
Vorlesung 15: 

Roter Faden:

Wiederholung
Elektronspinresonanz (ESR)Elektronspinresonanz (ESR)
Kernspinresonanz(NMR=Nuclear Magnetic Resonance)
Medical Imaging (Kernspintomographie)

Folien auf dem Web:
http://www-ekp.physik.uni-karlsruhe.de/~deboer/p p p y

Siehe auch: Demtröder, Experimentalphysik 3,
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Vollständiges Termschema des H-Atoms
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Energiequantelung beim Wasserstoffatom

n=Hauptquantenzahl

Rydbergkonstante
Rydbergkonstante
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Rydbergkonstante



Hyperfeinstruktur, 21cm Linie des Wasserstoffs

para-Wasserstoff

ortho-Wasserstoff
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Hyperfeinstruktur Jetzt 3 magnetische Momente:
Bahnmagn., Elektronspin, Kernspin
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Der anomale Zeeman-Effekt (mit Spin)
(= Normalfall!)
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Berechnung des Landé-Faktors
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Paschen-Back-Effekt

Weak B= Bext < Bint Strong B= Bext > Bint

Wim de Boer, Karlsruhe Atome und Moleküle,  08.06.2010 8

Weak B= Bext < Bint Strong B= Bext > Bint



Paschen-Back-Effekt 
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Hyperfeinstruktur im starken Magnetfeld
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Hyperfeinstruktur im starken Magnetfeld

a J

Transversale
KKomponenten von
BJ durch schnelle
Präzession von J

Wim de Boer, Karlsruhe Atome und Moleküle,  08.06.2010 11

im Mittel null. 



Paschen-Back-Effekt (Wiki)

Der Paschen-Back-Effekt beschreibt die Entkopplung von Spin- und
Bahndrehimpulsen beim Anlegen eines starken magnetischen Feldes.Bahndrehimpulsen beim Anlegen eines starken magnetischen Feldes.
Ein Spektrum mit anomalem Zeeman-Effekt (für Atome, die einen
Gesamtspin S aufweisen) geht somit in die Form eines Spektrums mit
normalem Zeeman-Effekt übernormalem Zeeman-Effekt über.

Bei starken Magnetfeldern (B > 1 T) ist die Kopplung der magnetischen
Momente an das angelegte Feld stärker als die Spin-Bahn-Kopplung so dassMomente an das angelegte Feld stärker als die Spin-Bahn-Kopplung, so dass
der Gesamtspin S und der Gesamtbahndrehimpuls L nicht mehr zu
J koppeln, sondern unabhängig voneinander um die Achse des angelegten
Magnetfeldes präzedierenMagnetfeldes präzedieren.

1921 beobachteten Friedrich Paschen und Ernst Back (1881–1959), dass
der anomale Zeeman-Effekt (für Systeme mit einem Gesamtspin S > 0) inm m ff (f y m m m m p )
den normalen Zeeman-Effekt (für Atome mit Gesamtspin S = 0) übergeht.
Dies kann als Entkopplung von L und S verstanden werden, da der Einfluss
des Gesamtspins bei fehlender Spin-Bahn-Kopplung verschwindet.
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Paschen-Back-Effekt 
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Hyperfeinstruktur im starken Magnetfeld

Beispiel
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Wie lässt sich Spinflip erzeugen, 
d.h. Kegelöffnung ändern?
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Präzessionsfreq. eines magn. Dipols im B-Feld

=Larmor Frequenz=Larmor Frequenz

oder 10-4Tesla

=10-4 Tesla=10 Tesla
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Präzessionsfrequenz beim klassischem Kreisel
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Magnetische Resonanz
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Anwendungen Magnetischer Resonanz
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Emfindlichkeit steigt mit B/T
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Vergleich NMR und ESR
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NMR Spektrometer

Bei NMR RF-Feld durch Spule möglich, da kapazitive Verluste (1/C) 
nicht zu groß  Bei ESR im Mikrowellen Bereich Transport des RF-Feldes
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nicht zu groß. Bei ESR im Mikrowellen Bereich Transport des RF Feldes
nur durch Hohlleiter und Resonanz in einem Mikrowellenkavität



NMR Spektrum
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Elektronenspinresonanz (ESR)
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ESR-Spektrometer
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Energieabsorption bei der Resonanzfrequenz



ESR Spektrometer und Hohlleiter

In waveguides the electric and magnetic
fields are confined to the space within the
guides. Thus no power is lost to radiation.
Since the guides are normally filled with
air, dielectric losses are negligible.
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ESR Spektrum

Silicon dangling bond its ESR signal and structure in the Si lattice
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Silicon dangling bond - its ESR signal - and structure in the Si-lattice



Elektronenspinresonanz (ESR)

When the molecules of a solid exhibit paramagnetism as a result of unpaired
electron spins, transitions can be induced between spin states by applying a
magnetic field and then supplying electromagnetic energy usually in themagnetic field and then supplying electromagnetic energy, usually in the
microwave range of frequencies. The resulting absorption spectra are described
as electron spin resonance (ESR) or electron paramagnetic resonance (EPR).
Electron spin resonance has been used as an investigative tool for the study ofE p u g f u y f
radicals formed in solid materials, since the radicals typically produce an
unpaired spin on the molecule from which an electron is removed. Particularly
fruitful has been the study of the ESR spectra of radicals produced asy p p
radiation damage from ionizing radiation.
The interaction of an external magnetic field with an electron spin depends
upon the magnetic moment associated with the spin, and the nature of an
isolated electron spin is such that two and only two orientations are possible.
The application of the magnetic field then provides a magnetic potential energy
which splits the spin states by an amount proportional to the magnetic field
(Z ff ) d h di f di i f h i(Zeeman effect), and then radio frequency radiation of the appropriate
frequency can cause a transition from one spin state to the other. The energy
associated with the transition is expressed in terms of the applied magnetic
fi ld B th l t i f t d th t t hi h i ll d th
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field B, the electron spin g-factor g, and the constant mB which is called the
Bohr magneton.



Elektronenspinresonanz (ESR)

If you were always dealing with systems withf y y g y m
a single spin like this example, then ESR would
always consist of just one line, and would havey f j ,
little value as an investigative tool, but several
factors influence the effective value of g inf f ff f g
different settings. Much of the information
obtainable from ESR comes from the splittingsp g
caused by interactions with nuclear spins in
the vicinity of the unpaired spin, splittingsy p p , p g
called nuclear hyperfine structure.
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Kernspinresonanz (NMR)

The versatility of nuclear magnetic resonance (NMR) spectroscopy has
made it a widespread tool in chemistry for the study of chemical
structure In additional to the one dimensional NMR spectroscopy usedstructure. In additional to the one-dimensional NMR spectroscopy used
to study chemical bonds, two dimensional approaches have been
developed for the determination of the structure of complex molecules
lik i Ti d i NMR i d dlike proteins. Time domain NMR spectroscopy is used to study
molecular dynamics in solutions. NMR of solid samples can help
determine molecular structures. There are NMR methods for measuringg
diffusion coefficients.
NMR spectroscopy has contributed enormously to chemical knowledge.
A wide range of techniques has been used with a range of magneticg f q g f m g
fields including high-field superconducting magnets. NMR frequencies
from 60 to 800 MHz have been used for hydrogen.

One of the major sources of chemical information is the measurement
of chemical shifts in high-resolution NMR spectroscopy. The chemical
shifts are a very sensitive probe of the chemical environment of the
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shifts are a very sensitive probe of the chemical environment of the
resonating nuclei.



Prinzip der Kernspintomographie
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Trick der Kernspintomographie

Um Fourier-Transformationen

htt // i it d /htb k / /i id ht

Um Fourier Transformationen
zu verstehen, besuche z.B.
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http://www.cis.rit.edu/htbooks/nmr/inside.htm



Gepulste Kernspinresonanz
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Beginn der NMI (Nuclear Magnetic Imaging)

Wim de Boer, Karlsruhe Atome und Moleküle,  08.06.2010 34



Wie “MRI” (Magnetic Resonance Imaging) funktioniert
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3D-Bilder möglich

Traditionally data has been analyzed by 
visual evaluation of image slices on 

di l i l fil Di it l radiological film. Digital 
representation of this data is rarely 
the norm despite the increased use of 
computers. To make use of the huge 
amount of data contained in fMRI 
scans, a doctor needs a composite image p g
for making a quantitative rather than 
qualitative diagnoses. The clinically 
important features need to be important features need to be 
extracted from the image, whether 
that is blood flow, tumor size, or 
cortical activity In the case of fMRI cortical activity. In the case of fMRI 
it is necessary to know exactly where 
the areas of cortical stimulation are 
located
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located



History of MRI

In 1990 Roy and Sherrington's paper 'On the 
regulation of blood supply of the brain' suggested that regulation of blood supply of the brain  suggested that 
neural activity was accompanied by a regional increase 
in cerebral blood flow. Until 1990 there was no way 
of non-invasively measuring the flow of blood in 
cortical areas. Ogawa and Lee at the AT and T Bell 
Laboratories working on rodents discovered that the Laboratories working on rodents discovered that the 
oxygenation level of blood acts as a contrast agent in 
MR images. They demonstrated that signals received M  mages. hey demonstrated that s gnals rece ed 
from vessels were altered by drug-induced changes in 
blood flow from the brain. It was suggested that 
h     f h  h   f this is a consequence of changing the content of 

deoxyhemoglobin in the blood.
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MRI scanner
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http://hyperphysics.phy-astr.gsu.edu/hbase/hframe.html



functional MRI (=interactive MRI)
Beispiel für “image guided robotic surgery”
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Violent Video Games Trigger Unusual 
Brain Activity in Aggressive Adolescents 

Adolescents with disruptive behavior disorders (DBD) have 
different brain structure and brain activation patterns than 
nonaggressive adolescents  nonaggressive adolescents. 
When watching violent video games, aggressive adolescents had 
less brain activation than the nonaggressive control group. 
N l d l t  i l  d t  t  t  f Normal adolescents previously exposed to greater amounts of 
violent media also exhibited differences in brain function. 
Adolescents with DBD showed abnormal development of the 
brain's frontal lobes. 
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Zum Mitnehmen

Aufspaltung der Spektrallinien kann im optischen
Bereich (normaler und anomaler) Zeeman-EffektBereich (normaler und anomaler) Zeeman-Effekt,
im Mikrowellenbereich (ESR) und Radiobereich (NMR)
beobachtet werden.

NMR führt zu interessanten Anwendungen als 3D Imaging
i  B i h d  M di iim Bereich der Medizin
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