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3. KpaTKaa aHHOoTauuA: B pamKax Kypca npenoaatoTcA OCHOBbI

KBAaHTOBbIX MarHUTHbIX ABNEHUI, HabAOLaeMbIX B PagM04acTOTHOM AMana3oHe.
PaccmaTpmuBatoTca OCHOBbI MeTO4a CNEeKTPOCKONUM A4ePHOr0 MarHUTHOIO Pe30HaHCa, B
yacTHOCTU, NpmnBoaMTCA 060CcHOBaHUE 3 dPeKTa MarHUTHOrO pe3oHaHca, ero
beHoMeHONOrMYecKoe onMcaHue, NPakTUYecKne MeToabl ero HabAAEHUA U UX NPUHLMNbI UX
npumeHeHns B 061acT aHanM3a MONEKYNAPHOM CTPYKTYPbI U AMHAMUKN. B pamKax Kypca
npeanaratoTca K pacCMOTPEHMUIO pacliMpeHna onucaHna adpdeKkTa A4epPHOro MarHUTHOro
pe30oHaHCca, BKAtoYatowme adpdeKTbl penakcaumm, MakpoOCKONMYECKOro ABUXKEHUA U anddysun,
a TaKKe OCHOBbl MHOTOMEPHOW CMEKTPOCKOMUN N TOMOrpaduu.

Short annotation: The course covers the basics of the quantum phenomena observed in the
radiofrequency range. The foundation of nuclear magnetic resonance spectroscopy is
presented. This includes the description of underlying nuclear magnetic resonance
phenomenon, its practical description and experimental methods of its detection as well as
aspects of applying nuclear magnetic resonance spectroscopy for molecular structure and
dynamics elucidation. The course offers expanded descriptions of nuclear magnetic resonance
that include relaxation, macroscopic motion and diffusion, as well as the basics of 2D
spectroscopy and imaging.

5. HasBaHMe nporpammbl U cemecTp: PagnovactoTHble CUCTEMBI U YCTPOMCTBA, 1 cemecTp.
Study program and semester: Radiofrequency systems and devices, 1° semester

6. [leTanbHoe onucaHue Kypca c pa3breHmem no nekumam/cemmHapam/npakTuKam:
MaTepuanbl NeKUUi:

1. MakpocKonuyecKana agepHas HAMarHMYeHHOCTb B MOCTOAHHOM BHELUHEM MArHUTHOM MNoJe,
ypasHeHuA bnoxa, Jlapmoposa npeueccua, KOMNOHEHTbl HAMarHM4YeHHOCTU. Bpawatowaaca
cMcTEMa KOOpAMHAT, ypaBHeHMA bnoxa Bo Bpallatoweinca cucteme KOOpAMHaT.

2. Bsaumogencreme nepemeHHOro noasa ¢ HAMarHMYeHHOCTbIO, HYTaLMA, Yroa NOBOPOTa.
Perncrtpauusa curiana AMP, cnag cBo60aHON MHAYKLUW.

3. Cuctema S=1/2, 3aceneHHOCTM ypPOBHEN, paBHOBECHAA Y HEPaBHOBECHAA HAMarHMYeHHOCTb.
Cnctema AByx €BA3aHHbIX CNMHOB IS. YpasHeHna ConomoHa. CKopoCTb penakcauunm, cBaAasb ¢
MOIEKYNAPHBbIM ABUMXKEHNEeM. MexaHn3mbl penakcauunun. NonepeyvHan penakcauma. CymmapHas
HAaMarHM4YeHHOCTb.

4. CurHan v cnekTtp AMP. Xapaktepuctmkm cnektpa AMP. PaspelweHue cnektpa. WWnpuHa
cnekTpa. JinHmmn nornoweHma un gnucnepcumn. Pasa cnektpa. Koppekuma ¢pasol. CeAsb
penakcauum n popmol AnHUM AMP. CBA3b POpPMbI IMHUKN C OAHOPOAHOCTLIO NoAa. Penakcauma
T2*. Penakcauma npu HanMunMm obpaTHOM CBA3U C MPUEMHBIM KOHTYPOM.



5. OgHommnynbcHaa cnekTpockonusa. NMocnegosatenbHocTb 90-90. MNocnegoBaTenbHoe
HacbiweHume. Yron dpHcta. MHBepcna-socctaHosneHne. CnMHoBoe 3xo0. [TocnenosaTtenbHOCTb
90-90. NocneposaTtenbHocTb 90-180. Penakcauma curHana sxa. lNocnegoBaTteNbHOCTb C
MHOTOKpaTHOM pedoKycMpoBKon. CTUMynnMpoBaHHOe 3x0. CUrHaNbl B NOC1eA0BaTe/IbHOCTU M3
TPEX UMNYNbCOB.

6. lpagneHTbl MarHMTHOro nond. YpasHeHnAa bnaoxa ¢ yyeTtom rpanMeHTOB MarHUTHOIO MOAA.
MpocTpaHCcTBEHHas YyBCTBUTENbHOCTL MeToda AMP. MeToa 06HYy1eHMS MOMEHTOB
rpagneHToB. MamepeHue ckopocTn Gpa3oBbiM METOLOM.

7. 2pdeKTnBHbIN rpagueHT. Bavanue guddysnm Ha amnantygy curHana. BenmuunHa b.
BennumHa b 4na NOCTOAHHOTO M UMNYNLCHOIO rpagueHTa. M3amepeHne aHM30TPOMHOM
andoysnn metogom AMP. OueHKa cTeneHn aHM30TPONHOCTU cpeabl. HectaHaapTHbIe MeToAbl
nsmepeHma guddysnmn. PoHoBble rPaaNEHTbl U YCTPAHEHUE UX BAUAHUA.

8. YacToTHas 1 BpemeHHble 061acTu. COOTHOLEHME MeXKAY AANTENIbHOCTbIO U CNMEKTPOM
umMmnynbca. Bolgenenve cnos. jymepHaa Tomorpadumsa. YactoTHoe 1 ¢pa3oBoe KoaNpPOBaHME.
MNocneposatensHoctn SE n GRE, nx napameTpbl 1 CBA3b C KOHTPACTOM M paspeLleHnem
n3obpaxkeHua. k-NPoCcTPaHCTBO.

9. MocnepoBaTeNbHOCTU C MHBEPCUEN M MHOTOKPATHOM pedpOKYCUMPOBKOIM HAMArHUYEHHOCTH.
MocnepoBaTenbHOCTM ANA TOMOrpadun B KBa3MCTaLMOHAPHOM COCTOAHUU. OQHOMMNYbCHbIE
ToMorpaduyeckme nocneaoBaTeNbHOCTH.

10. BonHoBble GyHKUMM CUCTEMbBI CIMHOB. MaTpuupbl NAOTHOCTU. OnepaTopbl CAMHA U
HamarHu4yeHHocTn. OnepaTtopbl BpaLeHMA U noBopoTa. BpemeHHas ssontouua. CiMHOBOE 3X0 B
dopmannsme maTtpuy, nnotTHocTU. OnepaTtopHoe nNpeacTasaeHme Gopmanmsama maTpumy,
NAOTHOCTH.

11. MaTpuubl NNOTHOCTM cucTembl cNMHOB AS. MNMepeHoc KorepeHTHocTW. INEPT
nocnenoBatTenbHoCcTb. LinknnposaHue ¢asbl. NMpumepsbl umkanposaHua ¢asbl. O6obuieHHoe
onucaHue UMKAMpoBaHuA dasbl. YPOBHU KOrepeHTHOCTU. MeToabl MHOTOMEpPHOM
crnekTpockonum AMP.

Detailed content and structure with sectioning of lectures/seminars:

Lecture overview:

1. Macroscopic nuclear magnetization in external static magnetic field. Bloch equations, Larmor
precession, magnetization components. Rotating frame, Bloch equations in the rotating frame.
2. Magnetization and radiofrequency magnetic field interaction, nutation, flip angle. NMR
signal registration, free induction decay.

3.5=1/2 ensemble, energy level population, equilibrium and non-equilibrium magnetization.
Interacting spins system (AS). Solomon equations. Relaxivity and its relation to molecular
motion. Relaxation mechanisms. Transverse relaxation. Total magnetization.

4. NMR signal and it spectrum. Spectrum properties. Spectral width and resolution. Linewidth.
Absorption and dispersion lineshape. Spectrum phase. Phase correction. Lineshape and
relaxation. T2* relaxation. Lineshape and field homogeneity. Relaxation under receiver
feedback.

5. Single pulse spectroscopy. 90-90 pulse sequence. Progressive saturation. Ernst angle.
Inversion-recovery. Spin echo. 90-90 spin echo. 90-180 spin echo. Echo relaxation. Multi-
refocused pulse sequence. Stimulated echo. Echoes in three-pulse sequence.

6. Field gradients. Bloch equations with gradient terms. Spatial sensitivity. Gradient moment
nulling. Phase contrast velocity measurements.

7. Effective gradient. Diffusion-related signal attenuation. b-value. Examples of b-value
calculation (pulsed and constant gradients). Diffusion tensor measurement. Anisotropy metrics.
Advanced diffusion measurement methods. Background gradients and their mitigation.



8. Time and frequency domain. Pulse bandwidth and duration. Slicec selection. 2D imaging.
Phase and frequency encoding. Se and GREpuse sequences, pulse sequence parameters and
image contrast. k-space.

9. Inversion pulse sequences. Multi-refocused pulse sequences. Steady-state pulse sequences.
Single-shot imaging.

10. Spin system wavefunctions. Density matrices. Spin and magnetization operators. Time
evolution. Rotation and evolution operators. Spin echo in density matrix formalism. Opeartor
representation.

11. AS system density matrices. Coherence transfer. INEPT pulse sequence. Phase cycling.
Phase cycling examples. Phase cycling generalization, coherence pathways. 2D spectroscopy.

7. PekomeHO0BaHHaA nuTepaTypa:

Yumxuk B.U. n ap. KBaHToBas pagmodusnka. MarHuTHbIN pe30HaHC U ero NPUAoNKeHus / nsa.
cnery, 2009.

Keeler J., Understanding NMR spectroscopy / Wiley, 2005.

Levitt M.H., Spin dynamics: basics of nuclear magnetic resonance / John Wiley & Sons, 2008.
Cavanagh J. n gp. Protein NMR spectroscopy / Academic Press, 2006

pHcT P. n gp. AMP B ogHOM 1 AByx namepeHuax / MUP, 1990

Textbooks:

Chizhik V.I. et al. Magnetic resonance and its applications / Springer International Publishing,
2014.

Keeler J., Understanding NMR spectroscopy / Wiley, 2005.

Levitt M.H., Spin dynamics: basics of nuclear magnetic resonance / John Wiley & Sons, 2008.
Cavanagh J. et al. Protein NMR spectroscopy / Academic Press, 2006

Ernst R.R. et al. Principles of nuclear magnetic resonance in one and two dimensions /
Clarendon Press, 1990

8. NpepnBapuTenbHO NPOMAEHHbIE KypCbl, HEObX0AMMble A5 U3ydeHUs npeameTa: 6asoBble
KYPCbl IMHENHOW anrebpbl, MaTeMaTMYeCKOro aHan3a, aToOMHOMN PU3MKKN N KBAHTOBOM
MeXaHMKN

Course prerequisites: basic knowledge of linear algebra, calculus, atomic physics and quantum
mechanics

10. Kak oueHnBaeTca ycneBaeMocTb No Kypcy: Kypc cocTouT 13 AByX pa3fenoB: TeopeTuyeckoe
ONMCaHWe MarHMTHOTo Pe30HaHCa M NPaKTUYEeCKMe MeToAbl MarHUTHOrO pe3oHaHca. B TeyeHne
cemecTpa NpoBOAUTCA NpeABapUTeIbHAA aTTecTaumnsa No NepBom YacTm Kypca. B xoge ak3ameHa
OL,eHMBAETCA 3HaHMe MaTepmnasia No Kaxaom U3 Yyacten Kypca. OueHKa cknaabiBaeTca us
pe3ynbTaToB NpeaBapUTeIbHOM aTTeCTaLMM N OLLEHKN Ha 3K3aMeHaLMOHHbIM BONPOC No
durHanbHOM YacTu Kypca. Mpu *KenaHUM Ha 3K3aMeHe MOXKHO nepecaaTb O4HY M3 YacTen Kypca,
Nosly4ymB AOMNO/IHUTE/IbHbIM BUAET C BONPOCOM MO COOTBETCTBYIOLLLENM YacTK Kypca.

Grading policy: The course is a two part course that includes basic NMR theory and NMR
spectroscopy applications. A within-term exam will be held during the course, covering one of
the said course parts. The final mark will take into account the results of the within—term exam
as well as the answer on the final exam dedicated to the last part of the course. If needed one
part of the course can be re-evaluated during the final exam by selecting to present an answer
on an additional topic covering the part of the course being re-evaluated.



