What is nuclear magnetic
resonance and why bother?
Ilya Kuprov, course materials at
https://spindynamics.org

Wild and wonderful nuclear structure
Nuclei have a diffuse surface:

Nuclei can be spun up and down:
http://dx.doi.org/10.1088/0031-8949/91/12/123002

Nuclear Charge Density Archive

Nuclei come in a variety of shapes:

Nobel Prize 1975: A. Bohr, B.R. Mottelson, L.J. Rainwater

Strong nuclear force
• Range: ~1 femtometre (10–15 m)
• Amplitude: ~100 times stronger than electromagnetic
• Origin: a residuum of the strong force between quarks
• Potential: unknown, might not exist to begin with
• Symmetry: not unlikely to be centre symmetric

Single-nucleon Schrödinger equation:
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Strategy: postulate a potential
and look for “magic” numbers.
The following numbers of protons and / or neutrons yield
particularly stable nuclei:
2, 8, 20, 28, 50, 82
Woods-Saxon potential:
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Radial part after variable separation:
orbital quantum number
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Mathematically similar to the electron in a hydrogen atom, but with a different radial potential.

Mean-field potential of strong nuclear force
energy gaps
are in MeV:
we are in the
ground state

high angular
momentum
states can be
low in energy
silly energy level
numbering:
just the order of
appearance
Woods-Saxon
See https://www.youtube.com/watch?v=lPc1jxo8-Uw for a more detailed explanation.

Intra-nuclear spin-orbit coupling
Spin-orbit coupling must be present:
non-decreasing
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Parallel L and S orientations are lower in
energy (opposite of hydrogen atom).
S·L commutes (and thus has the same
eigenvectors) with J2=(L+S)2:
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The resulting energy level filling order
predicts magic nucleon numbers!
Energy level diagram from the Nuclear Structure course by Tina Roose.

What nuclear spin really is
Nuclear “spin” is actually the total angular momentum j of the ground state:
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Occupation diagrams from Quantum Mechanics for Engineers by Leon van Dommelen.
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Magnetic moments of nuclei
Magnetic Properties of Nuclei
•
•
•
•

Nuclear “spin” is the total angular momentum of its ground state.
At the energies of terrestrial chemistry, nuclear spin is a constant.
A nucleus of spin S has 2S+1 energy levels.
There are three types of nuclei:
•
•
•

No spin (12C, 16O): spherical, but not NMR active (no magnetic moment).
Spin ½ (same as electron): 1H, 13C, 15N, 19F, 31P – spherical, easy to observe.
Spin >½: 2H, 11B, 14N, 17O, 33S, 35Cl – not spherical, hard to observe.

Magnetogyric ratio
•
•

Electrodynamics requires charged spins to have magnetic moments.
The magnetic moment of a nucleus is proportional to its spin:
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Spin is mathematically similar to angular momentum, but physically distinct.
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• NMR people hate Joules and record all

energies as frequencies. When spin and
field are both along Z:
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• The energy difference between spin‐up

and spin‐down (tiny, hard to detect) may
be obtained from the frequency:

E  
• For a hydrogen nucleus in the magnetic

field of 11.7 Tesla:

  2.675 108 (rad/s)/T
 2  498 MHz
E  0.199 J/mol

Isotope

Net Spin

 / MHz T-1

Abundance / %

1H

1/2

42.58

99.98

2

H

1

6.54

0.015

3

H

1/2

45.41

0.0

31P

1/2

17.25

100.0

23

Na

3/2

11.27

100.0

14

N

1

3.08

99.63

15

N

1/2

4.31

0.37

13

C

1/2

10.71

1.108

19F

1/2

40.08

100.0

11.7 Tesla requires a large and expensive superconducting magnet.

Ways of improving sensitivity
Isotope labelling
• Feeding bacteria 13C glucose and 15N urea (expensive)
• Synthesis from isotopically enriched precursors (very expensive)

Cryogenically cooled electronics and samples
• Johnson‐Nyquist noise power is proportional to temperature
• Boltzmann law has temperature in the denominator

Monstrous superconducting magnets
• All things considered, the sensitivity
goes as B3/2 (very expensive)

Quantum mechanical tricks
• Dynamic nuclear polarisation
• Algorithmic cooling
• Quantum optimal control
Even in the strongest magnet, the energy level population difference for 1H is tiny.

Magnetic Resonance Spectroscopy

Ubiquitin protein,
a typical biological
NMR sample

Spectrum in physics: lines indicate
Hamiltonian eigenvalue differences.
Nuclear and electron spin dynamics are exceedingly well researched (~80 years of history).

Information content of magnetic resonance
NOESY spectrum of strychnine

~ adjacency matrix of
inter-nuclear distance graph

Cartesian coordinates of
every atom in a few hours.

To chemists, decoherence (here dipolar cross-relaxation) is an essential source of information.

The anatomy of an NMR spectrometer
B0 range:
14 to 28 Tesla

Indispensable: any serious Chemistry Department has at least five of these.

The anatomy of an MRI scanner

7 Tesla
is a lot!

Carefully controlled magnetic field gradients are used.
Spin is a relativistic quantum mechanical property – but Quantum Marketing did not exist in 1977.

Examples of MRI data

Full-body
MRI

fMRI

Fibre tracking

MRI of spine

MR angiography

DWI (stroke)

MRI of a tumour

A full-body scan is a rare luxury because instrument time is expensive.

Functional MRI

+

1.

Two states of haemoglobin have
very different magnetic properties.

2.

Local neuron activation creates deoxygenated haemoglobin.

3.

The effect is nearly instant and may
be used in difference imaging.

4.

Local levels of brain activity may be
monitored.

Not quite thought reading yet, but getting there…

Magnetic resonance industry

Every major Chemistry Department has at least five NMR instruments.

Nobel Prizes in magnetic resonance (so far…)






1944
1952
1991
2002
2003

Rabi
Bloch & Purcell
Ernst
Wüthrich
Lauterbur & Mansfield

J.T. Arnold, S.S. Dharmatti, M.E. Packard,
J. Chem. Phys., 1951,19, 507.

Much or modern quantum technology involves spin or its mathematical lookalikes.

