterature) through permitivity and the permeability thanks to the simpli-�ation of the material equations seen in the previous hapter (Eqs. 5.15 and 5.16), todenote propagation in vauum :

~B = µoµ ~H (3.1)
~D = ǫoǫ ~E (3.2)9Pr. J.C Slatter, in `Mirowave transmission 1st ed.' p 79 Dover Pub. In.45



Chapitre 3. Desription of waveguides used in NMR probes
the wave of eletri or magneti �eld an be desribed respetively by omplex vetorsas :

~E = ~Eoe
iωt

~B = ~Boe
iωtif there are harges (ρ) and urrents ( ~J) in the propagating media, the Maxwell equa-tion writes :

− ~rot ~E =
∂ ~B

∂t
= iω ~B

~rot ~H =
∂ ~D

∂t
+ ~J = iω ~D + ~J

div ~D = ρ

div ~B = 0 (3.3)In the following we onsider no harges nor urrents in the propagating media and wesimplify the equations, introduing the speed of light as c = 1/
√
ǫoµo, we get :

−~∇× ~E = iω ~B

~∇× ~B = iω
µǫ

c2
~E

~∇. ~E = 0

~∇. ~B = 0 (3.4)3.1.2 Isotropi PropagationThe most general ase of EM waves is the ase of a point soure spreading. No boundaryondition is onsidered to guide it.The EM wave is then alled `spherial'. In this ase thepropagation is isotropi in all diretions of spae.The EM �eld distribution is alulated through a pair of elliptial di�erential equa-tions, alled Helmholtz equations. These are obtained from the two �rst maxwell equations46



3.1. Propagation of Eletromagneti �eld in TEMby appliation of ~∇ at both sides of them. From vetorial analysis we know that,
~∇× (~∇× ~E) = ~∇ (~∇. ~E) −∇2 ~E (3.5)sine there are no free harges, the third Maxwell equation applies and

div( ~E) = 0and then the ombination of the two �rst equations writes :
∇2 ~E + µǫ(

ω

c
)2 ~E = 0

∇2 ~B + µǫ(
ω

c
)2 ~B = 0 (3.6)

∇2 is also alled the Laplaian. In order to simplify the equations we introdue the fator
k alled wave fator and de�ned in this ase as

k2 = µǫ(
ω

c
)2 (3.7)

3.1.3 Separation of axial and longitudinal omponents in (X, Y, Z)frame.Introduing separation of axial (Z) and transverse (t) omponents of the EM �eldsappears as a requirement to analyse the distribution �eld distribution in any NMR oil.To do this we an selet a artesian frame, whose transverse plane is suh that the eletrial(and magneti) part write as :
~E =








~Et

~Z × ~Et

EZ








; ~B =








~Bt

~Z × ~Bt

BZ






In this frame the diretion of eah of the two �rst omponents, representing the trans-verse �eld is not relevant, what ounts is the vetor ~Z whih denotes the diretion ofpropagation. In addition ∇Z= ∂

∂Z
, and the ~∇ vetorial operator expresses himself as : 47



Chapitre 3. Desription of waveguides used in NMR probes
~∇ =








~∇t

~Z × ~∇t

∂
∂Z






 (3.8)The vetorial produt is here used as an algebrai trik to de�ne a third omponentorthogonal to the two others. To simplify this notation we state that ~∇t is the vetorialsum of the two �rst omponents.The hoie of notations made here beome interestingwhen we express in (X, Y, Z) the vetorial produt ~∇t × ~B as follows :

~∇t × ~B =








~∇t

~Z × ~∇t

0







×








~Bt

~Z × ~Bt

BZ








=








~Z × ~∇tBZ

−~∇tBZ

~∇t. ~Z × ~Bt − ~Z × ~∇t. ~Bt






 (3.9)The Maxwell-Fararay equation from 3.4 will be deomposed using the previous ex-pression of the rotational from ~E :

−~∇tEZ +
∂ ~Et

∂Z
= −iω ~Z × ~Bt (3.10)

~Z.(~∇t × ~Et) = −iω.BZ (3.11)and the Maxwell-Ampère will admit a similar deomposition :
− ~∇tBZ +

∂ ~Bt

∂Z
= iω

µǫ

c2
~Z × ~Et (3.12)

~Z.(~∇t × ~Bt) = iω
µǫ

c2
.EZ (3.13)the third Maxwell equation (Gauss) will be written then as follows :

~∇t. ~Et +
∂EZ

∂Z
= 0 (3.14)48



3.1. Propagation of Eletromagneti �eld in TEMConsiderations on low-E �eld oilLow-E �eld oils as Z-oils, loop-gaps, sroll-oils, dieletri resonators and other re-sonators of ylindrial geometry provide a pratial example of how to use the previousdeomposition.Here we intend to demonstrate, in a quite phenomenologial way, that any impro-vement of the �eld homogeneity will have an impat on the sample heating. Magneti�eld reated in suh oil is produed by superposition of propagating waves. Geometryof NMR oils used for HR-MAS indue in a favorized diretion of propagation, and theframe desribed in this Setion an vizualized in Fig. 1.5 an be involved to deompose theaxial and transverse parts of the �elds. Our aim is to derive a general priniple onerning
B1 homogeneity and E1 �eld for ylindrial geometries.In ase of a wave propagation along OZ, the transverse divergene of the magneti�eld writes as the eletri �eld in Eq. 3.14 :

~∇t · ~Bt = −∂BZ

∂Z
(3.15)If ~Bt is onstant in spae, all omponents of B1 in the transverse plane (OXY ), willanel their derivatives (∂/∂X and ∂/∂Y will be equal to 0). From this we dedue thetwo following properties of the magneti �eld :

~∇t · ~Bt = 0 (3.16)
∂BY

∂X
− ∂BX

∂Y
= 0 (3.17)First, from equation 3.16), we derive that if there is no radial inhomogenity then

∂BZ/∂Z must also anel. In other words, transverse homogeneity implies axial homoge-neity. And then, from the seond equation 3.17, we realize that sine Maxwell Ampèresays :
(~∇× ~B)Z =

∂BY

∂X
− ∂BX

∂Y
= −iω.ǫµ

c2
.EZwe an then state that transverse homogeneity means no E1 �eld projetion along theoil axis. For all above mentioned resonators we an state the folowing phenomenologialrule : Good Magneti transverse homogeneity =⇒ Less Eletri energy in the oil 49



Chapitre 3. Desription of waveguides used in NMR probes3.1.4 Derivation of the Helmholtz problem in the ase of guidedpropagationSupposing now that a perfet eletri ondutor extends in�nitely in one diretion (~Z).We distinguish the longitudinal dimension given by Z and the transverse plane (X, Y )denoted by the subsript t. Then with this assumption ~E, and ~B �elds will be writenusing the priniple of the separation of variables :
~E(X,Y,Z,t) = ~E(X,Y ).e

±γZ+iωt

~B(X,Y,Z,t) = ~B(X,Y ).e
±γZ+iωt (3.18)where γ is the longitudinal propagation fator of the EM wave, and ±γ denotes that bothforward and bakward propagation are possible. γ is a omplex number, whose real partdesignates the damping of the traveling wave.With these notations the Laplaian operator will be, aording to the separation intwo normal omponents :

~∇2 = ~∇2
t +

∂2

∂Z2
. ~Z (3.19)The new pair of Helmhotlz equations is obtained diretly from the one de�ned pre-viously (3.6). The Laplaian is applied to the forward traveling wave (+Z), and we obtain :

∇2
t
~E + (k2 + γ2) ~E = 0

∇2
t
~B + (k2 + γ2) ~B = 0 (3.20)Now we use the deomposition of the �eld vetors de�ned previously to express thetransverse part of the �eld ( ~Et, and ~Bt) as a linear ombination of the longitudinal partof the �eld (EZ ,BZ).We derive the Helmoltz equation as for the isotropi ase, but applying the transversepart of the rotational to both sides of the two �rst Maxwell equations. The full derivationfollows :
~∇× ~E = −iω ~B ⇔

~∇t × (~∇× ~E) = −iω(~∇t × ~B) ⇔50



3.2. The TEM wave
~∇t(~∇t. ~E) − (∇2

t
~E) = −iω(~∇t × ~B) ⇔ (3.21)Now invoquing equations 3.14, and 3.20, this last simpli�es and we write :

γ.( ~∇tEZ) + (k2 + γ2) ~Et = −iω(~∇t × ~B) (3.22)This result is quite independent of the frame as long as the longitudinal omponentremains the ~Z diretion. We remark that ~∇tEZ does not anel in most ases. The for-mer equation an be generalized to a two omponent transverse �eld, and an analogousreasoning will drive us to a similar expression of the transverse part of the magneti �eld,�nally this gives, after projeting in the frame de�ned by Eq. 3.9 :
~Et =

1

(k2 + γ2)
.[ − γ ~∇tEZ − iωZ × ~∇tBZ ]

~Bt =
1

(k2 + γ2)
.[ − γ ~∇tBZ − i

k2

ω
Z × ~∇tEZ ] (3.23)These equations are the general solution of the Helmoltz equation for a longitudinalpropagation. The EM wave an be guided by a single ondutor like a waveguide or ahelix it an also be guided inside of a two ondutor struture like in a transmissionline. We distinguish many modes of longitudinal propagation, TE (transverse eletri) orTM (transverse magneti) or a mixture of both. The harateristis of those modes aresummarized in one table 3.1. We take note of a degenerate or speial type of solution, alledthe transverse eletromagneti (TEM) wave. This solution has only �eld omponentstransverse to the diretion of propagation.3.2 The TEM waveThe Transverse Eletromagneti (TEM) mode also alled Leher wave applies when

k2 + γ2 = 0 in this ase the longitudinal omponents EZ and BZ must anel. Thearateristi propagation fator γ of the TEM writes
γ = i

√
µǫ
ω

c 51



Chapitre 3. Desription of waveguides used in NMR probes3.2.1 Orthogonality of ~Et and ~BtFrom Eqs.3.11 and 3.12 it is seen that if EZ = 0 and BZ = 0 then ~Et = ~ETEM satis�es :
~∇t × ~ETEM = 0 ; ~∇t. ~ETEM = 0 (3.24)This means that ~ETEM is a solution of an eletrostati problem in two dimensions. Sinethe boundaries at the ondutor surfae impose, ~Et = 0 and Hn = 0 the orthogonality ofeletri and magneti part are extended to all the volume and therefore :

~E. ~B = 0The seond onsequene is that the magneti �eld dedued from Eq.3.10 , is
~BTEM = ±

~k × ~ETEM

ω
(3.25)based on the fat that k =

√
µǫω

c3.2.2 Phase VeloityThe phase veloity of the wave is given by
Vφ =

ω

|γ| (3.26)Then the de�nition of the longitudinal propagation fator, allow us to write the �rstonstant of the TEM waves :
Vφ =

c√
ǫµ

(3.27)It an be demonstrated that whenever a ouple of ondutors propagates TEM modesthe veloity of this wave will be a onstant. We note that if L and C are the indutaneand the apaitane between these ondutors the produt √
LC is homogeneous to atime onstant, and when dividing the ondutors lenght by this produt we will obtaina speed. This is equal to the phase veloity of the equation 3.27 and the veloity is thesame whatever indutane and apaitane we an imagine. Therefore the fator √ǫµ isenountered as soon as the time onstant (√LC) is expressed for the TEM lines.52



3.3. Appliation of the TEM desription to various geometries3.2.3 Wave impedaneThe derivation of the seond onstant of the TEM waves involves the introdutionof the onept of wave impedane. It results an expression of the TEM �eld as in theequation 3.18. We show now that we an express the �rst maxwell equation 3.4 as followsin a artesian frame :
~∇t × ~B = −iω ~B ⇒




γEY

γEX



 =




−iωµoµHX

iωµoµHY



whose omponents simpli�es using the de�nition of γ, and the wave impedane is intro-dued as :
EX

HY
=

√

µµo

ǫǫo
≈ 377.

√
µ

ǫ
= ZTEM (3.28)as for the previous fator, this ratio appears in the de�nition of the harateristiimpedane and this whatever propagating struture is onsidered, as soon as the TEMwave is propagated. In the vauum the wave impedane is a onstant equal to 337 Ω,this is a mathematial limit beause in the free spae we are in an isotropi propagation,and therefore we must refer to the simpli�ed Helmholtz equations 3.6. This is the reasonwhy, whenever we want to alulate the impedane from the distributed indutane andapaitane in a TEM problem, we invoque :

ZTEM =

√

L

C
(3.29)

3.3 Appliation of the TEM desription to various geo-metries3.3.1 Appliation to the spiralThe strip-line model is a geometry that an be applied to all transmission lines ontai-ning a dieletri of retangular transverse setion (thikness d and width w.) The spiralindutor an be treated, as well with this approah as soon as the bending do not preventthe TEM mode to propagate. We �rst alulate the length of the dieletri band, and afterderivation of the distributed apaitane and indutane we evaluate the self resonanefrequeny when being in the range of the quarter of the frequeny wavelength. 53



Chapitre 3. Desription of waveguides used in NMR probesLength of the dieletri band for the sroll-oil This model onsider the radius ofthe spiral as a funtion of the turns, in the mathematial desription this radius inreaseslinearly in suh a way that the distane from turn to turn is kept idential. The linearintegral over the number of tuns (nt) of a spiral with starting radius (ri) and outer radius(ro) is the following :
lspiral = π.nt.(ro + ri) (3.30)Distributed apaitane and indutane The apaitane and the indutane es-timated for any strip line are diretly related to the transmission line theory, statingthat there is a TEM mode propagating trought the strip transverse setion. The wavepropagates in a dieletri of relative permitivity and permeability ǫ and µ.







C = ǫoǫ
w
d
.lspiral

L = µoµ
d
w
.lspiral

(3.31)In general the dieletri is not magneti and µ an be taken equal to unity. C is expressedin Farad, and L in Henry.Self-resonane The Thomson law is used in order to derive the self resonane for theprevious eletrial parameters. In the frame of the transmission line theory this resonaneorresponds to the �rst lambda quarter mode and an be experimentally measures byonneting one end of the sroll oil to the ground and leaving the other one to a highpotential.
fo =

1

2.π

1√
ǫ
.
c

lspiral

(3.32)this is the ase of all transmission lines of this setion. This approah an be used also insroll oils as the wave propagated in the dieletri between the turns is simply a TEMmode.3.3.2 Appliation to the Coaxial lineThe oaxial line model an be applied to all transmission lines whose transverse setionontains a inner ondutor and a surrounding shield. In general these are two onentriondutors of irular transverse setion and we de�ne the outer radius of the entralondutor as a and inner radius of the outer ondutor as b.54



3.4. Propagation in hollow waveguide, and resonant avitiesDistributed apaitane and indutane The apaitane and the indutane esti-mated for any onentri oaxial line are derived as in the preeding subsetion.






C = ǫoǫ
2π

ln(b/a)
.lcoaxial

L = µoµ
ln(b/a)

2π
.lcoaxial

(3.33)The equation 3.32 applies here again, with lcoaxial. The impedane of the oaxial line isgiven by the well known formula :
Zo =

60√
ǫ
. ln

( b

a

) (3.34)3.3.3 Appliation to the pair of oupled linesThe oupled lines problem refers to a athegory of transmission lines having twoondutors, whih are not onentri. In suh ase, transverse setion onsiders two innerondutor and no surrounding shield.In the The simpliest ase we de�ne a ommon dia-meter of the two ondutors : a and a distane between the enter of eah of them : h.Again the lenght is de�ned as lbifilarDistributed apaitane and indutane The apaitane and the indutane esti-mated for any bi�lar line is in the simplest ase :






C = ǫoǫ
π

ln(2.h/a−1)
.lbifilar ≈ ǫoǫ

π
ln(2.h/a)

.lbifilar

L = µoµ
ln(h/a+

√
(h/a)2−1)

π
.lbifilar ≈ µoµ

ln(2.h/a)
π

.lbifilar

(3.35)Whithin the approximation made when the diameter of the line a beomes in�nitely smallthe equation 3.32 applies here again, with lbifillar.3.4 Propagation in hollow waveguide, and resonant a-vitiesThe avities an be produed by plaing end faes on a length of ylindrial waveguides.Our objetive is to plae the study of resonators in the same theoretial frame as theanalysis of NMR oils.In hollow ylinders, and most oils an be treated as suh, thereour two types of �eld on�guration : the transverse magneti (TM) and the transverse55



Chapitre 3. Desription of waveguides used in NMR probeseletri (TE) waves. These are both solutions from the wave equation 3.6. Boundaryonditions at the wall surfae S as deribed previously in setion 2.2 allows to summarizethem in the table 3.1.The salar EZ (for TM) and HZ (for TE) satis�es the two-dimensional wave equation :
(∇2

t + γ2).EZ = 0

(∇2
t + γ2).HZ = 0 (3.36)where di�erent solutions alled the modes of the guide may be onsidered as eigen values

γm. The wave fator writes in this ase of guided propagation :
k2

m = µǫ(
ω

c
)2 − γ2

m (3.37)If we de�ne the uto� frequeny of a mode ωm,
ωm =

γm√
µǫ
c (3.38)then the wave fator of Eq. 3.37 an be written :

km =
√
µǫ.

√

ω2 − ω2
m

c
(3.39)When the wave fator is imaginary, the modes are then alled evanesent modes, suhmodes annot propagate. The dimensions of the guide allow ertain modes to apperarat ertain frequenies. The eigen modes are those where the storage of EM energy isthe highest. Sine the wave fator km is always less than the free-spae value ω√µǫ, thewavelenght in the resonnant waveguide is always greater than the free-spae wavelength.Tab. 3.1 � Important identities for TE and TM modesMode Axial Field Boundary ondition at S Transverse �eldTM BZ = 0 EZ |S = 0 Et = ± ik

γ2∇t.EZTE EZ = 0 ∂BZ

∂n
|S = 0 Ht = ± ik

γ2∇t.HZ56



3.5. The helix modelIn turn the phase veloity Vφ is larger than the in�nite spae value :
Vφ =

ω

km
=

1√
µǫ

1
√

1 − (ωm

ω
)
>

1√
µǫ

(3.40)This does not mean that some signal ould propagate faster than the speed of light (p 337[78℄). The group veloity, assoiated to transmission of energy, or information is alwayssmaller than the speed of light.In the the frame of NMR resonators, it is interesting to note that the di�erene betweenoils and avities, is done regarding the wave fator k. In the ase of oil the ompres-sion of the wavelenght obtained along the propagation diretion allows to shorten thephysial lenght of the traveling wave. To understand this, a omplette derivation of Helm-holtz equation involving periodi boundary onditions, is needed. This task will requirethe introdution of an additional propagation fator β onsidering a longitudinal and atransverse propagation.3.5 The helix modelRF eletromagneti �elds in solenoidal oils an be alulated on the basis of a varietyof models. The simplest one onsists in adopting the quasi-stationary approximation andto apply Biot-Savart's formula. This approah yields reasonable results for oils withdiameters below 10 mm and NMR frequenies below 100 MHz. It does not take intoaount the dieletri response of the NMR sample and it also neglets e�ets aused byshielding the oil. For higher frequenies it is neessary to onsider expliitly that(i) the e�etive eletromagneti wavelength in the oil is shorter than the free wavelength ;(ii) this ompressed wavelength may beome omparable to the oil dimensions (thus thequasi-stationary approximation breaks down) ;(iii) the dieletri and/or ondutive properties of the NMR sample beome more andmore notieable.Indutanes as distributed elements should be treated as transmission lines [117℄ at highfrequeny. This setion gives an analitial approah to wavelengh ompression and impe-dane, in in�nitely long helies.In order to treat this situation adequately and to �nd out the atual RF �eld distribu-tion in the solenoidal oil, it is neessary to start alulations from �rst priniples, eitherby solving Maxwell's equations with numerial solution methods, or by alulating thewave equation derived from them, analytially. Suh numerial methods like, for example,57



Chapitre 3. Desription of waveguides used in NMR probes�nite-element or �nite-di�erene tehniques are based on disrete models and powerfulalgorithms exist for a wide variety of eletromagneti phenomena. A straightforward al-ternative to numerial solutions exists for geometries with high symmetry. Here analytialor semi-analytial approahes an be applied where the spei� oil geometry and sampleshape an be taken into aount as analytial boundary onstraints to the solutions of theinhomogeneous Helmholtz equation. In the following we will address the simulation of theRF �elds in solenoidal oils by referring to this latter tehnique. For the ase of ylindrialsymmetry it results that if the longitudinal omponents (direted along the ylinder axis)of the eletri and magneti �elds are known solutions of the homogeneous Helmholtzequation, then the transverse �eld omponents an be alulated from these longitudinalomponents. In �rst approximation the helix oil an be onsidered as a ylinder wherethe urrent along its irumferene is tilted by a pith angle ψ and along the ylinder axisthe oil exhibits a translational symmetry with the period p (pith length). This model isreferred to as sheath helix model, it allows to predit the e�etive wave propagation fatorfor solenoidal oils with remarkable preision in the NMR frequeny range up to 1 GHzand for oils with diameters below 10 mm. The longitudinal period length of the helix(pith length p) yields an equation expressing the periodi boundary ondition for thelongitudinal (eletri EZ and magneti HZ) �eld omponents X expressed in ylindrialoordinates (ρ, Z, θ) :
X

(

ρ, Z + Z1, θ +
2πZ1

p

)

= X (ρ, Z, θ) exp(+jβeZ1) (3.41)
X is equal to EZ or HZ , Z1 denotes a translation along the helix axis, while 2πZ1/pis equal to a simultaneous rotation around that axis. Eq. 3.41 states that the eletroma-gneti �eld in a helix hanges only by a phase fator exp(+jβeZ1) when suh a rotationis performed. The origin of Eq. 3.41 as a symmetry ondition an be understood from thefat that solving the homogeneous Helmholtz equation ∆X (ρ, Z, θ) + β2X (ρ, Z, θ) = 0with a propagation fator β periodially varying in spae (beause the helix is a periodistruture) is equivalent to solving the Helmholtz equation ∆X (ρ, Z, θ) + β2

eX (ρ, Z, θ) = 0with the e�etive and spatially onstant propagation fator βe and requiring Eq.3.41 as aperiodi boundary ondition. This is mathematially expressed in Floquet's theorem[54℄,a general theorem about the solution of linear di�erential equations with periodi oe�-ients. Based on the overall ylindrial symmetry (as solution to the Helmholtz equation)the following mathematial statement expressible as a Fourier series of a spae periodifuntion an be made for the longitudinal �eld omponents :
EZ,m(ρ, Z, θ; t) =

(

AmIm(hmρ) +BmKm(hmρ)
)

exp
(

i(ωt− βmZ +mθ)
)58



3.5. The helix model
EZ,m(ρ, Z, θ; t) =

(

AmIm(hmρ) +BmKm(hmρ)
)

exp
(

i(ωt− βmZ +mθ)
) (3.42)where Im and Km denote modi�ed Bessel funtions of �rst and seond kind, βe = β0 isequal to the e�etive propagation fator, βm = βe + 2πm/p, with Fourier order m, andthe quantity hm is equal to the transverse propagation fator (of mode order m) de�nedas

h2
m = β2

m − k2 > 0with k equal to the �rstly de�ned wave vetor in free spae (Eq. 3.7). If the longitudinal�eld omponents are known, the transverse omponents result from the same alulationsthan 3.23 [49, 78℄
Hρ =

1

k2 + γ2

[

− γ
∂HZ

∂ρ
+ iωǫoǫ

1

ρ

∂EZ

∂θ

]

, Hθ =
1

k2 + γ2

[

− γ
1

ρ

∂HZ

∂θ
− iωǫoǫ

∂EZ

∂ρ

]

,

Eρ =
1

k2 + γ2

[

− γ
∂EZ

∂ρ
− iωµoµ

1

ρ

∂HZ

∂θ

]

, Eθ =
1

k2 + γ2

[

− γ
1

ρ

∂EZ

∂θ
+ iωµoµ

∂HZ

∂ρ

]

,(3.43)
ǫ, µ and γ are the permitivity, the permeability and the wave fator in guided propaga-tion,respetively. The onstant oe�ients A, B, C, D, appearing in Eqs.3.42 have to bedetermined by taking into aount the transverse boundary onditions separating variousspatial regions in radial diretion -(a) the region outside the helix, (b) the region outside ofthat ylinder, but still inside the helix, and () the region inside the dieletri NMR sample(assumed to be of ylindrial shape). The resulting onstraints for tangential and normal�eld omponents read : (i) �elds have to remain �nite for ρ = 0, i.e., at the helix axis.(ii) For the surfae of a dieletri ylinder (for example, onstituting the NMR sample)inside the helix oil we require the tangential omponents of the magneti and eletri�eld to be ontinuous, provided that the ondutivity of the dieletri ylinder is equal tozero (whih we assume in the following). (iii) At the surfae of the radially thin, heliallywound ondutor (supposed to have very high ondutivity), we require that the eletri�eld omponent parallel to the urrent diretion vanishes, i.e., the tangential eletri �eldmay have only a omponent perpendiular to diretion of the urrent traveling throughthe helix. (iv) For that omponent perpendiular to the helix urrent we require thatthe tangential eletri �eld omponent perpendiular to the diretion of the helix urrentis ontinuous inside the helix and in the outer spae surrounding the helix. (v) Finally,the tangential omponent of the magneti �eld parallel to the helix (urrent) diretion isontinuous inside and outside the helix [144, 49℄. In the sequel only the zero order mode59



Chapitre 3. Desription of waveguides used in NMR probesis onsidered as the dominant mode, whih is justi�ed as long as the wavelength is largeompared to the helix diameter (denoted by 2a). From equations 3.42-3.43 and the radialboundary ondition outlined above, the following harateristi equation an be derived :
2πa cotψ

λ0
= h0a

√
√
√
√
I0(h0a)K0(h0a)

I1(h0a)K1(h0a)
(3.44)From that transendental equation the radial propagation fator h0 an be determinedwhih de�nes the wavelength ompression fator of the helix to be :

λ0

λ
=

√

1 +
(λ0

2π
h0

)2 (3.45)By Eqs. 3.42,3.43 and 3.44 all �eld omponents inside the helix an be determined. If theseare known, we are able to derive the urrent distribution JΣ along the helix surfae (Σ)that would generate the �eld just alulated, beause the disontinuity of the tangentialmagneti �eld omponent at the helix surfae is proportional to that urrent density
|HbT − HaT | ∝ JΣ

n denotes the vetor normal to the helix surfae, HaT is equal to the tangential �eld outsidethe helix at its surfae, HbT is equal to the tangential �eld at the surfae inside the metalondutor. For very high ondutivity HbT deays rapidly to zero, (in�nitesimally smallskin depth), suh that pratially HaT ∝ |JΣ|. In order to obtain the �eld distribution fora solenoidal oil of �nite length, the following approximation an be made : we take theurrent distribution along the helix surfae obtained from the above sheath helix modelto be equal to the urrent distribution of a wire helix. It an be shown that parameterslike, wave ompression and �eld distribution inside the solenoidal oil of �nite length areharaterized orretly by making this assumption [49℄. The urrent distribution known,it an be used to realulate the detailed magneti �eld of the �nite solenoidal oil [96℄.The solutions of the Helmholtz equations with urrent as soure term, are the so alledretarded potentials :
B(r, t) =

µoµ

4π
.eiωt

∫

l
e−i. ω

c

√
ǫµ |r′−r|×

(

− iω
√
ǫµ

c

1

|r′ − r|2 −
1

|r′ − r|3
)

(r′−r)×Jl(r
′)dr (3.46)where Jl, the linear urrent distribution along the helix wire, an be obtained diretlyfrom the urrent distribution JΣ. Position vetor r spei�es the point in spae where60



3.5. The helix modelthe �eld is to be evaluated, position vetor r′ the point at the helix wire with urrent
Jl(r

′). By introduing ylindrial oordinates (ρ, Z, θ) Eq.3.46 will now provide the basisto obtain the magneti indution �eld B1 = f(ρ, Z, θ; t). The omputation of the B1 �eldsinside a solenoidal oil using Eq.3.46 provides some reliable information on the spaial�eld distribution. In this equation phenomenae like helix wave ompression and fringe�elds are inluded, however the dieletri properties of the sample and its detailed shapeinside and outside the oil are not onsidered. Also the more distant viinity of the oilis not taken into aount (e.g., MAS stator and shielding of the probe).
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Chapitre 3. Desription of waveguides used in NMR probes
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4Numerial methods to solve Maxwellequations
4.1 Introdution to Finite integration tehniqueThe present hapter provides some information regarding fundamental assumptionsinvolved in the numerial simulations. These where performed with the ommerial pro-gram Mirowave StudioTM 10. Some example and appliations of CST an be found inNMR literature [43, 44, 70℄. This is indeed the better alternative we found to �nite element(FEM) odes also suessfully employed in oil design and RF mapping [123℄.Time domain solvers are those using the forward and bakward propagation of wavesin order to establish a standing eletromagneti wave over a struture in the time. Thesetehniques provide a spatial disretization sheme, appliable to various eletromagnetiproblems,over a broad frequeny domain. What is spei� of CST is the FIT (FiniteIntegration Tehnique) now presented. The integral form of the Maxwell equations 2.1 isdeveloped in the following way :

∮

l

~H ~dl =
∫

Σ
( ~Js +

∂ ~D

∂t
) d~Σ

∮

l

~E ~dl = −
∫

Σ
(
∂ ~B

∂t
) d~Σ

∮

Σ

~D.d~Σ =
∫

Ω
q dΩ

∮

Σ

~B.d~Σ = 010Version 2006B from Computer Simulation tehnology, Darmstadt. From now refer here uniquely asCST 63



Chapitre 4. Numerial methods to solve Maxwell equations (4.1)the de�nition of the �elds is the same as what has been given previously in Eq.2.1The two last equations are introdued using Gauss-Ostrogradski's transformation ofthe divergene operator, similar to the Stokes transformation for the rotational opera-tor. In order to solve these equations numerially all �nite di�erene time domain odeswill de�ne a �nite alulation domain enlosing the onsidered appliation. By reating asuitable retangular mesh system, this domain an be split up into several small paralle-lograms so-alled grid ells, for mere simpliity reasons we propose here the example of aubi11ell.

Fig. 4.1 � Dual grid known as Yee's ell.Presented in Fig. 4.1 is the �rst or primary mesh. It an be visualized and re�ned withmanual, or automati algorithms. An important parameter is the mesh ratio per wave-length to be entered manually, other re�nements are done from automati identi�ationof edges, verties, singular points in the devie under test. In addition to this primarymesh a dual grid mesh is generated to solve the omplementary part of the EM wave.The spatial disretization of Maxwell's equations is �nally performed on this twoorthogonal grid systems : the primary G and dual G̃. Referring to the following �gure 4.2,the Maxwell-Ampere equation is solved onsidering a magneti �eld on the ontour edgesof the dual grid, and the eletri displaement (plus the urrent in the ase of ondutivemedia) is derived at the faes of the primary grid. The resolution of the Maxwell-Faradayequation is solved in analogous way using the primary grid for the eletri �eld and thenodes of the dual grid at the surfae of this �rst one (�gure 4.3 illustrates this). Theadvantage of suh approah, alled Leap-Frog sheme, is that time propagation of signal11This retangular meshing is depreated and has been replaed by hexagonal or tetrahedral meshes64



4.1. Introdution to Finite integration tehniquefrom one mesh to another in either primary or dual grid, is feasible for any kind of inputsignal.

Fig. 4.2 � Loops of magneti �eld used to derive urrents.

Fig. 4.3 � Cirulation of the Eletri �eld in order to derive the �ux Φ.In pratie FIT formalism formulates the �elds involved in Maxwell's equations, foreah edge of the ell faets as vetors of a disretized spae. The magneti exitation (h)and the orresponding eletri displaement d are assigned to the dual grid, as shown in�gure 4.2 and the eletri grid voltage e and magneti indution b are alloated to theprimary grid as presented by 4.3. Considering Ampere's law, the losed integral on theequation's left side an be rewritten as a sum of four grid magneti potentials hi, hj , hk, hl,without introduing any supplementary quanti�ation error. Consequently, the surfaeurrents if present, and time derivative of the displaement urrents at the surfae de�nedon the enlosed ell faet represents the right-hand side of the equation, as illustratedby the �gure 4.2. By repeating this proedure for all available ell faets, the alulationrule an be summarized in an elegant matrix formulation, involving the matrix C whose65



Chapitre 4. Numerial methods to solve Maxwell equationsoe�ients are Cij ∈ {−1, 0, 1}. This is a disretized representation of the rotationaloperator `∇×' in the spae G̃ whih inludes all topologial information of the strutureto analyze [20℄. In equivalent way, the divergene `∇.' is substituted by a matrix S.The disretization of the four Maxwell equations introdued disrete operators S and S̃,belonging respetively to the primary and dual grids. The omplete set of disrete matrixequations, the so-alled Maxwell-Grid-Equations (MGE) is now given by :
C̃h = j +

d

dt
d

Ce = − d

dt
b

S̃d = q

Sb = 0 (4.2)At this point it is interesting to note that numerial resolution of both h and e anbe driven only through a retangular 3D meshing. Finally the missing material equationsintrodue the inevitable numerial inauray due to spatial disretization. By de�ningthe neessary relations between voltages and �uxes their respetive integral values haveto be approximated over the grid edges and the ell areas. Consequently, the resultingoe�ients depend on the averaged material parameters as well as on the spatial resolutionof the grid and are summarized again in the orrespondent matries :
b = Mµh

d = Mǫe

j = Mσe + jS (4.3)This spei� formulation of Maxwell equations allows solving eletromagneti problemsfrom quasi-statis to high frequeny using transient analysis where n denotes the time-period step. When time derivatives are replaed by entral di�erenes then the followingpropagation equations appear :
en+1/2 = en−1/2 + ∆tM−1

ǫ [C̃M−1
µ bn + jnS]

bn+1 = bn − ∆tCen+1/266



4.2. Considering Material properties for numerial simulation(4.4)Yielding this expliit update formulation for the simplest loss-free ase is ommon tomany other time domain algorithms (the FDTD odes), inluding the ase of FIT, butalso CFDTD [35℄, among others. Most time domain simulators employ the method pro-posed originally by Yee [149℄ in 1966. While Yee simply replaes the partial derivativesin Maxwell's rotational equations by entral �nite di�erenes, Weiland [146℄ went fur-ther ahead and derived an equivalent disretization approah using �nite integration ofMaxwell equations in 1977 (Eq. 4.1).Nevertheless it is important to distinguish FIT from other time domain methods. Thedevelopment from Weiland is based indeed on Yee's �rst approah but only regardingthe idea of a sattering of pulse. The disretization proposed by Yee was based on thedi�erential form of the Maxwell equations, as it was the ase for the early CFDTD [35℄,and most FDTD methods, but this is not the ase of FIT whih start diretly with theintegral form of the Maxwell equations. This is muh better adapted to volumi iruits,sine no approximation is made while solving the Maxwell equations in free spae.4.2 Considering Material properties for numerial si-mulationAll omponents get a physial assignment in order to �ll the material property matries
Mµ,Mǫ,Mσ. Materials an be de�ned either as normal, desribing isotropi media, or asanisotropi with onsideration of their tensor of anisotropy. Condutivity in dieletrisand the introdution of material losses leads to de�ne omplex relative permittivity 12 as :

ǫ = ǫ′ − iǫ′′here we stik to time dependene onvention of preeding hapters with exp (iωt). Disper-sion, de�ned as a frequeny dependane of materials is often enountered in lossy samples.Time domain methods are partiularly adapted to solve Maxwell equations in omplexdispersive media. Later, in a hapter dediated to thermal e�ets, we will investigate theRF irradiation proess. Dispersive material have a frequeny dependent relative dieletriondutivity alled σeff :
σeff = (σion + ωǫoǫ

′′) + iωǫ′ (4.5)12The material permeability is desribed in an analogous way, but sine material used in NMR sampletend to be transparent to magneti �eld we will not insist on µ 67



Chapitre 4. Numerial methods to solve Maxwell equationsThis de�nition of ondutivity was found elsewere in the literature [126, 12, 70℄. The ana-lysis of ondutivity performed in this thesis is in fat based on the e�etive permitivity,and onsiders again the two ontributions :
ǫeff = ǫ′ − i(

σion

ωǫo
+ ǫ′′) (4.6)the stati ondutivity σion depends strongly on the salt onentration, or more preiselyto the ioni strenght, in pratie this term deays rapidly at high frequenies and thedominant term is ǫ′′. Here ǫeff is a relative permitivity and ǫo the already de�ned per-mitivity of vauum. When onsidering a �rst order Deby model for the imaginary partof the permittivity, as it has been proposed for polar solvants [70℄, as well as for biellesample [126, 82℄ the preedent equation beomes :

ǫ(ω) = ǫ∞ +
(ǫs − ǫ∞)

1 + i ωτ c
(4.7)were ǫs is the stati permittivity, ǫ∞ is given at an in�nite frequeny. This phenome-nologial model introdued by the Physial Chemist Peter Debye (1884-1966) onsidersrelaxation proess τ c and an be applied to most NMR samples [70℄.For a model inluding the ioni ondutivity a general dispersion model of seondorder an be involved :

ǫ(ω) = ǫ∞ +
βo + iωβ1

αo + iωα1 − ω2
(4.8), this model is used in the program to desribe dispersive materials, the oe�ients to beentered are written aording to the following formulas :

βo =
σ

ǫoτ c

β1 =
σ

ǫo
+

∆ǫ

τ c

αo = 0

α1 =
1

τ c (4.9)The plot of �gure 10.3B was done using this model.68



4.3. Pratial aspets of CST-based EM alulations4.3 Pratial aspets of CST-based EM alulationsThe programming task involved to solve the integral form of Maxwell equation givenby Eq. 4.1, an not be done by a single person in the time frame of a thesis. CST, based onthe fundamental onepts expressed here, present some partiularities. For instane, theway strutures are exitated, or the means to hek onvergene, and even the possibilityto hose between time domain or eigen mode solving, is valuable information for our study.4.3.1 Role of the di�erent type of exitation ports in CSTExitation waves are the inputs of the time domain solvers. In CST the amplitude ofthose time dependent stimulations are normalized to one ( in W 1

2 as signal amplitudes)for the wave guides ports mostly used in this work. Four types of signals an be appliedto the struture as desribed in the following :Wave guide portWaveguide ports represent a speial kind of boundary ondition of the alulationdomain, enabling the emission as well as the absorption of energy. Note that these boun-daries do not need to be at the edge of the meshing region. They an be seleted forexample, around a ontour of the inner TL shield, or in the end fae of the dieletri�lling a waveguide. The ports have to be aligned with the Cartesian frame's diretions.CST allows alulating possible higher modes at the wave guide port plane with the helpof a 2D eigen-mode solver. The superposition of an in�nite number of those modes repre-sents all possible eletromagneti �eld solutions in the port region, ertain waveguides aredesigned to arry many di�erent modes and this an be expliitly addressed by the solver.In RF also, degenerate modes need to be onsidered when using two ondutors oupledinside a shield (odd and even modes of the 1H WB tunning-mathing parallel TL's forinstane). Usually the TEM mode is su�ient for most problems involving oaxial linesas feed-troughs. The number of modes to be onsidered in the solver alulation an bede�ned in the waveguide port dialog. Out of that S-parameters are to be derived, withpossible renormalization of the wave impedane or of the physial length of the TL duringthe post-proessing of the results.Plane wavesThe plane wave tool simulate an inident wave from a soure loated far away tothe observed objet. The propagation vetor, as the polarization of the waves an be69



Chapitre 4. Numerial methods to solve Maxwell equationsset. These exitations are of great importane when optimizing immunity behind a shiel-ding, or reiproally the radiation pattern of a Probe. CST an be used prior to aquiremeasurements required for eletromagneti ompatibility validation.13Disrete portsBeside waveguide ports or plane waves the disrete ports o�ers another possibilityto feed the alulation domain with power. Three di�erent types of disrete ports areavailable. The exitation an be onsidered as (i) a voltage or (ii) urrent soure or (iii)as an impedane element whih absorbs some power and enables S-parameter alulation.Voltage port realizes a voltage soure, exiting with a onstant voltage amplitude. Inase that this port is not stimulated during the transient analysis the voltage along thewire is set to 0 (short-iruit). The voltage exitation signal will be reorded during thesolver run. Current port type realizes a urrent soure, exiting with a onstant urrentamplitude. S-Parameter port is modeled by a lumped element, onsisting of a urrentsoure with an inner impedane, whih exites and absorbs power. This port delivers asdefault a Gaussian signal of 14.14 V peak (pure soure of 10 V RMS), whih provides0.5 W to the oil when mathed to 50 Ω [44℄. This is ompatible to what has been saidbefore beause the soure impedane is also mathed to 50 Ω and the urrent irulating is0.1 A RMS (alulated with 10 V RMS in series with 100 Ω). In addition to the alulationof S parameters, it is also possible to monitor the voltage aross and the urrent troughthe disrete ports, note that the orientation of the port is used to determine the phase ofthe S-parameters. Disrete ports are ontained in the volume of a single mesh and appliedto the two points thanks to the shortest possible perfetly onduting wire, thereforepositioning the disrete ports should be done arefully to avoid any other element of thestruture to be short-iruited.Exitation signalsThe pulses applied to the struture an be of various shapes depending on the fre-queny domain to stimulate. The default is Gaussian, but arbitrary shapes an be desi-gned. A maro allows to de�ne arbitrary shapes. The �elds amplitude as a funtion offrequeny has to be multiplied by the envelope of the frequeny window, it is known thatCST enlarges the boundaries of the frequeny domain asked by the user, so the windowfuntion is not to be onsidered by the user when omparing data.13These measures are done aording to the norm IEC 61326, whih refers to RF immunity and emis-sions for eletrial equipment.70



4.3. Pratial aspets of CST-based EM alulationsPulse response analysis, use of �eld probesCST performs transient analysis to ompute the disrete ei and hi vetors from aninput time signal. The FT is omputed from the pulse signals, the time signal thereforeimposes it's own exitation pro�le as in NMR pulse sequenes, so some are has to betaken in hoosing the pulse shape. Sine all ei and hi vetors are omputed after eah timestep of the pulse we ould follow the build up of the EM �elds in time by just setting a�eld probe at a spei� loation and storing the updated alulated �elds as an ASCII �leat this spei� time step. It is in priniple inherent to the time domain method employedby CST to give aess to transient analysis or pulse response of a tested struture. Butthe time-lengths of the probing pulse is 103 smaller than the NMR pulse lengths.Exitation of ports in order to simulate standing waves and BalaneExitation of two port as NMR and ESR oils in a balaned situation requires thatstanding waves an be simulated. The advantage of two port exitation is the ability toreprodue balane, by in�uening the phase of eah exitation, and by adding on thealulated solutions for eah of the two exitations, the de�nition of eletrial balanestates that a standing wave X is the superposition of two waves alled forward andbakward, in suh a way that one an write, introduing the superposition :
Xstanding = Xforward.e

iπ/2 + Xbackward.e
−iπ/2 (4.10)In pratie it is possible by stimulating one after the other the two ports, inidentwaves from one port to the other are the forward and bakward waves are needed toompute the standing wave. The way to proeed is straightforward : (i) In the transientmode solver the soure type has to be all seleted ports, so the ports will be stimulatedsequentially.(ii)One of the speial solver Parameters states per default that the two-portreiproity should be onsidered, if needed (when the sample is dispersive) this an bedeseleted in order to fore two independent exitations.(iii) After the simulation is done,alulation results are ombined, at this point the ombination an be done onsideringa phase shift of ±π/2 in order to represent a symmetri loading. Amplitude an alsobe modi�ed for the onsidered frequeny. If we an estimate by perturbation means theEletri �eld at the end of both TL, this an enter into the onsideration of a well-balanedsituation. Finally (iv), for S-parameters alulations, there is the possibility to renormalizethe Impedane at the port (wave impedane) to other values. In addition de-embedding ofS-parameters allows to enlarge the TL length arbitrarily without inreasing the numberof mesh ells. This will allow observation of resonanes observed by onneting the oil to71



Chapitre 4. Numerial methods to solve Maxwell equationstwo parallel TL's.The simulation of the iruit impedane at both ends of the oil an also be intendedby inserting RLC iruits at the end of both ports, in the standard version of CST ; moreomplex iruits will involve nodal analysis (Vipe, Touhstone, Mirowave O�e, CSTDesign Studio, et...). Our experiene is that nodal analysis is sometimes the fastest wayto get to the right resonant frequeny. But sine it requires some assumptions based on theEM �eld distribution, nodal analysis has to refer to a resolution of the Maxwell equations.
4.3.2 Means to evaluate onvergeneConvergene means that all stability riteria are meet so we an onsider the solutionto be reproduible from one experiment to another. CST provides means to validate resultswithin eah single transient analysis pass, and over an adaptive mesh re�nement. Thislast problem needs to be solved systematially in order to ensure that EM �eld solutionsare almost independent from the meshing, they involve at least two or three iterations.In the ase of CST there is an two important monitors to follow : (i) The so alled`energy' of the system, this funtion of time represents the travel of EM energy overthe struture. In the time-dependent proess initiated after the pulse there is a build-upduring the �rst period (orresponding to the pulse length) and after the urves passes amaximum of energy stored, a logarithmi deay is observed due to absorption of energyin the ports. Indeed when onsidering S-parameters, the energy dissipation in the ports isthe main riteria for assuming steady state. This energy is the sum of what is inserted inat port n minus what gets out from j ports on1; on2, ...onj. Like ports, open spae will alsoradiate energy. The onvergene of the solver is bounded to this deay, but if the system isresonant the energy will be stored in the struture, as desribed by the physial de�nitionof the quality fator : the energy stored divided by the energy dissipated per yle (Eq. 2.41).Therefore no energy dissipation will be deteted and the onvergene may be worse oreven not possible.(ii) Another riteria is the `balane' de�ned as √

|Snn|2 + |Sjj|2 + ... thisparameter is an amplitude expressed over the frequeny range. The loser to unity weare, the less radiations will be shown in the struture. The dispersion from this value atother frequenies proves that the struture gets lossy or dispersive there. The onvergeneriteria is again based on the di�erene on sattering parameters from one the resultsobtained after one pass to the next one, default onvergene error for the adaptive meshre�nement is less than 2%.72



4.3. Pratial aspets of CST-based EM alulations4.3.3 Eigen mode alulationsFor eigen-mode alulations, ie. to predit the self resonanes of the onsidered stru-ture, or for frequeny domain analysis, the two �rst Maxwell equations are needed, assoon as all ondutors are lossless, and no indued harges are onsidered. The Helmholtzdi�erential equation is derived as presented afterwords in Chapter 3. There this alu-lations involves the disrete formulation of the rotational di�erential operator. This is amatrix inversion problem, as it an be solved by any FEM ode, with omplex inversionalgorithms. In the ase of CST, thanks to inorporated eigen-mode and frequeny domainanalysis on full hexagonal meshells (tetrahedral mesh is possible as an option) Helmholtzequation an be solved even in the stati ase (Laplae equation) for eletrostati om-parisons. In oder to do this the spae has to be losed with perfet eletri boundariesobeying ~Et = 0, orresponding to a Faraday age, the perfet shielding box, or magnetiboundaries obeying ~Ht = 0 (and where no urrents loops an be indued in the shield)to avoid shield resonanes. Far �eld radiation is a spei� problem involving absorbingboundaries (alled open) and absorbing boundary onditions alled also perfetly mathedlayers.For CST using the disretization of the rotational operator in the primary grid C andin the dual grid C̃, the simplest form of Helmholtz equation writes :
C̃M−1

µ C e = ω2 Mǫ e (4.11)where Mµ is the matrix of permeabilities over the meshells, and Mǫ the matrix of permit-tivities. The eigenmode solver is based on this eigenvalue equation for non-driven and lossfree harmoni problems. The solution of this seond order di�erential equation is obtainedin the loss-free ase via a Krylov-Subspae (AKS) or Jaobi-Davidson method (JDS) forlower frequenies when losses need to be taken in aount. The solving method is not atime domain anymore, but the mesh stays the same as for the transient analysis. Thisspei� matrix inversion may require more RAM than in the transient ase, therefore wemay have to derease the mesh size. For the frequeny domain analysis the urrents needto be addressed at the di�erent interfaes :
(C̃ M−1

µ C − ω2 Mǫ)e = −iωj (4.12)where j is the urrent vetor over the di�erent meshells. 73



Chapitre 4. Numerial methods to solve Maxwell equations4.4 Strengths and weaknesses of Finite time domainmethods, and in partiular to FIT used by CSTThe RAM storage requirements for Finite di�erene Time domain (FDTD) and Trans-mission Line matrix method (TLM) are onsiderably lower than for other tehniques likeMethod of Moments (MoM) or FEM. Propagation methods we mention �rst are timeonsuming but got no large matrix to invert. This means, in pratie, that a personalomputer is well suited for solving suh problems. As a mere example, with rather smallamount of RAM (512M) a Pentium IV an solve the �eld distribution in a resonant stru-ture involving more than 450.103 meshells in 3 hours (but not at the self resonane). Thetime domain response is subjet to a so alled Disrete Fourier Fast Transform to gene-rate broadband frequeny domain data in a single simulation.It permits the identi�ationof various resonanes along the frequeny axis. This feature should very useful to identifymodes, and speially for a omparison of what is measured by the network analyzer. Theability to injet arbitrary waveforms into a disretized struture allows us to simulatetransient e�ets when applying an RF pulse. Another strength of time domain simulatorsis their ability to model nonlinear materials, boundaries, and devies in a natural way,this is partiularly useful for the measures of SAR (spei� absorption rate) in relationwith human body, but an be even more easily employed for simulation of the ouplingof lossy dieletri samples. On the other hand the onvergene of FDTD depends on thesize of the mesh, the number of required time steps, and the Q of the struture. Thealgorithm of onvergene involves the deay of energy stored in a system under test, thisis why high quality avities are quite hallenging for CST. In pratie we an be overomethis by separating the port and un-mathing the struture. Problems were operating atthe self resonane frequeny is required are quite seldom. For problems with very largeaspet ratios we proved, that it is not easier to generate an FEM mesh than a FIT one (inspite of the situation desribed in Swanson and Höpfer's EM survey, CST has progressedonsiderably in the past few years [134℄). Without doubt the evolution of most odes willontinue in the next few months. This survey of FIT in regards to other programs willneed to be updated. In partiular nobody doubts in the future of the availability of promi-sing Open Soure EM �eld solvers distributions (EMAP4,NEC...), with brilliant aademiperspetives. Suh software would o�er the best for our appliations when adapted to ourneeds.
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5Equation of reiproity andmathematial expression of the signalin NMRThe design and prodution of NMR probes faes the halenge of sensitivity. Improve-ment of signal to noise is the probe developpers 'Daily bread'. Instruments suh as NMRprobes are onieved to reieve a signal from nulear relaxation whih is indeed weakeras a few tens of mV. In this setion we try to explain the `how' of the signal's detetionat the probe's end. We will prove these derivations usefull when trying to extrapolate aertain B1 �eld distribution from a series of NMR measures'.5.1 Polarization of the RF �eld pulsesIn most ases the MAS oil generates a �eld linearily polarizated. Over the time periodassoiated with the RF frequeny (whose pulsation is set to ω) the �eld omponentswill osillate along OZ, if suh is the polarization diretion. It is onvenient, for thealulation of density matrix evolution, to work in the so alled `rotating' frame. In orderto do that, the linearily polarized �eld is deomposed in two rotating vetors (o-rotatingomponents) of half the amplitude, inverse phase and pulsation ω. The omponent rotatingin the inverse diretion is onsidered to be non-e�etive for the NMR experiment. Suh itis, that the amplitude of the voltage in the reiever oil is inreased a fator of √2 whenreplaing the linear by irular polarized oil (p 77 in [1℄).The phase of the RF wave is ritial to projet the spin magnetization along the axisof this rotating frame, for example (the referene is arbitrary) hard pulses of phases φ75



Chapitre 5. Equation of reiproity and mathematial expression of the signal in NMRequal to 0o, 90o, 180o, 270o will projet the magnetization along y,−x,−y, x respetively.A lear tutorial of this fundamental property of the RF pulses an be found in p 53 of[14℄. This justi�es the introdution of the following general mathematial formulation ofthe time-harmoni �eld :
X(r, t) = Xc(r) cos(ωt) + Xs(r) sin(ωt) (5.1)whih inludes the ases of linear and irular polarization. For onveniene it is usual tobring this out by introduing omplex vetors. Here we give then the notation F . Theseare de�ned by :

X(r, t) = ℜe( ~X (r)e+i(ωt+ϕ)) (5.2)
~X (r) = Xc(r) + iXs(r)usage of these harmoni `phasors' in di�erential equations will be usefull here..5.2 Reiproity as derived from the Maxwell equationsThe signal is deteted at the probe's 50 Ω onnetor.It is onvenient to think of theonnetor as the hookup point of a tuned and mathed resonant probe (not just a oil),that will be onneted through a lossless transmission line and duplexer to an atualtransmitter and reiever system.To give a mathematial equation of the signal based on the physial phenomenon, weneed to analyse the two soures ating during the exitation-reeption yle. We have toonsider also the ontribution of the eletromagneti soures in the Maxwell equationspresented in the seond hapter.5.2.1 Soures at the emission stage and at the reeptionOn the other hand, the main soure ating during the emission is a urrent ~Js, duringthe reeption period the spin magnetization will indue a FEM aordingly to Faraday'slaw and the magneti displaement �ux soure assoiated with nulear magnetizationwrites :
~̇Bs =

∂ ~Bs

∂t
= µo.iω. ~Ms (5.3)76



5.2. Reiproity as derived from the Maxwell equationswhere Ms is the spin magnetization desribed as a phasor.Assuming for the moment that we are in a linear homogeneous and isotropi media.The Ampere and Faraday Maxwell equations admits the following expression during theemission i = 1 and reeption i = 2 states :
~∇× ~Hi = ~̇Di + ~Js i (5.4)

−~∇× ~Ei = ~̇Bi + ~̇Bs i (5.5)Now lets take the sum of produts ~E1 by Eq. 5.4 with i = 2 and ~H2 by Eq. 5.4 with
i = 1 the result is the �rst equation of 5.6. Proeeding with similar ombinations, thefollowing pair of equations appears using vetorial produt properties :

~∇.( ~H2 × ~E1) = ~E1
~̇D2 + ~H2

~̇B1 + ~E1
~Js2 + ~H2

~̇Bs1

~∇.( ~H1 × ~E2) = ~E2
~̇D1 + ~H1

~̇B2 + ~E2
~Js1 + ~H1

~̇Bs2 (5.6)Now we perform the di�erenes of these two equations, and at the end, we performthe volume integration over the volume Ω. By the meanwhile one an anel the termssuh as E1Ḋ2 and E2Ḋ1 who are learly the same, in the ase of lossless homogeneousmedia.
∫

Ω

~∇.( ~H2 × ~E1) − ~∇.( ~H1 × ~E2) dΩ =
∫

Ω
( ~E1

~Js2 − ~E2
~Js1 + ~̇Bs1

~H2 − ~̇Bs2
~H1) dΩ(5.7)Now lets apply the Gauss-Ostrogradsky transformation on the �rst member of Eq. 5.7whih beomes :

∮

Σ
( ~H2 × ~E1) dΣ −

∮

Σ
( ~H1 × ~E2) dΣ (5.8)Both terms represents the �ux of Pointing vetors aross a losed surfae in front ofthe ondutive walls of the probe. The right member of this equation anels. So, one may77



Chapitre 5. Equation of reiproity and mathematial expression of the signal in NMRnotie that Eq. 5.7 is equivalent to :
∫

Ω
( ~E2

~Js1 − ~Bs1
~H2) dΩ =

∫

Ω
( ~E1

~Js2 − ~̇Bs2
~H1) dΩ (5.9)where �elds ( ~Ei, ~Hi) are reated by soures ( ~Js i, ~̇Bs i), and `i' is the state onsidered.This equation means that, the response of the system (�elds ~E, ~H) to a soure ( ~Js, ~̇Bs) isunhanged if ause and it's e�ets are interhanged (p116 in [68℄) this is the simplest senseof the reiproity theorem. In a more general sense, reiproity relates a response at onesoure due to a seond soure to the response at the seond soure due to the �rst soure.These two soures may be di�erent in time or spae, their link is their mutual in�uene. Amodern Eletromagneti ompatibility (EMC) version of the Reiproity states again that`A soure of perturbation will perturb the surroundings with the same Eletromagnetipattern used by the surroundings to perturb it.' Eletromagneti reiproity as it has beenintrodued by Lorentz in 1895 was quite general, and the formulation for NMR was �rstpublished by D.Hoult and R.Rihards in their referene paper [74℄ and redeveloped someyears latter in various reviews [72, 71℄, so that this priniple was known among most NMR-sientists as `Hoult's reiproity theorem'. More reently NMR physiists have extendedthis priniple by deriving it to analyse retardation [77℄ and to disuss it in the ontext oflinear an irular polarizations [33, 71℄.In pratie the NMR setup allows ertain spei�ations to the general equation ofreiproity 5.9, for instane indution in the NMR oil prior to any pulse (Ḃs1H2) isompletely negligible. In addition, the left member admits a drasti simpli�ation as soonas we admit to be in the ase of lossless samples (Js2 = 0) no urrent soure from thesample will be present during the reeption state. Other simpli�ations allow us to restritthe volume of integration. For instane the left member of 5.9 will be integrated only overthe volume ontaining the spins. This omes from the fat that the �eld anels in thebulk ondutor, speially if ondutivity is onsidered in�nite and skin depth is negligible.The signal will be olleted only from spins within a �nite volume. The usage of the �llingfator ζbs serves to this purpose :To introdue the soure of urrent used during the pulsing state and the voltagegenerator measuring the spin indued EMF at the reeption, we used the following volumiiruit omparable to a apaitor onneted to a iruit. The gap of this apaitor (de�nedas dΩ1 = dΣ dl) is a volume represented by Fig.5.1 whih an be onstruted from anextruded surfae where E is spatially homogeneous.78



5.2. Reiproity as derived from the Maxwell equations

Fig. 5.1 � Volume dΩ = dΣ.dl for the integration of the left side equation of reiproity,deomposed as explained, in two regions where ondution, and displaement urrentsapply.5.2.2 First equation of the Voltage measured by the reeptorFor the right hand member of Eq. 5.9, we rely on the assumption that there is noother soures of signal than the nulei inside of the sample. The bakground signal of theprobe is always minimized by removing materials suh as Silione, Te�on, Kapton thatan add their own ontribution, therefore the volume Ω an be restrited to the samplevolume Ω2 experimenting NMR of the oil.
∫

Ω

~E2. ~Js1 dΩ = −
∫

Ω

~H1.
~̇Bs2 dΩ

⇔
∫

Σ

∮

l

~E2 dl. ~Js1 dΣ = −
∫

Ω

~H1.
~̇Bs2 dΩ

⇔ −V2.I1 = −
∫

Ω

~H1.
~̇Bs2 dΩ

⇔ V2.I1 = iω
∫

Ω2

~B1. ~Ms dΩ2 (5.10)
V2 is the voltage deteted at the probe's onnetor, I1 is the RMS urrent sent to theoil over one yle, Ω2 is the sample volume, all other fators are related to the alreadyde�ned eletromagneti �eld.The last one of these equations is the so alled signal equation, obtained by the ap-pliation of Lorentz reiproity priniple. This equation is the general formula assumingno losses by radiation, thermal dissipation and so. Here again, the equipotential lines in-side of the oil are the same during the pulse and during the reeption of the signal.Theshemati path represented by Fig.5.2 illustrates the approximations made : no signi�antounter-reation from the spins during the pulsing, and open iruit during the aquisitionof the signal. 79



Chapitre 5. Equation of reiproity and mathematial expression of the signal in NMR

Fig. 5.2 � Step by step desription of the NMR experiment : During the pulse step (left-up) a urrent I1 is applied to the oil (left-down), this produes a magneti �eld H1, laterthe spin preession (right-down) will reate a signal, by oupling between and the oil andthe spins. Reiproity tells us that the same magneti pro�le reated previously by I1, nowindues a voltage at the iruit's port (right-up).In fat we an prove that this situation desribes indeed the real NMR signal butonly as a �rst order approximation. It is perhaps useful to stress that this derivation ofreiproity doesn't neglet the �eld inhomogeneity, and an be applied for the two rotatingomponents of the B1 as it has been lari�ed by Hoult and Van der Klink [71, 33℄.5.3 Generalized reiproity in materialsEven if the Hoult's derivation from 1976 was brillant, until a more reent work of Vander Klink in 2001 it was unlear how this equation was derived from lassial eletrody-namis. In addition it is perhaps useful to stress that the reiproity theorem applies aslong as Joule heating in the probe and the dissipation produed by �nite ondutivity inthe sample is kept low. So a given I1 will reate a smaller H1 when any of these lossesbeomes more important ; and the eletri �eld E2 at the reeption diminishes. The proofstarts from the formulation of Maxwell's equations in a medium, and therefore radiationand retardation e�ets ould be inluded. The medium needs not to be homogeneous, butkeeps everywhere linear and isotropi relations.80



5.3. Generalized reiproity in materialsThe NMR reiproity implies to onsider a preessing nulear magneti moment atpoint R omprising two orthogonal, linear osillating magneti moments in phase qua-drature, and so the NMR experiment is analogous to having two oils, one pointing inthe ~x diretion and one in the ~y diretion, through whih we put urrents in quadraturephase [71℄. Sine both omponents of the rotating magneti �eld an be treated separatelyand added on afterwords using the superposition theorem. For the moment we will fousonly on the `right-hand' omponent in phase with the rotating frame.The reiproity priniple has been widely disussed in antenna theory, where it meansan invariane of a system when the transmitter and reiever are interhanged. It is alsoalled `eletromagneti reation' by physiists [118℄. Reiproity applies to a ertain type ofmaterial alled reiproal media. This last an be anisotropi as well. It onsiders, dielerilooses, as long as the permittivity and permeability of suh material stay reversible so :
¯̄ǫ = ¯̄ǫT ; ¯̄µ = ¯̄µT (5.11)where the double overbar distinguishes the dyadis, and T denotes the transpose operator,meaning in this ase that time an be reversed and the same auses will produe the samee�ets. With this de�nition given by [124℄ reiproal media is not neesarilly isotropiand lossless, as long as it's material properties remain in time (T-symmetry) whih is aviolation of the seond law of thermodynamis.Reently a new regard to the reiproity theorem has been provided to inorporatethe losses indued by the sample, and the impat on the o-rotating omponents of B1[71, 33℄. In the original formulation of reiproity, two osillating dipoles of moment ~pinterat to eah other in the following way : Let one dipole ~p1 cos(ωt) be situated in apoint R1 and another ~p2 cos(ωt) in a point R2. Let the eletri �elds reated by thesedipoles be ~Ei(r). Then reiproity is written as :

~p1 · ~E2(R1) = ~p2 · ~E1(R2) (5.12)For the NMR appliation, we ompare the eletromagneti �elds of an eletri dipole(representing the transmitter as a soure of RF �eld) and a magneti dipole (reating avoltage at the preampli�er's output in the probe's onnetor). In the transmitting asewe suppose that the RF soure is an eletri polarization dipole ~P between the apaitorplates as desribed by Fig. 5.1, and we onsider the magneti �eld that it reates at somepoint R in the sample volume. In the reeiving ase, the soure is a rotating magnetizationdipole ~Ms at that point R and we look for the eletri �eld that it reates between thoseplates. 81



Chapitre 5. Equation of reiproity and mathematial expression of the signal in NMRIn the transmitter mode (index 1) :
~P1(r, t) = ~p1δ(r) cos(ωt+ φ1)

~M1(r, t) = ~0 (5.13)The pulse of amplitude p1 is applied at the probe onnetor (denoted by a Dira funtion
δ(r)). In addition it has a frequeny given by ω and a phase φ1 whih serves as a referenefor the following alulation.In the reeiver mode (index 2) :

~P2(r, t) = ~0

~M2(r, t) = m2 δ(r − R)
(

sin(ωt+ φ2)~x− cos(ωt+ φ2)~y
) (5.14)The magnetization is measured at a point R. A spin having a magneti moment of am-plitude m2 preesses at a frequeny ω and a phase given by φ2.We onsider the Maxwell equations, and the onstitutive material equations as de�nedpreviously.

~H = ( ~B/µo) − ~M (5.15)
~D = (ǫoǫ ~E) + ~P (5.16)
~j = ~jp + σ ~E (5.17)Probe and sample are onsidered to have a relative permeability µ = 1. The ondutivity

σ and relative permittivity ǫ are material properties spei� to eah sample. The two setsof Maxwell equations, at both steps will be developped as follows. First for transmission :
~∇× ~H1 = ~jp

1 + σ ~E1 +
∂ ~P1

∂t
(5.18)

~∇× ~E1 = −µo
∂ ~H1

∂t
(5.19)82



5.3. Generalized reiproity in materialsand then for reeption :
~∇× ~H2 = ~jp

2 + σ ~E2 + ǫoǫ
∂ ~E2

∂t
(5.20)

~∇× ~E2 = −µo
∂ ~H2

∂t
− µo

∂ ~M1

∂t
(5.21)The terms ontaining the sample losses σ and the urrent density jp an be inorpo-rated in the expression of the omplex e�etive permittivity ǫeff (refer to Eq. 4.6 and tohapter 10 for an detailled analysis of dieletri dispersion). The reiproity is still fullyvalid when the losses beome signi�ant, as long as the material stays `symmetri' in thesense given by Eq. 5.11. In linear analysis of systems based on sattering parameters Sija pratial example of, how reiproity has to be onsidered, is given. A two port iruitto be exited from one port to the other will need only a single alulation, beause bothtransmission parameters (S12 and S21) are equivalent. This is a property of linear de-vies that every RF engenieers dealing with pasive omponents understands. Hoult madeuse of suh onept in an artile published in year 2000 [71℄. But when the devie un-der test inorporates a lossy dieletri (suh that the dispersion may reate strong phasedistorsions), the user should notify that the reiproity may not be valid anymore.The impat of suh result in an NMR experiment an be aessed by measuring thederease of signal to noise ratio of di�erent salty samples when inreasing the ondu-tivity [81℄. Or even simpler, by measuring the variation of the quality fator, whih isrelated to the urrent density in the sample jp [132, 92℄To derive the reiproity from the preeding equations the alulations are similar asthose employed in setion 5.2. The solution for the ase of linearly polarized B1 �eld is :

~p1. ~E2(R) = ~m2(R). ~B1(R) (5.22)
ΦE(R) = 2ΦB(R) − π/2where ΦE and ΦB are the phases of the eletri and magneti vetors, we write ~E2(R) tosignify that the reeived signal is aused by a magneti moment (a voxel) situated in R. Inall ases ~E2 is the �eld that appears in the gap represented by Fig. 5.1. When onsideringa irularly polarized B1 a fator √2 multiplies the right term in Eq. 5.22.An equation idential to Eq. 5.10 appears when expressing the dipole ~p1 as q1.~l, with

q1 the harge and ~l the distane between the plates. De�ning the urrent traveling through83



Chapitre 5. Equation of reiproity and mathematial expression of the signal in NMRthe iruit as : I1 = q1.ω. Then introduing the mesured voltage E2 = ∆V2/l with ∆V2the potential di�erene between the plates of Fig.5.1. And �nnally onsidering the ma-gnetization m = MoΩ2 with Ω2 the volume of the sample. But the integration of 5.22is a deliate task due to the right member ontaining a vetor produt that an not beseparated without loosing phase information.Signal power as a funtion of the quality fatorVan der Klink defends that the reiproity theorem takes are of all losses : by radiation(for inside-out NMR) by a �nite quality fator of the oil, and by ohmi heating in thesample. So a given I1 will reate a smaller H1 when any of these losses beomes moreimportant ; and the voltage at the reeptor V2 diminishes by the same fator. The proofstarts from the formulation of Maxwell's equations in medium. As the quality fatorinludes the sample's response, it is usefuly involved in the signal equations as followsin the next paragraphs. Quality fator is related to �eld distribution and it has beendemonstrated in [33℄ that it stays the same during the reeption stage as during theemission.
(ζbs.Q)1 = (ζbs.Q)2 (5.23)Using the general expression of the quality fator 2.42, and the onsitutive equa-tion 5.15, the produt ζbs.Q beomes :

(ζbs.Q) = 2
ω

∫

sampleB(~ρ, t) ·M(~ρ, t)dΩ
∫

space σ(~ρ)E(~ρ, t) · E∗(~ρ, t)dΩ
(5.24)with the denominator ontaining the joule losses in the entire probe plus the dissipatedpower in an equivalent load, and replaing the numerator by the reeived power per ylealulated in Eq. 5.2 the signal power is written :

Pr ∝ ζbs.Qs (5.25)where Pr is the power reeived in the detetor aording to the reiproity priniple, itrefers to the produt V2.I1 of Eq. 5.2, and inludes the volumi amount of magnetizationnot expliitly designated here. Again, Qs is the quality fator of the loaded resonator, and
ζbs derives diretly from the measured ball-shift perturbation as seen before (Eq. 2.40).From Eq. 5.25 is is lear that both entangled parameters Q and ζbs are produts of the�eld inhomogeneity that undermines the sensitivity.This is due to the in�uene of lossy samples on the RF distribution of non Low-E oil,84



5.4. Conlusions on eletromagneti reiproityalso de�ned as E-�eld heating oils. As we will disuss it in the last part the Q fator ofa oil plays a key role in the identi�ation of low-E �eld oils.Other de�nitions of measured signal as the one done in instrumentation artiles, likethe one done by Clark14, inlude a parameter where all nulear spin properties are lumped.In Abragam (Eq 75 p 83 in [1℄), the stati magneti �eld Bo is inluded as well. This drivesus to another approah, omplementary to the one here foused on reiproity, and thatis widely aepted within the NMR ommunity : The signal intensity is proportionalto γ3.B2
o (p 87 in [14℄). The stronger the stati magneti �eld the better the signal.Nevertheless, at high-�eld, one knows from experiene that the strong impat of samplelosses, and the limitations of traditional RF iruits ounterats the gains expeted fromhigh supra-ondutive Bo �elds.5.4 Conlusions on eletromagneti reiproityThis last hapter onluded the part dediated on eletrodynamis with a desriptionof the NMR measure, onsistent with the reiproity equation. This onept is ruialto pass from a bulk representation of B1 to a detailed mirosopi araterization of the�elds.In the literature inferring �eld inhomogeneities from the nutation signal relies ona statistial desription of the �eld distribution [66, 123, 137℄. Most of the time suhapproah is su�ient to give a ratio of �eld inhomogeneity. Sine we pretend to relatethe signal to the pro�le of the distribution we an not bypass reiproity. It is lear thatthe predition of the nulear magnetization states, as those disused in the next part, anbe done without onsidering reiproity expliitely 15, but for the oil engeniering thisonepts play a key role. Speially when improving the �eld homogeneity for a given oil :the assumption of a signal diretly proportional to the magnetization would mean that the

B1 is the same in the entire sample volume. This is unfortunately never the ase. Someinhomogeneities an be negleted, but assuming perfet homogeneity would ontraditeveryone pretending to improve the NMR oils. And we know that B1 inhomogeneity willbeome a limiting fator for the high-�eld multinulear MAS of biologial samples.The simulations presented later in Fig. 8.7 will justify that, in the sample volume, thetime-phase of the �elds (φ) an be onsidered as onstant. Suh is not the ase for thespaial-phase distribution (ϕ to be de�ned in the part III) introduted by the fat thatnot all �eld vetors are aligned in the same diretion, this spaial B1 inhomogeneity will14(Eq 8 in [19℄) is based on another referene of the RF literature : Terman in 1943 [136℄.15This approah based on the fat that signal is protortional to the magnetization an be found elsewerein exellent referenes [57, 156℄ among others already ited 85



Chapitre 5. Equation of reiproity and mathematial expression of the signal in NMRbe treated in the next part.Finally we see that the limitation of the priniple of reiproity is given by the materialitself. Non-reiproal material as dispersive medium will break the exhange betweenthe soure and the absorber. As in lassial mehanis, where fritions generates heat,the reiproity is limited by the materials response. In fat this limitation is speiallyenoutered in highly dispersive samples often used for HR-MAS. This is the reason whysample heating will be treated in the part IV.
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Part IIIIn�uene of the Axial and Transverseomponents of the magneti �eld onthe NMR signal : Physial desription

87





6Density matrix approah to desribethe onsequenes of RF �eldinhomogeneitiesThe desription and understanding of NMR multi-pulse sequenes an be approahedtrough the so alled vetor treatment as seen in previous part (setion 2.5), or using thedesription of the evolution of magnetization, through the density matrix formalism. The�rst method is generaly restrited to simple ases, but most situations enountered in bi-dimensionnal sequenes, spin-loking or omplex deoupling shemes, require the seondapproah to be used. The density matrix is a tool employed to desribe the state ofan ensemble as well as its evolution in time. This formalism is usually suitable for thefollowing e�ets :(i) stati �eld Bo Zeeman e�et ;(ii) RF �eld B1 transitions ;(iii) salar ouplings ;(iv) relaxation and exhange.To desribe the onsequenes of the RF �eld16 inhomogeneity, on a rotating sample17the density matrix approah is needed, as we will see in the following. In this Part werestrited ourselves to simpli�ed experimental onditions, involving one spin-1/2 in adeuterated water system (HDO), undergoing the both �rst e�ets (linked to the �elds B1,
Bo). Within this frame we are going now to desribe the fate of the nulear magnetization.16RF �eld pulsation in designated by 2πνrf17Angular speed of the mehanial rotation is given by ωr89



Chapitre 6. Density matrix approah to desribe RF �eld inhomogeneities6.1 De�nition of the NMR HamiltonianThis hapter pretends to give an introdution to density matrix alulations. Themirosopi nature of the NMR experiment requires a quantum approah. Our previouseletrodynami analysis of oils has to be now involved to predit the magnetization statesafter pulsing with an inhomogeneous magneti �eld. This last one is alled B1 whithin theframe of suh mirosopi desription. The experiment of Stern and Gerlah permittedthe observation of a quantized angular momentum : the omponent applied along a de�nedaxis of the intrinsi angular momentum of an atom an only take disrete values. In 1922this experiment permitted a better analysis of the interferometri observation made byZeeman 26 years before. Suh names (among other) are related to quantum lassi�ationof nulear, atomi, and moleular NMR spetra.6.1.1 Nulear spin OperatorThe goal of this setion is to larify from �rst priniples the ation of the RF pulse onthe evolution of the spin system. Sine density matrix formalism has been extensively usedto predit spin dynamis out of a partiular distribution of magneti �eld inside of thesample, it seems to us that this is a neessary tool to orrelate the B1 �eld mapping withthe NMR experiments. The operator produed by the magneti �eld is an Hamiltonian
H of energy given by :

H = −µ.B = −γrh̄B.I (6.1)where γr is the already de�ned gyromagneti ratio, h̄ = h/2π the normalized Plankonstant, and I is a dimensionless operator denoting the nulear spin, linked to thespin angular momentum, intrinsi to the partile and often deomposed in omponents
{Io, Ix, Iy, Iz}, that are linked to a base of Pauli matries {σ̃o, σ̃x, σ̃y, σ̃z}.

M = Ih̄ =
h̄

2
.σ̃ (6.2)Pauli matriesPerforming operations with the angular momentum, requires a spei� algebra. If werestrit ourselves to the development of a two state problem, the following set of two timestwo matries forming a base of Pauli matries, are well suited.90



6.1. De�nition of the NMR Hamiltonian
σ̃o =




1 0

0 1



 σ̃x =




0 1

1 0





σ̃y =




0 −i
i 0



 σ̃z =




1 0

0 −1





(6.3)
6.1.2 Shrödinger's equationThe quantum state of any partile is desribed by it's state funtion or wave funtion
Ψ a funtion of spae oordinates and time. In addition Ψ has to satisfy the Shrödingerdi�erential equation :

HΨ = ih̄ ∂Ψ/∂t (6.4)One typially separates the partial di�erential equation by writing :
Ψ = ψ exp(−i/h̄E t) (6.5)where ψ is a funtion of the oordinates alone. Equation 6.4 beomes

Hψ = Eψ (6.6)This is an eigen-value problem for the Hamiltonian operator H, desribed by eigen va-lues orresponding to quanti�ed energy levels En and an assoiated base of eigenfuntions
Φn is introdued aording to the following expression :

HΦi = EiΦi (6.7)As an immediate onsequene we an expand the time-independent wave funtion Ψas a linear ombination of time-independent eigenfuntions,
Ψ =

∑

k

ck Φk (6.8)sine the Φk's are onstants, the oe�ients ck must arry the time dependene.Now we brie�y explain how to solve the Shrödinger equation for an Hamiltonianorresponding to the RF pulse. 91



Chapitre 6. Density matrix approah to desribe RF �eld inhomogeneities6.2 Density of probability and quantum state evolutionThe density matrix is a tool used to desribe the state of a spin ensemble as well asits evolution in time. It allows the passage from a probabilisti treatment of a system offew spins to the statistial treatment of a large ensemble of suh systems [99, 51, 130℄.6.2.1 Expetation value of an observableWe follow here the general demonstration given by Slihter (p158-161 of [127℄). Theexpetation value of an operator F , whih depends on the oordinates and momenta ofthe system, is given by :
< F > = < Ψ,FΨ >

=
∫

Ψ∗FΨ dτ

=
∑

i,j

c∗i cj(φi,Fφj) =
∑

i,j

c∗i cj < φi|F|φj > (6.9)where the projetion of the state funtion is obtained in a base of eigen states that hasbeen presented in the equation 6.7.The ensemble average of this expetation value, neessary to predit the system'smarosopial behavior, is :
< F >=

∑

i,j

c∗i cj < φi|F|φj > (6.10)this illustrates the fat that we an onveniently arrange the oe�ients introdued by Eq.6.8, as a produt c∗mcn to form a matrix, whose properties are given now. As we alreadymention, if the wave funtion is time dependent, the time dependeny is ontained in theoe�ients cn. On the other hand he basis funtions φn, and matrix elements suh as
< φi|F|φj > are time independent. In pratie the matrix elements of the density matrix
̺ are introdued in suh a way :

< n|̺|m >= c∗mcn (6.11)where the bar denotes the marosopial average.The equation 6.10 an be expanded now onsidering ̺. This matrix is an Hermitianoperator, therefore ̺mn = ̺∗nm, ̺2 ≤ ̺ and Tr(̺) = 1, and even if not neessarily diagonal,92



6.2. Density of probability and quantum state evolutionthere exist a basis whih diagonalize ̺, and the diagonal elements must be oupation pro-babilities. In the alulation presented in Fig. 9.9, F is in pratie Mx, the magnetizationalong Ix in a base of Pauli matries (Eq. 6.3).
<Mx > =

∑

n,m

< n|̺|m >< m|Mx|n >

=
∑

n

< n|̺
( ∑

m

|m >< m|
)

︸ ︷︷ ︸

1

Mx|n >

= Tr(̺.Mx) (6.12)In order to obtain a mathematial expression for the measurable time evolution of themagnetization, we will use the now-familiar trae relation. One ̺(t) the density matrixfor a ertain spin evolution is alulated, the magnetization reorded along x is given bythe trae of the produt with the Pauli matrix orresponding to σ̃x :
<Mx > =

h̄

2
Tr(̺.σ̃x) (6.13)the utility of suh an approah as been proven extensively in NMR and we will thereforemake a pratial usage of it for the signal alulations of Figs.9.2, 9.5, 9.9 and 9.11.6.2.2 Transition probabilityMoreover the hamiltonian aepts the following deomposition, whih is very useful inNMR for the alulation of transition probabilities between two states of energy (e.g Eiand Ej).

H = H0 + H1 (6.14)where H1 is, in some sense, small in omparison with H0, and where the solution toShrödinger's equation is known if H1 = 0. In suh ases a powerful formalism, alledperturbation theory, is available to approximate the solution to Shrödinger's equation forthe full Hamiltonian given in equation 6.14. The fundamental results depend on whetheror not H1 is a funtion of time. If it is not dependent on time, its e�et is to ause a smallshift in the energy level for the unperturbed (H1 = 0) ase. The shift in ith level is
∆Ei =

∫

φ∗
iH1φi dτ =< φi|H1|φi > (6.15)93



Chapitre 6. Density matrix approah to desribe RF �eld inhomogeneitieswhere φi is the ith unperturbed eigenfuntion ; that is, the shift is equal to the expetationvalue of the perturbation with respet to the jth unperturbed level. On the other hand,if H1 is a funtion of time, its e�et is to indue transitions between the di�erent statesof the unperturbed Hamiltonian Ho.Only an RF pulse is able to modify the value of the oherene order. The operator
H1 is produed by the magneti �eld B1 as expressed by equation 6.1. The equation 6.16links the appliation of the RF pulse inside of the oil to the probability of transitionsbetween the energy levels of the spins. This equation an be formulated using the densitymatrix :

< j|̺(t)|i >= ei/h̄(Ei−Ej)t < j|̺(0)|i > (6.16)where t is the evolution time, from one state to the other.The diagonal terms of the density matrix, orrespond to the probability of �nding thesystem in the orresponding state. For example, the state m is populated aordingly tothe statistial distribution :
cm.c

∗
m =

e−Em/kB T

Z
(6.17)where kB is the Boltzmann onstant, and Z denotes the normalization fator in a anonialdistribution [37℄. This equation is useful to alulate the magnetization at the equilibrium.6.2.3 Equation of evolution of the density matrixCase of an Hamiltonian onstant in timeFor the future, we shall omit the bar indiating an ensemble average to simplify thenotation, but of ourse we realize that whenever the symbol ̺ is used, an ensemble averageis intended. Naturally the wave funtion Ψ, desribing whatever system we are onside-ring, will develop in time. It is straightforward to �nd the di�erential equation obeyedby the oe�ients ck : this is nothing else than Shrödingers equation 6.4. Using thedeomposition of Ψ of Eq. 6.8 it follows that

− h̄
i

∑

n

dcn
dt

Φn =
∑

n

cnHΦn (6.18)We an pik out the equation for one partiular oe�ient, ck, by multiplying bothleft sides by Φ∗
k and integrating :

− h̄
i

dck
dt

=
∑

n

cn < k|H|n > (6.19)94



6.2. Density of probability and quantum state evolutionThis equation is the well-known starting point for time-dependene perturbation theory.We an use (6.19) to �nd a di�erential equation for the matrix elements of the operator
̺, sine

d

dt
< k|̺|m > =

d

dt
(ckc

∗
m)

= ck
dc∗m
dt

+
dck
dt
c∗m

= − i

h̄

∑

n

[< k|H|n > cnc
∗
m − ckc

∗
n < n|H|m >]

= − i

h̄
< k|H̺− ̺H|m > (6.20)Finally, the well known equation of motion, governing the evolution of the densitymatrix, appears with the following ommutator :

d

dt
̺(t) = − i

h̄
[H, ̺(t)] (6.21)When the density matrix ̺(t) evolves under this Hamiltonian. In the event that H isindependent of time, we may obtain a formal solution of the equation of motion. Thevalue attained after a delay ∆t is given by :

̺(∆t) = e−(i/h̄)H∆t̺(0)e(i/h̄)H∆t (6.22)the integration is strayforward, and this equation predits quite well simples ase as thoseenoutered in preession. In the ase of a �eld whose amplitude and spaial orientationis varying in time, the resolution of Shrödingers equations turn to be far more deliatebeause time varying Hamiltonians obtained at di�erent times do no ommute.
Case of an RF Hamiltonian ontinuously evolving in timeOne situation ommonly enountered is that of a Hamiltonian as desribed by 6.14,onsisting of a (i) large time-independent interation H0, produed by the stati �eld Bo

H0 = −h̄γrBo.I = −h̄ωo.I 95



Chapitre 6. Density matrix approah to desribe RF �eld inhomogeneitiesand (ii) a muh smaller but time-dependent term H1(t) depending of the RF oil. Theequation of motion of the density matrix is then :
d

dt
̺(t) = − i

h̄
[H0 + H1(t), ̺(t)] (6.23)In the ontext of this perturbational approah it is onvenient to perform a frametransformation, and to introdue the RF Hamiltonian (H̃1) in the rotating frame :

H̃1 = eiH0t/h̄H1e
−iH0t/h̄ (6.24)we an after hanging to the rotational frame, rewrite the equation of motion. This onewas used in this work for a time dependent Hamiltonian :

δ ˜̺(t)

δt
= − i

h̄
[H̃(t), ˜̺(t)] (6.25)suh more general equation admits a solution similar to Eq. 6.22 :

˜̺(t+ ∆t) = e−(i/h̄)H̃(t)∆t ˜̺(t)e(i/h̄)H̃(t)∆t (6.26)but with ∆t small enough to onsider the RF Hamiltonian onstant during this in�nite-simal delay.In pratie a numerial iteration is required to follow the time evolution of ˜̺ due tothe non-ommutative harater of the Hamiltonian. Then ∆t must be, at least a fator 2smaller that the time step of the fastest osillation period to be observed.The reurene problem to be solved will onsider the following steps :
˜̺(∆t) = e−(i/h̄)H̃(0)∆t ˜̺(0)e(i/h̄)H̃(0)∆t (6.27)

˜̺(2∆t) = e−(i/h̄)H̃(∆t)∆t ˜̺(∆t)e(i/h̄)H̃(∆t)∆t

...

˜̺(n∆t) = e−(i/h̄)H̃((n−1)∆t)∆t ˜̺
(

(n− 1)∆t
)

e(i/h̄)H̃((n−1)∆t)∆tto solve this iteration, we need to analyse the mathematial expression of H̃ in the ase ofinhomogeneous B1 �eld and in presene of mehanial rotation (MAS). Rotation at the96



6.2. Density of probability and quantum state evolutionmagi angle will reintrodue time modulations in the expression of these Hamiltonian'somponents, and should be onsidered with are.In addition, sine the iteration, to be implemented numerially, may be long andrepetitive, errors will propagate from one iteration to another. The prinipal di�ultyomes from the treatement of omplex exponential matries :
˜̺n+1 = e−(i/h̄)H̃1∆t ˜̺ne

(i/h̄)H̃1∆t (6.28)found step after step.The onvergene to a realisti solution (as opposed to a numerial artifat) is stonglydependent on the numerial implementation of this building blok. To avoid drawbaks wederive an analytial expression of Eq. 6.28. This alleviates the omputational burden in-trodued by the algorithmi treatment of the exponential matries. In the base designatedbefore (6.3), ˜̺n admits the following deomposition :
˜̺n = Cn

x σ̃x + Cn
y σ̃y + Cn

z σ̃z (6.29)at eah step n where {Cn
x , Cn

y , Cn
z } are the oe�ients orresponding to the di�erent ompo-nents of the magnetization. We notie that these oe�ients are projetions of the densitymatrix :

Cn
x = Tr(̺n.σ̃x) (6.30)in the ase of σ̃x here.To derive Eq. 6.29 at eah step, a simpli�ed analytial model will be set for the RFhamiltonian. As it will be shown in the next hapter, H̃1(t = n∆t) an be expressed as atwo omponents operator :

H̃1(~ρ, t) = ϕx(~ρ, t)σ̃x + ϕy(~ρ, t)σ̃y (6.31)where ϕx(~ρ, t) and ϕy(~ρ, t), are based on the projetion of B1 in the rotating frame. Thisis to be �nally inorporated into Eq. 6.28. The analytial solution of ˜̺n is then obtainedby diret diagonalization of the exponential matries. These strayforward alulations anbe done using Maple or by any other tool to provide a general algebrai expression.With
αϕ = ϕ2

x + ϕ2
y (6.32)

and 97



Chapitre 6. Density matrix approah to desribe RF �eld inhomogeneities
δϕ = ϕ2

x − ϕ2
y (6.33)Finally the new oe�ients at the step n + 1 are given as a funtion of the old onesat the step n, and this replaes the numerial treatment of Eq. 6.28.

Cn+1
x =

αϕ. cos
(

αϕ

4
.(∆t)2

)

+ δϕ.
[

1 − cos
(

αϕ

4
.(∆t)2

)]

αϕ
Cn

x

+ 2ϕy ϕx

1 − cos
(

αϕ

4
.(∆t)2

)

αϕ
Cn

y

+ 2
cos(

√
αϕ

2
.∆t) sin(

√
αϕ

2
.∆t)ϕy√

αϕ
Cn

z (6.34)
Cn+1

y = 2ϕy ϕx

1 − cos
(

αϕ

4
.(∆t)2

)

αϕ

Cn
x

+
αϕ. cos

(
αϕ

4
.(∆t)2

)

− δϕ.
[

1 − cos
(

αϕ

4
.(∆t)2

)]

αϕ
Cn

y

− 2
cos(

√
αϕ

2
.∆t) sin(

√
αϕ

2
.∆t)ϕx√

αϕ

Cn
z (6.35)

Cn+1
z = −2

cos(
√

αϕ

2
.∆t) sin(

√
αϕ

2
.∆t)ϕy√

αϕ

Cn
x (6.36)

+ 2
cos(

√
αϕ

2
.∆t) sin(

√
αϕ

2
.∆t)ϕx√

αϕ

Cn
y

+
[

2 cos
(αϕ

4
.(∆t)2

)

− 1
]

Cn
zThis set of equations link the oe�ients Cn in a reurent way. For the preditionof evolution of magnetization, we have developed a C++ ode used in the hapter 9.This software is based on the above presented analytial expressions, and ustomized forthe various NMR sequenes. For the B1 magneti �eld pro�les reated by helial oilsand desribed in hapter 8. The novelty of the here presented approah is that the B1inhomogeneity is inluded in study of the NMR sequene, via ϕx and ϕy. Of ourse a98



6.2. Density of probability and quantum state evolutiondeep understanding of eletromagneti distribution is needed to provide a omprehensivemodel of the magneti �eld distribution. These models will be introdued in hapter 7.They are based on the axial and radial deomposition already found in the previous part(hapter 3.1.2) but applied here to our problem. By solving analytialy Maxwell equationsin the regular oils, the hapter 8 will fully justify these simpli�ed models. Finally inhapter 9 experimental evidene will be presented, based on rotatory eho, MLEV, andabove all nutation experiments.
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Chapitre 6. Density matrix approah to desribe RF �eld inhomogeneities
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7
The RF �eld in a solenoid oil

The investigation of the e�ets of RF �eld inhomogeneities in HR-MAS started whenit was reported that MLEV16 sequenes run under HR-MAS ould lead to very awkwardresults [111, 85℄. The e�ets observed varied from strong phase distortions to an almostomplete disappearane of the magnetization. After a areful analysis, the origin of theproblem was found to be due to an interferene between the mehanial spinning of thesample and the MLEV16 sequene [111℄. It was noted that, in the ourse of its rotation,the sample is neessarily taken through regions of varying B1 �elds, resulting in a naturalperiodi amplitude modulation of the B1 �eld [111℄. Simulations reproduing the atualMLEV16 sequene using empirial models of B1 inhomogeneities were shown to be able toreprodue the experimental results. In this setion this investigation is arried out a stepfurther by using more elaborate models of the B1 inhomogeneity for the NMR simulationsand by validating these models with eletromagneti simulations of B1 inside a solenoid.We show that the MLEV16 and the DIPSI2 experiments are not the only experimentsa�eted by this B1 modulation. Unusual e�ets are also observed for a simple nutationexperiment whih is used in almost every laboratory to determine the amplitude and theinhomogeneity of the radio-frequeny �eld. Unusual aspets of the rotary-eho experiment(90o
x − delay − 90o

−x −Acquisition) are also disussed. It is important to note that thesee�ets have been observed in a number of laboratories but that no lear explanation wasproposed in the literature until 2005 [48℄. 101



Chapitre 7. The RF �eld in a solenoid oil7.1 Evolution of magnetization under the RF �eld inMAS onditionsMagi angle spinning onsists in spinning a sample around an axis forming the magiangle β = cos−1(1/
√

3) = 54.7o with respet to the axis of the main stati �eld Bo.The radio-frequeny oil used to generate the B1 �eld and to observe the NMR signalis usually a solenoid oriented at the magi angle. The harateristis of the B1 �eld aremost easily desribed in the (X, Y, Z) frame of the solenoid whereas the desription ofthe NMR experiments requires the use of the (x, y, z) laboratory frame where the Ozaxis is along the magnet's bore (Fig. 1.5). In most text books, it is stated that the B1�eld generated by a solenoid oil is aligned along the OZ axis of the solenoid and thatthe �eld distribution is symmetrial around this axis. This is learly an oversimpli�ationsine the main axis of a solenoid is not an axis of symmetry. The helial winding of asolenoid is suh that a radial plane, taken perpendiular to the OZ axis, ontains someregions that are lose to the wire of the oil and some that are more remote. The B1�eld distribution an therefore present some slight imperfetions in its alignment and inits symmetry around the OZ axis. Suh a B1 �eld, at a point of ylindrial oordinates
(ρ, Z, θ), an be onveniently deomposed into the sum of its radial and axial omponentsas :

B1(ρ, Z, θ; t) = Bra
1 (ρ, Z, θ; t) + Bax

1 (ρ, Z, θ; t)Where (ax) denotes the axial �eld omponent along the main Z axis of the solenoid and (ra)the radial �eld omponent in the (X,Y) plane (Fig. 1.5). The here alled B1, is a linearlyosillating vetor at an angular frequeny18 2πνrf , of time phase φ and of amplitudes 2Bax
1and 2Bra

1 , these express the `nutation �eld' and an therefore be given in kHz. It an beexpressed as a funtion of its radial and axial omponents :
B1,X (ρ, Z, θ; t) = 2Bra

1 (ρ, Z, θ) cos(θ) cos(2πνrf t+ φ)

B1,Y (ρ, Z, θ; t) = 2Bra
1 (ρ, Z, θ) sin(θ) cos(2πνrf t+ φ)

B1,Z (ρ, Z, θ; t) = 2Bax
1 (ρ, Z, θ) cos(2πνrft+ φ) (7.1)To alulate the e�ets of RF pulses, we need to deompose the B1 �eld, in the18The notation of angular frequeny ωrf employed in the preedent hapters is hanged here into 2πνrfin order to keep the small ase ωr as the pulsation of the mehanial rotation.102



7.1. Evolution of magnetization under the RF �eld in MAS onditionslaboratory frame as introdued in Fig. 1.5 :
B1 = B1,x.~x+B1,y.~y (7.2)where, B1 is a phasor and therefore, both Bx and By are omplex numbers.We an reasonably onsider the same phase at every single point for BX and BY , inthe expression given by Eq. 7.1 only the real part is taken in aount.To predit the results of the NMR experiment, the di�erent omponents of the B1�eld must be expressed in the (x, y, z) laboratory frame. In this frame, with β = 54.7o,Eq. 7.1 transforms into :

B1,x (ρ, Z, θ; t) = 2Bra
1 (ρ, Z, θ) cos(θ) cos(2πνrf t+ φ)

B1,y (ρ, Z, θ; t) = 2
(
√

2

3
Bax

1 (ρ, Z, θ) +
1√
3

Bra
1 (ρ, Z, θ) sin(θ)

)

cos(2πνrf t+ φ)(7.3)
B1,z (ρ, Z, θ; t) = 2

( 1√
3

Bax
1 (ρ, Z, θ) −

√

2

3
Bra

1 (ρ, Z, θ) sin(θ)
)

cos(2πνrf t+ φ)The e�et of a RF-pulse on a spin system an be followed by omputing the evolutionof the density matrix ̺(t) whose evolution is governed by the equation of motion as seenin Eq. 6.25 of the previous setion 6.2. An analogous treatment has been reported byAbragam (p 26 in [1℄) or by Slihter (in Eq 5.100 in [127℄).In the ase of an isolated spin system plaed in a stati �eld Bo and subjeted to theRF �eld B1 the temporal and spatial dependene of the Hamiltonian H is given by :
H (ρ, Z, θ; t) = H0 + H1 (ρ, Z, θ; t) (7.4)where H(t) is the time-dependent Hamiltonian, in the ontext de�ned by the theory ofperturbation. And where H0 and H1 are de�ned by :

H0 = −γrh̄BoIz

H1 (ρ, Z, θ; t) = −γrh̄
(

B1,x (ρ, Z, θ; t) Ix +B1,y (ρ, Z, θ; t) Iy +B1,z (ρ, Z, θ; t) Iz
)(7.5)Using Eq. 7.3, the RF Hamiltonian H1 beomes : 103



Chapitre 7. The RF �eld in a solenoid oil
H1 = −2γrh̄

[

Bra
1 (ρ, Z, θ) cos(θ)Ix

+
(
√

2

3
Bax

1 (ρ, Z, θ) +
1√
3

Bra
1 ((ρ, Z, θ) sin(θ)

)

Iy

+
( 2√

3
Bax

1 (ρ, Z, θ) −
√

2

3
Bra

1 ((ρ, Z, θ) sin(θ)
)

Iz
]

cos(2πνrf t+ φ) (7.6)The linearly osillating �eld-omponents B1 along the x and y axes an be expressedas a superposition of two opposite, irularly polarized omponents rotating in the (x, y)plane. Thus, Eq. 7.6 an be written as :
H1 (ρ, Z, θ; t) = −γrh̄

[

Bra
1 (ρ, Z, θ) cos(θ) (7.7)

×
(

ei(2πνrf t+φ)IzIxe
−i(2πνrf t+φ)Iz + e−i(2πνrf t+φ)IzIxe

i(2πνrf t+φ)Iz
)

+
(
√

2

3
Bax

1 (ρ, Z, θ) +
1√
3

Bra
1 (ρ, Z, θ) sin(θ)

)

×
(

ei(2πνrf t+φ)IzIye
−i(2πνrf t+φ)Iz + e−i(2πνrf t+φ)Iz Iye

i(2πνrf t+φ)Iz
)

+
( 1√

3
Bax

1 (ρ, Z, θ) −
√

2

3
Bra

1 (ρ, Z, θ) sin(θ)
)

2 cos(2πνrf t+ φ)Iz
]

Using the onvention that the ounterlokwise RF �eld omponent rotates in the samesense as the Larmor preession, we an swith into the frame rotating at the frequeny νrf(de�ned in Eq. 6.24) where the density matrix is given by ˜̺(t) = e−i2πνrf tIz̺(t) ei2πνrf tIz .The equation of motion in the rotating frame beomes, the equation 6.25. Where H′
0 and

H′
1 are expressed by :

H′
0 = −γrh̄

(

Bo −
2πνrf

γr

)

Iz = ∆νIz (7.8)
H′

1 (ρ, Z, θ; t) = −γrh̄
[

Bra
1 (ρ, Z, θ) cos(θ)

×
(

eiφIz Ixe
−iφIz + e−2i(2πνrf t+φ)IzIxe

2i(2πνrf t+φ)Iz
)

+
(
√

2

3
Bax

1 (ρ, Z, θ) +
1√
3
Bra

1 (ρ, Z, θ) sin(θ)
)

×
(

eiφIz Iye
−iφIz + e−2i(2πνrf t+φ)IzIye

2i(2πνrf t+φ)Iz
)104



7.1. Evolution of magnetization under the RF �eld in MAS onditions
+

( 1√
3

Bax
1 (ρ, Z, θ) −

√

2

3
Bra

1 (ρ, Z, θ) sin(θ)
)

2 cos(2πνrf t+ φ)Iz
]

Under magi angle spinning onditions, with the sample rotating at the frequeny ωr,the spins loated initially at the position (ρ, Z, θ0) will move to the new position (ρ, Z, θ(t))where θ(t) = ωrt + θ0 . Over a rotor period, sine the resonane frequeny 2πνrf is muhlarger than ωr , the time-dependent terms of H′
1 modulated at a frequeny 2πνrf will beaveraged out to zero. H̃ an be �nally written as :

H̃ (ρ, Z, θ0; t) = −γrh̄
[(

Bo −
2πνrf

γr

)

Iz

+ Bra
1

(

ρ, Z, θ(t)
)

cos(θ(t)) × (cos(φ)Ix + sin(φ)Iy)

+
(
√

2

3
Bax

1

(

ρ, Z, θ(t)
)

+
1√
3
Bra

1

(

ρ, Z, θ(t)
)

sin (θ(t))
)

×(− sin(φ)Ix + cos(φ)Iy)
] (7.9)Where the amplitudes of the RF omponents are expressed in Hz units. Note that theRF Hamiltonian in Eq. 7.9 orresponds to a pulse of phase19φ. On the other hand Eq. 7.9indiates that in the ase of a RF pulse along the y axis (φ = 0o), the axial �eld produes,as expeted, a omponent Ix while the radial �eld generates both omponents Ix and Iy.The exat representation of the amplitude of the axial and radial �elds Bax

1 (ρ, Z, θ0),and Bra
1 (ρ, Z, θ0) is a deliate task [129, 144, 121, 74℄, we note that this distribution hasa spaial periodiity revealed trough rotation and, as any well behaved periodi funtion,ould have be represented by a Fourier series, using the following deomposition [111, 48℄ :

Bax
1 (ρ, Z, θ) = Bax

1 (ρ, Z)
+∞∑

n=0

(

αax
n (ρ, Z) cos(nθ) + βax

n (ρ, Z) sin(nθ)
)

Bra
1 (ρ, Z, θ) = Bra

1 (ρ, Z)
+∞∑

n=0

(

αra
n (ρ, Z) cos(nθ) + βra

n (ρ, Z) sin(nθ)
) (7.10)Where the oe�ients αax

n , α
ra
n , β

ax
n , βra

n , are orretion fators that may aount for thedi�erent �eld inhomogeneities present in the oil.19The time phase φ ∈ {y,−x,−y, x} orresponds to {0o, 90o, 180o, 270o}, respetively. This has beenexplained in setion 5.1 105



Chapitre 7. The RF �eld in a solenoid oil7.2 Models for the RF �eld-spin interationIn this setion, simple models will be used to represent the distribution of the intensities
Bax

1 and Bra
1 . Sine the deviations from an ideal �eld represented by Bax

1 = B1 and Bra
1 = 0are obviously small, only the �rst terms of Eq. 7.10 will be onsidered. For the analysisof the e�et of B1 inhomogeneities on the outome of MLEV-16 experiments, only twoases will be disussed. To mimi the trajetory of a spin paket during the ourse of thesample rotation, the analysis will take plae on a thin ring loated at a position (ρ, Z) .The spin paket will start at position (ρ, Z, θ0) and will move to a new position (ρ, Z, θ(t))where θt = ωrt + θ0. For larity, the position parameters ρ and Z will be omitted in thefollowing.

Fig. 7.1 � Pitorial representation of the models proposed for the B1 �eld distributionaround a given ring. A) model 1 (Eq. 7.12 ) and B) model 2 (Eq. 7.14 ). The axial,and radial omponents are plotted as a funtion of the angular position along the ring.The �rst olumn represents the evolution of the axial omponent along the irular tra-jetory followed by a paket of spins. The seond olumn displays the orientation of theradial omponent in the transverse plane (X,Y) of the oil. The third olumn ontains theprojetions B1,X and B1,Y of the two omponents of Bra
1 in this plane.

7.2.1 Model 0 : Perfetly homogeneous RF �eld :For this ideal ase, only the term αax
0 remains in Eq. 7.10 and Bax

1 = B1 and Bra
1 = 0.Aording to Eq. 7.9, the orresponding Hamiltonian H̃ desribing a RF-pulse along Iy

(φ = 0) is given by the usual form :106



7.2. Models for the RF �eld-spin interation
H̃(t) = −∆νIz −

√

2

3
B1 Iy (7.11)This expression of the B1 �eld is the one usually employed to desribe NMR experi-ments under MAS.

7.2.2 Model 1 : Axial RF �eld onstant and Radial RF �eld ofonstant amplitude and normal to the ring (Fig. 7.1A) :This ase orresponds to a �eld of the form
Bra

1 (θ(t)) = |Bra
1 |.( cos(θ(t)). ~X + sin(θ(t)).~Y )and to an axial �eld of the form

Bax
1 (θ(t)) = |Bax

1 |. ~ZMeaning that all the oe�ients αax
n , β

ax
n , αra

n , β
ra
n of Eq. 7.10 are aneled, exept for αax

0and αra
0 . The pitorial representation of this model is represented in Fig. 7.1. The intensityof Bax

1 remains onstant while the orientation of Bra
1 stays along the normal of the ring.Aording to Eq. 7.9, the orresponding Hamiltonian H for a RF pulse along Iy(φ = 0) isstill dependent on θ and an be written under the form :

H̃ (θ0; t) = −∆νIz + a cos(θ(t))Ix + b
(

1 + c sin(θ(t))
)

Iy (7.12)with : 





a = −|Bra
1 |

b = −
√

2
3
|Bax

1 |
c = 1√

2
|Bra

1 |/|Bax
1 |

(7.13)These equations show that in the ase of a RF-pulse along the Oy axis, the presene of aradial �eld of onstant amplitude and symmetrial around the OZ axis will reate a smallamount of RF pulse along the Ox axis. Another e�et of this radial �eld is the presene ofa sine modulation of the B1 �eld at the frequeny ωr of the rotation sine θ(t) = ωrt+ θ0.107



Chapitre 7. The RF �eld in a solenoid oil7.2.3 Model 2 : Cosine modulation of the amplitude of the axialand radial �elds (Fig.7.1B) :In this ase, a osine modulation of the intensity of the axial and radial �elds, Bax
1 and

Bra
1 , is onsidered. The time phase φ of the RF omponents is assumed to be the same.This situation orresponds to a radial �eld of the form

Bra
1 (θ(t)) = |Bra

1 | cos(θ(t)).( cos(θ(t)). ~X + sin(θ(t)).~Y )and
Bax

1 (θ(t)) = |Bax
1 |(1 + α cos(θ(t)). ~Z)This means that the only oe�ients left from Eq. 7.10 are αax

0 , α
ax
1 and αra

1 . The pitorialrepresentation of this model is presented in Fig.7.1B. In the ase of a rotating sample,Bax
1osillates at a frequeny ωr around its nominal value during the rotation. The amplitude

Bra
1 osillates as well but at a frequeny 2ωr. Aording to Eq. 7.9, the orrespondingHamiltonian H̃ desribing a RF-pulse along the y axis (φ = 0) an be written under theform :

H̃ (θ0; t) = −∆νIz + a cos(2θ(t))Ix + b
(

1 + c cos(θ(t)) + d sin(2θ(t))
)

Iy (7.14)with : 
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(7.15)To give an order of magnitude of the two omponents Bra
1 and Bax

1 in this region, whih isloated in the middle of the oil, one an prove later that Bra
1 is a tenth of Bax

1 and that
Bax

1 will follows a Gaussian distribution. Finally Eq. 7.14 shows that the presene of amodulation, at the frequeny ωr, of the axial �eld introdues a similar modulation in the�nal Hamiltonian while a osine modulation of frequeny ωr of the radial �eld introduesa periodi �utuation of 2ωr in the �nal Hamiltonian. These di�erent models, relayinginitially on simpli�ed geometrial onsiderations, provide a very simple desription of the
B1 �eld inside a solenoidal oil. In order to validate them, eletromagneti simulationsbased on Maxwell equations are required.108



7.3. Predition of the quantum states with the master equation7.3 Predition of the quantum states with the masterequationAnother information ontained in Eq. 7.9 is that, on a spinning sample, the preseneof a non-vanishing radial �eld Bra
1 , beause of its pattern of distribution generates amodulation of the amplitude of Ix and Iy at the frequeny ωr. The evolution of the densitymatrix is then alulated by numerial integration of the equation of motion aordingEq.6.26 :

˜̺(ρ, Z, θ0; t+ ∆t) = e

(

− i
h̄
H̃(ρ,Z,θ0;t)∆t

)

˜̺(ρ, Z, θ0; t) e

(
i
h̄
H̃(ρ,Z,θ0;t) ∆t

) (7.16)Sine the diretion, as well as the amplitude, of the RF �eld vary over the sample,the alulation of the NMR signal requires integrals over all the values of the mirosopi�eld b1(ρ, Z, θ0) and a weighted ensemble average. For a solid-type sample, the real sampledistribution is not aurately known due to the entrifugal fore that an onentrate thesample against the walls of the rotor, whereas for a liquid, without any air bubbles, thisonentration an be assumed to be homogeneous. For analytial purposes, the analysisof the B1 �eld will be limited to thin rings of various diameters entered around the main
OZ axis of the solenoid and to homogeneous samples. The ring represents the irularpath that a volume element of the sample follows during the rotation.In pratie this is alulated using the iterative way introdued in hapter 6. Thesequene of pulses is applied to one single spin at a de�ned position (ρ, Z, θ). The signalobtained is then added to 59 other angular positions, taken along a irular path, inorder to gather the e�ets of radial inhomogeneity. Finally these results were inluded ina loop to san also the axial dimension. All simulations presented in hapter 9 are doneaordingly to this general priniple.
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8
B1 �eld simulation for solenoidal oilsfrom �rst priniples

8.1 Results obtained from analytial methodsThe simpli�ation proposed to map eletromagneti �elds in a oil is su�ient to ex-plain a variety of results obtained in MAS experiments for typial 4 mm probes operatingat 500 MHz of 1H frequeny. Calulations where performed using a numerial implemen-tation of the Eq. 3.46 in Matlab 4.2b. The saling was hosen to give an absolute valuefor the magneti �eld arbitrarily equal to unity in the middle of the oil (For the balanehosen here, the sign of B1 is taken negative). Note that the proximity of the windingsintrodues a disontinuity and the amplitude may diverge at the enter of the in�nitelythin wire. We proeed by onsidering a irular path desribing the trajetory of the spinssubjeted to the RF �eld B1. This vetor �eld an be deomposed into an axial omponent
Bax

1 (along the oil Z axis) and a transverse or radial Bra
1 omponent, as an be seen inFig.1.5. In modeling the �eld omponents, various spatial regions are distinguished: theviinity of the oil ends where the radial �eld omponent dominates and the region insidethe oil lose to its enter where the axial omponent governs the RF hamiltonian. Foreah point, we plot :(i) Bax

1 , the axial part of B1,(ii) the transverse part of B1 around the ring(iii) the deomposition of the transverse omponents Bra
1 in the oil frame (X, Y, Z) and(iv) the same as in (iii) but in the laboratory frame (x, y, z).The Figs. 8.1 to 8.4 are obtained by hanging the variable ρ of the irular path : the ringdiameters onsidered are 0.5, 1, 1.5, and 3 mm respetively. The four di�erent positions111



Chapitre 8. B1 �eld simulation for solenoidal oils from �rst priniplesalong the Z axis presented in eah �gure are :(i) the enter of the oil (Z/Zmax = 0%),(ii) the end of the oil (Z/Zmax = 100%),(iii) the middle position 50% between the two(iv) a ring de�nitively out of the oil at 125% to probe the radial region as in the workpublished by Goldman [63℄.In suh a way that the alulations overs a range inside and outside the oil. The rotorsused in the atual experiment have a diameter of 4 mm and a total length of 20 mm asdepited by Fig. 1.1. In the ase of a full rotor the sample extends beyond the end of theoil, up to 6.2 mm from the enter of the oil, orresponding to the plane orrespondingof the last line of eah �gure denoted by ratio Z/Zmax = 125%.The �rst important result of the simulations shown in �rst olumn of Figs.8.1,to 8.4 isthat the axial �eld Bax
1 always undergoes an intensity modulation as the sample rotatesduring MAS experiments. Very often, this modulation is similar to an expression of thetype desribed by the model 2, whih perfetly mathes the results published in [111℄,based solely on the MLEV16 experiments. This result is not surprising if one onsidersthat a helial struture an not, as it is usually stated, ontain an axis of symmetry along

OZ. Qualitatively, as the sample moves along a given ring, the distane to the atual oilwire �utuates in a osine like manner.More quantitatively the alulation shows that the modulation fator α(ρ, Z) of theaxial part inreases with the radius of the irle, suh a oe�ient was introdued byEq. 7.15. This e�et is shown in the �rst line in Figs. 8.1, to 8.4. For Z/Zmax = 0%, theamplitude of this modulation varies from around 5% for a ring of diameter 0.5 mm (enterof the rotor) to 20% for a ring of diameter 3 mm (largest inner ring of the rotor). Thismodulation is onsistent with what is desribed by model 2. For Z/Zmax greater than
50% we note a serious disrepany with the simple sinusoidal modulation, speially whenthe spins are loated on a ring lose to the rotor wall (3 mm) (Fig. 8.4) last two lines ofthe �rst olumn). As the ratio Z/Zmax inreases from 0% to 125%, the average of Bax

1dereases.If we refer now to the last olumn we an appreiate the impat of suh modulation onthe prinipal omponent of the B1 �eld along Oy in the laboratory frame. The preseneof a periodi variation whose period is the same as the rotor period is notieable inpartiular in the �rst line of Fig. 8.4. This modulation of Bax
1 during the ourse of thesample rotation is an important information that was until now fully negleted in MASexperiments. The seond result of the simulations onerns the behavior of the radial112



8.1. Results obtained from analytial methods

Fig. 8.1 � Set of �gures ρ = 0.25 mm : Magneti �eld vetors alulated in the emptyoil, and displayed around irular rings of diameter 0.5 mm. Eah line orresponds to atransverse plane perpendiular to OZ, the main axis of the oil. The �rst line orrespondsto the enter of the oil (Z/Zmax = 0%). The seond line represents a position midwaybetween the enter and the end of the oil (Z/Zmax = 50%), the third line represents theend of the oil (Z/Zmax = 100%). The last line desribes the �eld seen by the spins outsideof the oil (Z/Zmax = 125%) The �rst three olumns represent the projetion of the �eldin the oil frame, exatly as desribed in Fig.7.1, the last olumn is the projetion of the
Bra

1 �eld in the (x, y, z) laboratory frame. The dashed urves orrespond to the projetionof the magneti �eld B1,X = B1,x .The projetion B1,y of the last olumn (full line) is thedominant omponent of the B1 �eld in the laboratory frame.�eld : Bra
1 this omponent undergoes as well some modulation in the ourse of the samplerotation. For a ring of 0.25 mm (Fig. 8.1C) and at a value of Z/Zmax = 0%,Bra

1 is vanishingsmall, ie. the �eld is purely axial. As the diameter of the ring inreases from 0.5 mm to
3 mm, the amplitude of the radial �eld inreases and �utuations as a funtion of therotation beomes learly visible. When moving Z/Zmax from 0% to 125%, the amplitudeof the radial �eld inreases and beomes omparable in intensity to the axial �eld at theupper and lower edge of the oil (Fig. 8.4C). When omparing these simulations to thetwo previous proposed models, it is lear that model 1 is valid outside the solenoid oil(Z/Zmax values of 100% and 125%). In this region, the intensity of the radial and axialomponent of the �eld beome omparable and the diretion of Bra

1 is roughly along thenormal of the ring, as shown by the two last lines of the seond olumns in all these �gures.113



Chapitre 8. B1 �eld simulation for solenoidal oils from �rst priniples

Fig. 8.2 � Set of �gures ρ = 0.5 mm : Magneti �eld vetors alulated in the empty oil,and displayed around irular rings of diameter 1 mm.In the enter of oil (Z/Zmax values of 0% and 50%), many harateristis of model 2 anbe identi�ed. The vetor Bra
1 follows a osine dependene at the frequeny ωr and Bra

1exhibits a osine dependene at the frequeny 2ωr. This is illustrated in the laboratoryframe by the omponent along Ox of B1 in the �rst line of the last olumn of Fig.8.4,experimenting a modulation whose period is two times shorter than the rotation period.In the meanwhile the equation 3.46 an be also applied to a path ollinear to the oilaxis. Sine the �rst soure of inhomogeneity is the axial variation of Bax
1 , an additionalGaussian fator an be introdued in the model to weight this e�et.The rigorous usage of this analytial derivation, requires to stay in the frame de�nedby the sheath helix. Obviously a tape helix-model an be still inluded in this frame [129℄,notwithstanding preditions away from this restrited ensemble of oils, ould not laimto be valid. If the helix is (for instane) not equally wound [76℄, or of variable ribbon width[115℄, or �nally of variable inner diameter this analytial method ould not be used. Forthe moment we an state that eletromagneti derivation of the equation 3.46 justi�edthe simpli�ed models used in the quantum alulations presented in hapter 6. As a resultof this we prove that the rather omplex distribution of B1 an be analyzed -with a goodauray- using the simple models 1 and 2 presented in setion 10.2.2, whih are the basisof the mathematial treatment involved in our work on �eld modulation in oils [48℄. Inthe following we will prove that all helially wound strutures show a similar pattern for114



8.2. Results obtained using the numerial disretization of Maxwell equations from CST

Fig. 8.3 � Set of �gures ρ = 1 mm : Magneti �eld vetors alulated in the empty oil,and displayed around irular rings of diameter 1.5 mm.the B1 �eld, and that our models are still valid for a larger range of helies, but we willhave to swith to numerial methods, to onsider these more omplex helial geometriesthat are variable pith oils (in the next setion), or to low-E �eld oils, whih are to bepresented in the hapter 11.8.2 Results obtained using the numerial disretizationof Maxwell equations from CSTThe approah employed for analytial alulations, introdued an elegant and fastmethod to evaluate the ontribution of the RF oil to the eletromagneti �eld on onepreise point. Pro�les an be easily obtained, by hoosing a urve where the sum of eahof the oil segments ontributes to the retarded potential (Eq. 3.46). In fat the analytialmodel does not onsider the 3D spae as a medium where intriate wave relationshipsin any point may have a diret in�uene on the pro�le measured at another position.Only the in�nitely thin oil play its role, and this is the reason why analytial methodsare fast but inaurate when the symmetry is broken. The �rst rupture is introdued by�nite axial length, speially for the loading of the oil and the sample. Numerial methodson the opposite do not onsider any kind of symmetry and the wave is propagated and115
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Fig. 8.4 � Set of �gures ρ = 1.5 mm : Magneti �eld vetors alulated in the empty oil,and displayed around irular rings of diameter 3 mm.sattered in all the 3D spae. Inident and re�eted waves will give rise to harges andurrents at all the disontinuities aording to the boundary onditions set by Maxwellequations (Setion 2.2), and at the end the eletromagneti wave pattern will emerge asthe standing wave solution really present at the resonane.The following setion presents results obtained by CST 2006 in the ase of a 5.5 turnsoil used in a 500 MHz probe. To desribe the non-equidistant winding a wire of 1 mmdiameter has been reated over an analytial urve representing half of the helix, thisurve was reated using a parameter t, so eah point of the analytial helix has has thefollowing oordinates :
{Dc

2
sin(t);

Dc

2
cos(t); zc} (8.1)where Dc is the diameter of the path, and zc the height linked to the pith by the followingparametri relation :

zc = a.t+ b.t2 (8.2)
a and b are the oe�ients that permit the parametrization of a variable pith oil so :

a =
n2.PL − L

2n(n− 1)π116



8.2. Results obtained using the numerial disretization of Maxwell equations from CST

Fig. 8.5 � Set of pitures desribing the geometry of the variable pith oil used for oursimulations with CST.
b =

n.PL − L

2n(1 − n)π2 (8.3)where PL is the length of the gap at the enter, L is the length of the oil, n the numberof turns and �nally with a being bigger than b. In pratie for the oil desribed here :
n = 5.5 turns

L = 9.95 mm

PL = 2.22 mm

Dc = 5.44 mm (8.4)The solenoid generated by the wire has an inner diameter of 4.44 mm.This variable pith oil is soldered to the feed-throughs of the oil holder. The simulatedoil involves as input ports two TL's whose shields are not grounded together. These twoTL are onneted to suh a holder, of retangular shape and made of erami, whosepermittivity in�uenes the self resonane of the oil. Figure 8.5A, displays the onsideredoil, within a box �lled up with `vauum' (ǫr=1,µr=1) and whose faes are boundaryonditions for the eletri �eld. Interesting feature of the solver employed here is theability to onsider ondutive and dispersive dieletris, here an aqueous sample with an117



Chapitre 8. B1 �eld simulation for solenoidal oils from �rst priniplesequivalent ondutivity of 2 S/m was employed to simulate a highly dispersive sample(the dispersion urve of this sample is presented in Fig. 10.3A). The analysis of the portsignal is followed over a large range of frequenies (from quasi-stati up to 800 MHz), witha mesh omprising over 178,640 ells. The mode at the ports is purely TEM, and the twoexitations pulses are applied through a struture one after eah other, during a 8 ns pulseof Gaussian shape20. Fig. 8.5B shows the position of the magneti �eld probe, used totrak the establishment of the wave pattern during the exitation and relaxation proess.The result is a frequeny dependent urve of the magneti �eld at this position. Whenthe solver has reahed the steady-state by minimization of the systems energy21, the �eldan be displayed at user de�ned positions, for a hosen frequeny omprised in the rangeof observation (here at 500 MHz). Figures 8.5C, and 8.5D display the linear and irularpaths where the �elds have to be alulated, the length of eah of these is indiated in thebottom of the �gure. The series of results presented in Fig. 8.6 are a display omparableto what has been shown by Fig. 8.2 of the preeding setion : the �elds were alulatedalong the irles indiated in the Fig. 8.5D.When ploting the magneti �eld along the entral axis of the oil, it appears that thevariable pith has improved signi�antly the axial homogeneity of the magneti �eld. This�eld is treated as a omplex vetor and therefore eah omponent has a time dependenyinluded in the phase. Dephasing of a traveling wave along the helix is known problemand a reent survey an be found in [49℄. In the plots below (Fig. 8.7) we see that thevariation of suh time-phase is rather negligible at this frequeny, even if a small loweringin the enter (less than 1o) is observable for all urves. This depth is to be related with theondutivity of the sample : in an empty oil the phase of the bakward and forward HZomponents would experiene a monotonous variation in the enter region. Here the �eldan be onsidered `linearly-polarized' with same phase for all �eld vetors. The treatmentof suh linerar polarization of the magneti �eld is well known in NMR.The ombination presented in Fig. 8.8 is an example of how intriate the relationshipbetween B1 and E1 may be. This last �gure o�ers an interesting demonstration of theintriate ombination of eletri and magneti �eld in the loaded oil. The myth of no-eletri �eld in balaned oils is only valid at extreme low frequenies. Eletri �eld patternis far more omplex, beause the boundaries introdued by the sample, and the rotor wallmodi�ed strongly the shape we had alulated previously in an empty oil. The rotorwalls are a �rst disontinuity, the eletri �eld is mostly normal to the walls outside the20Corresponding to the large frequeny bandwidth21In the sense given by CST, the onvergene is reahed when the power in the mesh reahes -50dB ofthe original input power118



8.2. Results obtained using the numerial disretization of Maxwell equations from CST

Fig. 8.6 � Set of �gures equivalent to ρ = 0.5 mm : Magneti �eld vetors alulated in thesample (0% and 50%) but also outside (100% and 125%).The two models an be identi�edat the enter and at the ends of the rotor.rotor, but beomes purely axial one it is inside the rotor, we point here that the highdieletri onstant of the rotor has the advantage of lowering the eletri �eld from outsideto inside. The seond, and maybe more signi�ant, disontinuity is the step between therotor (onsidered empty) and the sample volume, whose dispersion harateristis whereonsidered by the solver. Again the e�et of suh sample is to lower the eletri �eld.Notwithstanding dynamial analysis of the phase vetors shows that there is a phaseretardation of almost 180o from the �eld outside the sample and the �eld inside the sample.This phase dispersion denotes a high dieletri absorption of the sample. Therefore wereveal a strong oupling of the sample with the eletri �eld whih implies that a signi�antheating is expeted.This is in agreement with the experiene produed by the perturbation experimentalled `water-shift'. The frequeny variation produed by a rotor ontaining water in anempty oil is at high frequenies far more important than the frequeny variation induedby a rotor alone.It is notieable from the right side of �gure 8.8 that the magneti �eld keeps tangentialto the rotor walls, and of ourse that the surfae with the sample does not alter its119
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        Fig. 8.7 � Result of the EM �eld alulation displayed at 500 MHz along the OZ axis.The magneti �eld omponent HZ is a vetor whose magnitude is presented at the leftside (A). The �eld pattern is generated by the exitation of eah port to simulate forwardand bakward waves and the sum of both aording to the de�nition of balane given byEq. 4.10. As the �elds are treated as omplex numbers, we have the possibility to plot thephase in degres of these three omponents in (B). This urves give the phase as a funtionof the position along the rotor axis.distribution. The strength of the magneti �eld is nevertheless altered by the ondutivity.It is useful for the interpretation of Fig. 8.8 to note that both �elds are in phase quadrature,and therefore there respetive maximum values are 90o far away from eah other.
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8.2. Results obtained using the numerial disretization of Maxwell equations from CST

Fig. 8.8 � Result of the EM �eld alulation displayed at 500 MHz in the axial OXZ plan,Eletri �eld is presented as a vetor �eld at the left (A), and magneti �eld at the right(B).

121



Chapitre 8. B1 �eld simulation for solenoidal oils from �rst priniples

122



9Field modulation e�ets indued bysample spinning : results and disussionIn the following setions, we present three experiments that an be a�eted by B1 �eldinhomogeneities (axial and radial) and inlude the e�ets of B1 modulation. The resultspresented in the following setion are those observed �rst for omplex pulse sequenes likeMLEV yles. Later in the last setion we employ nutation to reveal the simpliity of thisphenomenon, and to relate it to the models introdued in the previous hapter.9.1 Rotary Eho experimentThe rotary eho experiment is based on the simple sequene (90o)+x−t−(90o)−x . Thedata are reorded after a variable evolution time (t). In the absene of relaxation proesses,RF �eld imperfetions and o�set e�ets, the magnetization of the spins initially alignedalong the Oz axis is returned to exatly the same position at the end of the sequene.Experiments ran under stati onditions in liquid-state high resolution probes learly agreewith this statement. However the outome of the rotary eho experiment run under MASonditions does not lead to this result. The atual results obtained under these onditionsare illustrated in Fig. 9.1. The spetrum was reorded on a D2O sample by inrementingthe evolution time (t) between the two pulses and by Fourier transforming the di�erentspetra in both dimensions. The arrier frequeny was set exatly on the proton HDOresonane.The spinning speed used for MAS was 2 kHz and the 90o pulse-length was equal to7.5 µs, orresponding to a RF �eld amplitude of 33.3 kHz. The experimental results showthat the spetra onsist in several lines of frequenies 2 and 4 kHz. The maximum in-tensity is observed for the line at twie of the spinning frequeny. The high number of123



Chapitre 9. Field modulation e�ets indued by sample spinning : results and disussion

Fig. 9.1 � Proton spetrum of resulting from a rotary eho experiment (90o)+x−t−(90o)−xreorded on the HDO signal of a D2O sample. The data are reorded after a variable evolu-tion time (t). The arrier frequeny was set on the proton HDO resonane. The spinningspeed used for MAS was 2 kHz and the 90o pulse-length was equal to 7.5 µs, orrespondingto a RF �eld amplitude of 33.3 kHz. The spetrum was reorded by inrementing the evo-lution time (t) between the two pulses and by Fourier transforming the di�erent spetrain both dimensions. Displayed spetrum is the orresponding F1 slie extrated from 2Dspetra obtained with a resolution in F1 dimension of (20 Hz). Spetra were reorded ona Bruker Avane 500 MHz equipped with a 4 mm H/C/D MAS probe. The sample wasplaed in a 4 mm rotor �tted with Te�on inserts delimiting an ative volume of 50 µl.sans required to observe these spinning lines indiates that the transversal magnetiza-tion is weak and the magnetization is mainly returned along the Oz axis. Rotary-Ehoexperiments were performed on other samples leading to the same �ndings. This unu-sual behavior in a onsequene of the Bra
1 inhomogeneities experiened by the sampleduring the rotation. This thesis will be illustrated by the following simulations. In orderto simulate these experimental results, initial magnetization was exposed to a the pulsesequene (90o)+x − t− (90o)−x. The alulations were performed aording to the proe-dure desribed above. The following parameters were used for the simulations : ∆nu = 0,

ωr = 2 Hz, √

2/3Bax
1 = 33.3 kHz, Bra

1 = 0.1Bax
1 , and c = 0.1 in Eq. 7.14. The results ofthe simulations desribing the fate of the Ix, Iy and Iz omponents as a funtion of theevolution time (t) are shown in Fig.9.2.The spetra presented in Fig. 9.3 are obtained after Fourier Transformation of thetransverse magnetizations plotted in Fig. 9.2. Inidentally �gs.9.2A and 9.3A representthe simulations using model 1 while Figs.9.2B and 9.3B represents the results of thesimulations using model 2.These results show that the spinning provokes periodi osillations of the magnetiza-124



9.1. Rotary Eho experiment

Fig. 9.2 � NMR simulations of the magnetization evolution in the Rotary Eho experiment
(90o)+x−t−(90o)−x using model 1 (A) and model 2 (B). Eq.7.12 was used for model 1 andEq.7.14 was used for model 2. The following parameters were used for the simulations :
∆ν = 0, ωr = 2 Hz, √

2/3Bax
1 = 33.3 kHz, Bra

1 = 0.1Bax
1 , and c = 0.1 (Eq.7.15).Ix,Iyand Iz omponents are plotted as funtion of the evolution time(t) between the �ip and�op pulses.tion. As it an be seen, a large fration of the magnetization is returned along the Ozaxis and a non negligible part of the magnetization is shared periodially between thelongitudinal and transversal omponents. Amplitude and frequeny of the osillations areprovided by the spetra presented in Fig. 9.3. Aording to model 1, the spinning induestwo osillations of frequeny 2 and 4 kHz. The intensities of two spinning lines indiatethe preponderane of the osillation at 2 kHz orresponding to the spinning speed. Usingmodel 2, the alulations predit two intense osillations of frequeny 2 and 4 kHz. Thesepredited results agree with the experimental observations (Fig. 9.1 ). The inspetion ofthe experimental data shows that the intensities of the two spinning lines �t well with thepreditions of model 2.These investigations show that for sequene (90o)+x − t − (90o)−x the spinning givesrise to a weak loss of the magnetization along the Oz axis. The repetition of this sequene125
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Fig. 9.3 � Spetra obtained after Fourier Transformation of the transversal magnetizationsplotted in Fig. 9.2. Spetra A and B orrespond to the models 1 and 2, respetively.in a NMR experiment an lead to some loss of magnetization. To prevent these e�ets,the inrement of the evolution time (t) must be set equal to a multiple of the rotor period.9.2 MLEV16 and DIPSI2 experimentsThe goal of the present setion is to provide an explanation to the data shown in 9.4.These data represent the variations of the �rst inrement of an MLEV-16 [91℄ experimentreorded on a sample of surose in D2O as a funtion of the rotor spinning speed. The B1�eld used for the MLEV-16 mixing pulses was 8 kHz whih orresponds to the lassialvalue used at moderate Bo �elds.Only the proton HDO resonane line, in the enter of the spetrum at 4.76 ppm, isshown in Fig. 9.4. Data were reorded with a small inrement of 100 Hz in order to obtaina preise desription of the phenomenon. An extremely strong derease in signal intensityis observed for sample rotation values of 2, 4, 6, 6.5 and 9.5 kHz. This phenomenon is mostpuzzling sine the proton of the HDO resonane represents an isolated spin system whoseMLEV-16 spetrum should be independent of the speed of rotation. Similar e�ets wereobserved on all the resonanes of the surose moleule in the sample. The maximum signal126



9.2. MLEV16 and DIPSI2 experiments

Fig. 9.4 � Proton spetra of the �rst inrement of an MLEV-16 experiment reordedon the HDO signal of a 2 mM surose sample in D2O. The spetra were reorded atdi�erent spinning speeds, starting at 1 kHz and going to 10 kHz in 100 Hz inrements.The onstant �eld used for the MLEV-16 element was set to 8 kHz and two MLEV-16yles, orresponding to a 4 ms mixing time, were applied. Spetra were reorded on aBruker Avane 500 MHz equipped with a 4 mm H/C/D HRMAS gradient probe. Thesurose sample was plaed in a 4 mm rotor �tted with Te�on inserts delimiting an ativevolume of 50µl.
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Chapitre 9. Field modulation e�ets indued by sample spinning : results and disussionintensity is only obtained at a rotation speed of 8 kHz whih mathes exatly the valueof the B1 �eld strength. Under these onditions, the time length of the basi element ofthe MLEV-16 yle R = (90o)φ1
− (180o)φ2

− (90o)φ1
is exatly equal to one rotor period.These experimental onditions are the ones reommended to aquire MLEV-16 spetraunder MAS [111℄. For DIPSI-2[122℄ experiments, the optimum value of the B1 �eld overthe speed of rotation is di�erent and more di�ult to de�ne exatly. The data publishedin Ref. [111℄ an be used to hose the optimum value of the rotation.MLEV-16 sequenes are experiments designed to ahieve oherene transfer throughsalar oupled spin systems in order to assign the di�erent spin systems present in amoleule. The basi element of our sequene is a omposite 180o

y pulse alled R whih isde�ned as :R = (90o)y − (180o)x − (90o)y .Its opposite R̄ = (90o)−y − (180o)−x − (90o)−yis the seond basi element of the sequene. The two elements R and R̄ are ombined inthe following manner to generate the MLEV-16 yle :
RR̄R̄R R̄R̄RR R̄RRR̄RRR̄R̄The magnetization of interest in these experiments is the one initially perpendiular tothe RF �eld of the MLEV-16 element. For example, if the MLEV-16 yle is applied along

+y, then the magnetization of interest is Ix. Under these onditions, the initial magne-tization Ix is taken suessively through −Iz , Iz and then bak to Ix. The experimentalresults of Fig. 9.4 show that the intensity of the magnetization almost drops to zero at2, 4 and 6 kHz. Signal losses an also be observed at 1.5, 3.25, 4.75, 6.5 and 9.5 kHz.The maximum expeted intensity of the experiment is only reahed at a spinning rateof 8 kHz whih orresponds to the intensity of the B1 �eld used in the experiment. Inorder to simulate these experimental results, initial Ix magnetization was subjeted to twoonseutive MLEV-16 yles of phase π = y. These partiular onditions orrespond to a
R element given by R = (90o)y − (180o)x − (90o)y. The alulations were performed bynumerial integration of Eq.7.16 and by summing the results obtained using 60 equallyspaed values of θ0. This set of values was found to be adequate to represent the spinpopulation on the ring. The simulations were performed using models 1 and 2 of setion6, whih orrespond to Eqs. 7.12 and 7.14, respetively. The following parameters wereused for the simulations : ∆ν, √

2/3Bax
1 = 8 kHz, Bax

1 = 0.1Bra
1 and c = 0.1 in Eq.7.15.The value of 8 kHz hosen for orrespondene with the experimental onditions of Fig. 9.4and leads to a 4 ms MLEV-16 mixing time. The alulations were performed for di�erentspinning rates ranging from 1 to 10 kHz. The results of the simulations desribing the fateof the Ix omponent after two MLEV-16 yles are shown in Fig. 9.5. Fig. 9.5A represents128



9.2. MLEV16 and DIPSI2 experimentsthe simulations using model 1 while Fig. 9.5B represents the results of the simulationsusing model 2. These results show that, as expeted, the magnetization present after theMLEV-16 yles is strongly a�eted by the spinning rate. Model 1 reates important lossesof magnetization at 1.5, 4, 6.5 and 9.5 kHz. Model 2, on the other hand, features intensitydrops at 1.5, 2, 4, 6 and 6.5 kHz. In both ases, a small amount of Iy and Iz magnetizationis reated during the MLEV-16 mixing. However, this new magnetization does not om-pensate the muh larger intensity drops observed for Ix. Everything happens as if someof the magnetization had disappeared. An analysis of the fate of the magnetization indi�erent parts of a single ring shows that the spins behave as if they were subjeted to anintense gradient pulse B1. Along a given ring, the MLEV-16 sequene e�etively dephasesall the spins, reating a state in whih the magnetization points in every diretions in the
(x, y) plane, resulting in a net magnetization equal to zero. What is partiularly strikingin these simulations is that model 2 reprodues the experimental data of Fig. 9.4 to avery high degree. Most of the magnetization losses observed in Fig. 9.4 are observed inthe simulations of Fig. 9.5B, whih is quite remarkable onsidering the relative simpliityof model 2 and the fat that the simulations were arried out using a single ring. Animportant point is that the modulations in ωr and 2ωr present in model 2 are essential toreprodue the behavior observed in the experimental data. On the other hand, the resultsof the simulations using model 1 are not omplex enought to understand the experimentaldata. Only the intensity drops observed at 4 and 6.5 kHz are reprodued properly. These�ndings are onsistent with the results of the eletromagneti simulations of setion 8that show that model 2 is valid inside the oil whereas model 1 is valid outside the oil.In fat model 1 and model 2 oexist, but in di�erent regions of the solenoid. However,for most HR-MAS appliations, model 2 is ertainly the right one sine it desribes thedistribution of the ative volume of the solenoid oil.The time evolution of the magnetization at 2, 4, 6 and 8 kHz is simulated in Fig. 9.6(A-D respetively) in the ase of model 2. Eah point on this urve represents a data pointtaken after one R yle.It is lear that when the rotation speed is 2, 4 or 6 kHz, the loss of intensity is a very fastproess, requiring only a ouple of milliseonds. This intriguing phenomenon of destrutionof magnetization is learly related to the spatial properties of the eletromagneti �eld inthe solenoid oil. It should, therefore, be possible to minimize these e�ets by restritingthe sample position. For that purpose, we have manufatured a ylindrial Te�on insertwith an inner ylindrial hole of diameter 0.5 mm. This insert allows to restrit the sampleloation to a ylinder of diameter 0.5 mm in the enter of the solenoid oil.But, of ourse,will redue the �lling fator and therefore the sensitivity. Under these onditions, the129



Chapitre 9. Field modulation e�ets indued by sample spinning : results and disussione�ets of radial �elds and the amplitude of the modulations of the axial �eld shouldbe far less pronouned than in a normal 4 mm rotor. Results of MLEV-16 experimentsarried out on suh a sample show that virtually no magnetization losses are observed at2, 4 and 6 kHz, thereby on�rming the hypothesis developed in our review artile [48℄.When omparing these observations to the models proposed in setion 6, it is lear thatmany features of model 1 are present outside the solenoid oil (Z/Zmax values of 100%and 125%). In this region, the intensity of the radial and axial omponent of the �eldbeome omparable and the diretion of Bra
1 is roughly along the normal of the ring. Thissituation is similar to the one desribed by Goldman et al. [63, 135℄.
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9.2. MLEV16 and DIPSI2 experiments

Fig. 9.5 � NMR simulations of the magnetization of the �rst inrement of a MLEV-16experiment using model 1 (A) and model 2 (B) at di�erent spinning speeds. Eq.7.12 wasused for model 1 and Eq.7.14 was used for model 2. The following parameters were usedfor the simulations : ∆ν, 2
3
Bax

1 = 8 kHz, Bax
1 = 0.1Bra

1 and c = 0.1 in Eq.7.15. Datapoints were taken after eah R yle and the average of all these values was plotted in thegraph. Iy is represented by solid lines and Iz by dashed lines.
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Chapitre 9. Field modulation e�ets indued by sample spinning : results and disussion

Fig. 9.6 � NMR simulations of the magnetization of the �rst inrement of a MLEV-16experiment as a funtion of the mixing time using model 2. Simulations were performedat a speed of 2 kHz (A), 4 kHz (B), 6 kHz (C) and 8 kHz (D). Data points were takenafter eah R yle. The parameters used for the simulation are the same as those used inFig. 9.5.
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9.3. Nutation experiment9.3 Nutation experimentThe amplitude of the RF �eld and an estimation of its inhomogeneity an be aessedwith the so-alled nutation experiment [137℄. The nutation onsists in applying a singlehard pulse of inreasing length (t1), followed by an aquisition period (t2). Fourier trans-formation of the NMR data in the two dimensions leads to a 2D spetrum where theF2 dimension is the regular spetrum while the F1 dimension gives the B1 distributionexperiened by the spins in the sample.9.3.1 Pratial aspets of the adjustment of experimental nuta-tion urves using the expression of the measured signal gi-ven by the reiproityWe want here to desribe the methodology to be employed in order to get informationfrom a nutation urve. An short historial review of the signal equation may be interestingto understand the simpli�ations behind the mathematial expression of the NMR signal.The nutation experiment is the �rst NMR experiment used to alibrate the 90o pulselength in the sample under analysis. It an be separated in three sequential steps, onestarting delay to stabilize the sample (1 − 10 s) denoted by index `0', one pulsing time(in the range 1 − 300µs) as RF emission period of index `1', one aquisition period(1 − 1000ms) of index `2'.If we fous on this single pulse experiment, after a pulse of length t1 we will desribethe projetion along ~x of the preessing magnetization ~M2.Abragam made an early statement of signal equation in his referene book [1℄, of 1960.His approah serves as starting point for later studies [74, 33℄. The signal is diretly linkedto an EMF (eletromotive fore), alled ϑ, deriving from Faraday's law.
ϑ = −∂Φ

∂t
(9.1)where Φ is the �ux produed by the magnetization in the transverse plane ~M given as aphasor with a de�nition similar to what has been already seen in the seond part :

~M = ~M2.e
iωo tIf ~A is the total surfae of the oil, Abragam derives the EMF (page 72 of [1℄) as :

ϑ = 4πωo. ~M. ~A (9.2)133



Chapitre 9. Field modulation e�ets indued by sample spinning : results and disussionLater, in his desription, the voltage measured at the preamp (V2) is alulated usingthe Quality fator of the probe Q. Finally equation 9.2 relates the magnetization to theamplitude of the signal, as a �rst approximation. This is supported by eletromehanis asa �rst approximation. By the means of the geometry dependent surfae vetor ~A, Eq. 9.2provides a usefull simpli�ed expression of signal. Numerial alulations derived from thispartiular approah are of great help for many purposes. Nevertheless, in this ase, it isstated impliitly that the B1 is homogeneous in the sample volume, and this an not beaepted in the range of NMR frequenies used in high �eld spetrometers. Speially not,if the signal's equation has to be used to estimate the impat of the B1 inhomogeneity.For this, the orretion introdued by the reiproity priniple is needed.In the original artile from Hoult and Rihard [74℄ the indution �eld B1 produed bya oil C arrying unit urrent, generates a signal written as :
ϑ = − ∂

∂t

∫

Ω2

~B1. ~M dΩ2 (9.3)where B1 and ~M have idential time dependeny and are staying in the near-�eld limitof eletromagneti �elds [77℄. It is one of those formulae that tend to be aepted withoutquestion, whereas in reality, its use in subtle. It is lear that with the simpli�ationsintrodued by Hoult's reiproity the signal level of any NMR experiment an be predited.The alulation of B1 is feasible for most shapes of oil, at least by numerial methods.Of ourse, if B1 is to be onsidered as reasonably homogeneous over the sample volumeby Hoult, the alulation is onsiderably simpli�ed as the integration of Eq. 9.3 beomestrivial, giving :
ϑ(t2) = Kωo(B1)xyMoΩs cos(ωot2) (9.4)where K is a bulk `inhomogeneity' fator. (B1)xy is the RF �eld omponent perpendiularin the lab frame, Ωs is the sample volume, and the phase inhomogeneity has been negleted[74℄. This may be useful for a �rst approximation, but not when the �eld mapping by NMRis at stake.We propose here an approah based on reiproity and foused on the fat that dam-ping of the nutation urve is solely produed by the B1 inhomogeneities. When we intro-due the soure of magnetization in the equation of reiproity 5.10, we assume that ~Msis kept in the transverse plane, this orresponds to a long relaxation time as often en-ountered in liquids. Indeed solving Bloh di�erential equations makes sense for a deeperanalysis of how muh does relaxation in�uene the signal during the nutation experiment,but we know it is not neessary for our onern. In this analysis we rely on experimentalonditions that guarantee that relaxation proess is not in�uening the nutation signal.For134



9.3. Nutation experimentthe present we keep the simplest equation of voltage signal given by :
ϑ(t2 ∼ 0+) =

i.µoωo

I1γr

Mo cos(ωot2)
∫

Ω
ω1. sin(ω1t1) dΩ (9.5)

~Mo is the initial magnetization along the ~z axis, it an be extrated form the volumeintegral beause of the homogeneity of the stati magneti �eld Bo.By notiing that the limit of the Fourier transformation when t2 → 0 is equal to theintegral of the spetral peak :
lim FT

(

ϑ(t1, t2)
)

= µoωoMo

I1γr
.
∫

Ω
ω1. sin(ω1t1) dΩ

t2 → 0 (9.6)we an aess the �rst point of the reeived signal.This volumi integral an been transformed in a linear one by assuming an almost�at B1 distribution in the radial dimension. This is aeptable as long as the radialinhomogeneity is one order of magnitude smaller that the axial variation. We proved it inthe preedent hapter that this is always the ase. So we may transform the integral ofthe equation 9.6 in the following integral along OZ the main axis of the oil. The surfaeof the sample is derived thanks to r, the radius of the sample. When inreasing the pulselength (t1), the FT of the nutation signal ϑ(t1) beomes :
ϑ(t1) = ϑo

∫

Z
ω1. sin(ω1t1) dZ (9.7)with ϑo a saling fator omprising µoωoMo

I1γr
times πr2.In general this integral an not be solved analytially. In order to predit the magneti�eld, an experiment has to be �tted by the matematial model given by Eq. 9.7, theadjusted parameters de�ne the shape of the B1 �eld along the axial diretion of the oil.The simpli�ed derivation presented here, has only the pretension of desribing di�erentsimpli�ations involved behind our reiproity-based adjustments.For extrating the �eld distribution out of a nutation urve, a ertain number ofmaterial properties need to be known. The experimental setup will, in ertain ases,involve a sample like water, adamantane, or even glyine. The dissipation ouring in thematter during a long destrutive pulse may alter the sample and ruin the reiproity.On the other hand strong dipolar ouplings in solids will in�uene the nutation urveswhen the pulse length beome too long. Finally samples approahing the model known135



Chapitre 9. Field modulation e�ets indued by sample spinning : results and disussionas diluted gas of spins or diluted dipolar solids are hosen. There dipolar ouplings, andsome transverse relaxation mehanisms are withdrawn by hosing rare spins. Samples likedeuterated adamantane or heavy water for 1H, or even polyristaline C60 [57℄ for 13Care a good example of this. In pratie all materials whose di�erent dipolar, exhange orrelaxation times are muh longer than the maximum pulse length. It is so that in the aseof aqueous samples, relyling delays need to be onsiderably inreased, and the nutationmay last many hours. The stati �eld Bo requires to be homogeneous in the sample regionand stable, speially when nutation is measured as a 1D experiment.9.3.2 Adjustements of nutation plots obtained in 4 mm rotorsIn this experiment we illustrate the position dependeny of the B1 introdued by theinhomogeneity. This is done by performing adjustments of two nutation urves reordedsimultaneously, but from distint regions. A set of plugs allows to isolate labeled glyinesample slies. These are designed to hold the samples at de�ned positions along the4 mm rotors were mahined aordingly to the numerial indiations provided by Fig. 1.2.Staying with this desription of the rotor seen in setion 1.2, we will all bottom region theslie extended form 6.25 to 7.25 mm, and middle region the volume omprised between10.75 and 11.75 mm.

Fig. 9.7 � Adjustement of the nutation urves of 13C (A) and the 15N (B) peaks from a setof labeled glyine samples paked, in a 4 mm rotor at 800 MHz. The nutation urves wereobtained by inreasing the 90o pulse after the CP in steps of 0.3µs, the rotation frequeny
ωr=10 kHz.The measures were obtained with a triple 1H/13C/15N SB probe at 800 MHz. Nutationwas ahieved after a CP pulse with 1H hannel, by inreasing a 90o pulse at 66 kHz for
15N and 74 kHz for 13C. This is the reason why the periodi urves displayed by Figs.9.7136



9.3. Nutation experimentA and B are osine like.The plots shown in �gures 9.7 A and B are desribed as follows : the two �rst urvesin the top are the experimental nutation urves normalized in amplitude, so all intensitiesare refered to the �rst point, and the absissa orresponds to the pulse lengths in µs.For eah of these urves a irle orresponds to an experiment, and the ontinuous urve�tting the experiment is obtained by adjusting the B1 distribution present in the entirerotor. The last urve is a pitorial representation of the best guess for this distribution ofthe magneti �eld B1 along the rotor length, inluding the two regions where the spinswere loated (bottom :(b) and middle :(m) ).The urves where obtained from single 2D experiments of nutation in presene ofa weak Bo gradient. Suh gradient allows to resolve two peaks orresponding to thetwo di�erent spatial loalizations of the spins. In the reonstruted dimension (F1) themaximum of eah peak an be followed up in suh a way that the nutation urve displaysas a olumn. These adjustement where performed on the 13C and 15N nutation data. Theequation 9.7 is used to model the signal amplitude, with the integration of the produtmagnetization times B1 �eld along the sample lenght. Here a Gaussian pro�le was statedfor the axial distribution Bax
1 along the oil axis OZ. The integration of Eq. 9.7 wasimplemented in suh a way that 100 points where used to obtain a disretized Gaussianpro�le, at the portions orresponding to eah of the two spatial regions. The predited B1pro�les were used to adjust simultaneously two nutation urves. A χ2 is alulated from thesimulated nutation urves produed by one adjusted gaussian Bax

1 and the experimentalnutation urves. The last squares method is employed, with our following de�nition of
χ2

norm :
χ2

norm =

∑

i

∣
∣
∣

(

S(i)meas.(b) − S(i)calc.(b)

)

+
(

S(i)meas.(m) − S(i)calc.(m)

)∣
∣
∣

2

2N − n
(9.8)where N is the number of experimental points of one nutation urve, and n is a numberof parameters to be adjusted.The best �t of the pair of nutation urves is ahieved by a Gaussian urve whose enteris found for 13C (A) and 15N (B) respetively at 9.10 and 9.06 mm of the rotor bottom's22.This orresponds to a χ2

norm of 0.16 and 0.1, respetively. It is notieable that the spinsare sanning regions where B1 �eld is monotonous. In fat, bottom and middle regionsare at opposite sides of the estimated maximum. The span of 13C is 80% of 15N, whih isonsistent with the fat that higher frequeny will ompress the �eld distribution.The priniple behind ajustement of nutation is based on the assumption that the stati22we refer to Fig. 1.2 for sample restrition in 4 mm rotors 137



Chapitre 9. Field modulation e�ets indued by sample spinning : results and disussion�eld inhomogeneity is negligible over the sample extension, whih is not ontraditory withthe presene of a Bo gradient here, due to the limited size of the sample. In addition the�ltering resulting from the 1H distribution during CP, is the same for both hannels. Andthe adjustement relies on an approximated model of mainly axially distributed B1. Thisdoes not exlude the presene of a radial �eld omponent Bra
1 as soon as it remains small,and that is preisely what is intended by installing the samples in the middle region ofthe oil. We have shown that radial �elds are one order of magnitude smaller omparedto the axial omponent Bax

1 whih is the main part of B1. When mapping the EM �eldwith the ball shift measurments this results seem again onsistent : the maximum of the
B1 amplitude was found between 8.7 and 9.2 mm in both ases by ball shift measurementusing a 3 mm ball. The adjusted parameter is within this range. The nutation givesvaluable information on the overlap of 13C and 15N pro�les.When faed to the multinulear experiments, involving CP the preeding approahshowns it's adventage for probe alibration. Pulse shemes, as REDOR or double-CPrequire a good level of overlap between all 3 frequenies, namely 1H, 13C, and 15N inorder to math Hartmann-Hann onditions over the largest volume. The result of thedouble CP intended for this rotor on�rms that the middle region whose distribution issmoother than the bottom part of the rotor gives a better enhanement. The link betweenthe double CP e�ieny and the RF �eld distribution has been reently disussed [109℄regarding hardware developments in the �eld of CP-MAS probes.9.4 Conlusions on radial �eld inhomogeneityAmong the di�erent simpli�ations made in order to predit a model for the B1 distri-bution the most villainous appears to be the hypothesis of a �at pro�le in the transversedimension. Indeed this was justi�ed before by the fat that this variation is one order ofmagnitude smaller than the variation of B1 along the main axis of the oil. But we provedthat the impat on NMR experiment was suh, that a more detailed analysis was required[111, 48℄.The Fourier transformation of the nutation urve obtained in F1 results in a �eldhistogram as shown in Fig. 9.8. Suh urve an also be alled density of probability to geta ertain B1 in the sample volume. It onsists in a long 1H nutation experiment (maximalpulse length is 8.6 ms), performed in an 5.5 mm long adamantane sample. The RF �eldstrenght ranges from 128 kHz, for the fastests omponents at the middle of the oil, to112 kHz for the slower ones. Interesting to note that the maximum �eld is more expetedthan the value orresponding to the avearge. This last explains why suh distribution138



9.4. Conlusions on radial �eld inhomogeneity

Fig. 9.8 � Experimental �eld histogram aquired using 4096 inrements of the 90o pulse,to reah a resolution of 116Hz. The spetra is mirrored beause only the real part of thenutation signal was Fourier transformed.should be asymmetri.The rotation speed of the 3.2 mm sample was set to 6 kHz. The pulse lenght inrementwas set to 2.1 µs, to allow the sampling of a �eld strenght up to 200 kHz (In general, thesampling time was set equal to p90o in order to assure that the Nyquist-Shannon theoremis ful�lled). The experimental results show that the aspet of the spetra vary stronglywith the amplitude of the RF �eld. The shape of the NMR resonane is highly modi�ed.The pulse was inremented 4096 times, with a reovery delay of 2 s, one single san wasaquired and Fourier transformed in F2. The experimental time was more than 5 h long.In addition to prove a good stability of the 1H hannel of an 1H/13C/2D MAS probe, thisexperiments indiate that in suh sample the span of the distribution reated by a regularoil is rather small in the middle of the oil where a 3 mm long admantane sample lays.We estimated this one to be 12.5% of the maximum value of 128 kHz. Moreover the largenumber of points aquired allow for a resolution of 116 Hz, su�ient to distinguish therotation peak as an additional osillating omponent of the nutation urve. This spuriouspeak, has to be interpreted as if some spins were indeed nutating at 6 kHz. The preseneof suh unexpeted distribution is explained by radial inhomogeneity.To understand this, we refer to the hapters 6 to derive the master equation of theevolution Eq. 6.25 for a population of spins, and to the hapter 7 in order to get amodel of �eld distribution. In pratie we have onsidered an initial Iz magnetizationsubjeted to a pulse of phase x (the oil is oriented along Oy as it has been stated inFig. 3.1.3). These alulations were performed by numerial integration of Eq. 7.16 and bysumming the results obtained using 60 equally spaed values of θ0. The �eld distribution,139



Chapitre 9. Field modulation e�ets indued by sample spinning : results and disussionwas alulated aording to Model 1 (Eq. 7.12). The oe�ients where hosen suh that
Bra

1 = 0.1Bax
1 , and Bax

1 follows a Gaussian urve of half-line witdh 8 mm, a reasonable
1H span at 500 MHz.The plot of Fig. 9.9 shows di�erent nutation urves obtained with the same B1 �elddistribution, but at three distint rotation frequenies (ωr ∈ {8, 10, 12} kHz). The disre-pany of the nutation urves (B), is easy to explain thanks to the B1 �eld interferogramobtained by Fourier transformation (A). The asymmetri pattern of the �eld distribution,has already been observed in Fig. 9.8. In addition to this harateristi pattern the mo-dulation introdued by the radial �eld, is manifested by a sharp peak in suh spetraldensity plots, preisely at the frequeny of rotation.

Fig. 9.9 � Magneti �eld histogram and the orresponding nutation signal. The signal wasobtained with a similar algorithm as in Fig. 9.11 with a Gaussian distribution along the 0Zemployed for the axial part of the �eld (entered, normalized and of span 10 omparable towhat has been found in 9.3.2).Model 1 was used with a radial �eld one order of magnitudesmaller than the orresponding axial �eld. The nutation was alulated with 2000 steps of1 µs for 60 di�erent angular positions around irles. The sum was done for eah of the21 irles distributed along a 5 mm long sample.The model 1 of hapter 7, is su�ient to desribe the measurement displayed in140



9.4. Conlusions on radial �eld inhomogeneityFig. 9.8.

Fig. 9.10 � Proton spetra of resulting from a nutation experiment reorded on the residual
1H signal of a D2O sample. The spinning speed used for MAS was 6 kHz. Spetra werereorded for di�erent RF �eld amplitudes. Indiated values were determined at anotherspinning speed (8 kHz) to prevent the e�ets of sample spinning on the nutation spetra. Asthe nutation spetra exhibit an asymmetri shape resulting from the RF �eld distributionover the sample, these values orrespond to the mean position of the nutation peak. Eahspetrum is the orresponding F1 slie extrated from 2D nutation spetra obtained with aresolution in F1 dimension of 20 Hz. Spetra were reorded on a Bruker Avane 500 MHzequipped with a 4 mm H/C/D MAS probe. The sample was plaed in a 4 mm rotor �ttedwith Te�on inserts delimiting an ative volume of 12 µl. This volume orresponds to avolume whih is less than the ative region of the solenoid oil of the probe ( 50 µl).A series of nutation experiments was performed under MAS onditions and at di�erentRF �eld amplitudes. A set of nutation spetra reorded on a sample of D2O is shown inFig. 9.10. The arrier frequeny was set on the HDO proton's resonane. The spinningspeed used for MAS was 6 kHz whih orresponds to the typial value used in HRMASexperiments. Nutation signals were aquired with a good digital resolution (20 Hz). Aninteresting experimental observation is the appearane of an additional sharp line atthe frequeny of the spinning speed (6 kHz) or at twie the frequeny (12 kHz). Theresonane observed at B1=6 kHz appears when the value of the RF �eld amplitude islose to the spinning speed. The intensity of the peak inreases as the RF �eld amplitudeapproahes 6 kHz and beomes even more intense than the atual nutation peak. For a141



Chapitre 9. Field modulation e�ets indued by sample spinning : results and disussionRF �eld amplitude very lose or equal to the spinning speed, the shape of the nutationpeak is distorted. These e�ets are more marked for a RF �eld amplitude equal to twiethe spinning speed (ωr = 12 kHz). For a value equal to three times the spinning speed(18 kHz), the shape of the nutation peak is strongly a�eted, however the intensity ofthe line at the spinning frequeny is low. These nutation experiments under HRMASwere performed on additional samples. The nutation spetra of moleules bound to aswollen resin show the same features mentioned above. For the solid sample adamantane,the nutation MAS spetra of 1H and 13C leads to similar �ndings. These e�ets seemto be general and an be predited on the basis of B1 inhomogeneities as will be shownin the following simulations. The simulations were performed using models 1 and 2 ofsetion 6, whih orrespondent equations are 7.12 and 7.14 The o�-resonane fator ∆ νand the spinning speed ωr were set equal to 0 and 6 kHz respetively. The alulationswere performed for di�erent values of √

2/3Bax
1 ranging from 3 to 19 kHz with (again)

Bra
1 = 0.1Bax

1 and imposing c = 0.1 in Eq. 7.15. The RF �eld amplitude distributionwas approximated by a Gaussian funtion. For eah value of √

2/3Bax
1 , the �nal resultis the sum over a Gaussian distribution with a linewidth of 150 Hz. The results of thesimulations desribing the behavior of the Ix omponent are shown in Fig. 9.11.After alulation, we obtain Figs. 9.11A and 9.11B, whih represent the simulationsusing model 1 and model 2, respetively. The simulated nutation spetra are obtainedafter Fourier transformation of the (exponentially damped) nutation signal. These resultsshow that, as expeted, the nutation signal is strongly a�eted by the spinning rate.Aording to model 1, a line at the position of the spinning rate, 6 kHz, appears when theRF �eld amplitude is lose to the spinning speed. The peak intensity inreases when theRF �eld amplitude approahes the value of the spinning speed. The maximum expetedintensity is reahed for a RF �eld amplitude of 6 kHz. Deformations and perturbations onthe nutation signal are also predited. Using model 2, two spinning lines at 6 and 12 kHzappear when the RF �eld amplitude is lose to the double of the spinning speed. The peakat 6 kHz is less intense than at 12 kHz. As for model 1, the peak intensities are maximumwhen the RF �eld amplitude is the losest to 12 kHz. Again, if the RF �eld amplitude isequal to 12 kHz, the nutation signal is a�eted.Regarding Fig. 9.8, we have seen that the modulation presented in model 1 explainsthe spinning line at 6 kHz. On the other hand, both modulations in ωr and 2ωr presentin model 2 give an explanation for both spinning lines at 6 and 12 kHz in Fig. 9.10.The omparison between experimental and simulated data indiates that model 1 is lessappropriate. Indeed, the alulated nutation spetra onsist of one peak at 6 kHz only,whose intensity is overestimated (see Figs. 9.9 and 9.10) . From this theoretial analysis142



9.4. Conlusions on radial �eld inhomogeneitywe an say that model 2 seem to be more realisti, sine the predited nutation spetrareprodue better the experimental results. Spins experiening an uniform RF �eld will nu-tate at the same frequeny. RF �eld distribution amplitude due to the B1 inhomogeneitiesresults in distribution in frequeny nutation. Dispersion of spin �ipping angles auses thedamping of the signal nutation and therefore the broadening of the orresponding line (seeFig. 9.10). In addition to this, under MAS onditions, the sample spinning indues modu-lations in the nutation motion of spins at the frequenies (ωr, 2ωr, 3ωr). The amplitude ofthese modulations and therefore the intensity of their orresponding peaks also depend onthe B1 inhomogeneities. The �utuations of the spinning speed an at as damping fatorof these modulations. Apparently, the �utuations are weak as indiated by the sharpnessof the spinning lines at multiples of the spinning speed. Their broadening an be ausedby the �utuations of the rotation speed only. Analysis of the rotation dependant peaksin the �eld histogram observed in Fig. 9.10 an be seen as a lue to prove the low impatof spin relaxation on nutation urves. If the nutation damping would be governed by re-laxation mehanisms in the sample before the end of the nutation (i.e for shorter pulsesas those needed for 10 to 50 nutation loops) the rotation peaks would be muh broader.This justi�es the hypothesis formulated in 9.3.1, or in other terms it suggest that everyomprehensive work on relaxation should inorporate also a areful analysis of the B1�eld distribution.
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Chapitre 9. Field modulation e�ets indued by sample spinning : results and disussion

Fig. 9.11 � NMR spetra simulations of nutation experiments using model 1 (A) and model2 (B) at di�erent RF �eld amplitudes. Eq. 7.12 was used for model 1 and Eq. 7.14 wasused for model 2. The o�-resonane fator ∆ωo and the spinning speed were set equal to 0and 6 kHz respetively. The alulations were performed for di�erent values of √

2/3Bax
1ranging from 3 to 19 kHz with Bra

1 = 0.1Bax
1 and =0.1 in Eq. 7.15. The simulatednutation urves were multiplied by an exponetial window to avoid trunation e�ets.144



Part IVOrigin of the Temperature inreaseindued by HR-MAS on samples
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10Thermal issues in samples investigatedunder MASThe �rst law of thermodynamis tells that heat and work are both ourenes of thesame phenomemon alled `energy'. The �rst expliit statement of this, was given by RudolfClausius un 1850. If dU is an in�nitesimal inrease of the internal energy of the system,
δQ in the in�nitesimal amount of heat added to the system, and δW in�nitesimal amountof work imposed to the system :

dU = δQ+ δW (10.1)
W is the work, Q the heat and U the energy of the onsidered system. This energy isexpressed in Joules with the onvention that what gets into the system is negative.From the �rst priniple it is lear that, NMR samples investigated by magi anglespinning experiment, present some spei� heating mehanisms. We distinguish �rst (i)marosopi mehanial e�orts suh as rotation of a sample. This work indues thermale�ets, aused by fritional heating with the walls and at the air bearings. These aremehanial phenomena, beause fast spinning leads to strong aeleration or deelera-tion of the sample (when spinning up or down) as well as to strong entrifugal fores atonstant spinning speed. And then (ii) we fous on `mirosopi works' ausing elevationsof temperature, suh as the rotational motions of water moleules due to dieletri po-larization. This heating proess, linked to high frequeny eletri polarization (and thusthe E1 �eld), may destroy the sample, either in the stati or the MAS ase. The �rstof those two points will be the subjet of the following setion 10.1, while the seondpoint will be disussed with respet to the lassial eletrodynamis theory of the lastsetion 1. Finally some tehniques employed to measure the temperature rise in the NMR147



Chapitre 10. Thermal issues in samples investigated under MASsample while pulsing will be introdued. An original example of RF heating in a modelmembrane, alled `bielle', will be desribed.10.1 Heat produed by mehanial e�etsFast mehanial rotation of the sample may modify physial parameters like the tem-perature, the onentration or the density. The distribution of these quantities an itselfbe modi�ed by the rotation. Frition between the rotor and the ambient MAS bearingand drive gas surrounding the MAS rotor may result in the appearane of a gradientof temperature over the sample length. MAS rotors ontain the NMR sample and mustprovide high mehanial strength to withstand the entrifugal fores ating upon fast spin-ning. The mehanial pressure resulting from the entrifugal fores ating when angularfrequeny rises up to ωr,
σc =

ρsω
2
r

3

(

R2
a +RaRi +R2

i

) (10.2)depends on the rotor material density ρs and outer and inner rotor radii, Ra and Ri,respetively. The equation above an also be used to estimate the entrifugal load atingon the NMR sample inside the rotor with the orresponding re-interpretation of the radii
Ra and Ri , and ρs then denoting the sample density. For example, an NMR sample (Forwater ρs = 1 g/cm3) with an outer diameter of 2Ra=3 mm (e.g., in a 4 mm MAS rotor)in the shape of a full ylinder (Ri = 0) at 15 kHz experienes a entrifugal pressure suhthat σc=6.7 MPa (=67 bar) at its outer irumferene. Smaller sample diameters mayredue this e�et, and thus may allow higher spinning speeds.The results presented by Fig. 10.1 an be related to the phenomenologial law ofEq. 10.2. The larger the diameter of the sample is, the strongest the pressure along theradial diretion will be. An additional heating proess may be present. Experiene showsthat the temperature rise is also aused by the mehanial frition at the end of the rotor.Aording to this seond di�usion mehanism, the heat would also propagate axially fromthe bottom bearings along the rotor length to the rotor aps. However then, there areunexplained di�erenes between the 12 mm long 2.5 mm rotor, whih is less subjeted toheat, and the 20 mm long 4 mm rotor.Besides the spinning motion, the rotor may perform additional motions. The air u-shion in the bearings has elasti properties suh that the system rotor+air bearings+MASstator housing represents a system that may exhibit mehanial vibrations (various kindsof nutational and preessional motions). Sine the mass of the rotor (inluding the sample)148



10.1. Heat produed by mehanial e�ets

Fig. 10.1 � Fast spinning auses a temperature inrease of the NMR sample, observeddiretly inside the 2.5 mm rotor solid sample. In this ase the nulear thermometer is leadnitrate (2.5 mm red urve).For a 4mm rotor the water ontained in a DMPC suspensionindiated the temperature rise (blue urve). This last measurments are taken from [46℄.Both temperature inrease follow a quadrati law. The largest diameter the faster theinrease of temperature will be, even at the lower spinning rates used by HR-MAS.is small ompared to the mass of the MAS stator (the latter in turn is rigidly onnetedto the probe frame) the rotor will arry out tiny osillatory motions with an amplitudelarger than the amplitude of vibrations of the surrounding system. Eventhough, one of the�rst goals of every MAS design is to keep the amplitude of rotor vibrations under ontrolsuh that no interferene with the spinning ours. Nevertheless, vibrational amplitudesare also a�eted by the distribution of the sample mass inside the rotor, hene an evenpaking of the sample is of utmost importane to ensure proper operation.For a loosely paked, spinning solid sample, the real sample distribution is not au-rately known and the sample is pressed against the walls of the rotor with the entrifugalfore estimated above. For a liquid without any air bubbles in a MAS rotor, due to inom-pressibility of the liquid, sample density an be assumed to be homogeneous. However, forheterogeneous -semi-solid/liquid sample a heterogeneous distribution annot be exluded.Indeed, for a system of moleules bound to a resin and swollen in solvent, NMR HR-MASobservations indiate learly the presene of both kinds of solvents : free and solute forms.Due to entrifugal fores, the swollen resin matrix is distributed along the rotor walls149



Chapitre 10. Thermal issues in samples investigated under MASwhile the free solvent oupies the enter of the rotor [47℄.For MAS solid samples, it is lear that the whole sample spins at the same spinningrate. In the ase of a visous medium suh as a heterogeneous quasi-liquid, the situationis analogous. Partiular experimental onditions are used to indue �ow by the spinningsuh as a sample plaed between two horizontal onentri tubes rotating at very lowspinning rates of di�erent value [143℄. After a brief transition from turbulent to laminar�ow the MAS sample reah a stationary spinning state23. The MAS spetrum of a realliquid sample shows side-band patterns with peaks separated by the spinning frequeny.The shape and the line width side-band peaks indiate learly that the liquid samplemoves uniformly. As it has been shown before, the nutation experiment leads to resultssupporting our �ndings.Suh inrease of temperature produed by onvetion, an be prevented by oolingof the sample with an evaporator. In this work we used the Bruker BCU05 devie thatools dry air or nitrogen gas. At the output of the transfer line the gas temperature mayreah old temperaures down to 233 K. Spinning stability is an issue when ooling thebearing gas. To prevent it, stators with double bearing �ux have been developped (DVT).In suh stators, the bearing is performed at ambient temperature while the temperatureinside of the stator is maintained at lower levels. For the 4mm rotors, quite popular amongHR-MAS sientists, the material of the rotor-ap is ritial for going low in temperature,Kel-F aps will pop-out below 263 K (-10oC), they should be replaed by polyimides ones(Velspel) whih are warrantied down to 243 K. For lower tempertures eramis suh aMaror, beome a must.For a omplex system like an air-bearing MAS stator/turbine with partly laminar,partly turbulent gas �ows (bearing gas �ow, drive gas �ow, VT gas �ow, exhaust gas�ows), whih is thermodynamially an open and highly heterogeneous system, any reliablymeasurable physial quantity, that a�ets the e�ieny and operation of the system, isof invaluable help. On the other hand, from the sample point of view, a means beameavailable to preisely measure and alibrate the temperature of the NMR sample, i.e.,for example, that it is possible to establish a unique relationship between operationalparameters like bearing pressure and �ow, spinning rate, and temperature of the sample.MAS design hanges a�et the thermal harateristis of the MAS system, and vie versa,as reently demonstrated by Doty, et al.[45℄, in order to hange or improve the thermalfeatures of the system, mehanial modi�ation or even re-design might be neessary. Oneould have expeted to solve the heat inrease by ooling, this only applies for onvetion23Heating is generated during the transient state, when the aeleration produes strength and move-ment150



10.2. Heat produed by the E1 at high frequeniesheat, where the di�usion time-period is in the range of the seond, or even slower. Wewill see now that irradiation produed by the RF �eld is unfortunately muh faster andan not be ontroled by variable temperature units of any kind.10.2 Heat produed by the E1 at high frequeniesRF heating is of di�erent nature than the rotation indued one. The irradiation, knownas mirowave heating ats faster and diretly inside the material, therefore it an not bediretly ompensated by ooling. We pretend here to give a physial introdution of thismirosopi e�et. The ability of ertain moleules to orient in a spei� diretion isalled Polarization, the eletri �eld as well as the displaement vetor partiipate in thisproess (Eq.5.16 and 2.9). The mirosopi polarization pi is linked to the loal eletri�eld, through the dieletri suseptibility χe, de�ned by
~P = ǫo.χe

~E. The frequeny dependene of χe, has been solved using a time orrelation approahin a statistial ensemble [102℄. The polarisation of the system an be expressed as a sumover i states as :
P =

∑

i

pi|i >The starting point for a quantum development of polarization is the expression of theHamiltonian of the eletri �eld that an be writen as :
HE = −P.E (10.3)where E is the loal �eld. This term is to be added to the expression of the total Hamilto-nian given in Eq. 7.4. From there a time orrelation approah of the dieletri relaxationhas been proposed to derive the Debye model from the expression of mirosopi eletrisuseptibility (p 495 in [102℄). This démarhe reveals that the dispersive urves of χe, and

ǫ obey the Kramers-Kronig equations.The relations between mirosopi dieletri fators, and the e�etive dieletri of anNMR sample, an be employed to solve Maxwell equations in dispersive media. The soalled mixing formulas are the proper tool for this analysis. A survey of suh tehniquesan be found in [124℄. We simply insist on the fat that polarization P expressed in Debyeper meter is the touhstone of RF heating mehanisms. 151



Chapitre 10. Thermal issues in samples investigated under MASThis approah �ts quite well to the disussion of some reently published ideas in thearea of bioeletromagetism. Those whose spei� interest is the derivation the RF powerabsoption of mixtures ontaining lipid membranes, forming inlusions in a water bu�er[126, 82℄. In the following we limit ourselves to demonstrate the prinipal steps neededto justify the expression of the relative dieleti onstant ǫ used in CST (Eq. 4.7). TheFDTD methods are in general well suited to aess the e�etive permittivity of randomlyinhomogeneous mixtures [124℄ and so to solve the eletromagneti �eld distribution pro-dued by the NMR oils in realisti biologial samples. On a more marosopial size thedegradation of the B1 �eld produed by inreasing salt onentration in NMR sampleshas been eluidated using CST. These results will be presented in the next pages.10.2.1 Joule heating in aqueous samplesIn 1842 James Presott Joule proposed an experiment to desribe how mehaniale�orts an produe an inrease of temperature. The system onsidered is a dewar (ther-mialy isolated from outer world) ontaining a visose liquid whose volume is onstant.Inside the liquid a propeller spins the medium, and this mehanial movement an bequanti�ed. The energy used to drive the spinner is diretly onverted in an inrease ofheat inside of the dewar (an illustration of the Joule's experiment an be found at p 503of [37℄). Suh is, by analogy, the ation of the average eletrial polarization < P > in-side of the sample. The variation of temperature ∆T is ruled by the following di�erentialequation [56℄
kT∇2T + Pj = κ ρs.

dT

dt
(10.4)where T is the inrease of temperature from the stabilized value (temperature measuredin the stator), kT is the thermal ondutivity of the sample, also alled `di�usion fator',

κ is the heat apaity and ρS the density of the liquid, and �nally Pj appears to be avolumi density of power.After a short lapse of time ∆t is the heat di�usion in the sample volume is fast enough,whih an be assumed to be the ase for a very small volume of water in the neighboringof the lipid surfae :
∆T = Pj .

∆t

κ ρS

(10.5)for water at 10oC the produt κ.ρS=4.19 106 J.K−1.m−3). A fast alulation predits aninrease of 10 degres when applying a 1 s pulse, of power as low as 1.5 mW, in a volume152



10.2. Heat produed by the E1 at high frequeniesof 35 µl. Sine we deided here to study aqueous mixtures, water will be onsidered withmore attention. We propose here to investigate the mehanism of dieletri absorption inHR-MAS sample.We introdued the fator σeff in a previous setion (Eq. 4.5), to inlude the high-frequeny dynamial e�ets of the dipoles, is to be related to Joule's dissipated power
Pj :

Pj = σeff .E
2
1 (10.6)here E1 is the RMS of eletri �eld applied at high frequeny,Finally we see how losses from the dieletri or ondutive properties of the samplelead to energy dissipation through Joule's e�et. The sample's e�etive ondutivity [126,12, 70℄ ouples to the e�etive loal �eld strengh E1, and dissipation leads to heating. Thismay result in unwanted phase transitions due to the temperature hange and, in someextreme ases, even to the degradation or destrution of the sample. Finally, sample lossalso hanges the mathing required, and lowers the Q fator of the probe iruit hene ita�ets the signal-to-noise ratio of the NMR signal. These onlusions have been alreadyintuited in 1979 by Gadian and Robinson [61℄.10.2.2 The dieletri dispersion modelJames C. Maxwell de�nes the dieletri absorption as a phenomenon observable ininsulating material. He writes in 1864 : `When the dieletri, of whih the ondensator isformed is not a perfet insulator, the phenomena of ondution are ombined with thoseof eletri displaement. The ondenser, when left harged, gradually loses its harge,and in some ases, after being disharged ompletely it gradually aquires a new hargeof the same sign as the original harge, and this �nally disappears' [100℄. Displaementurrents play, for our onern, the most remarkable role in the dispersion aused by theNMR sample. A dispersive sample represents a lossy element in the RF iruit of theprobe, and leads to a strong frequeny shift downwards. This is due to the in�uene ofthe sample's dieletri ontribution on the equivalent oil to sample apaitane [61℄. Todesribe dispersion, the frequeny dependane is to be introdued in the expression ofondutivity and permittivity .From the original de�nition of displaement urrent, the Maxwell-Ampere equationan be written to have :

~J +
∂ ~D

∂t
= σ ~E + iωǫoǫ ~E 153



Chapitre 10. Thermal issues in samples investigated under MAS
c

Fig. 10.2 � Graphial representation of the real part of the dieletri onstant (ǫ′ full line)and the imaginary part of the e�etive ondutivity of water (ℑm {ǫeff} dashed line). Therelaxation time τ c an be as small as 4.7 10−10s when the water is linked to phospholipidihead groups [126℄, but normally this one is in the order of 8.27 10−12s (for water at 25o[15℄). The variation of ǫ′ from 78.8 (ω = 0) to 1.8 (ω = ∞) is alled dieletri derement.the imaginary part amplitudes where alulated using the Kramers-Kronig implementationof CST. The ondutivity at low frequenies is added to the Debye dispersion model, whoserelaxation onstant is given here. In the range of frequenies where NMR takes plae, thedispersion is mostly aused by the rotational motions of the eletrially polarized watermoleules.
= ǫoσeff

~E

= iωǫoǫeff
~E (10.7)where σeff is expressed in S/m, in the expression of the Joule's heat, only the real partplays a role24. This refers the de�nitions of e�etive ondutivity and permittivity givenas dimensionless numbers by Eqs.4.5 and 4.6. The two terms of this equation leads usto larify two distint types of heat dissipation mehanisms enountered in some NMRliterature inspired by the work of Gadian and Robinson in 1979 [61℄.Dieletri properties determine the response of a material to an eletromagneti �eld.The dieletri properties refer to a omplex number ǫ(ω) onsisting of (i) a real portionthe dieletri onstant ǫ′, and (ii) an imaginary portion ontributing to the dieletri loss24a rigourous treatment of this omplex number an be found on p 18 of [12℄, this onept was alsoformulated on p 312 of [78℄ to distinguish the stati and the high-frequeny e�ets154



10.2. Heat produed by the E1 at high frequeniesfator. The dieletri onstant is an indiation of the polarizability of the moleules andto their ability to store eletri energy [15, 124, 102℄. A related quantity is the powerdissipation per unit mass, also known as the spei� absorption rate (SAR), this is givenby Pj (as in Eq. 10.5) divided by the density of the material (ρS introdued at thebeginning of this hapter). At sub-MHz frequenies, an exposure to eletri �eld resultsin ondutive power dissipation, aused by the translational frition of urrent arriers(ions in eletrolyte solutions). With �elds in the MHz and GHz range, an additionalomponent, aused this time by rotation, or �exion of the moleular dipoles, dominatesthe dieletri relaxation. With inrease in frequeny, this omponent, known as dieletripower dissipation, ultimately prevails.The �gure 10.2 displays on the left axis the real part of the dieletri onstant of water,and on the right, the imaginary parts of ǫeff omprising the low frequeny ondutivitylosses, and the high frequeny ontribution from the imaginary part ǫ′′.From the derivation of Debye equation, the loss fator of a solution with a distributionof k relaxation times τ c is :
ℜe {ǫeff} = ǫinf +

n∑

k=1

∆ǫk
1 + (ω.τ c

k)
2

ℑm {ǫeff} =
σion

ωǫo
+

n∑

k=1

∆ǫk ω.τ
c
k

1 + (ω.τ c
k)

2 (10.8)where ∆ǫk is the dieletri derement (ǫo − ǫinf) whih may also hange from one typeof water moleules to another depending on the hemial environment, and τ c representsthe dieletri relaxation time (also alled orrelation time). In priniple, the latter isinversely proportional to the rotational di�usion oe�ient of the water moleules, andharaterizes the time required for the eletri polarization to deay after a polarizing�eld is withdrawn [105℄.The urve plotted in Fig. 10.2, onsiders the ideal ase of a �rst order relaxation (n=1)often enountered in water. The imaginary part of the dieletri onstant (dashed line),follows a lorentzian frequeny dependene. Physially, as the frequeny of the external �eld
E1 approahes 1/τ c the moleular dipoles starts to lag behind the �eld, and ontinue to doso until the frequeny beomes so high that the dipoles do not longer respond at all. Theinability of the moleules to instantaneously align with the applied eletromagneti �eldleads to dissipation of eletromagneti energy into heat. From the orresponding frequenydependene of σeff we admit that the temperature inrease will follow a progression whih155



Chapitre 10. Thermal issues in samples investigated under MAS
 

 

 

 

 Fig. 10.3 � Models of relative dieletri permittivity, employed by CST. The left one isnot suited for high frequeny behaviors were dieletri derement plays a role, and shouldbe reserved to simpler ases. The right one enloses this one (the singularity at statifrequenies is not observable) and it adds the onsideration of the dispersion aused byOrientational polarization and desribed trough the Debye model.is mostly proportional to ω3 as it has been stated elsewere [132℄. The reason is that σeffinreases aording to the square of the frequeny before the �rst dieletri resonane andthat the eletri energy inreases, at least, linearily with ω.We know from di�erent soures [124, 12, 126, 78℄, that even at low NMR frequen-ies the ontributions to the loss fator due to the ondution and the polarization anbe easily separated, in suh a way that the inrease of temperature an be asribed to
ǫ′′25. Therefore, in our range of frequenies, we an neglet the ontribution of the stationdutivity. We use the expression of the omplex permittivity presented in Eq. 4.7 toharaterize the losses, in the NMR samples of our numerial simulations.We introdue here two dispersion models of sample involved in our CST simulationsgiven in Fig. 10.3. The left side is alled `Kappa' model, it onsiders the low frequenybehavior, and the right one plots the e�etive permittivity. The Kappa model is typiallyused to desribe the relative permittivity of salty water (σion=2 S/m) whose real partequals 81 and whose imaginary part is dereasing monotonously with frequeny. For themodel of Fig. 10.3B, the orrelation time τ c was taken to be of 4.6 .10−10 s, omparedto the shorter delay of ∼ 9 .10−12 s found in free water. The given stati ondutivity is1.7 10−7S/m. The stati permittivity in this ase is 48.8, and at the higher frequeny limitthus beomes 1.8 (the dieletri derement is half what is expeted for normal water). Thissample model is onsidered for the simulations involved in Fig. 11.4 and predits betterthe dieletri losses, than the ondutivity model also employed by CST. This last maybe ontained in the model of Fig. 10.3B.25This is not fully the ase when onsidering dieletri resonane at very high frequenies, due to atomiand eletroni polarization but suh will not happen before 1013Hz [124, 12℄156



10.2. Heat produed by the E1 at high frequeniesThe variable pith oil, introdued in Fig. 8.5 and whose eletromagneti distributionhas been eluidated at 500 MHz in hapter 8, serves to illustrate the importane of displa-ement urrents in the sample. Current density alulated by CST in the lossy dieletriregions is expressed in A/m2. The alulations presented here are idential to those of analready ited paper [70℄ whose main onern is the in�uene of solvents on the qualityfator of ryo-probe oils. The two models used to represent the water sample loading thestruture gave similar results : with the ondutivity model of Fig. 10.3A the maximum ofurrent density's magnitude was 136 A/m2, for the Debye model of Fig. 10.3B this valuewas smaller (77 A/m2), but the simulations resulted in similar phase and magnitude dis-tributions for both models. The urrent vetors are aligned with the main axis of the oil
OZ and their phase is the same a the eletri �eld distribution E1. The top and bottomedges of the ylinder represent a singularity where the urrent is partiularily intense, butthe maximum stays de�nitively in the middle of the sample. This entral loation of theurrent density makes the heating obtained trough RF irradiation, partiularily insen-sitive to additional ooling. Attempts to preserve samples from degradation by freezingthem may serve only beause this ompletely hanges the dieletri properties of the oilloading. Of ourse then the question of biologial relevane has to be addressed.For a variable pith oil, de�ned as in setion 8.2 the loading with a sample whosedispersion follows a law similar to what has been presented by Fig. 10.3B. This materialloading inreases the amount of eletri energy in the sample volume. The results presentedby Figs. 10.5 and 10.6 fous on the spei� in�uene of the imaginary part of the dieletripermittivity. This parameter (ǫ′′) whose maximum stands in a frequeny range omprisedbetween 200 MHz and 1.5 GHz in the ase presented here, is ontroled by τ c.Using the simulation presented in setion 8.2 we proved that the sample dieletri losssigni�antly hanges the E1 �eld distribution in the oil. When onsidering the Debyemodel of dieletri dispersion in water, Fig. 10.6 learly shows that the longer the dieletriorrelation time is, the higher the amount of eletri energy stored in the sample will be(this is onsistent with Fig. 10.5). This is to be expeted beause the lag of the water dipoleis more important in a visous environement, than in a �uid media. The salt onentrationadds to the polar visosity of the solution, by onstraining the water dipole in a ertainposition. This is possible due to polarization onstraints.We have derived the value of the power loss density inside the sample, taken as anhomogeneous ylinder of slowly relaxing water. This model introdues some `dipolar vis-osity' by the dieletri relaxation time. It emerges from the graph 10.6 that suh `visosity'will inrease the amount of eletri �eld. In pratie this is still faw away from realistiellular material, suh as in biopsy samples. The heterogeneity helps, in a ertain sense,157



Chapitre 10. Thermal issues in samples investigated under MAS

Fig. 10.4 � Current density, alulated inside the lossy water sample. The simulation wasdone with CST on the already introdued 4 mm variable pith oil. The sample is a ylinderof 5 mm length and 3 mm in diameter. It is ontained in a non-lossy erami ylinderof 18 mm of length and 4 mm of outer diameter representing the ZrO2 rotor. Sine the�eld is polarized it is treated as a omplex, whose time phase is to be onsidered. The �rstline orresponds to a phase referene, the seond is quadrature shifted. The left olumnorresponds to the so alled `absolute' (abs) value of the �eld, this is a sum of spaialomponents (X,Y,Z). (A) is `abs' at 0o and (C) the same at 90o. The right olumns givesthe orresponding distribution as a vetor �eld.
to lower the mirosopi �eld. In all ases, temperature inrease in real biologial systemsrequires a omplete treatment of a di�usion equation like Eq. 10.4, inluding the omplexheat transport mehanisms of the living systems.Finally the power loss density expressed in Eq. 10.6, an be aulated in the samplevolume. With the input signal used by CST (orresponding to 1W power) the integrationof power distribution proves that 20 mW will be stored in the sample (one perent of thepower sent to the oil). The maximum of heat deposition is loated lose to the wire.Rotation by MAS stores the sample against the walls, and distributes this heat. Theheating will penetrate the sample from within, thermal ooling will be useless as soon asthe material properties (linked to the diletri relaxation time) permit suh e�et.158



10.2. Heat produed by the E1 at high frequenies

Fig. 10.5 � Distribution of the Eletri �eld, treated as a omplex �eld. As in the Fig. 10.4the line orrespond to a quadratude phase shift. The two olums orrespond to di�erent die-letri orrelation times. Same sale was used to sort levels of eletri �eld up to 1500 V/m.The plane seleted was a OYZ passing by the oil holder, and uting the 5.5 wires at theopposite side.

 

 

       
 

 Fig. 10.6 � Magnitude of the Eletri �eld sum of omponents, the integration was doneall over the sample volume and divided by the number of meshes. The same variable pitthoil was exited at the oil ends by waves as in setion 8.2. Same number of meshellswas keept by the solver for eah of these problems. The sample's dieletri orrelation time
τ c was tunned from 0.1 to 0.8 ns.
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Chapitre 10. Thermal issues in samples investigated under MAS

Fig. 10.7 � Distribution of the powel loss denstity in W.m−3, in the two axial planes of thesample. The ontour levels show a di�erene between both planes, (A) is a `oronal' viewpresenting a symettri pattern, (B) is a 'sagittal' view where it is lear that the heating isdiretly assoiated with the presene of the wires in the lower part of the �gure.10.3 Relative in�uene of the indutive and dieletrilossesThe alternating �eld B1 from the RF oil indues urrents in a onduting samplewhih dissipates power. The power dissipation an be expressed as an e�etive resistane
Rm in series with the reieving oil. Hoult and Lauterburg [73℄, have onsidered thein�uene of this mehanism on MRI sensitivity. For a solenoidal oil of radius a, length
2g, and n (>> 1) turns, Gadian and Robinson [61℄ give the following formula :

Rm =
πω2

oµ
2
on

2b4gσeff

16(a2 + g2)
(10.9)where b is the sample radius, of ylindrial shape.The same authors, based on RF literature [136℄, ited by [73℄, start from the followingformula for the equivalent series resistane (ESR) Re resulting from dieletri losses.

Re =
ω3

oL
2Cd

Qd
(10.10)The dieletri loss fator of the sample has been introdued within the power fator ofdistributed apaity (1/Qd) to indiate that the (ESR) depends on the sample's dieletridispersion (Eq.101 on p 84 of [136℄). The distributed apaitane from turn to turn Cd anbe deomposed in two terms using the iruit analogy with lumped elements orrespondingto volumes where the �eld in well known. Some of the E1 goes diretly from turn to turnand is designated by a lossless apaitane (C1) whereas some other �eld lines go troughthe lossy sample and experiene dispersion (C2). The equivalent iruit desription of the160



10.4. Conservative and non-onservative E1mentioned paper (Fig.1 in [61℄), was redeveloped in the reent work of Minard and Wind[105℄. This approah learly is a example of what has been explained in Chapter 3.4 of thepresent work : the eletromagneti distribution need to be known prior to any `lumpedelements deompostion' of the �eld.The predominane of dieletri heating over other soures of eletromagneti heatingas magneti indution, has been learly established at high-frequenies. This last heatingsoure arises when the alternating �eld indues eddy urrents in a onduting sample.Indeed it plays a role in imaging where the sample size is onsiderable, and the �eldsare rather low (less than 100 MHz). At high �elds and for our small sample volumesthe impat of indution is negligible. For example : in a four turn oil at 350 MHz theequivalent resistane linked to magneti indution is 40 times smaller that the one linkedto dieletri losses (Fig. 9 in [105℄)10.4 Conservative and non-onservative E1From a reent disussion found in [64, 92, 44℄ the dieletri heating was introduedtrough the distintion between onservative and non-onservative eletri �elds. This for-mulation appears when expressing the Coulomb Gauge to the mirosupi �elds. In orderto relate eletri �eld (E) and the vetor potential (A), plus the salar potential (V ) :
~E = −∂

~A

∂t
− ~∆V (10.11)were the �rst term of the right member designates non-onservative �eld, and the lastterm is the onservative eletri �eld. The mirosopi distintion of E1 in a longitudinalpart alled EZ and the transverse part ~Et as done in setion 3.1.2 may be useful to relatethe irrotational omponent EZ of the eletri �eld to heating mehanisms. The followingdistintion was found in [26℄ :

EZ = ~∇V .~Z (10.12)
~Et =

∂ ~A

∂t
(10.13)The goal of redution of the dieletri heating an be aomplished by reduing theonservative omponents of E1, while the rotational part (ontributing to the magneti�eld trough the Maxwell-Faraday equation) an not be altered without sari�ing the ma-161



Chapitre 10. Thermal issues in samples investigated under MASgneti �eld. This approah is still ompatible with the paradigm presented in setion 3.1.3.10.5 Experimental measurment of heating in biologialsamples10.5.1 NMR thermometersQuantitation of sample heating in NMR experiments requires measurement of thesample temperature in situ. NMR thermometers based on temperature dependene ofthe hemial shift are available to alibrate the temperature inside the sample. For 1HNMR spetrosopy one of the most popular method is to use methanol or ethylengly-ol, whose OH and CH2 peaks [139℄ experiene a well known temperature dependene ofthe frequeny shift. Compounds ontaining lanthanides like TmDOTP5 (thulium 1,4,7,10-tetraazaylododeane-1,4,7,10-tetrakis(methylene phosphonate)) also have been suess-fully used to measure the temperature via the 1H hemial shift [132℄. Other NMR nuleiontained in temperature sensitive materials are 13C, 19F, and 59Co [125℄ for liquids, and
207Pb [11℄ for solids. For lipid membranes the addition of referene ompounds may in-terat with the sample and in pratie the best method is the use of water [46℄ in mostbiologial samples.10.5.2 Using Bielles to probe RF heatingIn the following we would like to introdue some experimental work done in order toevaluate the impat of RF heating on oils used to perform HR-MAS.Bielle samples like DMPC/DHPC assemblies are membrane models whih require avery areful temperature handling [86, 87℄. In non-deuterated lipid, 2H NMR allows usto investigate the exhange of water deuterium from the bath to the bound state. At thesurfae of the lipid bilayer a 0.5 nm layer ontains water moleules that are bounded atseveral positions to the phospholopidi head groups. Water moleules experiene di�erentdieletri relaxation mehanisms [126℄ due to their exhange from the bounded layer tothe non-bounded bath.The splitting of deuterium (spin 1) resonane lines originating from the oupling of thequadrupolar moment with the loal eletri �eld gradient (arising from neighboring atomsor moleules) has been investigated in the so alled swelling regime where the hydrationplays a major role [52, 151℄. There exists a region of temperatures between 298 and 317 K,where the bielles form a homogeneous phase, and the quadrupolar splitting of 2H in D2O162



10.5. Experimental measurment of heating in biologial samplesis governed by the order parameter of the system. In this range the quadrupolar splittinginreases linearly with temperature as seen in Fig. 10.8. The exat nature of the hemialexhange involved behind this 2H splitting has not yet been ompletely eluidated, butthe phase diagram is rather insensitive to variations of the salt onentration [116℄ andthe same model an be applied to monitor the temperature inrease.

Fig. 10.8 � Variation of ∆νQ the quadrupolar splitting of water solvent as a funtion oftemperature. `B' indiates the bielle phase. Data has been reprodued from [151℄ Linearinrease of the splitting in Hz was observed also in our ase, with an adjusted linearoe�ient of 1.2 Hz/K.In order to relate the quadropolar splitting to the temperature inrease produedby RF irradiation, we need to make the following hypothesis regarding the evolutionof the quadrupolar splittig : the quadrupolar splitting of water solvent as a funtionof temperature ∆νQ(T ) is independent of the salt onentration in the sample. For allsamples the linear inrease of the splitting in Hz was observed and related to temperaturethrough the same linear oe�ient of 1.2 Hz/K. It has been published that for deuteratedHead-groups the quadrupolar splitting is independent of the ioni strength of the watersolvent [10℄, and this ould explain why the membrane does not su�er from a relativelyhigh salt onentration 26. Moreover, it has been reported, that the phase diagram asa funtion of temperature of Bielles is insensitive to di�erenes in salt onentrations[116℄. From temperature inrease measurements we onluded �rst, that adding salt tothe samples did not alter the evolution of ∆νQ(T ). As a onsequene the same linearpredition, seen in Fig. 10.8 was applied to a series of samples whose salt-onentration,26Salt is often used in order to prevent the aggregation of polar moleules in NMR tubes 163



Chapitre 10. Thermal issues in samples investigated under MASand (onsequently) whose dieletri time onstant τ c was inreased.Bielles from Avanti Polar Lipids were prepared as desribed [29, 52, 151℄ at theonentration of 250 mg/ml. As proposed reently [98℄ the molar ratio q for the two lipidsDMPC/DHPC is suh that q = 3. The sample was prepared in a phosphate bu�er of pH 6,
10% D2O was added for the study of 2H quadrupolar exhange. The sample ondutivitywas varied by adding PBS (a mixture of K2HPO4 and KH2PO4) to produe three di�erentsalt onentrations of 10, 50 and 100 mM. A referene sample without salt was also used.All samples were paked in a (non-spinning) 4 mm rotor. This tehnique was used inthis study to measure the impat of power loss on salts. Suh results will be presented inFig. 11.14 of the last part to ompare the solenoid oils and novel low-E oils.The variation of the NMR line frequeny vs. temperature hange ∆νbic/dT , measuredprior to start RF heating experiments, is equal to 1.2 Hz/K. This value is independent ofthe salt onentration [116, 10℄. In order to ensure thermal stability, the gas �ow aroundthe sample was maintained (at a pressure of 770 mB, without spinning the sample) usinga gas �ow ooling unit (BCU-05), while the temperature ontroller (BVT-2000) was usedto monitor the probe heater by measuring the temperature diretly in the gas �ow at theMAS stator lose to the sample. One the data were reorded at variable temperatures,these values ould be used to ontrol the inrease in temperature, relative to the valueof 305 K, originating from the E1 �eld of the RF oil. The pulse sequene employed tomonitor the heating due to the RF eletri �eld at the 1H frequeny went as follows : 0.5 s
1H RF pulse prior to 2H 90o pulse followed by 1s pulse of 1H CW irradiation during the
2H FID aquisition to mimi a long deoupling pulse at di�erent B1 �elds in the rangefrom 5 to 16 kHz. These B1 �eld amplitudes were measured by determining the lengthof the 360o pulse for 1H at di�erent RF power levels for eah sample and eah oil. Thesame power level was applied 10 times before the next inrement to measure RF heatingstep by step. The 2H NMR spetra presented in Fig. 10.9 are plotted as a funtion of the
1H B1 �eld. A phase transition ours in the bielle sample plaed in a regular oil, whenthe B1 beomes greater than 9.5 kHz. Temperature alibration measurements with thebielle sample show that the phase transition ours at about 317 K. Additional sampleheating due to spinning [46, 88℄ is avoided in our experiments beause we worked withstati samples. Therefore the heating of the sample results solely from the presene of theRF eletri �eld inside the sample. Measuring the temperature inrease as a funtion ofthe applied �eld amplitude B1 allows to quantify the impat of the eletri �eld E1 in theoil [46, 44℄.164



10.6. Drawbaks of RF heating10.6 Drawbaks of RF heatingThe redution of RF heating in biologially relevant NMR samples has beome a majorhallenge for the design of novel oils in NMR probes [92, 132, 46, 64, 105℄. Sine deadesthe prinipal mehanisms that lead to RF heating e�ets in NMR samples are well known[73, 61℄. In NMR the impat on lossy samples of the RF eletri �eld (E1 �eld), whih isalways aompanying the RF magneti �eld (B1 �eld), is partiularly notieable at highfrequenies. There are at least four e�ets observable whih are aused by the ondutivityof the NMR sample :Frequeny shift The lossy sample represents a lossy element in the RF iruit of theprobe and leads to a strong dependene of the probe tuning on the ondutivity or saltonentration of the sample. This is partiularly notieable for the proton RF hannel ofthe probe ; thus for a wide range of salt onentrations also a wider 1H tuning range isrequired. Suh e�et an be explained with the help of the perturbation theory developpedthrough the equation 2.37. An important ratio alled `Magnetoelektrishes Verhältnis'(Magneti to eletri ratio, MEV) helps in omparing one iruit with another. ThisMEV is alulated by dividing the frequeny shift produed by a metal ball loated insidea rotor (∆fbs = f2 − f1), by the frequeny shift of the rotor (f1) refered by the frequenyshift of the empty oil fo :
MEV =

f2 − f1

f1 − f0
(10.14)sine the rotor shifts the resonane towards the low frequenies f1 < f0 and the MEV isnegative and (hopefully) smaller than −1.Another parameter an be used to ompare the simulated eletromagneti �eld dis-tributions of di�erent oils on one point, this is the ratio Eletri to Magneti E1/B1expressed (for onveniene) in V/A.These ratios indiate learly that the nutation �eld B1 is produed at the expenses ofa ertain amount of eletri �eld E1. This has to be measured for eah iruit and evenfor eah oil.Variation of the Quality fator The presene of a lossy sample lowers the Q fator ofthe probe iruit ; hene it a�ets the signal-to-noise ratio of the NMR signal. The shortintrodution to the quality fator presented in setion 2.4 refers to the physial de�nitionof Q as a ratio of eletromagneti energies. Equation 2.42 helps to separate di�erentsoures of loss. Indeed the iruit, inluding stop-iruits, ondensators and transmission165



Chapitre 10. Thermal issues in samples investigated under MASlines dissipates a ertain amont of energy. The oil itself and the rotor have to be handledarefully, avoiding grease that may spoil the surfae of the oil and degrade the quality ofthe resonane. Apart from that the major soure of damping of the resonnane is indeedthe sample. The modi�ation of the sample an be followed through the ratio :
Qu −Qs

Qu
(10.15)to de�ne the loss fator, [132, 92, 40℄. An usage of this equation was given by [92℄ tomeasure a linear inrease of the temperature as a funtion of the following loss fator.Alteration of the RF �eld From the preeding results in Figs.10.5, 10.6 and 10.7it beomes evident that if lossy samples are brought into a given �eld pro�le, this oneis altered. The presene of a lossy sample leads to a �eld distribution di�erent from theprevious one in air or vauum or of a low loss sample. This has been observed togetherwith the modi�ation of the quality fator by those working in ryo-probes [70, 81℄. Themeasurement of nutation �elds in lossy-ondutive samples has proven that the maximumvalues of the B1 �eld, but even more of E1 are altered when hanging the load. Whatremains is the basi shape. The simulation an predit the overal distribution of the �eld,that has to be measured afterwards for a spei� sample in the NMR magnet.Joule heating Last but not least, as desribed in this hapter, losses originating fromthe dieletri or ondutive properties of the sample lead to energy dissipation throughJoule's e�et. The sample ouples to the E1 �eld and dissipation leads to sample heatingwhih may result, in the ase of bielle samples, in unwanted phase transitions due to thetemperature hange and, in some extreme ases, even to the degradation or destrutionof the sample. It results that heating by violating time reversibility make the materialun-reiproal. Thermal stability is one of the major onstraints of the NMR experiments.A onvenient way to quantify the extend of RF sample heating in a given probe is toompare the values of RF input power required to produe idential 90o pulse lengths ina lossy biologial sample (PB) and in a non-lossy referene (PA). The power PA deliveredto the probe with a non lossy sample is dissipated in the oil indutor and other iruitomponents suh as isolation traps, apaitors, and onneting leads. The loss in eahomponent is proportional to the square of the B1 �eld produed in the sample oil. Aquantitative analysis of the power onversion fators η introdued in the setion 2.3.1 isa good approah to measure Joule heat in samples.In addition to the de�nition of power onversion fators (with ν1nl and ν1bio denotingthe nutation frequenies of a oil loaded respetively with a non-lossy (nl) and with a lossy166



10.7. Conlusions on E1(bio) sample),
ηnl = ν2

1 nl/Pnl, ηbio = ν2
1 bio/Pbio (10.16)for nonlossy samples (e.g. adamantane) and biologial samples (e.g.,the referenesample of bielle) we de�ne the power Pheat lost in the biologial sample relative to asample without losses :

Pheat = Pbio − Pnl (10.17)at the same nutation frequeny (ν1nl=ν1bio=ν1). The heat deposition of a biologialsample,
qheat =

Pheat

ν1
=

1

ηbio
− 1

ηnl
(10.18)haraterizes, for one given nutation �eld ν1, the power dissipated in the biologi-al sample. Hene, qheat is a meaningful measurment to ompare oils loaded with lossysamples [36, 64℄.10.7 Conlusions on E1Indued thermal e�ets are a reality of NMR measurements. We foused here morespei�ally on the high frequeny phenomenae oming from dieletri dispersion and ruledby ǫ′′. We proved, trough experiments and simulation that this was the major soure ofheating in the sample volume.From the point of view of NMR probe engineering it is, therefore, highly desirableto design and onstrut NMR oils or resonators that allow to minimize RF heating oflossy NMR samples as, for example, biopsy samples, or biologial membrane samples. Ingeneral low-E solutions should be antiipated for all samples whose dynami behaviorneeds arefull thermal ontrol. It is also important to remind that the eletri �eld annot be removed from the eletromagneti distribution whithout distording the magneti�eld. In the next hapter we will see that a win-win ompromize has been found between

B1 homogeneity and the redution of E1. The analysis of a low-E oils in the next partshows, that the better the magneti �eld homogeneity is (even at the expenses of the B1maximum values), the lower the axial omponent of the Eletri �eld will be.
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Chapitre 10. Thermal issues in samples investigated under MAS

Fig. 10.9 � Series of water 2H NMR spetra in the DMPC/DHPC system. The qua-drupolar splitting (in Hz) appears as a funtion of the applied B1 �eld magnitude. Themeasurements were done at 500 MHz (1H), obtained with a regular 4 mm solenoidal oilon paked samples (a. 50 µl). Alignment of bielles was obtained after 30 min to 1 hourwaiting time, the overall series of experiments took 30 to 40 min. By inreasing the po-wer level of the 1H hannel the inreasing E1 �eld modi�es the dynamis of water in thesamples. The phase transition indiated by the vanishing splitting (lower spetrum) wouldorresponds to an equivalent temperature of 317 K. In a MAS stator whose temperaturewas stabilized at 305 K, the heating produed by the RF pulse in the 1H hannel on a100 mM PBS salt amounts to a temperature inrease up to 12 K for B1 �eld amplitudesin the range from 1 to 12 kHz.
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Part VIntrodution of a novel Low E- �eld oilto minimize Heating of biologialsamples in Solid-State multinulearNMR experiments
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11Z-oil as an example of multinulearlow-E �eld resonator
11.1 Introduing optimal oils for ondutive samplesFrom the viewpoint of NMR probe engineering it is highly desirable to design andonstrut NMR oils or resonators that allow to minimize RF heating of lossy NMRsamples like biologial membranes or protein samples. The aim of this part is to onludewith a novel oil struture, alled Z-oil, whih is designed for multinulear experimentsin a solid-state NMR probe. The novel Z-oil is haraterized both eletromagnetially aswell as from the NMR experiment point of view. In general, NMR oils need to satisfysimultaneously the following requirements :� to produe a maximum RF magneti �eld at the oil and sample enter ;� to minimize the RF eletri �eld omponents inside the volume oupied by thesample, hene to minimize the urrent density and therefore, the Joule dissipationinside the sample ;� to provide a high homogeneity of the RF magneti �eld over the sample volume.The RF eletri and magneti �eld omponents are not independent of eah other. Theyare linked via Maxwell's equations. The oil or resonator geometry, the surrounding RFiruit, and the sample geometry (i.e., the sample loation and distribution inside theoil), represent boundary onditions, under whih Maxwell's equations are to be solved. Adetailed analysis shows, that for many ases minimizing the E1 �eld and homogenizing the
B1 �eld by adapting the geometry of the oil omes at the expense of B1 �eld amplitudeat the enter of the oil. Based on the standard solenoidal or helix oil used in solid-state NMR probes (desribed extensively in [49℄) serious attempts have been made to171



Chapitre 11. Z-oil as an example of multinulear low-E �eld resonatorimprove the B1 homogeneity, e.g. by varying the pith [76℄, or using variable-width wire[115℄. On the other hand, in order to remove eletri �elds, a Faraday sreen has beenused righ inside the oil following an invention of David Cory [24℄. The tehnique alled`distributed apaitane' may also be employed to store as muh eletri �eld as possiblebetween the wires of the oil. The �rst example of this art was found in referene dediatedto heating in ondutive samples from 1979 written by Alderman and Grant [2℄. Againin the world of biomedial appliations, the oil-strutures alled `Litz' oils [39℄ an bementioned here. David Doty sueded in parking the eletri �eld in insulated rossovers.His goal was to use symmetries that allow most eletri �eld losses to be redued troughapaitive segmentation without a�eting the urrent distribution. These ould be used inreplaement of the saddle oils ommonly employed in HR-NMR. Bak to solenoid, Dotyinvolved the same fundamental onept of `distributed apaitane'. Indeed the XC ross-oil presented in [44, 45℄ ontains a oil whose wire ross setion is suh, that the largersurfaes are seeing eah other, this is intended to redue the eletri �eld lines passingthrough the sample. Reduing the number of turns n is the last hoie, but it proves to beextremely e�ient sine the dieletri losses generally inrease with n4 [105℄. On one sidethe novel Z-oil struture to be introdued in this hapter is a ontinuation of this art ofmodifying solenoidal oils by introduing spiral oils to loalize the E1 �eld in a radialplane [132, 65℄ outside the enter of the sample and oil. On the other side, the `E1 �eldreloating' spiral oils are onneted with a entral loop that provides an homogeneous
B1 �eld within the sample. In the present paper we will show some of the interestingfeatures of Z-oils in omparison with the lassial solenoidal oils. The eletromagneti�eld distribution of the Z-oil will be investigated both by alulation and by experiment.The intriate orrelation that exists between the magneti and eletri �eld is presented.It is demonstrated that, in a multiply tuned NMR oil, the RF eletri �eld E1 an notbe redued without altering the RF magneti �eld. Sine the detailed distribution di�ersfrom one oil to another, a omparison involving the following three distint designs aredisussed : (1) a regular oil of 5.5 turns, (2) a variable pith oil with the same number ofturns, (3) the new Z-oil struture. For eah of these oils loaded with samples of di�erentsalt onentrations, the nutation �elds obtained at a ertain power level provide a basisto disuss the impat of the dieletri and ondutive losses on the RF e�ieny.The RF heating e�ets aused on bielle samples will be measured as a funtion ofsalt onentration in the sample. The Z-oil's prinipal advantage is to redue the strongthermal e�ets produed by RF heating at high frequenies. The results obtained at500 MHz in a 50 µl sample prove that suh oil an ope with salt onentrations thatare one order of magnitude higher than in traditional solenoidal oils. In other words :172



11.2. Z-oil resonator geometrythe Z-Coil redues the heating e�et by an order of magnitude, so that sensitive samplesan be studied at higher (one order of magnitude) salt onentrations. Redution of RFheating is probed with a DMPC/DHPC membrane prepared in bu�ers of inreasing saltonentrations as desribed in the previous part.11.2 Z-oil resonator geometry

Fig. 11.1 � Z-oil resonator with the two main onstrution elements : the spiral oils atopposite ends of the resonator and the entral loop. The line orresponds to the path usedto obtain the pro�les given in Figs.11.4 and 11.9.The main mehanial elements and the overall geometry of the Z-oil are shown inFig. 11.1. The Z-oil resonator onsists of a opper ylinder with a helial slit. The resulting1.5 mm wide gap arries out a 180o turn from one end to the other end of the resonator. Werefer to the ylindrial part as the ore of the Z-oil. At the two extremities, two spirallywound and ribbons are onneted. On the outer turns these spiral oils (Arhimedesspirals, 3 turns, inner diameter 4.5 mm, outer diameter 9 mm) are soldered to the oilleads at opposite orners of the erami blok that serves as the oil holder [153℄. The Z-oilresonator is the entral part of an RF iruit that provides an eletrially balaned voltagedistribution between the two oil leads for one, two, or even three di�erent frequenies. Anexample of suh a iruit an be found in [154℄. It is the omplete struture, depited inFig. 11.1, inluding the two spiral oils and the entral ore embedded in the oil holder,that de�nes the self-resonane frequeny. The latter an be measured, for example, usinga pikup oil onneted through a 50Ω able to the network analyzer. The geometridimensions of the Z-oil are hosen in suh a way that the self-resonane frequeny staysabove the desired proton resonane frequeny (here, 630 MHz to be used in a 500 MHz RFiruit). Therefore the Z-oil appears as an indutive element in a multi-hannel iruit,e.g., for a probe tuned to 1H and to 13C, 15N or 2H. In ontrast to a loop-gap resonator[110, 3℄ the Z-oil is easily tunable to multiple frequenies. As suh, it is similar to a173



Chapitre 11. Z-oil as an example of multinulear low-E �eld resonatorsolenoid oil, exept that the self resonant mode of the solenoid ontains muh moreeletri �eld inside the oil than the Z-oil. Unfortunately, away from its self-resonanefrequeny the Z-oil will exhibit less magneti �eld than a regular oil, as is expeted forsuh low-E strutures [132, 3, 44℄. However, as shown further in the present hapter, forlossy samples this apparent drawbak will turn out as not signi�ant : for lossy samplesthe RF e�ieny of the Z-oil and the solenoidal oil almost oinide.The assembly of a Z-oil is deliate and at the present stage requires 3 parts to besoldered together, this an be done as shown in the photography below. This resonatorwas atually involved in the results presented in [36℄.

Fig. 11.2 � Photograph of the Z-oil resonator showing the two main onstrution ele-ments : (1) the spiral oils at opposite ends of the resonator and (2) the entral ore,similar from the point of view of struture to a `loop-gap' where a gap, besides in exten-ding in axial diretion, arries out the urrents, but does not store any TM �eld (E1).
11.3 RF �eld mapping11.3.1 Eletromagneti �eld simulationWe have applied omputational tehniques for eletromagneti �elds based on �rstpriniples to evaluate the spatial distribution of the high-frequeny E1 and B1 �eld ha-rateristis for the Z-oil presented here. One goal was to prove by simulation that oilgeometries an be found where the E1 �eld is distributed in suh a way that it is mi-nimum or negligibly small within the sample volume. Sine our problem at hand has afairly omplex spatial arrangement, it was ruled out from the beginning to attempt to174



11.3. RF �eld mapping

Fig. 11.3 � Axial plane ross setion of the sample-loaded Z-oil for RF �eld simulations.The magneti vetor �eld distribution is indiated by small triangles. All simulations wereperformed with the CST Mirowave Studio (CST-MWS) transient solver. Gaussian shapedpulses were applied at both terminal ports (red squares) of the oil with opposite eletriphase (to simulate a balaned iruit) at 500 MHz. A 5 mm long ondutive water samplewas positioned in a dieletri ylinder of 18 mm length to evalaute the impat of theomplex permittivity of ondutive sample.solve Maxwell's equations by analytial tehniques. Therefore we deided to employ nume-rial methods based on disrete models. The Finite Integration Tehnique (FIT) proposedand developed by Weiland [146, 20℄ and implemented in the software program Mirowave-Studio R© (MWS 2006) by Computer Simulation Tehnologies, Darmstadt (CST) has beenapplied to �nd the eletromagneti �eld distribution of the Z-oil. The relevane of thistehnique has already been demonstrated in the literature for the study of NMR oils[70, 44℄. The numerial simulation was based on the Z-oil struture depited in Fig. 11.1.The two exitation ports (in Fig. 11.3 surrounded by red squares) are fed with exitationpulses, 180o out of phase from eah other to simulate external iruit balane. A display ofthe magneti vetor �eld in an axial plane OYZ is shown in Fig. 11.3. This magneti �elddistribution results from the analysis using the transient solver module of MWS appliedto a Z-oil loaded with a sample onsisting of a 18 mm long tube made of ZrO2 eramis(ǫr ∼ 30) of outer diameter 4 mm, inner diameter 3 mm, �lled with a 5 mm long sampleof salty water (ondutivity 2 S/m) at the enter of the oil. The relative permittivity ǫrof this solvent has a omplex value whose real part is equal to 81 and whose imaginarypart (loss fator) is equal to 72 at a frequeny of 500 MHz.It is interesting to note that the maximum of the magneti �eld is loated outside of175
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Fig. 11.4 � B1 and E1 �eld pro�les along the axis of the loaded Z-oil (full line) andvariable pith oil (dashed-line). The absissa orresponds to a length of 18 mm. Thevertial dotted lines indiate the extension of the oil and of the dispersive sample used hereto load both oils. The ordinate axis of (A-C) shows the absolute value of the RF magneti�eld magnitude along the oil axis. The horizontal line indiates the inhomogeneity in themaximum �eld region. The ordinate axis of (B-D) measures the eletri �eld amplitude
E1. The �rst line was obtained using a ondutive model for the sample as desribed inthe preeding hapter, the dieletri dispersion model is involved for C-D.the sample, lose to the onduting wall of the Z-oil ore. Nevertheless, the amplitudevalue of the �eld in the enter of the sample is relatively high, although lower than theamplitude lose to the ore walls. Moreover, its distribution inside the ore is highlyhomogeneous. Therefore it leads to the highest density that would be enountered in the�eld histogram of the B1 �eld [123, 137℄. For the Z-oil and for the variable pith oil the�eld pro�les shown in Fig. 11.4C orrespond to the vetor omponent of B1 along theoil axis, while the distributions in Fig. 11.4b display the E1 �eld magnitude. For bothdistributions shown in Fig. 11.4C-D, a nonondutive sample has been assumed where thelosses originate from dieletri dispersion only. The dispersion behavior in the simulationwas based on a Debye model with a dieletri relaxation time of 4.6 .10−10 s. Aordingto Gimsa [126℄, this large value is harateristi for bound water on lipid headgroups ofmembranes. It is about 200 times larger than the relaxation time onstant for nonboundwater moleules (as seen in previous hapter). It is useful to onsider the ratio E1/B1176



11.3. RF �eld mapping

Fig. 11.5 � Axial plane oss setion representing the E1 �eld amplitude in a plane loatedat the same position as in Fig. 11.3. The maximum of the E1 �eld is loated at the tip ofthe spiral oil leads. The minimum of E1 is loated inside the ore where the water sampleis loated. The ontours are at 17 levels spaed from 0 to 3000 V/m (logarithmi sale).
at a given point in spae for omparing simulated �elds in di�erent oils. For the Z-oil,
E1/B1 is omputed to be approximately equal to 3.2 V/A in the enter of the dispersivesample, while it reahes 21.0 V/A in the enter of a variable-pith oil (applying thesame boundary onditions). The E1 �eld magnitude distribution in a plane ontainingthe enter of the ore is plotted in Fig. 11.5. The plane for this ontour plot oinideswith the plane for the B1 �eld distribution in Fig. 11.3. We point out that the E1 �eldis onentrated in the spirals and dereases when oming loser to the ore. We foundfurthermore by additional simulations, that the size of the gap has almost no in�ueneon the self-resonane frequeny of this oil. In pratie, most of the E1 �eld is stored inthe spiral oils and not in the helial gap of the ore. The latter would be the ase for theself-resonant mode of the loop-gap resonator.From the RF iruit perspetive, the Z-oil behaves very similar to a regular solenoid.Thus no additional means were neessary to tune or math the RF iruit of the probe.Regarding the B1 and E1 �eld distributions the Z-oil is di�erent from the lassial sole-noidal oil. The spatial separation of the RF eletri and magneti �elds in the Z-oil ismuh more pronouned than in a solenoidal oil [49℄. 177



Chapitre 11. Z-oil as an example of multinulear low-E �eld resonator

Fig. 11.6 � CST was used to perform a EM �eld alulation, with the same Z-Coil struturepresented in [36℄, but without entral ylinder ore. The slotted gap has been replaed bya ore forming a strip of 0.5 mm width. The left side piture represents the struture, theright side (B) shows the magneti �eld distribution reated between the spirals.11.3.2 Radial �eld modulation in Z-oilsHowever the gap width plays a role for the distribution of the radial B1 �eld om-ponent, as it does in a loop-gap resonator [110℄ or in a sroll oil [44℄. For the ase ofsolenoidal oils we have proven in hapter 7 that the inhomogeneous distribution of theradial omponent of the B1 �eld leads to modulation e�ets in experiments performedunder sample spinning onditions (e.g., MAS).This result should be extended to all oilsinvolving helies. In order to estimate the amplitude of the radial omponent of the B1�eld in the Z-oil, we performed simulations to ompare the variation of the radial om-ponent of B1 along a irular path of 1 mm radius for a single-turn oil (loop of 4.2 mmradius, wire thikness 0.5 mm) with the radial �eld variation along the same path in aZ-oil (4.2 mm radius , gap width 0.5 mm). For the single-turn loop the variation of theradial B1 omponent amounts to about 10 % of the axial B1 omponent value at the loopenter, for the Z-oil this variation is only a. 2%. A similar omparison has been madefor the E1/B1 magnitude ratio. While for the single-turn loop the value of the E1/B1ratio at the enter is equal to 12.7 V/A, the value of this ratio is as low as 1.9 V/A forthe Z-oil.This important result enlightened by the urve of Fig. 11.7 was a proof for us thatfaing the B1 homogeneity in the transverse plane we will ome with solutions to reduesimultaneously the E1 in the entral region. At the extreme limit of shuting down thegap, a perfet ylinder would remove ompletelly this modulation.178



11.4. Experimental, omparative study of the di�erent oils
 

  Fig. 11.7 � Comparison of the magnitude of the magneti �eld alulated by CST arounda irular path. The modulation is present in all these strutures, however with variableintensities. The top urve orresponds to the model Z-Coil simulated under the sameonditions, but replaing the entral ore, by a thin wire.11.4 Experimental, omparative study of the di�erentoils11.4.1 Experimental determination of B1 �eld pro�les for oils ofvarious geometriesIn order to experimentally determine the B1 �eld distribution inside resonators oroils, small metalli (e.g. spherial) bodies were positioned into the region of interest. Thepresene of the metalli ball leads to a loal perturbation of the B1 �eld. Suh so-alled`ball shift' measurements ∆fbs provide a mapping [97, 109℄ of the B1 distribution. Inother words, the value of the frequeny shift for a given position of the metalli ball is a(monotonous) funtion of the B1 �eld amplitude at the same loation. We have used aset of Kel-F inserts ontaining an embedded opper ball (diameter 3 mm) to probe the�eld by positioning these inserts along the main axis of the oils (of length 9 mm anddiameter 4.2 mm and for the solenoid with 5.5 turns and the same length and diameter)with inremental steps of 0.5 mm. The three pro�les measured at a frequeny of 500 MHzshown in Fig. 11.9 were taken for a regular and variable-pith solenoidal oil as well asfor the Z-oil.As it beomes lear from Fig. 11.9, the solenoidal oil with a variable pith has a higher
B1 homogeneity than the regular solenoid [76, 89℄, but also a slightly dereased maximumvalue. The improved homogeneous plateau of the Z-oil exhibits simultaneously a slight179



Chapitre 11. Z-oil as an example of multinulear low-E �eld resonator

Fig. 11.8 � Distribution of �eld around 1 mm of diameter irular path, similar as inFig. 8.3. This was done to show that the modulations of the transverse plane, revealed inpart 1 remain in any helioidal struture.derease of the maximum value of the ball shift in the oil enter when ompared to theregular solenoidal oil. The results of the pro�le measurement obtained for the Z-oil arein agreement with the alulated magneti �eld pro�le shown in Fig. 11.4.If we want to ompare di�erent oils, it is the magneti �lling fator that turns outto be relevant to relate B1 �eld magnitudes to eah other at a given position inside therespetive oil. In our partiular ase the magneti �lling fator, measured by the ballshift at the respetive oil enters, is almost equal for the variable pith and the regularoil, ζbs ∼0.0175. It is smaller for the Z-oil, where we obtained ζbs ∼0.0056, it meansthat from what an be measured in the oil entre, the Z-oil will have three times lessmagneti �lling as the solenoids.11.5 Enhanement and sensitivity measured at 800 MHzA prototype Z-oil was tested in a CP-MAS BL4, standard bore probehead for 800 MHz,to perform sensitivity and enhanement tests with a 4 mm Glyine sample. The question180



11.5. Enhanement and sensitivity measured at 800 MHz

Fig. 11.9 � RF magneti �eld pro�le at 500 MHz for various 4 mm inner diameter oils(regular solenoid, variable-pith solenoid, and Z-oil) obtained by ball-shift measurements.The frequeny shift (∆fbs) aused by the metal ball in the insert was measured by onne-ting an 8712ET network analyzer (Agilent tehnologies) to the mathed probe, and reor-ding the frequeny of the wobble urve minimum. The frequeny shift was taken relativeto the frequeny at the re�etion urve minimum of an insert without ball (f1).of the biologial relevane of suh test has been raised from various reasons : Glyineis present as a solid white powder, whose permittivity is omparable to adamantane(∼ ǫ = 4).The probe is based on a transmission line design used for for H/C/N experiments [154℄.The multinulear ability of the Z-oil is tested here for 13C and 15N, this test onludeswith a poorer sensitivity of the Z-oil for Glyine samples ompared to a regular solenoid :sensitivity �gures given by Figs. 11.11 (for 13C) and 11.13 (15N) are 60% of the valuesexpeted for suh probe with a normal oil, this reveals a quite smaller B1 �eld, at least forthe low frequeny hanels. On the other side enhanement �gures (Fig. 11.10 for 13C andFig. 11.12 for 15N) are relatively lose to the theoretial values revealing a good overlapingof the frequenies involved in the ross-polarization mehanism, prooving the good spaialhomogeneity of B1 in a Z-oil.11.5.1 Inrease of temperature in Bielle samplesWe refer to the previous hapter for the de�nition of NMR-thermometers. Measuringthe temperature inrease as a funtion of the applied �eld amplitude B1 allows to quantifythe impat of the eletri �eld in oils [44, 46℄. Suh data are shown in Fig. 11.14 for thethree di�erent oils already ompared in Fig. 11.9. As an be seen from the urves inFig. 11.14, in partiular for the sample without salt (dashed lines) and 10 mM PBS salt181



Chapitre 11. Z-oil as an example of multinulear low-E �eld resonator

Fig. 11.10 � CP signal enhanement measurement on the 13C nuleus of a 15N, 13C doublylabeled glyine sample paked in a CRAMPS like 4 mm rotor (31.4 mg). The 13C CP asbeen adjusted to a 47 kHz �eld during the ontat pulse, during the deoupling SPINAL64at 90 kHz was employed during 34 ms. The enhanement fator of CP as ompared todiret exitation is of 3.2. Rotation speed is 11 kHz.(ontinuous line), the variable-pith oil modi�ation of the regular oil seems to have less
E1 �eld. Semiempirially, this result is justi�ed by the fat that a redution of the E1 �eldin the enter of the oil is possible by onentrating it where the wires are loser at bothends. On the other hand the results obtained with a salt onentration of 100mM, provethat the propagation of heat is suh, that the heat generated by irradiation at the axialends of the sample will simply di�use to the entire volume. Therefore it an be onludedthat the variable pith oil will lead, on the long run, to results being similar to the regularsolenoid. We an then suppose, that the improved axial magneti �eld homogeneity, asshown in Fig. 11.9 is not a su�ient ondition for an overall redution of the E1 �eld inthe oils. In other terms : Variable pith oils are not low-E �eld oils.The data in Fig. 11.14 shows that the larger the salt onentration, the higher theheating will be. This is a onsequene of the fat that indutive losses, produed by theeletri �eld are linked to the ondutivity. On the other hand it is demonstrated herethat the Z-oil has a lower E1 �eld than the two other oils. The temperature inreaseof the sample ontaining up to 100 mM PBS salt onentration in the Z-oil will remainomparably low to what has been measured in a regular solenoidal oil with a sample of10 mM PBS. For the regular and the variable-pith oil all salty samples exhibited thephase transition similar to that one shown in Fig. 10.9. This was not the ase for the Z-oilat any salt onentration investigated. It was notied that the iruit with Z-oil neededmore power to generate the same B1 �eld as ompared to the solenoid oils denoting a182



11.5. Enhanement and sensitivity measured at 800 MHz

Fig. 11.11 � Sensitivity measurement on the 13C nuleus of a natural abundane glyinesample paked in a full 4 mm rotor (110 mg). The 13C CP as been adjusted to a 40 kHz�eld during the ontat pulse (2 ms), for the 1H deoupling SPINAL64 at 90 kHz wasemployed during 17 ms. The S/N was measured for C-α, using the funtion 'Sinoal' with10 ppm noise interval, it yields at 95 :1. The rotation frequeny is 8 kHz.poorer sensitivity. A similar observation has been made for other low-E1 �eld oils [132℄.Notwithstanding of this poor maximum value, low E1 �eld apabilities of the Z-oil omesalong with an improved B1 �eld homogeneity.The data presented in Fig. 11.14 on�rm in a quantitative way that the larger thesalt onentration, the higher the RF heating. Furthermore it beomes evident that theZ-oil has a muh lower E1 �eld than the two other oils as predited from the omputersimulation (Figs. 11.4 and 11.5). The temperature inrease in the samples ontainingup to 100 mM PBS in the Z-oil remains omparably low when ompared to a regularsolenoidal oil with a sample of 10 mM PBS. For the regular and the variable-pith oil,all salty samples exhibited the phase transition (Fig. 10.9). Thus while the replaementof the regular solenoidal oil by a variable-pith oil is a reasonable hoie for the lowersalt onentrations, the Z-oil appears superior when the sample exhibits higher saltonentrations.11.5.2 Comparison of NMR nutation �elds for regular solenoidsand Z-oilsApart from the detailed eletromagneti �eld distribution of the oils and the quan-titative evaluation of RF heating e�ets, it is important to measure and ompare theRF e�ieny of the Z-oil with that one of a solenoidal oil. For that purpose the NMR183



Chapitre 11. Z-oil as an example of multinulear low-E �eld resonator

Fig. 11.12 � CP signal enhanement measurement on the 15N nuleus of a 15N, 13Cdoubly labeled glyine sample paked in a CRAMPS like 4 mm rotor (31.4 mg). The 15NCP as been adjusted to a 35 kHz �eld during the ontat pulse (5 ms), for the deouplingSPINAL64 at 90 kHz was employed during 40 ms. The enhanement fator of CP asompared to diret exitation is of 7.1. Rotation speed is 11 kHz.nutation �eld [137℄ was determined as a funtion of the RF power supplied at the inputport of the 1H and the 2H probe hannel. The data obtained from these experimentsare shown in Fig. 11.15 for the bielle sample, spinning at the magi angle at a rate of4 kHz. The absissa in Fig. 11.15 represents the square root of RF power, and beauseeah urve passes through the origin and exhibits a linear behavior, only relatively fewpoints are needed to predit the slope of eah straight line. In addition to the referenebielle sample (without salt), a sample of deuterated adamantane (same volume as thebielle sample) spinning at a rate of 4 kHz was measured. The results from the 2H probehannel are represented, in Fig. 11.15A, while the data for 1H are displayed in Fig. 11.15B.The slope of eah partiular line de�nes the RF e�ieny or power onversion fator ηof the respetive hannel for the given oil with the spei� sample in the oil, measuredin units of nutation frequeny squared per unit of power (e.g. in kHz2/W). Fousing �rston the data obtained for adamantane whih represents a sample with low dieletri andno ondutive losses, it beomes evident that in terms of RF e�ieny (slope of straightlines in Fig. 11.15) the solenoidal oil is superior to the Z-oil for the 1H as well as forthe 2H hannel. The situation beomes di�erent for a bielle sample whih is dieletriallylossy and ondutive. The Z-oil now meets the solenoidal oil in RF performane. These�ndings also on�rm the results reported in [61, 70, 81℄ : at a given power level the nu-tation frequeny, hene the RF �eld amplitude, depends on the dieletri and ondutionproperties of the NMR sample inside the NMR oil.184



11.5. Enhanement and sensitivity measured at 800 MHz

Fig. 11.13 � Sensitivity measurement on the 15N nuleus of a natural abundane glyinesample paked in a full 4 mm rotor (110mg). The 15N CP as been adjusted to a 40 kHz �eldduring the ontat pulse (2 ms), for the 1H deoupling SPINAL64 at 90 kHz was employedduring 40 ms. S/N measured, by the means of `Sinoal' funtion, using a 10 ppm noiseinterval yields 18 :1. Rotation frequeny is 8 kHz.Tab. 11.1 � Heat deposition in samples related to the power e�ienyCoil η(Adamantane) η(Bielle) qheatZ-oil 27.0 kHz2/W 24.0 kHz2/W 4.7 mW/kHz2Solenoid 44.9 kHz2/W 30.2 kHz2/W 10.0 mW/kHz2A quantitative analysis of the power onversion fators summarized in Table 11.1, werefer to Eq. 10.18 to alulate the heat deposition.11.5.3 Comparison of quality fators for regular solenoids andZ-oilsSine the Z-oil has poorer magneti �eld top values (Fig. 11.9), the signal to noiseexpeted for dry samples is muh less as what an be measured with a solenoid. On theother hand the heating experiments (presented in Fig. 11.14) demonstrate that the Z-oilan ope with signi�antly more B1 �eld than the traditional solenoid oil while keepingthe eletri �eld lower. The reason why to hange to low-E �eld oils omes also from thefat that sensitivity is given simultaneously by the B1 �eld amplitude and the Q fator27.27both ζ and Q are derived from the same EM �eld distribution 185
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 Fig. 11.14 � Sample temperature inrease indued by an inreasing RF �eld at 500 MHz(1H resonane frequeny) as a funtion of the PBS onentration. The temperature in-rease was inferred from the 2H quadrupolar splitting by using the same linear model forall samples.This last one is higher for the Z-oil than for any solenoid oil, on the same probeat the 1H frequeny. The large in�uene of the quality fator on the sensitivity has beenalready addressed for ryo-probes [81, 70℄ and was part of the disussion on reiproitybased on the work of Van der Klink [33℄.The Q values used in the plot of Fig.11.16 were measured by a network analyzer(Agilent 8712ET), taking the rotors from the refrigerator to keep bielles samples justbelow 10oC. The measures of Q are given at -3dB of re�eted signal amplitude. Theurve of Fig.11.16 shows the strong oupling with the eletri �eld of the regular oils.This is denoted by a rapid derease of Qs when inreasing the salt onentration, and astrong variation between the unloaded Qu fator and the Qs measured with a sample. Inaddition the upper urve shows asymptoti behavior when the dissipation through movingharges beomes limited due to saturation of the dissipative losses in the sample. Fromthe equation 5.25 we an extrapolate that even if the solenoid oil get three time moremagneti �eld than the Z-oil, it will de�nitivelly ease to be more sensitive, when thequality fator of the probe will drop.The low-E performane of oil an be traked thanks186



11.5. Enhanement and sensitivity measured at 800 MHz

Fig. 11.15 � Measurement of the nutation frequeny squared per unit of power (A) for the
2H hannel, (B) for the 1H hannel. The nutation urves were obtained with deuteratedadamantane and the referene sample of bielles. The quality fator of the 1H probe iruitin presene of the sample is indiated for the solenoidal oil for the adamantane (high Qvalue) and the bielle sample (lower Q value). For the Z-oil the Q fator did not di�erfor the two samples. All data were taken under MAS at 4 kHz.to the heat deposition fator introdued by Gor'kov in an already mentioned paper [64℄.Sine Adamantane is a typial example of non-lossy sample, and Bielles are the biologialreferene used also in [36℄, we an alulate qheat for both oils used in Fig.11.15 with thereferene Bielle sample and an adamantane sample having a quality fator quite similarto the unloaded ase of Fig.11.16.
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) (11.1)where ηnl is the power e�ieny of Adamantane for eah oil. In the situation desribed byFig. 11.15, qheat is 0.7 mW/kHz2 for the Z-Coil, and has to be referred to 7.0 mW/kHz2,for the ase of the solenoid. From these numbers we an disuss where does it makessense to replae the oils again to avoid loosing both the signal and the sample by eletri�eld heating. For the PBS salt onentrated samples, the heat deposit in the sampleaording to 11.1 is driven by the derease of the 1H quality fator when inreasing thesalt onentration of the samples to 10, 50, 100 mM 28. In the ase of PBS onentratedsamples the heat deposition predited by 11.1 equals to 13.7 , 29.7 and 36.2 mW/kHz2 inthe ase of a Regular oil, and 1.0 , 1.3 and 1.7 mW/kHz2 in the ase of the Z-Coil. As28The orresponding stati ondutivities is 0.025 S/m for the referene sample and respetively, 0.31,1.26, 2.42 S/m for the PBS onetrated samples. The ondutivity of eah sample was measured with a2-pole ell CDC749 from Radiometer Analytial, also at 10oC. 187
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Fig. 11.16 � Relative variation of the quality fator when loading the resonator with aondutive sample, (Qs) ompared to the empty oil, (Qu) at 500 MHz.a rough estimate we an say that when the onentration is to be higher than 100 mMworking with a regular oil makes no sense anymore : the power fator will be smallerthan what is obtained with a Z-oil and the heat deposition is 20 times stronger.The ratios between the quality fators of the regular oil with Bielle and Adamantanesamples (QBic./QAdam.) of the Fig.11.15B is omparable to the ratio of the two di�erentpower e�ienies ηBic./ηAdam.. The variation of this oe�ient η is strongly related to theheat deposition oe�ient qheat.This approah has the advantage to rely diretly on the eletromagneti �eld energystored in the sample volume, and it seems to us that suh an approah based on measure-ments of quality fators has already been disussed in the past. The strong point of suhmethod is to predit the heating before the �nal NMR experiment. Suh measurementan be done at the network analyser testplae using a soft mW pulse to san the frequenyrange under interest. Corret measurements of Q fator an be found in [79, 80℄.11.6 Conlusions on Z-oilSolenoidal oils with variable pith or variable-wire width, and Z-oils are ompa-tible with high impedane symmetri balaned iruits. Indeed, ompared to the regularsolenoid oil, the heating in the middle of the sample is already redued for a variablepith oil. Nevertheless, for high salt onentrations still onsiderable heating ours inthe sample, and both regular and the variable-pith oil, give similar mediore perfor-manes regarding E1 �eld. Compared to them, the Z-oil sueeds in parking the E1 �eld188



11.6. Conlusions on Z-oilbetween the turns of the spirals at both ends of the oil. The entral loop-gap ore atsas magneti �eld onentrator in the enter as well as a shield for the E1 �eld. It ouldbe shown by simulation, B1 �eld pro�le measurements, and by NMR that the B1 �eldof a Z-oil is homogeneous and the E1 �eld is kept out of the sample volume. As partof a ompromise the B1 �eld amplitudes ahieved at a given probe input power levelare ertainly lower than the B1 �eld amplitude of a regular solenoid or variable-pithsolenoid oil. But �nally thanks to its unique E1 �eld distribution, the Z-oil leads tomuh less severe RF heating of lossy NMR samples, keeping the sensitivity omparable tothe regular oil, and thus beoming a prinipal alternative oil for NMR of biomembranesamples. Unfortunalty some sari�es are also needed for multinulear experiments. The�rst to onsider is the boundary introdued by the poor multinulear-apabilities of asingle oil. Moreover, a low-E oil is even less e�ient than the traditional oil when usedin the low-frequeny range. Usage of multiple oils for multiple hannels is known to solvesuh problem. Both liquid state 29 and also some reently developped solid state probesknow this tehnology (EFREE oil or XC oil [44℄). Orthogonal alignement of two oils, isertainly not trivial from the eletromagneti point of view but also from the mehanialangle. A seond boundary introdued there, then onerns the mehanis to be used inorder to hold these oils together. This aspet is ritial for high-resolution probes whereno bakground signals are allowed.

29The so alled Bruker Diret (Coil for observation of X nulei is inside the 1H spei� oil) or Inverseprobes used in HR-NMR separate the low and high frequeny hannels in the inside and outside saddleoils orthogonal to eah other 189



Chapitre 11. Z-oil as an example of multinulear low-E �eld resonator

190



ConlusionNous onluons ette thèse sur l'analyse du hamp életromagnétique des struturesrésonantes, utilisées par les sondes de HR-MAS.Les géométries de bobines qui sont présentées dans e travail sont toutes produitessur le modèle d'enroulement hélioïdal autour de l'axe de rotation, qui est aussi l'axe depropagation de l'onde (OZ). Or, une des aratéristique propre de la struture en hélieest de n'admettre auune symétrie. La onséquene de ette partiularité est que la partietransverse du hamp magnétique reste entahée d'une inhomogénéité radiale induite parles onditions aux limites : un éhantillon ylindrique tournant dans un solénoïde éprouveen tout point une modulation du hamp magnétique qui est d'autant plus importante queelui-i se trouve loin du entre.Nous présentons don des solutions analytiques et numériques aux équations de Max-well. La artographie du hamp életromagnétique peut don nous permettre d'avoir aèsà de nouvelles géométries hélioïdales qui minimisent l'inhomogénéité du hamp B1 enintroduisant des onditions plus favorables.L'étude d'une telle artographie du hamp est également justi�ée par l'intérêt que nousavons porté au prinipe de réiproité. En e�et si S1 et S2 sont deux éléments d'un systèmed'opérateurs qui interagissent entre eux au ours du temps, le �ux d'énergie produit parle premier S1 pour perturber le seond S2 aura le même pro�l de hamp EM que eluique S2 utilisera à son tour pour agir sur S1, et en d'autres termes :Le perturbateur devient perturbé dans la mesure même de sa perturbation.Il onvient don de maîtriser la distribution du hamp pour optimiser le signal quel'aimantation mirosopique (S2) peut renvoyer à la bobine de RMN (S1). Mais la réi-proité életromagnétique est surtout liée à la apaité qu'a le système d'être invariant.En e�et l'inversion de l'axe du temps n'est théoriquement possible que pour un milieuparfaitement réiproque et seulement dans e as.Malheureusement la struture de la bobine ontraint elle-i à une distribution duhamp EM où la omposante életrique peut être e�etivement ouplée au milieu par lebiais de la suseptibilité diéletrique. Le nombre élevé de degrés de liberté dans l'éhan-191



Conlusiontillon va don permettre à la polarisation d'oeuvrer au réhau�ement de elui-i. Unepartie de l'énergie fournie par la bobine sera don forément dispersée par e�et Joule.Ce phénomène physique d'agitation thermique est d'autant plus signalé qu'il est lié àl'augmentation la fréquenes utilisées par la voie proton dans les aimants à haut-hamps
Bo. Dans des éhantillons biologiques, la dégradation du milieu par e�et miroondes estobservée à partir de 500 MHz.Nous avons onstaté que le seul moyen de restaurer la réiproité (pour tirer le plusgrand partie de l'augmentation de sensibilité attendue d'un aimant de haut-hamp Bo),est de développer des bobines à faible hamp életrique.Nous pouvons �nallement onlure ette thèse en a�rmant que, pour la géométriehélioïdale, une amélioration de l'homogénéité B1 dans le plan perpendiulaire à l'axede rotation a des e�ets positifs pour la diminution du hamp E1 dans un ehantillonHR-MAS.De manière plus profonde, ette étude herhe à dégager une solution d'irradiation quipermettrait d'arriver à une séparation spatiale des modes életriques et magnétiques (quisont naturellement mélangés dans une bobine). Or nous savons que seul un résonateur peuts'a�ranhir de e problème. Mais il est lair que les bobines allant vers un omportement detype résonateur, ne peuvent pas résoudre le problème des sondes utilisées pour l'étude desprotéines. En e�et elles i se doivent d'être multinuléaires (aux frequenes 1H/13C/15Npar exemple) et un résonateur ne peut être e�ae que dans le voisinage de son mode derésonane.Il onvient don de proposer une ouverture vers des systèmes de bobines roisées, où lahaute fréquene est e�etivement prise en harge par un résonateur, laissant ainsi les basesfréquenes pour un solénoïde. Une telle séparation semble e�etivement néessaire, maislà enore elle ne peut se faire qu'en parfaite onnaissane des onditions qui permettentau hamp életromagnétique de s'établir e�etivement dans l'éhantillon.
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GlossaireMost used abreviations and symbolsMost used onstants
c : Speed of light in vauum 2.9979 108 m.s−1 p 27
h : Plank onstant 6.62 10−34 in J.s p 90
h̄ : Dira onstant h/2π p 90
kB : Boltzmann onstant 1.3806 10−23 p94
µo : Vauum permeability 4π.10−7 = 12.566 10−7 in A.m−1 p 27
ǫo : Vauum dieletri onstant 1/µoc

2 = 8.854 10−12 in F.m−1 p 27Variables
Ω : Volume in m3 p 22
Σ : Surfae in m2 p 23
β : Angle between the stati �eld Bo and the rotor axis (0Z) p 12
ωr : Mehanial rotation speed in rad.s−1 p11
ωrf : Eletrial pulsation frequeny in rad.s−1 p 40
φ : Time phase of the �elds expressed in radians p 85
νrf : RF frequeny, in s−1 p 105
∆ν : O�-resonane frequeny refered to the stati �eld, in s−1 p 105
V : Voltage in V p 24
C : Capaitane in Farads p 25
I : Current in A p 23
L : Indutane in Henry p 25
q : Charge in Coulomb p 22
qΩ : Volumi harge C.m−3 p 30
qσ : Surfai harge C.m−2 p 30
~Jl : Linear density of Current in A.m−1 p 28
~Js : Surfae density of urrent in A.m−2 p 22
js : Mirosopi urrent density in J−1.s−1.V p 27
Q : Quality fator (dimensionless) p 37
ζbs : Magneti �lling fator : ratio of magneti energies p 36
η : Power onversion fator in kHz2.W−1 p 44
Pe : Power sent to the probe hannel in W p 43
Pj : Dissipated power per unit volume in W.m−3 p 150
qheat : Heat deposition in J in W.kHz−2 p 166193



Glossaire
ρs : Material density in kg.m−3 p 146
~E : Eletri �eld vetor in V.m−1 also noted E1 p 22
~D : Eletri �ux density vetor in A.s.m−2, also alled Displaement vetor p 22
~H : Magneti �eld in A.m−1 p 22
~B : Magneti �ux in V.s.m−2 p 22
Φ : Lenz indued magneti �ux in V.s p 131
~M : Spin magnetization (induing EMF in the NMR oil) in V.s.m−2 p 11

P : Polarization in Debye p 149
τ c : Dieletri relaxation time in s p153
χe : Eletri suseptibility (dimensionless) p 27
ǫ : Material relative permitivity (dimensionless) p 67
χm : Magneti suseptibility (dimensionless) p 27
µ : Material relative permeability (dimensionless) p 67
σ : Eletri ondutivity in S.m−1 p 31
ϕ : Spae phase of the �elds expressed in J p 97
̺ : Density matrix p 92
J : Salar oupling in Hz p 10
µ : Dipolar magneti moment p 39
γr : Gyromagneti ratio in A.s.rad.kg−1 p 38
n : Number of turns in a solenoid oil p 117AronymsNMR : Nulear Magneti Resonane,RF : Radio-Frequeny band (from 300 kHz to 1.3 GHz),MAS : Magi Angle Spinning,MEV : Magneti to eletri ratio, dimensionless p164SNR : Signal to Noise ratio p6TEM : Transverse Eletri Magneti mode, also alled Leher Wave p 26
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RésuméUne expériene de RMN du solide dans un éhantillon d'origine biologique, où la hauterésolution est néessaire, requiert un traitement spéi�que permis par la tehnologie dessondes HR-MAS. Un tel instrument met en oeuvre une bobine et un rotor dans lequel setrouve l'éhantillon. Après une desription de es deux omposants essentiels nous ver-rons omment la rotation de l'un par rapport à l'autre présente un intérêt évident pour larésolution des spetres, mais fait aussi apparaître des artéfats qu'il est néessaire d'ex-pliquer. Une approhe géométrique ne su�sant pas pour omprendre les interations dela vitesse de rotation sur la distribution des fréquenes de nutation, nous allons onsarerla deuxième partie de e travail à une étude de ertains onepts de l'életrodynamiquelassique, appliqués aux sondes utilisées. Ainsi seront abordés : les onditions aux limites,la artographie du hamp par perturbation de l'énergie életromagnétique, les méthodesde résolution numérique des équations de Maxwell. En�n un hapitre sera onsaré auprinipe de réiproité, indispensable pour omprendre l'aquisition du signal RMN, etun autre traitera du problème de propagation d'onde (equation de Helmholtz), ave unregard attentif pour le as du solénoïde (utilisé atuellement dans les sondes de HR-MAS).Dans une troisième partie, es onepts théoriques permettront de omprendre l'interfé-rene entre la rotation et la distribution de hamp B1. La desription d'un tel phénomènerequiert en e�et une résolution de l'équation maîtresse de l'évolution de l'opérateur densité(Equation de Liouville-von Neumann). La répartition spatiale du hamp életromagné-tique alulée par des méthodes analytiques et numériques, intervient dans expression del'hamiltonien qui domine l'équation de Liouville. D'autre part l'inhomogénéité radiale dela distribution de hamp magnétique est mise en évidene dans di�érentes expérienes deRMN. A la �n de la troisième partie, l'inhomogénéité radiale de B1 est haratérisée, aussibien par de simples expérienes de nutation, que dans elles d'ého, où de spin-loking(MLEV-DIPSI). Cette thèse s'appuie sur le fait que la reherhe de l'homogénéité dansla distribution du hamp magnétique, permet simultanément de réduire l'amplitude duhamp életrique au entre du rotor (Equation de Maxwell-Ampère). Les e�ets du hampéletrique sont bien onnus dans le domaine des miroondes. Comme ela est démontrédans la quatrième partie, les ondes radio utilisées par la RMN, peuvent aussi provoquerl'éhau�ement d'un éhantillon. Dès lors qu'un tel rehau�ement peut être diretement as-soié à la distribution de hamp RF, il est bien évident qu'une série de bobines innovantesà faible hamp életrique doivent être développées. Notre approhe a permis de onevoirune nouvelle lignée de bobines à faible hamp életrique qui (i) maîtrisent l'inhomogéneitéradiale de B1, et (ii) reduisent l'e�et joule. Ces bobines sont don mieux adaptées à l'étuded'éhantillons d'intéret biologique tels que eux prélevés sur des biopsies.Mots-lés: Inhomogénéité B1, Matrie densité, faible hamp E1, Bobines, HR-MAS205



KurzfassungEs ist dank HR-MAS-Probenköpfen möglih, ein hohaufgelöstes NMR-Experimentfür eine Festkörperprobe von biologishem Interesse aufzusetzen. Die wihtigsten Bauteiledieser Instrumente sind die Spulen und die Rotoren, die die Probe enthalten. Bei der sogenannten Rotation unter dem magishen Winkel (Magi Angle Spinning, MAS) wird dieProbe um die Spulenahse gedreht. Wir erklären den Vorteil dieser Methode und stellendie Hypothese auf, dass die Rotationsgeshwindigkeit den E�ekt von NMR- Radiofre-quenzimpulse (RF-Impulse) beein�usst. Ein geometrisher Ansatz reiht niht aus, umden komplexen Zusammenhang von mehanisher Rotation und Quantenübergängen zuverstehen, deshalb besteht der zweite Teil dieser Arbeit daraus, bestimmte Elementde derklassishen Elektrodynamik, angewandt auf Probenkopftehnik, einzuführen.Es werden Konzepte der Abbildung elektromagnetisher Felder dargestellt, die sihergeben (i) aus Simulationen auf der Grundlage der Maxwellshen Gleihungen oder(ii) aus Experimenten durh Störungsrehnung und die Reziprozität in der Messung vonNMR-Signalen. Ein Kapitel beshäftigt sih mit der Wellenausbreitung in zylindrishenStrukturen, wobei die Trennung in axiale und radiale Komponenten eingeführt wird.Der dritte Teil zeigt, wie diese grundlegenden Konzepte benutzt werden können, umdie Interferenz zwishen mehanisher Bewegung und Evolution der Magnetisierung untereiner bestimmten RF-Feld-Verteilung. Zur Beshreibung dieser Phänomene ist die Her-leitung der Master-Equation für die Evolution der Dihtematrix (Lioville-von-Neumann-Gleihung) erforderlih. Die berehnete Feldverteilung, die den RF- Hamilton-Operatorbestimmt, ist von unshätzbarem Wert für die Voraussage der Evolution der Kernmag-netisierung. Auf der anderen Seite werden experimentelle Nahweise für die Radialkom-ponente des RF-Feldes dargestellt und anhand von NMR-Impulssequenzen, wie z. B. ein-fahen Nutationsexperimeten, erläutert. Shließlih zeigt sih, dass bei komplexen Spin-Lok-Methoden (MLEV-DIPSI) dieses sheinbar theoretishe Problem auh bei häu�gangewandten NMR- Experimenten für biohemishe Anwendungen von Bedeutung ist.Ein anderer Aspekt der HR-MAS von biologishen Proben ist die Anforderung, dieErwärmung durh RF-Dissipation so klein wie möglih zu halten. Diese Arbeit vertrittdie These, dass es möglih ist, eine Spule zu entwikeln, die das E-Feld minimiert undgleihzeitig eine verbesserte B1-Homogenität aufweist. RF- Aufheizung wird mit Hilfeder Maxwell-Ampere-Gleihung beshrieben. Diese behandelt die Wehselwirkung derdielektrishen Verluste in der Probemit der Verteilung des elektrishen Feldes, die durhden RF-Impuls erzeugt wird. Da sih diese Arbeit hauptsählih mit der Entwiklungvon Hohfeldprobenköpfen befasst, ist es nötig, neuartige Spulen mit niedrigem E-Feldeinzuführen, um eine Veränderung der untersuhten Proben bei hohen Frequenzen zuvermeiden.Diese Spule ist siherlih besser für die biomedizinishe Anwendungen geeignet, ins-besondere für das Studium von Biopsie-Proben.Stihtwörter: B1 inhomogeneität, Statstisher Operator (Dihteoperator), niedere E1,Spulen, HR-MAS 206
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AbstratIt is possible, thanks to HR-MAS probeheads, to set up a high resolution NMR ex-periment for a solid sample of biologial interest. The most valuable omponents of theseinstruments are the oils and the rotors, ontaining the sample. Magi angle spinning(MAS) onsists in rotating the sample around the oils prinipal axis. We will explain theadvantage of this tehnique and hypothesize why does the rotation speed in�uenes thee�ets of NMR radio frequeny (RF) pulses. A geometrial approah is not su�ient tounderstand the intriate relationship between mehanial rotation and quantum transi-tions, and that's why the seond part of our work will be devoted to introduing ertainfeatures from lassial eletrodynamis, applied to probehead engineering.Conepts involved in the eletromagneti (EM) �eld mapping, obtained from (i) sim-ulations based on Maxwell's equations or, from (ii) experiments via the perturbationmethods and the reiproity in NMR signal measurements, will be presented. A hapterwill be dediated to wave propagation in ylindrial strutures, to introdue the separationof axial and radial omponents of the �eld.The third part will show how those fundamental onepts an be deployed to un-derstand the interferene between a mehanial rotation movement and the evolution ofmagnetization under a ertain RF �eld distribution. Desribing this phenomenon requiresderiving the master equation for the density matrix evolution (Liouville-von Neumannequation). The alulated �eld distribution, governing the RF Hamiltonian, is then of in-valuable help in prediting the evolution of the nulear magnetization. On the other handexperimental evidene of the RF �eld radial omponent, is shown and explained throughNMR pulse sequenes suh as simple nutation experiments. Finally omplex spin lokingshemes (MLEV-DIPSI) are bringing this type of apparently theoretial problem into themost popular NMR experiments for Biohemists.Another aspet of HR-MAS in sample of biologial interest is the requirement ofminimum RF heat deposition. This work defends the thesis of a possible improvementof the low-E1 �eld apabilities of a oil together with the improved magneti �eld B1homogeneity. RF heating will be approahed through the Maxwell-Ampere equation inthe fourth part. This will treat the interation of the sample's dieletri dispersion with theEM �eld distribution produed during the RF pulses. Sine this study is oriented towardhigh-�eld probe developments, it is neessary to introdue novel low-E1 oil to preventsample degradation at high frequenies. Our philosophy has made it possible to invent atype of oil, whih manages simultaneously to (i) redue the radial �eld inhomogeneity,and (ii) minimize the Joule heating in the sample region.These oils are ertainly better suited for biomedial appliations, in partiular thestudy of samples suh as biopsies.Keywords: B1 inhomogeneity, Density matrix, low-E1 �eld, oils, HR-MAS
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