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Preface
NMR means Nuclear Magnetic Resonance. It is a phenomenon in physics 

which has been exploited for more than 50 years in a manifold of different 

forms with numerous applications in chemical analysis, medical diagnostics, 

biomedical research, materials characterization, chemical engineering, and 

well logging. Although the phenomenon is comparatively simple, the different 

realizations of NMR in terms of methods to gather molecular information stead-

ily increase following the advances in electronics and data processing. 

      A scientist or engineer who wants to gain fi rst insight into the basic 

principles and applications of NMR is faced with the problem of fi nding a 

comprehensive and suffi ciently short presentation of the essentials of NMR. 

This is what this book is meant to be. Preferably it is used to accompany a 

course or to review the material. The fi gures and the text are arranged in 

pairs guiding the reader through the different aspects of NMR. Following the 

introduction, the principles of the NMR phenomenon are covered in chapter 

2. Chapter 3 on spectroscopy addresses the scientist’s quest for learning 

about molecular structure, order, and dynamics. Chapters 4 and 5 deal with 

imaging and low-fi eld NMR. They are more of interest to the engineer 

concerned with imaging, transport phenomena, and quality control. It is hoped, 

that this comprehensive presentation of NMR essentials is a helpful source 

of information to students and professionals in the applied sciences and in 

engineering.

Aachen, May 2004           Bernhard Blümich
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NMR: Nuclear Magnetic Resonance

NMR is a physical phenomenon 

utilized to investigate molecular properties of matter 

by irradiating atomic nuclei in a magnetic field 

with radio waves



Uses of NMR

� Chemical analysis: molecular structures and dynamics

� Materials science: characterization of physical properties of matter

� Medical imaging: magnetic resonance tomography

(largest area of application)

� Chemical engineering: measurements of diffusion, flow profiles, 

and distributions of velocities

� Well logging in geophysics and oil exploration: characterization of 

carbohydrates in rocks

� Process- and quality control by low-field NMR and 

by unilateral NMR Sensors
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Equipment for NMR

� Spectroscopy: NMR spectrometer consisting of a 

magnet, a radio-frequency transmitter, a receiver, 

and a computer

� Imaging: NMR tomograph consisting of a magnet, a 

radio-frequency transmitter, receiver, a modulator for

magnetic gradient fields, and a computer

� Measurements of transport parameters: NMR tomograph

� Well logging: NMR spectrometer incl. magnet in a tube, 

shock resistant, and temperature resistant up to 170� C

� Process and quality control: PC spectrometer or mobile
NMR spectrometer with dedicated NMR sensors



magnet

11.6 T

transmitter,

receiver,

signal timer

4.7 T 7 T

Magnetic Resonance

Center MARC, 

RWTH Aachen NMR Hardware

NMR tomograph for

medical diagnostics

NMR spectrometer for

spectroscopy and imaging
PC spectrometer

NMR-

MOUSE



1. Introduction6/7

1945: First successful detection of an NMR signal by Felix Bloch (Stanford)
and Edward Purcell (Harvard): Nobel prize in Physics 1952

1949: Discovery of the NMR echo by Erwin Hahn
1951: Discovery of the chemical shift by J. T. Arnold and F. C. Yu
1951: Discovery of the indirect spin-spin coupling by W. G. Proctor
1953: Earth field NMR for well logging by Schlumberger-Doll
1966: Introduction of Fourier NMR by Richard Ernst,

Nobel Prize in Chemistry 1991
1971: Two-dimensional NMR by Jean Jeener, later multi-dimensional NMR 

by Richard Ernst
1972: NMR imaging by Paul Lauterbur and Peter Mansfield, Nobel prize in 

Medicine 2003
1975: Multi-quantum NMR and spectroscopy by T. Hashi, later by Alex Pines 

and Richard Ernst
1977: High-resolution solid-state NMR spectroscopy by John Waugh, 

Ed Stejskal, and Jack Schaefer
1979: 2D Exchange NMR by Jean Jeener. Application to protein analysis in 

molecular Biology by Kurt Wüthrich, Nobel prize in Chemistry 2002
1980: Unilateral NMR in process control and medicine by Jasper Jackson
1984: Hyper polarization of xenon by William Happer
1995: Commercialization of well logging NMR by NUMAR

History of NMR
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The Cost of NMR

Equipment:
• spectroscopy: € 250.000 to € 4.000.000
• imaging: € 250.000 to € 2.000.000
• measurements of transport parameters: € 250.000 to € 1.000.000
• well logging: € 250.000
• NMR for process and quality control: € 25.000 to € 100.000

Measurements:
• NMR spectrum: € 100 to € 500
• NMR image, flow NMR: € 500
• measurement day: € 1.500
• diploma thesis: € 20.000
• PhD thesis incl. equipment cost: € 200.000
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1H               99.98   %           42.57 MHz
14N               99.63  %             3.08 MHz
19F              100.00  %           40.05 MHz

13C 1.108 %           10.71 MHz
129Xe               26.44  %           11.78 MHz

Properties of Atomic Nuclei

� When exposed to magnetic fields, magnetic nuclei can receive and emit 

radio waves. Their frequency �0 is proportional to the strength B0 of the 

magnetic field: �0 = 2 � �0 = � B0

� The constant of proportionality is the gyro-magnetic ratio �.  It is a 

characteristic constant of the nuclear isotope

� Examples of isotope abundance and radio frequencies are:

nuclear isotope  nat. abundance �0 at B0 = 1.0 T



NMR is a Form of Telecommunication 

in a Magnetic Field

atomic nuclei 

in a magnetic

field B0

�0 = ��B0�
resonance frequency

�0 = 2� �0

B0

Spectro-

meter

atomic
nuclei

NMR spectrometer
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Magnetic Shielding

� The NMR frequency is determined by the magnetic field at the 

site of the nucleus

� Atomic nuclei are surrounded by electrons

� In molecules, the electrons of the chemical bond are shared 

by different nuclei

� Electrons of atoms and molecules move in orbitals which are 

studied in quantum mechanics

� The orbitals of the binding electrons are characteristic of the

chemical structure of the molecule

� Electrons carry an electric charge

� Electric charges in motion induce a magnetic field

� The internal magnetic field induced by the electrons moving in the 

external magnetic field B0 is usually opposed to B0. It shields the 

nucleus from B0.
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� The induced magnetic field shifts the resonance frequency:

�L = 2� �L = � (1 - �) B0

� The quantity � is the magnetic shielding for a given chemical group

� The quantity � = (�L - �ref) / �ref is the chemical shift of a chemical group. 

It is independent of the magnetic field strength B0.

� The chemical shift can be calculated from tabulated chemical shift 

increments as well as ab initio from quantum mechanics

� The quantity �ref is the reference frequency, for example, the resonance 

frequency of tetramethyl silane (TMS)  for 1H and 13C NMR

� Magnetically inequivalent chemical groups possess different chemical 

shifts

� In liquids narrow resonance signals are observed with typical widths of 

0.1 Hz

� The distribution of resonance frequencies forms the NMR spectrum
� The NMR spectrum is a fingerprint of the molecular structure similar to a

distribution of FM signals at a given location which is a fingerprint of the 

geographical position

� The acquisition of NMR spectra of molecules in solution is a standard 

method of analysis in following chemical synthesis

Chemical Shift
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Nuclear Magnetism

• In a sample of material there are roughly 1023 atomic nuclei per mole
• Some atomic nuclei have the properties of a magnetic dipole
• Examples: 1H, 2H, 13C, 14N, 19F, 31P, 129Xe
• Because atomic nuclei consist of a small number of elementary particles,

the laws of classical physics do not apply. Instead the laws of quantum
mechanics do

• According to quantum mechanics an elementary magnetic dipole
with a dipole moment \i also possesses an angular momentum
/? / or spin I.

• In the laws of physics involving elementary particles Planck's constant
h or f) - h I (2TI) appears

• A classical object with angular momentum is the spinning top
• A top spinning in a gravitational field formally follows the same laws as

a spin in a magnetic field: it precesses around the direction of the field
• In NMR the precession frequency is called the Larmor frequency
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Properties of Nuclear Spins
Following Heisenberg's uncertainty principle, only the component of
the spin in the direction of the magnetic field can be measured
From quantum mechanics it is known that a spin with the spin quantum
number I can assume 2/ + 1 stable orientations in a magnetic field
The projection of the spin angular momentum along the direction of the
magnetic field is proportional to the magnetic quantum number m,
where m - /, / - 1 , ..., -/
/ = 1/2 is valid for the nuclei 1H, 13C, 19F, 31P, 129Xeand/= 1 for 2H, 14N
For nuclei with spin / = V2 there are two possible orientations of it's
projection along the axis of the magnetic field: t und i
Both orientations differ in the interaction energy Em = - fi ym BQ of the
nuclear magnetic dipoles with the magnetic field
According to Bohr's formula AE = h v0 the energy difference
AE = E1/2 - E+1/2 = ftyB0 associated with both orientations corresponds
to the frequency co0 = 2n v0 = y BQ

Here v0 is the precession frequency of the nuclear spins in the magnetic
field
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Nuclear Magnetization in 

Thermodynamic Equilibrium

� All magnetic dipole moments are added as vectors; their components in 

each space direction are additive

� The sum of transverse components (if observable) vanishes

� The sum of longitudinal components constitutes the longitudinal
magnetization

� This component is referred to as the magnetic polarization of the 

nuclei or the nuclear magnetization
� At room temperature only about 1018 spins of all 1023 spins contribute to 

the macroscopic nuclear magnetization of the sample

� In the thermodynamic equilibrium state, the nuclear magnetization is 

oriented parallel to the direction of the magnetic field

� The direction of the magnetic field is referred to as the z direction of the 

laboratory coordinate frame LCF (index L)



Macroscopic Magnetization

n-/n+ = exp{-�E/kBT} vector sum:

macroscopic

magnetization M

macroscopic sample:

1023 nuclear spins

B

� 
 
 � � 


� 
 � � 



 � 
 
 


� 
 � 
 �

� 
 
 � 


� 
 
 



 � 
 
 �

� � 
 
 



 � 
 � �

� 
 � � 


� 
 
 



 � 
 
 �

� � 
 
 



 � 
 � �

� 
 � � 


n+

xL

zL

yL

n-



2. Basic Principles28/29

� When the magnetization M is not aligned with the zL direction, it 
precesses around zL with the frequency �0 in complete analogy with 
the precession of a top spinning in a gravitational field g

� The precession is described by the equation for the magnetic spinning top:

� This equation states that any change dM of the magnetization M is
perpendicular to M and B; therefore M precesses

� In general any macroscopic precessional motion is attenuated. This is
why Felix Bloch introduced phenomenological attenuation terms:

� The resultant equation is the Bloch equation,

where M0: initial magnetization, T1: longitudinal relaxation time,
T2: transverse relaxation time

� Note: The Bloch equation formulates a left-handed rotation of the transverse
magnetization. But for convenience sake a right handed one is followed 
throughout this text and many others in the literature

d

dt M = � M � B

d

dt M = � M � B – R (M – M0)

R =

1/T2 0     0

0   1/T2 0

0     0   1/T1

Bloch’s Equation
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Contacting Nuclear Magnetization
� Nuclear magnetization can be rotated away from the direction zL of the 

magnetic polarization field B0 by radio-frequency (rf) irradiation

� To this end one generates a magnetic field which rotates around B0 with

frequency �rf

� For maximum interaction of  the rotating field with the nuclear 

magnetization the resonance condition �rf = �0 is chosen 

� Because �0 = �0/2� is a frequency in the radio-frequency regime, the 

rotating magnetic field is an electromagnetic radio-frequency wave
� High frequency electromagnetic waves are emitted from transmission 

antennas or oscillating electronic rf circuits

� An electronic oscillator consists of a coil with inductance L, a capacitor 

with capacitance C, and a resistor with resistance R
� The coil generates a linearly polarized, oscillating magnetic field 2B1 sin�rft
� Two orthogonal, linearly polarized waves cos�rft und sin�rft generate a 

rotating wave 

� A linearly polarized wave sin�rft can be decomposed into a right rotating 

wave ½ exp{i�rft} and a left rotating wave ½ exp{-i�rft}
� For optimum use of the oscillating magnetic field, the sample to be 

investigated is placed inside the coil
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Rotating Coordinate Frame

� Transformations from one coordinate frame into another change the 

point of view, i. e. they change the mathematics but not the physics

� As the precession of nuclear magnetization is a rotational motion and the rf 

excitation is a rotating wave, the magnetization is conveniently studied in a 

rotating coordinate frame (RCF)

� The dog at the traffic circuit is positioned in the laboratory coordinate 
frame (LCF):  For him the bicycles are driving in the traffic circuit with

angular velocities �rf and �rf + �
� The cyclists on the bicycles are viewing the world from the RCF. They are 

at rest in their respective RCF

� For the red cyclist the world is rotating against the direction of his bicycle 

with angular velocity -�rf

� For the red cyclist the yellow bicycle rides with angular velocity � in his RCF

� The connecting vectors from the center of the traffic circle to the bicycles 

correspond to the magnetization vectors in the transverse xy plane

� The angular velocity of the RCF as seen in the LCF corresponds to the 

frequency �rf of the rf wave
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Radio-Frequency Pulses

� In a coordinate system, which rotates with frequency �0 around the z axis

the magnetization M appears at rest even if it is not parallel to the magnetic 

field B0

� When the magnetization is not rotating, there is no magnetic field 

active in that frame which produces a torque on the magnetization

� On resonance �rf = �0, and the rf field B1 is time independent and appears 

static in the RCF when turned on

� In the RCF, which rotates in the LCF with �rf = �0 around B0, the magneti-

zation rotates around the B1 field with frequency �1 = � |B1| in analogy to 

the rotation with frequency �0 = � |B0| around the B0 field in the LCF

� If B1 is turned on in a pulsed fashion for a time tP, a 90� pulse is defined for 

�1 tP = 90� and a 180� pulse for �1 tP = 180�
� The phase �� of the rotating rf field B1exp{i�rft + i ��} defines the direction 

of the B1 field in the xy plane of the RCF

� Using this phase the magnetization can be rotated in the RCF around 

different axes, e. g. 90�y denotes a positive 90� rotation around the y axis of 

the RCF and 180�x a positive 180� rotation around the x axis
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NMR Spectrometer
• The sample is positioned in a magnetic field Bo inside a rf coil which is part of

a rf oscillator tuned to the frequency <arf

• The oscillator is connected under computer control either to the rf
transmitter (TX) or to the receiver (RX)

• A 90° rf pulse from the transmitter rotates the magnetization from the zL

direction of the Bo field into the transverse plane
• Following the pulse, the transverse magnetization components precess

around the zLaxis of the LCF with frequency co0

• According to the dynamo principle, the precessing magnetization induces a
voltage in the coil which oscillates at frequency e>0

• In the receiver, this signal is mixed with a reference wave at frequency corf,
and the audio signal at the difference frequency is filtered for acquisition

• This step is the transition into the rotating coordinate frame
• Depending on the phase ty0 = 0° and 90° of the reference wave

sin(cflrff + <|>0) the quadrature components sin(e>0 - corf)f and cos(co0 - (orf)f of
the transverse magnetization are measured in the RCF, respectively

• Usually both quadrature components are measured simultaneously
• For imaging and flow measurements the spectrometer is equipped with

switchable gradient fields in xL, yL, and zL directions of the LCF
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Pulse Excitation
• Outside a magnetic field the nuclear magnetic dipole moments are oriented

in random directions in space
• When introducing the sample into the magnetic field So, the longitudinal

magnetization Mo is formed parallel to Bo with the time constant T., by
aligning the nuclear magnetic moments according to the Boltzmann
distribution: Mz{t) = Mo (1 - expH/TJ)

• A 90° rf pulse from the transmitter rotates the magnetization from the z
direction of the magnetic field So into the transverse plane of the RCF

• After the rf pulse the transverse components M, of the magnetization precess
around the z axis of the RCF with the difference frequencies Q, = ©L/- corf

• Each component M, corresponds to a different chemical shift or another
position in the sample with a different magnetic polarization field

• The vector sum of the transverse magnetization components decays with the
time constant 72*due to interference of the components with different
precession frequencies Q,

• T2* is the transverse relaxation time due to time-invariant and time-
dependent local magnetic fields

• The signal decay is often exponential: Mxy(t) - Mz(0) exp{-f/72*}
• The signal induced in the coil after pulse excitation is the free induction

decay {FID)
• The frequency analysis of the FID by Fourier transformation produces the

NMR spectrum with a linewidth AQ = M(nT2*)
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Fourier Transformation
• Fourier introduced the transformation named after him when studying

thermal conductivity
• The Fourier transformation (FT) is a decomposition of a function s(t) into

harmonic waves exp{i at} = coscof + i sincof with variable frequency co
• In NMR the FID s(t) is transformed to the spectrum S(co) of cosine and sine

waves: S(co) = Js(0 exp{-icof}df
• The spectrum S(co) = L/(co) + i \/((B) consists of a real part L/(co) and an

imaginary part V(&)
• Often, only the magnitude spectrum |S(co)| = [U(a>)2 + \Z(co) 2]1 /2 is employed
• The Fourier transformation corresponds to the transformation of an acoustic

signal into the colors of sound when listening to it
• For the discrete Fourier transformation there is a fast algorithm which was

rediscovered in 1965 by J. W. Cooley and J. W. Tukey
• The algorithm requires the discrete representation of the time function s{t)

and the spectrum S(co) in steps At and Aco of the variables t and co
• The abscissa of the discrete spectrum corresponds to the keys of a piano
• The spectral amplitude corresponds to the volume of a given tone
• In NMR with pulsed excitation the Fourier transformation is part of

processing the data
• Pulsed NMR is also called Fourier NMR
• The product of two Fourier conjugated variables, e. g. t and co, is always an angle.

It is referred to as phase
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Signal Processing
Depending on the phase §0 of the rotating coordinate frame, the FID is
measured as the sum of impulse responses s(t) = s(0) exp{-[1/72 - iQ] t
+ i §0} for each magnetization component with different Q in the RCF
For (j)0 = 0 the real part U(G>) of the Fourier transform S(o) is an absorp-
tion signal A(oi) and the imaginary part V(m) a dispersion signal D(co)
For (|)0 * 0 the absorptive and dispersive components are mixed in L/(ra) and
V(a>), and the associated complex spectrum S(co) = L/(co) + i V(oi) = [A(<d) +
i D(o)] exp{i (|)0} has to be corrected in phase by multiplication with exp{-i §0}
The correction phase ty0 consists of a frequency dependent and a
frequency independent part
The frequency-independent part can be adjusted by software before data
acquisition via the rf reference phase of the spectrometer
The frequency dependent part is determined by time the signals take to
pass through the spectrometer and by the receiver deadtime following an
excitation pulse
For optimum resolution the spectrum is needed in pure absorptive mode
A frequency dependent phase correction of the spectrum is a routine step in
data processing of high-resolution NMR spectroscopy
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Frequency Distributions
The rotating coordinate frame rotates with the rf frequency corf

In the laboratory frame the magnetization components M, rotate with
frequencies coL/

The rf pulse with frequency corf has to couple to several frequencies ooL/

The bandwidth of the excitation pulse is determined in approximation by
the inverse of the pulse width tp
A better measure for the frequency dependence of the excitation is the
Fourier transform of the excitation pulse
For a rectangular pulse the Fourier transform is the sine function
Vice versa, the excitation can be made frequency selective by excitation
with a rf pulse having a sine shape in the time domain
This simple Fourier relationship is a convenient approximation valid for
small flip angles only
In the RCF the magnetization components rotate with frequencies Q,•= coL/- co^
For a given component the offset frequency Q corresponds to a magnetic
off-set field Q/y along the z axis of the RCF
The magnetization always rotates around the effective field Seff, which is the
vector sum of the offset field Q/y and the rf field B,
The rotation angle of a pulse is then given by y 6eff tp = ooeff tp
The rotation axis is in the xy plane if I S11 » I Q/y I
If I 6 1 1 « I Q/y I, longitudinal magnetization cannot be rotated into the xy plane
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� Relaxation denotes the loss of transverse magnetization with the time 
constant T2 and build-up of longitudinal magnetization with T1

� The loss of transverse magnetization due to different time-invariant local 
magnetic fields can stroboscopically be reversed by formation of echoes

� For formation of a racetrack echo all bicyclists start at the same time but 
ride with different speeds. At a certain time all go back and meet at the
starting line forming the echo after twice that time

� Their total riding time is the echo time tE
� The NMR echo has accidentally been discovered in 1949 by Erwin Hahn
� For formation of a Hahn echo all transverse magnetization components are 

rotated by 180° around an axis in the xy plane
� The direction of precession is maintained with this change of positions on 

the circle, and all magnetization components refocus at time tE
� If some components randomly change their precession frequencies, the

echo amplitude is irreversibly reduced
� Random frequency changes arise from fluctuating local magnetic fields 

associated with molecules in motion
� T2 relaxation denotes the irreversible loss of the echo amplitude
� Both relaxation times T1 and T2 are determined by the type and time scale 

of molecular motion
� By splitting the 180° pulse of the Hahn echo sequence into two 90° pulses

separated by a time delay, one obtains the stimulated echo sequence

Relaxation
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Multiple Echoes
Transverse relaxation is often exponential with the time constant T2

In inhomogeneous magnetic fields, the FID decays faster with T2* < T2

The resonance signal in inhomogeneous magnetic fields is broad and small
The envelope of the FID in homogeneous fields can be observed stroboscopi-
cally in inhomogeneous fields via the amplitude of many time shifted echoes
Instead of many Hahn echoes with different echo times the echo envelope
can be observed by a single train of multiple Hahn echoes
The rf pulse scheme for excitation of multiple Hahn echoes is the CPMG
sequence named after their discoverers Carr, Purcell, Meiboom, and Gill
The repetition times of 571 for regeneration of longitudinal magnetization
between generation of different Hahn echoes are eliminated
571 are needed to regain 99% of the thermodynamic equilibrium
magnetization, because exp{-5} = 0.007
Besides the Hahn echo and the CPMG echo train there are many more
echoes and multiple-echo schemes to partially recover signal loss caused
by the influence of different nuclear spin interactions on the resonance
frequencies
In the Hahn echo maximum, inhomogeneities in the Bo field and the spread
in chemical shifts do not affect the NMR signal
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Determination of 71

Longitudinal magnetization cannot be directly observed
Its momentary value can be interrogated via the amplitude of the FID
following a 90° pulse
There are two methods to measure the build-up of longitudinal magnetiza-
tion: the recovery following saturation (saturation recovery) and the
recovery following inversion of the magnetization (inversion recovery)
For saturation, the spin system is irradiated with an aperiodic sequence of
90° pulses which destroys all magnetization
Inversion of longitudinal magnetization is achieved by a 180° pulse following
the establishment of equilibrium magnetization after a waiting time of 5T^
After such preparation of the initial magnetization a variable evolution time t0
follows for partial recovery of the thermodynamic equilibrium state
Following the waiting time t0, the momentary value of the longitudinal
magnetization is converted into the amplitude of the transverse
magnetization by a 90° pulse
The transverse magnetization is measured and evaluated for different
values of t0
In homogeneous spin systems, the longitudinal relaxation follows an
exponential law
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Measuring Methods
Pulsed excitation and acquisition of an impulse response or an echo constitute
the most successful class of methods to acquire NMR data
In pulsed NMR, the signal measured can be conditioned by manipulating
the initial magnetization in preceding preparation and evolution periods
Pulsed NMR is uniquely suited for extension to multi-dimensional NMR
With short pulses large spectral widths can be excited, and many frequency
components can be simultaneously measured {multiplex advantage)
When exciting the spins with continuous waves (CW), the frequency of the
excitation wave is slowly scanned through the spectrum
CW NMR is slow, because the frequency components of the spectrum are
measured successively
With noise excitation large bandwidths are excited and can be measured
simultaneously (stochastic NMR)
A division of the experiment into different periods such as preparation,
evolution, and detection is not possible
Such a partitioning of the time axis can be achieved during data processing
by means of cross-correlation of excitation and response signals
The excitation power in CW NMR and stochastic NMR is several orders of
magnitude lower compared to that of pulsed NMR
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Spatial Resolution
By exploring the proportionality of the NMR frequency co and the applied
magnetic field 6, signals from different positions in the sample can be
discriminated if the magnetic field changes with position
For a linear change of 6 with position, the NMR frequency co is directly
proportional to position
Then, the magnetic field B is characterized by a space-invariant gradient G
In such a gradient field, the linear frequency axis of an NMR spectrum can
be directly replaced by a linear space axis
The signal amplitude is determined by the number of nuclear spins at a
particular position along the gradient direction
This number is obtained by summation over all nuclei in the other two space
directions
Due to the large number of nuclei, the sum is written as an integral
This integral over the spatially resolved magnetization Mz(x,y,z) is called a
projection
Mz(x,y,z) is also referred to as spin density
From a set of projections acquired for different gradient directions an image
of the object can be reconstructed in analogy to X-ray tomography
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3. Spectroscopy

Dipole-dipole interaction

Anisotropy

Further spin interactions

Hidden information: multi-quantum NMR

Multi-dimensional NMR



58/59 3. Spectroscopy

Interactions Between Spins
The magnetic dipole moment ^ of a nucleus is proportional to its spin /
The dipole moment and the spin are vectors with a magnitude and a
direction
In addition, the magnetic field B is a vector quantity
The strength of an interaction is measured by the interaction energy E. This
is a quantity without direction. It is, therefore, a scalar
An interaction is formally described by the product of two quantities
For the product of the spin vector / and its coupling partner to be a scalar,
the coupling partner must be a vector V
The coupling partners can be the magnetic fields So and B:, the magnetic
field induced by the shielding electrons, and a further spin /'
In the simplest case, the interaction is described by the scalar product of two
vectors, for example, by E x t V, where t denotes the transpose
To describe orientation dependent interactions, a coupling tensor P must be
introduced, so that E = t P V
The significance of P is elaborated below by example of the dipole-dipole
interaction
Interactions of a spin with a magnetic field So or S1 are distinguished from
interactions of one spin with another spin. In addition to the interactions
between two spins, the latter formally includes the nuclear quadrupole
interaction
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Two Interacting Dipoles
� Interactions of nuclear spins are interactions of elementary quantities for 

which the laws of quantum mechanics apply

� The classical treatment of nuclear interactions is at best an approximation 

which provides some intuitive insights

� The orientation dependence of the interaction energy can be understood 

by considering two classical bar magnets or compass needles

� For a parallel orientation, the magnets repel each other when they are 

side by side, and they attract each other when one is above the other

� With the magnetic dipole being the simplest distortion of an isotropic

sphere, the orientation dependence of the dipole-dipole interaction can be 

described by the difference between a sphere and a simply deformed 

sphere, i. e. a rotational ellipsoid

� This difference is quantified by the second Legendre polynomial
P2(cos�) = (3 cos2� –1)/2

� Deformations of lower symmetry are described by the spherical harmonic 
functions, which also describe the electron orbitals of the hydrogen atom

� The angle � denotes the angle between the magnetic field vector B0 and

the vector r which connects the two point dipoles
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Second Legendre Polynomial
� The second Legendre polynomial P2 describes the geometrically most 

simple deformation of a circle

� It quantifies the quadratic deviation of a circle from an ellipse, where both 

figures are generated by a thread of length 2r corresponding to the 

diameter of the circle and the long axis of the ellipse

� The difference between the circle and the ellipse is only in the direction of 

the small axis of the ellipse

� The average of this difference is subtracted to obtain a function with a 

mean value of zero

� The resultant function is normalized to 1 for the angle 0°

� The result is proportional to the second Legendre polynomial

P2=(3cos2�-1)/2

� The principal value is obtained for the angle 0°. Its value amounts to 2/3 of 

the anisotropy parameter
� The values of P2 for 0° and 90° can be defined as the half axes PanisoZZ and

PanisoXX = PanisoYY of a rotational ellipsoid
� Without transverse symmetry PanisoXX � PanisoYY, and the asymmetry

parameter is defined as � = (PanisoYY - PanisoXX)/�
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Anisotropy of the Interaction
The ellipsoid defined by PanisoXX, PaniSOyY, and PanisoZZ describes the
anisotropy of the spin interactions in the limit of coupling energies that are
weak compared to the spin interaction with the polarization field So

(Zeeman interaction)
For the dipole-dipole interaction PanisoXX = PanisOyy>for t n e chemical
(magnetic) shielding, and the quadrupole interaction PanisoXX * Panisoyy
The interaction of a spin with the magnetic fields So und B^ is isotropic,
'• e - "an isoX^ °anisoYy= °anisoZZ= 0-
For anisotropic couplings the orientation of the interaction ellipsoid within
the molecule is determined by the chemical structure
In case of the dipole-dipole interaction, the long axis of the interaction
ellipsoid is aligned along the direction of the intemuclear vector
Also the chemical shielding is anisotropic. Here, the orientation of the
interaction ellipsoid can be obtained by means of quantum-mechanical
calculations of the electron orbitals
For a description of the interaction ellipsoid, three values are sufficient
within the coordinate frame of the ellipsoid. These are the eigenvalues
In an arbitrary coordinate frame, the LCF for example, the orientation of the
interaction ellipsoid has to be specified as well. One needs 6 values
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Anisotropic and Asymmetric  Couplings

� The anisotropy described by the second Legendre polynomial
P2 = (3 cos2� –1)/2 is represented by a rotational ellipsoid with the half axis

PanisoZZ for � = 0° and the half axes PanisoXX = PanisoYY for � = 90°

� For an asymmetry in the transverse plane PanisoXX � PanisoYY
� To describe this asymmetry in spherical coordinates, another angle �
needs

to be introduced

� The ellipsoid which, in this case, describes the interaction, has the shape of 

an American football pressed flat, Pansio = �[3 cos2� –1 – � sin2� cos(2�)]/2

� It possesses the half axes PanisoZZ = �, PanisoXX = -�(1 + �)/2, and

PanisoYY = -�(1 - �)/2

� Examples for asymmetric spin couplings with asymmetry are the chemical
shielding and the electric quadrupole interaction

� In liquids, the angles � and � change rapidly and isotropically in a random 

fashion. In the time average the anisotropy of the interaction vanishes 

� For symmetric interactions like the dipole-dipole interaction � = 0, and

the interaction vanishes at the magic angle �m = arcos{1/3} = 54.7°
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Vectors, Matrices, and Tensors
The half axes of the interaction ellipsoid define orthogonal vectors in a
Cartesian coordinate frame, which is called the principal axes frame
These three vectors are grouped into a 3x3 matrix
A matrix with physical significance is called a tensor
In the principal axes frame, the interaction tensor is diagonal
The numbers on the diagonal of this tensor are called eigenvalues
In a different coordinate frame, the interaction tensor appears rotated
Then, the interaction tensor is no longer diagonal
The tensor can be returned to diagonal form by a rotation
A vector r is rotated by a rotation matrix R(y) according to r1 = R(y) r
A matrix or a tensor Paniso is rotated according to Paniso' = R(y) Paniso R-1(y),
because, for example, #* = Paniso r: r1 = R f = R Paniso r = R Paniso R

1 R r,
where Paniso' = R Paniso R"1 is valid in the rotated frame
A rotation matrix is specified by the rotation axis and the rotation angle.
For example, Rz(y) describes a rotation around the z axis by the angle y
An arbitrary rotation R of an arbitrary object is described by rotations around
orthogonal axes through the three Euler angles a, p, y
One successively performs the rotations Rz(oc), RX(P), Rz(y)
The row vectors of the rotation matrix which diagonalizes the matrix Paniso
are called eigenvectors of the matrix Paniso

The eigenvectors are the unit vectors in the directions of the principal axes of
the interaction ellipsoid
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Interaction Tensors

� In addition to the orientation dependent part of a spin interaction, there can 

be an orientation independent part. Examples are the indirect spin-spin
coupling and the chemical shielding

� The interaction tensor is then the sum of the isotropic part Piso and the 

anisotropic part Paniso

� The isotropic part of the interaction tensor P = Piso + Paniso is given by the 

trace of the tensor, independent of the coordinate system

� For symmetric interactions, which are weak compared to the Zeeman
interaction, the anisotropic part is described by the second Legendre 
polynomial

� It is the convention in NMR to measure interaction energies in frequency 

units according to E = h � = � �
� Usually, several spin interactions act simultaneously and the respective 

coupling energies are added

� Many NMR methods have been developed with the goal to isolate the 

effects of one interaction from all the other interactions and to correlate the 

frequency shifts from different interactions with each other
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� The interaction energies of coupling nuclei are calculated using quantum
mechanics

� In a first approximation, the interaction energy is proportional to the total 
spin of the coupled spins

� Depending on the magnetic quantum numbers of the interacting partners, a 
different total spin is obtained and with it a different interaction energy

� The number of nearly equal interaction energies is obtained by 
combinatorial arguments

� According to quantum mechanics, only those transitions can directly be 
observed, for which the magnetic quantum number m changes by ±1

� They correspond to transverse magnetization and are called single-
quantum coherences

� There, one of the interacting spins changes its orientation in the magnetic 
field by absorption or stimulated emission of one rf quantum or photon

� For two coupling spins ½, the observable interaction energy differences 
 ∆E = � ω are proportional to Piso ± δ [3 cos2β – 1 – η sin2β cos(2α)]/2 and 
 lead to orientation-dependent splittings
� The absorption or stimulated emission of more than one rf quantum cannot 

directly be observed
� Multi-quantum coherences (0Q, 2Q) can indirectly be observed by multi-

dimensional NMR

Interaction Energies
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� Nuclear spins can interact with each other in two ways: one is the dipole-
dipole interaction through space, the other is the indirect or J coupling

� The indirect coupling is mediated by the electrons of the chemical bonds 

between the coupling spins

� The nuclear spin polarizes the magnetic field of the electron orbits. This 

distortion is seen by the coupling partner spin

� The direct dipole-dipole interaction is described by a traceless coupling 

tensor D; therefore, the coupling vanishes in the fast motion limit

� The indirect spin-spin coupling is described by a coupling tensor J with

trace J; therefore, the trace is preserved in the fast motion limit, and the J
coupling leads to a multiplet splitting of the resonance of the coupling spins

� The sign of the coupling constant J alternates with the number of chemical 

bonds between the coupling spins 

� The J multiplets bear important information for structural analysis

� The multiplet structure is determined by the number of different

combinations of orientations of the coupling spins 

� Hetero-nuclear J couplings are often exploited for hetero-nuclear polariza-
tion transfer and chemical editing of spectra from molecules in solution

� In contrast to the chemical shift dispersion, the splitting from direct and 

indirect spin-spin couplings is not removed in the Hahn echo maximum

Indirect Spin-Spin Coupling



Multiplet Structure in 1H Spectra
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� The energies E and the transition frequencies � of interacting nuclei are 
calculated using quantum mechanics and exploring the relation �E = � �

� Depending on the orientation in the magnetic field, a spin is found in a state 
of different energy E

� A spin ½ can be oriented parallel (	, state �) or antiparallel (
, state �) to 
the polarization field B0

� Two coupled spins ½ can assume the four states 		, 
	, 	
, 


� States of spins are described in quantum mechanics by wave functions
� The wave functions are the eigenfunctions of operators similar to the 

eigenvectors associated with matrices
� The interaction energies are the eigenvalues of the Hamilton operator
� Quantum mechanical operators can be expressed in matrix form
� The Schrödinger equation describes the energy balance of a quantum 

mechanical system by means of the Hamilton operator and wave functions
� The wave function of an ensemble of coupled spins is often expressed as a 

linear combination of the eigenfunctions of a suitable Hamilton operator
� Accessible by measurement are usually only the ensemble averages of the 

bilinear products of the complex expansion coefficients
� These averages are written in matrix form and constitute the so-called 

density matrix
� In the eigenbasis of the Hamilton operator the elements of the density

matrix are of the general form Aklexp{-(1/Tkl – i �kl)t}

Quantum Mechanics



Density Matrix for Two Spins ½

wave function: � = a1(		) + a2(
	) + a3(	
) + a4(

)

= a1(��) + a2(��) + a3(��) + a4(��)

= a1�1 + a2�2 + a3�3 + a4�4

density matrix: �� �� �� ��
��
��
��
��

<a1a1*> <a1a2*> <a1a3*> <a1a4*>

<a2a1*> <a2a2*> <a2a3*> <a2a4*>

<a3a1*> <a3a2*> <a3a3*> <a3a4*>

<a4a1*> <a4a2*> <a4a3*> <a4a4*>

=

P  1Q  1Q  2Q

1Q   P   0Q  1Q

1Q  0Q   P   1Q

2Q  1Q  1Q   P

^
 =

P: populations, �ij � �m = 0

1Q: single-quantum coherences, �kl � ��m� = 1, directly observable

0Q: zero-quantum coherences, �kl � 0 = ��m�,  indirectly observable

2Q: double-quantum coherences, �kl � ��m� = 2, indirectly observable

description of NMR with the density matrix 
(t) = U(t - t0) 
(t0) U-1(t - t0),
the evolution operator U(t - t0) = exp{iH(t-t0)/�}, and the Hamilton operator H
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� The NMR frequency depends on the orientation of the interaction tensor
ellipsoid in the laboratory frame

� Consequently, also the separation of the lines or the line splitting depends

on the molecular orientation
� For vanishing isotropy and vanishing asymmetry (dipole-dipole interaction)

Piso = 0 and � = 0. The NMR frequency is then determined by the second
Legendre polynomial, �� = �� – �L = ���(3 cos2��– 1)/2

� In this case, �� = 0 at the magic angle � = arcos(3-1/2) = 54.7°, and only one 

line is observed at one and the same position �� = 0  for both nuclear spins 

A and X

� At other angles, one separate line is observed for each spin with a 

frequency separation �� = �+ – �- = ��(3 cos2��– 1)

� In powders with a statistical distribution of the angles, one obtains the so-

called wideline spectrum
� For an isotropic distribution with Piso = 0, � = 0, and I = 1, the wideline 

spectrum is called powder spectrum or Pake spectrum
� It is often observed for deuterons and pairs of coupled spins 1/2

� The Pake spectrum consists of a sum of two wide lines with mirror 

symmetry, which are centered at the isotropic chemical shift

Wideline Spectroscopy



Pake Spectrum

Piso = 0, � = 0:

�� = +��[3 cos2��– 1]/2

�
-� +�+���-��� �

�
-� +�+���-��� �

�� = -��[3 cos2��– 1]/2

ß = 90° ß = 0°
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Molecular Order and Dynamics

� The position of a line or the splitting of lines in orientation dependent

spectra can be used to measure molecular orientations
� The frequency axis belonging to each of the overlapping wings of a Pake

spectrum relates to the orientation angle through the second Legendre 
polynomial P2(cos�)

� The angle � is the angle enclosed by the principal axis Z of the interaction 

tensor ellipsoid and the magnetic field B0

� For partially oriented solids, information about the distribution of orientations

of the interaction tensors is obtained from the lineshape of the powder 

spectrum

� The lineshape depends on the orientation angle �0 of the sample in the field B0

� In case of molecular motions with correlation times on the time scale of the 

NMR experiment, the lineshape is altered in a specific way depending on 

the geometry of the motion

� Wideline NMR is used for analysis of timescale and geometry of slow
molecular motion in the solid state

� Particularly successful is deuteron wideline NMR spectroscopy for

investigations of the molecular dynamics of chemical groups labeled site 

selectively by 2H
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Echoes in Solid Samples
Wideline-NMR spectra are favorably acquired by measuring their Fourier
transforms in the time domain in terms of echoes
Because the linewidth is broad, the echo signal is narrow
The time lag between the last rf pulse and the echo serves to overcome
the receiver deadtime (ca. 5 \is)
For a system with total spin / = 1 (2H or two dipolar coupled spins 1/4),
maximum echo amplitudes are obtained for the solid echo and for the
alignment echo
These solid-state echoes correspond to the Hahn echo and the stimulated
echo of non-interacting spins 14
The flip angles of the refocusing pulses are reduced to half the values in
their liquid-state counterparts, and the pulses are shifted by 90° in their
phase with respect to the first rf pulse
For spin systems with a total spin / > 1/2, the magic echo leads to maximum
echo amplitude
One example is the dipolar interaction between the three protons of a
methyl group
In the echo maximum, the precession phases of the magnetization compo-
nents assume their initial values as a result of their interaction during the
echo time
It is said, that the interaction is refocused in the echo maximum
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� The angular dependence of the NMR frequency resulting from an anisotro-
pic interaction is given by �aniso = ��[3 cos2��– 1 - � sin2��cos(2�)]/2

� Sample rotation in the laboratory at an axis inclined about the angle � with

respect to B0 modulates �aniso by P2(cos�) = (3 cos2� –1)/2

� The angular dependent part can be eliminated on the time average by 

rotating the interaction tensors rapidly around the magic angle �m =

arcos{1/31/2} = 54.7° where P2(cos�m) = 0

� ‘Rapid’ means that the angular rotation speed �R = 2� �R is larger than the 

principal value � of the interaction tensor

� For slower rotation speeds, spinning sidebands are observed in the NMR 

spectrum. These are separated from the isotropic resonance frequency

by multiples n �R of the spinning speed

� In the limit of vanishing spinning speed, the envelope of the sideband 

spectrum assumes the shape of the powder spectrum
� Rotation of the sample at the magic angle is called magic angle spinning 

(MAS)

� One of the most important applications of MAS is the measurement of high-

resolution 13C-NMR spectra of solid samples

� In such samples, the hetero-nuclear dipole-dipole-interaction between 13C

and 1H must be eliminated as well

Sample Rotation at the Magic Angle
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� The measurement of high-resolution solid-state NMR spectra of rare nuclei

such as 13C and 29Si requires MAS for elimination of the anisotropy of the 
chemical shift as well as the hetero-nuclear dipolar decoupling of the protons

� Dipolar decoupling (DD) is usually achieved by irradiating 1H with a strong B1

field while observing the rare nucleus (13C)

� Due to the fact that 13C arises with a natural abundance of only 1%, the 

nuclear magnetization of 13C is much lower than that of 1H

� Furthermore, the T1 relaxation time of 13C is often longer than that of 1H

� Both disadvantages can be alleviated by transfer of magnetization from 1H

to 13C with a method called cross polarization
� To this end, one simultaneously irradiates resonant B1 fields to 1H and 13C

with an amplitude critically chosen, so that the 1H spins as well as the 13C

spins rotate around their individual B1 fields with the same frequency

� This adjustment fulfills the Hartmann-Hahn condition: �H�1H = �C�1C

� Then, along the z axis the magnetization of each nuclear species

oscillates with the same frequency

� By this resonance effect, transverse 1H magnetization can be converted 

directly into transverse 13C magnetization

Cross-Polarization, MAS, and 

Hetero-Nuclear Dipolar Decoupling
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� Energy levels and NMR frequencies are calculated with the Hamilton opera-
tor and the density matrix following the rules of quantum mechanics

� Accordingly, the expression for the Hamilton operator consists of a space
and a spin dependent part

� The space dependent part describes the anisotropy of an interaction
� The spin dependent part determines the constitution of the energy level 

diagram and the allowed transitions
� The orientation dependence of the NMR frequency can be eliminated by 

manipulation of the space dependent part using MAS, but also by manipula-
tion of the spin dependent part using multi-pulse NMR

� The most simple multi-pulse sequence for elimination of the dipole-dipole inter-
action is the WAHUHA sequence named after Waugh, Huber, and Haeberlen

� It consists of four 90° pulses and is cyclically repeated
� In each cycle, one data point is acquired stroboscopically
� The pulse cycle is designed in such a way, that the quantization axis of the 

Hamilton operator is aligned along the space diagonal on the time average
� This axis encloses the magic angle with the z axis of the RCF
� Improved homo-nuclear dipolar decoupling at slow MAS is achieved by 

combining multi-pulse NMR (e. g. BR-24) and MAS (CRAMPS: combined 
rotation and multi-pulse spectroscopy)

� With fast MAS frequencies of 70 kHz being available today, the most 
important use of homo-nuclear multi-pulse NMR is as a dipolar filter

Solid-State Multi-Pulse NMR
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� Multi-quantum coherences are superposition states with ��m� 1, where, for 
example, two or more interacting spins ½ flip simultaneously

� Multi-quantum coherences can be detected only indirectly via the modulation 
of directly detectable single-quantum coherences (transverse magnetization)

� To generate them in the density matrix, usually two rf pulses are required
� To suppress the chemical shift evolution between the pulses, a 180� pulse is 

centered the preparation period to form a Hahn echo at the end
� The resultant sequence of three rf pulses and two precession intervals is 

called the preparation propagator Up of duration �p

� In the subsequent multi-quantum evolution period t1 the multi-quantum 
coherences precess and relax similar to transverse magnetization

� For observation, they are converted into directly observable single-quantum 
coherences or into longitudinal magnetization by the mixing propagator Um

� The mixing propagator Um for longitudinal magnetization is a time inverse 
copy of the preparation propagator Up

� The multi-quantum coherence order can be selected by the pulse phases in 
combination with suitable phase cycling during signal accumulation

� The build-up curves of multi-quantum coherences (signal amplitude versus 
�p = �m) are steep in the initial part for strong dipole-dipole interactions

� Multi-quantum pulse sequences can serve as filters to select magnetization 
from rigid domains of dynamically heterogeneous solids, and multi-pulse
line-narrowing sequences to select magnetization from mobile domains

Multi-Quantum NMR
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Introduction to Multi-Dimensional 

NMR Spectroscopy
� Multi-dimensional NMR denotes the generation of NMR spectra with more 

than one frequency axis

� Multi-dimensional Fourier spectra are generated by measuring FIDs follow-

ing several pulses with systematic variation of parameters before the last 

pulse, for example, by variation of evolution times like pulse separations

� In 2D NMR, successive FIDs acquired for increasing evolution times are 

stored in the rows of a data matrix

� The 2D spectrum is obtained by 2D Fourier transformation of the data 

matrix

� A 2D FT consists of 1D FTs for all rows and columns of the data matrix

� Straight forward 2D FT leads to phase twisted 2D peaks which cannot be 

phase corrected

� Purely absorptive 2D peaks are obtained by suitable phase cycling and data 

manipulation

� Depending on the pulse sequence, correlations between different peaks in 

1D spectra can be revealed, or complicated 1D spectra can be simplified by 

spreading them into two or more dimensions
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A Simple Example
� The most simple example of 2D NMR is 2D J-resolved spectroscopy
� In 2D J-resolved NMR spectra, the J multiplets appear in one dimension and 

the chemical shift δ in the other

� The basic pulse sequence is the spin echo sequence

� In the echo maximum, the evolution of the spin system due chemical shift 

dispersion is refocused, while the phase evolution of magnetization during

the FID is governed by the chemical shift and the J coupling

� Choosing the echo time as the evolution time t1, and acquiring the decay 

of the echo during the detection time t2 lead to a 2D data matrix. After 

subsequent Fourier transformation, the spin multiplets are centered in the 

second dimension at J = 0 and are rotated by 45°

� A shear transformation aligns the J multiplets along one axis, so that J coup-

ling and chemical shift are separated in both dimensions of the spectrum

� 2D J spectroscopy is an example for 2D separation NMR. The 1D spectrum 

is simplified, but no correlations between lines are revealed

� A projection of the sheared 2D J spectrum onto the chemical shift axis

yields a 1D spectrum with homo-nuclear decoupling

� Due to the phase twist, a 1D projection of the unsheared 2D spectrum onto 

one axis always results in zero signal amplitude
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Multi-Dimensional Correlation-NMR

� The most simple pulse sequence for uncovering correlations between

lines in 1D spectra is the double-pulse experiment with two 90° pulses

� It generates correlation spectra (COSY: correlation spectroscopy), in 

which lines coupled in 1D spectra are identified by cross-peaks

� Depending on the connectivity, progressive or regressive, in the energy

level diagram the phase of the cross-peaks is positive and negative, 

respectively

� By preparation of the initial state of the spin system with two pulses, 

multi-quantum coherences are excited. These can be explored to modulate 

detectable single-quantum coherences by means of applying a third pulse 

for mixing of coherences

� The multi-quantum pulse sequence shown before is obtained from this two-

pulse sequence by insertion of 180° pulses in the middle of the evolution 

and detection periods, and by terminating the detection period with a 90°

pulse to generate longitudinal instead of transverse magnetization at the 

end of the sequence

� There a many more pulse sequences for the generation of various other 

multi-dimensional NMR spectra
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� Hetero-nuclear experiments explore the transfer of polarization (longitudinal
magnetization) between different spins, for example spins I and S or 1H and 
13C

� Polarization can be transferred coherently by making use of spin couplings 
or incoherently by making use of relaxation

� In liquids the J coupling is often used for coherent polarization transfer
� Transverse magnetization is generated for the I spins, and the doublet 

components are allowed to precess for a time t1 = 1/2J to align in opposite 
directions along one of the axes in the transverse plane

� These anti-phase components are converted to longitudinal magnetization 
by a 90° pulse resulting in a redistribution of populations of the energy 
levels

� The new distribution shows greatly enhanced population differences but
with changing signs

� This distribution is interrogated by a 90° pulse applied to the S spins
� The resultant transverse anti-phase S-spin magnetization focuses into an 

echo after time t2 = 1/2J
� Recording of the signal beginning in the echo maximum produces an in-

phase doublet

Coherent Hetero-Nuclear 

Polarization Transfer by J Coupling
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� 2D NMR methods are classified into separation and correlation methods
� Separation methods simplify a complicated 1D spectrum by spreading it 

into a second frequency dimension without generating additional peaks
� Correlation methods generate additional peaks which reveal connectivities 

of lines in the 1D spectrum
� Depending on the type of connectivity, different NMR methods are used
� For an understanding of most 2D NMR methods, the use of quantum

mechanics is required to study the evolution of the density matrix under the 
action of different rf pulses

� Connectivities of resonance frequencies in 1D spectra can arise from spin 
coupling and from cross relaxation

� The spin-spin coupling dominant in liquids is usually the indirect coupling;
in solids it is the dipole-dipole interaction

� Spin coupling leads to line splittings and multi-quantum coherences
� They can be explored for coherent transfer and mixing of longitudinal and 

transverse magnetization in homo- and hetero-nuclear schemes (COSY,
HETCOR, TOCSY, INADEQUATE)

� Connectivities due to incoherent polarization transfer arise from chemical
exchange and cross-relaxation (EXSY, NOESY)

� The generic scheme of 2D NMR consists of four periods: preparation, evolu-
tion, mixing, and detection with a systematic variation of the evolution time

� Multi-dimensional NMR with n dimensions has n evolution times

2D NMR Correlation NMR
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2D Correlation Spectroscopy: COSY
� The 2D COSY (COrrelation SpectroscopY) experiment is the 2D NMR 

experiment originally proposed by J. Jeener in 1971
� It is generated by applying two 90� rf pulses instead of just one which are 

separated by a variable evolution time t1
� The first pulse and the subsequent evolution time t1 prepare the spin system

in a non-equilibrium state, which is probed by recording the impulse response
(FID) after the second pulse during the detection time t2 as a function t1

� The Fourier transform of the time domain data set s(t1, t2) is a 2D spectrum
� Both its axes bear the same information of the homo-nuclear 1D spectrum
� The 1D spectrum also appears along the diagonal
� Off-diagonal peaks identify lines which belong to the same spin system
� Their connectivities can be automatically identified and displayed in a 

connectivity table for a first analysis
� Spins are said to belong to the same system when they are coupled
� In liquid-state NMR the most significant coupling is the indirect or J coupling
� To resolve the multiplet splitting, the evolution and detection times have to 

be at least as long as the inverse coupling constant
� The detection of small couplings requires long evolution times resulting in 

large data sets unless fixed time off-sets are employed in sampling the data
� Often, magnitude spectra are displayed and the line-shapes are artificially 

adjusted from star to circularly shaped 2D peaks by shaping the time
domain signal prior to 2D Fourier transformation 
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� The acquisition of a COSY spectrum often does not provide sufficient 
information for an unambiguous assignment of a chemical structure to the 
lines in a 1D spectrum

�
13C NMR provides better chemical shift resolution than 1H NMR but is less 
sensitive due to the low natural abundance of 13C (1 %) and the lower gyro-
magnetic ratio

� J-coupled 13C spin pairs arise with a probability of 0.0001 (1% of 1%)
� Nevertheless, they can be detected, and double-quantum coherences can

be generated in such spin pairs
� INADEQUATE is the 2D version of the double-quantum 13C NMR experiment
� The indirectly detected frequency �1 is a double-quantum frequency 

corresponding to the sum frequency of the coupling spins; the directly 
detected frequency �2 corresponds to the chemical shift in the 1D spectrum

� Along �2, pairs of doublets are observed, centered at the chemical shifts of 
the directly bonded 13C spins in the carbon backbone of the molecule

� The frequencies �1 of a particular carbon lead to its different neighbors
� With 2D INADEQUATE NMR the complete carbon skeleton of a molecule 

can be traced 
� The large spread of 13C chemical shifts facilitates the assignment of the 13C

resonance lines

2D Double-Quantum NMR Spectroscopy
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2D Hetero-Nuclear Correlation NMR
To interpret the lines of the 1H NMR spectrum it is helpful to make use of the
large chemical shift dispersion of the 13C resonances which may be
assigned with the help of the 2D INADEQUATE spectrum
To this end, the hetero-nuclear variant HETCOR of the COSY experiment is
performed which makes use of the hetero-nuclear indirect coupling between
1H and 13C
Following an evolution time ^ the transverse 1H magnetization is transferred
to the 13C spins, and the 13C FID is detected during t2
During the evolution time, the 13C spins are decoupled from the 1H spins by
a 180° pulse in the 13C channel, and during detection of the 13C signal both
nuclei are decoupled by irradiating the protons
The transfer of 1H magnetization to 13C is achieved by coherent hetero-
nuclear polarization transfer
Approximate anti-phase magnetization of the 1H doublet is established
during a waiting time A., before irradiation of the coupled 1H and 13C spins
with 90° pulses, and subsequently, in-phase magnetization of the 13C
doublet forms during the waiting time A2 before sampling the 13C FID
As A1 and A2 are of the order of 1/(2 JCH) and appreciable signal may be
lost by T2 relaxation during these times, the delays, and the particular
transfer pulse sequence are optimized for maximum transfer efficiency and
minimum signal loss
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Total Correlation Spectroscopy

� In the regular COSY spectrum, coupled spins like A and B as well as B and 
C are identified by cross-peaks

� If the coupling between A and C is too weak, no cross-peak is observed 
although all three spins A, B, and C belong to the same network of spins

� To identify different networks of spins in crowded spectra, it is helpful to 
generate a COSY-type spectrum which shows cross-peaks between all 
spins of a network by relaying the magnetization of spin A to spin C and 
vice versa via spin B

� Experiments of this type are called TOCSY (TOtal Coherence transfer 
SpectroscopY) experiments 

� In the simple form of TOCSY the 90� mixing pulse of the COSY experiment
is replaced by a spin-lock period of 50 to 75 ms duration, in which all spins 
share their initial magnetization

� The TOCSY experiment is a standard tool in the structural analysis of 
biological macromolecules by multi-dimensional high-resolution NMR 
spectroscopy

� The TOCSY spectrum of menthol shows many more cross-peaks than the 
corresponding COSY spectrum 
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� The sensitivity of the hetero-nuclear experiments is determined by the 
sensitivity of the directly detected nucleus

� To improve the sensitivity of the 1H/13C HETCOR experiment, 13C magnetiza-
tion should be detected via 1H; this is referred to as inverse detection of 13C

� The strong signal from 1H bound to 12C and not to 13C is eliminated by 
addition of signals acquired with different phases of the rf pulses

� A further sensitivity gain is achieved by transferring 1H magnetization to 13C
at the beginning of the evolution period t1

� In the HMQC experiment transverse 1H magnetization is excited by the first 
pulse, and its evolution from the chemical shift and from JCH is refocused 
during t1 by a 180� pulse on 1H half-way through t1

� For optimum transfer of magnetization, the delays � are adjusted to 2/JCH

� In the HMQC and HSQC experiments 1H is detected with 13C decoupling
� The HMBC experiment is a variant of the HMQC experiment for detection of

long-range hetero-nuclear couplings. It has a higher signal-to-noise ratio 
than the refocused and �2-decoupled HMQC experiment

� The HSQC experiment is a variant of the HMQC experiment with elimination
of chemical-shift dephasing during the magnetization transfer delays � and
improved hetero-nuclear decoupling by forming longitudinal 1H
magnetization during t1

� Experiments with inverse detection are employed for structural analysis of 
large molecules like peptides and proteins, where the spin systems are dilute

Sensitivity Enhancement by 1H Detection 



Hetero-Nuclear

NMR with 1H

Detection

hetero-nuclear

multi-quantum

correlation

hetero-nuclear

multi-bond

correlation

hetero-nuclear

single-quantum

correlation

HMBC ∆

HSQC ∆/2 ∆/2 ∆/2 ∆/2

decoupling

HMQC ∆ ∆

decoupling

t t t :=   + ∆1 1 1

evolutionpreparation mixing detection

time

t0 t1 tm t2

1
H

13
C

1
H

13
C

1
H

13
C



3. Spectroscopy112/113

Dynamic 2D NMR
� Dynamic multi-dimensional NMR measures spectra which are combined

probability densities corresponding to an initial NMR frequency for a spin 

packet and a final NMR frequency following a mixing time tm
� Initial and final NMR frequencies are labeled in the evolution time t1 and the 

detection time t2, respectively. In the slow motion limit, these are so short 

compared to tm, that no appreciable motion arises during these times

� Dynamic processes or motions relevant to NMR spectroscopy are rotations 

of chemical groups in liquids which are associated with a change in NMR 

frequency, reorientations of molecules in solids with an anisotropic chemical 

shift, and cross-relaxation corresponding to the nuclear Overhauser effect
(NOE, see below)

� Dynamic multi-dimensional NMR or exchange NMR (EXSY) leads to cross-

peaks at the cross-coordinates of initial and final frequencies

� In powders and partially oriented systems, wideline exchange spectra are

observed: the off-diagonal signals provide detailed information about the

geometry and timescale of the molecular motion

� By modeling the spectrum, one obtains the distribution P(β3, tm) of
reorientation angles β3 which are accessed during the mixing time tm
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Exchange NMR in Liquids
For liquids 2D exchange cross peaks often arise from hindered rotations
around chemical bonds
The classical examples are N,N-dimethylformamide (DMF) and dimethyl-
acetamide (DMA), where the chemical groups rotate around the C-N bond,
so that the cis and trans methyl groups exchange their positions
The life times TC = /cc^t

 1 and xt = /ct̂ c"
1 depend on temperature, where k =

kc^t + /cWc is the rate of the exchange process
Depending on the ratio R of exchange rate and frequency separation Av0 =
(5C - 8t)co0/27t of the resonances, one or two lines are observed in the
spectrum (note: 8 = 2.74 and 2.91 ppm)
In the fast exchange limit at R > 50, one line is observed
Near R = 5, the lines coalesce and become small and broad
For R < 1, two lines are observed in the 2D spectrum, and for mixing times
fm > MR, cross-peaks are observed in the 2D exchange spectrum
The exchange cross peaks exhibit the same phase as the auto peaks on
the diagonal
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Dynamic Processesy
� The decay of transverse magnetization and the build-up of longitudinal mag-

netization are determined by the relaxation times T1 und T2 , respectively

� In homogeneous samples the build-up of longitudinal magnetization 

proceeds in an exponential fashion for liquids and solids

� Transverse relaxation is often Gaussian in solids and exponential in liquids 

in the limit of fast molecular motion

� The dominating relaxation mechanism is the dipole-dipole interaction
between a spin and time-dependent magnetic dipoles such as 

paramagnetic centers on neighboring chemical groups or molecules

� A time-dependent modulation of the spin coupling is achieved primarily by 

rotational motion but also by translational motion
� In the fast motion limit, the motions at frequencies �0 and 2�0 determine the 

nuclear T1 relaxation and those at frequencies 0, �0 and 2�0 the T2

relaxation

� This is why T1 und T2 differ for slower motions

� Other than the dipole-dipole coupling, the anisotropy of the chemical 
shift, and in gases, the molecular rotation are active relaxation mechanisms

� Longitudinal magnetization moves towards spatial equilibrium by spin
diffusion, which denotes energy conserving flip-flop transitions of coupled 

neighboring spins
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The Nuclear Overhauser Effect: NOE
� In 1955 A. W. Overhauser suggested to saturate the electron spin resonance

of unpaired electrons to enhance the NMR signal of spins coupled to the 
electron

� If the T1 relaxation is governed by the dipole-dipole interaction, and if there is
appreciable cross-relaxation between coupling spins S and I, the 
Overhauser effect can be observed

� It can be used for modulating the signal of  the low-abundance species S by
cross-relaxation from the high-abundance species I following a perturbation 
of the thermodynamic equilibrium magnetizations

� A perturbation is achieved, e. g., by selective population inversion of the 
coupled spin S with a 180° pulse or in a systematic fashion in 2D NMR

� The signal amplitudes are given by the population differences of the energy 
levels defining the transition frequency

� If the cross-relaxation rate W2 is strong, the signal amplitude of the S spins 
changes by up to Sz/S0 = 1 + η, where η is the enhancement factor 

� η depends on the relaxation rates Wi, η=γI(W2-W0)/[γS(2WS+W2+ W0)] and 
W2-W0 ∝ τc (rIS)-6. It is proportional to the correlation time τc of molecular 
motion and to (rIS)-6, where rIS is the distance of the cross-relaxing spins

� The maximum enhancement is given by η = γI/(2 γS)
� The NOE is used for determining proximity of spins in isotropic fluids
� For partially oriented molecules, such as molecules in a liquid crystalline sol-

vent, the residual dipole-dipole coupling can be exploited for the same purpose
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Through-Space Distance Information
� The nuclear Overhauser effect is conveniently studied by 2D NMR
� The pulse sequence equals that of the EXSY experiment but is referred to as

NOESY for Nuclear Overhauser Effect SpectroscopY
� Compared to the EXSY experiment, the NOESY experiment uses longer 

mixing periods for cross-relaxation of longitudinal magnetization components
and elimination of transverse magnetization components by T2 relaxation

� The population differences prepared by the first two pulses and the evolution
time, and modified in the mixing time, are detected as signal amplitudes 
by the FID recorded during the detection time following the third pulse

� The initial perturbation of the populations is systematically varied by 
incrementing the evolution time through a range of values

� A 2D FT leads to a 2D spectrum with cross peaks due to cross-relaxation
� The cross-peaks provide distance constraints to refine the tertiary structure 

of large molecules in solution, because cross-relaxation is determined by the 
through-space dipole-dipole interaction of spins 0.18 to 0.5 nm apart

� To interpret NOE spectra, all resonance lines need to be assigned to 
the secondary structure of the molecule

� This is achieved with a variety of different homo-and hetero-nuclear multi-
dimensional NMR spectra typically involving 1H, 13C, and 15N, often from 
molecules prepared with selective isotope labels

� For better sensitivity, experiments with inverse detection are frequently used 
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Precession phase

Scanning of k space

Slice and volume selection

Spin-echo imaging

Gradient-echo imaging

Spectroscopic imaging

Fast imaging

Imaging in the rotating frame
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Velocity fields

Velocity distributions

Exchange NMR
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The NMR Signal in a Volume Cell

� In heterogeneous objects, the longitudinal magnetization Mz and the 

transverse magnetization Mxy = Mx + i My ≡ M generated by a 90° pulse 

depend on the position r within the sample

� In thermodynamic equilibrium, the longitudinal magnetization M0z(r) per 

volume element is often referred to as the spin density 
� Following an excitation pulse, the transverse magnetization vector M(t,r) of 

a volume cell or voxel precesses with frequency Ω around the z axis in the 

rotating frame, and the length of the vector decreases exponentially with T2

� The precession frequency Ω is determined by the off-set field in the rotating 

frame which is approximated for a linear gradient field by Boff = Bz–B0 = G r,
where G is the gradient vector which collects the spatial derivatives of Bz

� Note, that in general the gradient is a tensor with nine elements Gmn
� For spins moving from one value Bz of the field to another, the precession 

frequency changes with time. So does the precession phase, so that the 

phase is written in integral form, ϕ(t) = 0!t Ω(t‘) dt‘
� To accommodate transverse relaxation decays other than of exponential 

from, a generalized signal attenuation function a(t,r) is introduced instead of 

exp{-t/T2(r)}
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For each volume cell (voxel) at position r :

M(t,r) = Mz(r) exp{-[1/T2(r) – i Ω(r)] t}, where 

Ω = γ (Bz – B0) = γ Boff, and M = Mx + i My

In general, Ω depends on time. Then ϕ = Ω t becomes ϕ(t) = 0!t Ω(t‘) dt‘, and

M(t,r) = Mz(r) exp{-t/T2(r) + i 0!t Ω(t‘,r) dt‘}

For non-exponential relaxation, the relaxation decay exp{-t/T2} assumes 

the general envelope a(t), and

M(t,r) = Mz(r) a(t,r) exp{i ϕ(t)} = Mz(r) a(t,r) exp{i 0!t Ω(t‘,r) dt‘}
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Dependence on Time and Position 

� The fundamental quantity of importance for space encoding is the phase "
of the transverse magnetization M(t)

� The variation of the magnetization phase with position depends on the 

profile of the off-resonance field across the sample. For unknown profiles it

is expanded into a Taylor series
� For conventional imaging only the linear term involving the gradient G of the 

field profile is important. The curvature F is usually made as small as 

possible in the design of the spectrometer hardware. However, it assumes 

significant values in unilateral NMR

� If the nuclear spins are moving through the sample by diffusive motion or

coherent flow, their position depends on time

� For motions slow compared to the time scale of the NMR experiment the 

time-dependent position is expanded into a Taylor series as well, which

involves initial position r0, initial velocity v0, and initial acceleration a0
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Truncated Phase Evolution
• The Taylor expansions in position and time are inserted into the expression

for the phase of the transverse magnetization
• The resultant expression is valid for profiles of the polarization field Bo with

linear and quadratic parts, and for spins moving slowly through the
inhomogeneous field during the NMR experiment

• Linear field profiles can readily be generated by most NMR hardware
• For fast motions, and for motions with a spectrum of correlation times, a

frequency domain analysis can be developed
• The truncated expansion of the time- and position-dependent phase invol-

ves the integrals of the time-dependent gradients G(t) and curvatures F(t)
• G(t) and F(f) can be manipulated during the NMR experiment. Typically

F(f) = 0, and G(f) is modulated in terms of positive and negative rectangular
pulses of variable amplitude

• The gradient integrals are the different time moments of the gradient
modulation function

• Including the gyro-magnetic ratio y with the integrals, the products of the
integrals and the associated kinetic variables r0, v0, and a0 form individual
phase contributions

• Thus, the integrals denoted by k, qv, e are Fourier conjugated variables to r0,
v0, and a0, i. e. together with their partner variables they form Fourier pairs

• From a systematic variation of k, qv, and e with measurements of the associ-
ated values of the phases cp, the quantities r0, v0, and a0 can be determined
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Manipulation of Gradient Moments

� Gradient moments are varied either by pulsing a gradient field, which is 

generated with additional coils surrounding the sample, or by means of rf 

pulses

� In pulsed gradient field NMR (PFG NMR: pulsed field gradient NMR) usually 

rectangular gradient pulses are generated with durations of 10 's to 100 ms 

and gradients of 0.01 T/m to 10 T/m

� One gradient pulse generates a value for k; the same is true for several 

gradient pulses of the same sign

� One anti-phase gradient pulse pair generates a value for qv while k = 0. 

It encodes velocity v = R/�v, where R is the displacement traveled by the 

spin during the time �v of applying qv
� Two anti-phase pairs of anti-phase gradient pulse pairs generate a value for

#, while qv = 0 and k = 0
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Encoding Time Derivatives of Position

� In linear field profiles a pulse of the offset field marks position
� In quadratic field profiles a pulse of the offset field marks position square

� An anti-phase pulse pair of a linear offset field marks negative initial and

positive final positions of a moving spin at two times separated by the pulse 

spacing �v
� By dividing the marked position difference by the encoding time �v, velocity

is measured in a finite difference approximation
� Similarly, acceleration can be measured in a finite difference approximation

� Other finite difference schemes known from numerical differentiation may be 

employed for encoding of kinetic variables of translational motion as well 

� This finite difference approach applies to arbitrary profiles of the offset field 

including the quadratic field profile
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Static Inhomogeneous Polarization Fields

� A time modulation of the effect of the offset field on the phase of the 

transverse magnetization can also be achieved by rf pulses

� As soon as transverse magnetization is generated, the space dependent 

magnetization components accumulate a phase in the inhomogeneous field 

depending on their positions within the field

� Conversion of the transverse magnetization into longitudinal magnetization 

halts the accumulation of phase, but on average only half of the 

magnetization can be converted back to longitudinal magnetization; the 

other half is lost. This situation is identical to the one encountered with the 

stimulated echo
� The sign of the offset field can be changed by a 180� pulse. Actually, such a 

pulse apparently changes the sign of the precession frequencies in all 

evolution periods preceding the pulse

� While the effect of the offset field on the precession phase can be 

suspended and the sign of the effective offset field can be inverted, scaling 

of the time-invariant offset field by the use of rf pulses is a far more difficult 

task
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Interpretation of the Gradient Integral

� In a magnetic field which varies linearly with position z, the spins precess

with linearly varying Larmor frequency

� For a given duration of the gradient the precession phase varies in a linear 

fashion as well

� The tips of the magnetization vectors lie on a helix which winds around the 

direction z of the magnetic field gradient

� The projection of magnetization vectors onto an axis perpendicular to the

gradient direction produces a sinusoidal function with period 2π/kz and

phase kz z
� Therefore, k is the wave number which denotes the spatial oscillation 

frequency corresponding to ω which denotes the oscillation frequency in 

time

� Similarly, q = qv∆ denotes the wave number corresponding to dynamic
displacement closely related to the spatial period in a crystal which is probed  

by X-ray and neutron scattering
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� Gradient fields are applied to discriminate the NMR signal from different

voxels along the gradient direction

� The signal acquired from a heterogeneous sample is the integral of the 

signal from all voxels at position r
� For spins in motion, one also needs to integrate over all velocities v
� In general the signal is acquired as a function of k and q, where both 

variables depend on time t
� The function of interest is the quantity Mz(r0,v0) which, apart from the 

attenuation function a(t,r0), is the Fourier transform of the measured signal
� Therefore, the signal is acquired for a sufficiently large number of values k

and qv and subsequently Fourier transformed

� The attenuation function a(t,r0) introduces a loss of image resolution, 

because the NMR image is the convolution of Mz(r0,v0) with the Fourier 

transform of a(t,r0)
� The Fourier transform of a(t,r0) is referred to as the point spread function
� When starting the imaging experiment from thermal equilibrium Mz(r0,v0) is 

the spin density of the object

Examples of Information Accessible by 

Pulsed Gradient-Field NMR



Transverse Magnetization with Space 

Encoding by Space-Invariant Gradients

M(t,r0,v0) = Mz(r0 ,v0) a(t,r0) exp{i ϕ(t)}
= Mz(r0,v0) a(t,r0) exp{i [ω0(r0)t+k(t)r0+qv(t)v0(r0)+...]}

Consider a single resonance at ω0 in each voxel at the initial position r0:

For the whole sample with a distribution of resonance frequencies ω0:

M(t,k,qv) = 			Mz(ω0,r0,v0) a(t,r0) exp{i [ω0(r0) t + k(t) r0 + qv(t) v0(r0) + ...]} dω0 dr0 dv0

Imaging and flow: tG << correlation time of motion, neglect spread of ω0, ω0 = ωrf

Imaging with phase encoding: t = tE, qv = 0

M(k) = 		 Mz(r0,v0) a(tE,r0) exp{i k(tE) r0} dr0dv0

Imaging with frequency encoding: k = γ G t, qv = 0

M(t) = 		 Mz(r0,v0) a(t,r0) exp{i γ G r0 t } dr0dv0

Velocity distributions by phase encoding: t = tE, k = 0

M(qv) = 		 Mz(r0,v0) a(tE,r0) exp{i [qv(tE) v0(r0)]} dr0dv0

Flow imaging by phase encoding: t = tE
M(k,qv) = 		 Mz(r0,v0) a(tE,r0) exp{i [k(tE) r0 + qv(tE) v0(r0)]} dr0dv0

Spectroscopy: k = 0 = qv
M(t) = 			 Mz(ω0,r0,v0) a(t,r0) exp{i ω0(r0) t } dω0dr0dv0
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� In Fourier NMR images are measured by acquiring the complex transverse 

magnetization M = Mx + iMy as a function of k = (kx, ky, kz)
† and subsequent 

Fourier transformation over k
� The values of k are scanned on a discrete grid in one, two, or three 

dimensions

� Historically, two principle approaches are discriminated

� The grid can be defined on spherical/cylindrical coordinates and on 

Cartesian coordinates
� These schemes are denoted as back-projection (BP) imaging and as Fourier

(FT) imaging
� The space-encoded data in one dimension are usually acquired directly in 

the presence of a time-invariant gradient field

� Throughout BP imaging this scheme is used with repeated acquisitions 

under different gradient directions

� In FT imaging, the data for further space dimensions are acquired indirectly 

by pulsing gradient fields in orthogonal directions in a preparation period
prior to data acquisition

� Because a discrete multi-dimensional Fourier transformation is perfor-

med in Cartesian coordinates, the FT over imaging data acquired by the BP 

method involves the transformation from cylindrical to Cartesian coordinates

Principles of 2D Imaging
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Space Encoding and Resolution
� The terminology of phase encoding and frequency encoding of the space

information is historic

� The acquisition of the NMR signal in the presence of a time invariant 

gradient field is referred to as frequency encoding of the space information

� In frequency encoding kx increases with the acquisition time t2
� Because by changing t2 also the signal attenuation by T2 is affected, the 

spatial resolution 1/�x is limited by the line width �
1/2 = 2/T2

� Modulation of the initial phase of the acquired  magnetization in an evolution
time t1 prior to the acquisition time t2 is referred to as phase encoding

� In phase encoding ky is varied preferably by changing the gradient 

amplitude instead of the gradient duration. This avoids variable signal 

attenuation by transverse relaxation and signal modulations by the chemical 

shift and other spin interactions

� In phase encoding the spatial resolution 1/�y is limited by the maximum 

gradient strength n1max �Gy
� Conventional 2D and 3D FT imaging methods combine phase and frequency 

encoding

� Pure phase encoding is used for spectroscopic imaging and for imaging of 
solids. It is referred to also as single-point imaging (SPI)
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Walking Through k Space
� The information contained in an NMR image is localized near the origin of k

space
� To acquire the NMR signal with spatial resolution, it needs to be acquired for 

a region of k space centered at k = 0

� The signal in this region is defined on a discrete grid of points

� The sequence in which these points are addressed is determined in the 

imaging experiment 

� The signal of a group of points is often measured in one scan, which usually 

includes the origin of one of the components of k
� Typically many scans are needed to cover a complete region of k space

� Some fast imaging methods cover all relevant points of k space in one scan

� By line-scan imaging methods, the data from one line usually passing 

through the origin of k space are measured in one scan. An example is the

back-projection method

� In Fourier imaging, the data are acquired from parallel lines in subsequent

scans

� In echo planar imaging (EPI), the data of an entire image are acquired in a 

single shot where different traces through k space can be followed, for 

example meander and spiral traces
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Making 3D Objects Appear Like 2D Objects

� Usually, images of 2D slices through 3D objects are to be measured

� To make 3D objects appear two dimensional in NMR, a projection must be 

measured or the magnetization of a 2D slice through the object

� To select a slice, a frequency selective pulse is applied with the object 

exposed to an inhomogeneous magnetic field, which usually is a linear field 

with a space invariant gradient

� The linear field identifies different positions along the gradient direction by 

their NMR frequencies

� Constant frequencies are found in planes orthogonal to the gradient direction

� The frequency-selective pulse acts on the magnetization components within 

a limited frequency region only

� The width of the frequency region defines the thickness of the selected slice

� To a first approximation, the Fourier transform of the time-domain pulse 

shape defines the frequency-selection properties of the pulse

� A pulse with a sinc shape in the time domain exhibits a rectangular profile in 

the frequency domain

� To obtain pulses with finite durations, the lobes in the time domain are 

truncated on the expense of perfect slice definition in the frequency domain
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Restricting the Signal-Bearing Volume
• To investigate small regions within large objects by high-resolution NMR

imaging or to measure NMR spectra from well defined regions within the
object (volume-selective spectroscopy), the magnetization within the
selected volume must be identified for measurement

• To avoid rapid decay of transverse magnetization, long-lived longitudinal
magnetization is prepared

• Positions within the sample are labeled using magnetic gradient fields in the
same way as in the selection of transverse magnetization of a 2D slice

• The longitudinal magnetization outside the selected volume is eliminated
• The sensitive volume is defined in the crossing of the three orthogonal slices
• Each pulse for selection of longitudinal magnetization consist of a package

of three pulses, a selective 45° pulse, a nonselective 90° pulse, and another
selective 45° pulse

• The first 45° pulse tips the magnetization within the selected plane by 45°
• The nonselective 90° pulse rotates the complete magnetization of the

sample by 90°
• The last selective 45° continues to rotate the magnetization of the slice

through another 45° so that it has been rotated through a total of 180° and
ends up as longitudinal magnetization

• The unwanted magnetization has been rotated by 90° only and rapidly
dephases as transverse magnetization
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A Practical 2D Imaging Scheme
� A 2D imaging scheme starts by preparing the magnetization in a selected 2D

slice with a suitably shaped pulse applied in the presence of a gradient field
� The slice-selective pulse is long, the magnetization dephases during the

pulse in the gradient field
� This dephasing is refocused in a gradient echo generated by a second, ne-

gative gradient field pulse with an area half of that of the first gradient pulse
� The 2D space information is encoded into the transverse magnetization of 

the selected slice by phase encoding in an evolution period and by 
frequency encoding in the detection period

� The gradient switching times are finite, and some signal is lost during these 
times. This signal needs to be recovered

� Also, negative k components need to be encoded during the detection time
� Both conditions are met by forming a gradient echo during the detection time
� This echo is generated by extending the frequency encoding gradient with 

an initial negative lobe with an area half of that of the positive lobe
� Signal dephasing from chemical shift distributions and inhomogeneities of

the polarizing field can be refocused in a Hahn echo by applying a 180°
pulse separating evolution and detection periods

� Then, the sign of the field pulses applied in the frequency encoding direction 
during  the evolution time needs to be inverted

� This method of 2D imaging is called spin-echo imaging or spin-warp imaging
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An Example of 2D Spin-Echo Imaging 

� 2D spin-echo imaging used to be applied in medicine, but imaging times are

long, because the longitudinal magnetization between each scan needs to 

recovered in preparation times of approximate duration 5 T1

� Rubber is an inhomgeneous product especially when filled with carbon 

black. Consequently signal loss from magnetization dephasing in local field 

distortions originating from changes of the magnetic susceptibility within the 

sample may need to be refocused by the formation of a spin echo
� Spin-echo imaging is routinely applied in many tire development centers to 

probe the vulcanization state of the different rubber layers in sample 

sections cut from the tire
� The image contrast is largely defined by differences in transverse relaxation 

during the echo time following the initial selective pulse 

� Sample regions with soft rubber and mobile additives have long T2, hard 

rubber has shorter T2, and solid polymers like textile fibers have very 

short T2

� The typical spatial resolution in such images is 1/(0.1 mm) in both 

dimensions
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3D Imaging 

� 3D images can be obtained in different ways

� Successive 2D slices measured by slice-selective 2D imaging can be 

combined to constitute a 2D image

� Here, the spatial resolution perpendicular to the slice plane is low. During 

acquisition, the signal comes from one selected slice only, while the noise

comes from the entire sample

� In 3D Fourier imaging, the signal is acquired from the same volume which 

also produces the noise

� The slice-selective pulse is replaced by a non-selective pulse

� A further phase-encoding gradient field pulse is introduced and stepped 

through positive and negative values independent of the other gradient field 

pulses

� The image is obtained by 3D Fourier transformation of the acquired data set



3D Spin-Echo Fourier Imaging

slice:

phase:

read:

TX

Gz

Gy

Gx

RX

90�
time

180�

tE



4. Imaging and Mass-Transport156/157

Reducing the Measurement Time 
� The measurement time for a spin-echo image is determined by the number 

of lines in the image data matrix and the duration of the recycle delay for

recovery of the longitudinal magnetization 

� Due to the fact that in a spin echo the entire longitudinal magnetization is 

perturbed, the recycle delay is of the order of 5 T1

� Shorter recycle delays can be employed if the longitudinal magnetization is 

only partially attenuated from its thermodynamic equilibrium value

� This is achieved by discarding the 180° refocusing pulse in the imaging 

sequence. Furthermore, a small flip-angle pulse is used instead of the initial 

90° pulse to rotate the longitudinal magnetization only partially into the 

transverse plane

� Following Richard Ernst, the optimum flip angle �E and the optimum recycle 

delay t0 are determined by the longitudinal relaxation time T1 according to

cos�E = exp{-t0/T1}, where is the �E Ernst angle
� The resultant imaging method is called gradient echo imaging or fast low-

angle shot (FLASH) imaging

� It is a standard method in medical imaging
� It is also suitable for imaging slow dynamic processes in soft matter, such as 

chemical waves in oscillating reactions
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� In spin-echo imaging, the image contrast is determined by three factors
� 1) The spin density, i. e., the number of nuclei at position r contributes Mz0(r)
� 2) Transverse relaxation during the echo time tE contributes exp{-tE /T2(r)}
� 3) Partial saturation due to short recycle delays t0 contributes 1-exp{-t0/T1(r)}
� In total, the image amplitude is given by Mz0(r) exp{-tE /T2(r)} (1-exp{-t0/T1(r)})
� In addition, the contrast is enhanced by magnetic field distortions in sample 

regions, where the magnetic susceptibility rapidly changes
� Examples are carbon black filler clusters embedded in a rubber matrix and 

the interface between distilled water and water doped with copper sulfate
� In gradient-echo imaging, the magnetization dephasing due to magnetic field 

inhomogeneity is not refocused, so that susceptibility distortions are 
enhanced in the frequency encoding direction

� The distortions do not appear in the phase encoding dimension because 
the encoding time t1 is kept constant

� In back-projection imaging with frequency encoding in both dimensions, the 
artifacts appear symmetrically in both dimensions

� In pure phase encoding imaging, they are not observed at all
� In spin-echo imaging, the dephasing from magnetic field inhomogeneity is 

refocused in the echo maximum during frequency encoding
� Susceptibility effects can be considered artifacts in images, but can also be 

used to generate image contrast, e. g. in carbon-black filled elastomers

Contrast and Artifacts
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Parameter Images
� Images of the spin density Mz0(r) which are weighted by a function of other 

NMR parameters, for example by exp{-tE/T2(r)}, are called parameter-
weighted images

� By acquisition of several images with different echo times, the parameter 

T2(r) can be extracted from the set of images for every position r
� The resultant map of T2(r) is called a parameter image
� In rubber, T2 is often found to be proportional to temperature within small 

temperature ranges

� Then, a T2 parameter image T2(r) can be calibrated into a temperature map
� Such a temperature map has been determined by NMR for a carbon-black 

filled rubber cylinder undergoing small oscillatory shear deformation at a 

frequency of 10 Hz

� Due to the dynamic loss modulus, some deformation energy is dissipated as 

thermal energy

� The heating from inside the sample competes with the heat loss through the 

sample surfaces

� The resultant temperature distribution leads to a peak in the center of the 

sample 

� Dynamic mechanical load thus leads to dynamic sample heterogeneity
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Incorporating a Spectroscopic Dimension 

� To measure an NMR spectrum at each point in space, the spectroscopic
information is acquired either indirectly or directly

� Indirect acquisition is achieved by stepping through an evolution time point 

by point in different scans while the gradient field is off

� Direct acquisition corresponds to data sampling in the homogeneous field

� The typical digital resolution of an NMR image is 256 points in each 

dimension

� A 1D NMR spectrum consists of 1024 = 1k to 64 k data points

� For short measuring times, it is preferred to encode the spatial information in 

an evolution period t1 indirectly in the signal phase and the frequency 

information directly in the detection period t2
� From such spectroscopic images, other images can be derived, where the 

contrast is defined by the amplitude of a given line in the NMR spectrum

� This way, the distribution of different chemical compounds can be imaged, 

for example, in plants, muscles, and the human brain
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Acquiring Images in a Single Scan

� Fast imaging methods exploit different principles

� In the steady state free precession method the transverse magnetization 

stays in dynamic equilibrium with the excitation and with relaxation

� Other methods use multiple scans in rapid succession without recovery time

by avoiding Hahn echoes in favor of gradient echoes. One such method is 

the FLASH method

� But the entire image can also be acquired in one shot by generating multiple

echoes, where each echo encodes a different trace through k space.

� Methods of this type are referred to as echo planar imaging (EPI)
� In medical imaging, they are usually pure gradient-echo methods to avoid 

excessive rf exposure

� In the original EPI method, k space is scanned in either a zig-zag trace or in 

parallel traces on a Cartesian grid by rapidly pulsing gradient fields

� A method less demanding on hardware and less noisy to the environment is 

the spiral imaging scheme, where the trace through k space forms a spiral 
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Space Encoding with B1 Gradient Fields
• Most NMR experiments in the laboratory frame have a counterpart in the

rotating frame
• For imaging in the rotating frame magnetic gradient field can be the rf field,

for example in the /direction
• Using anti-Helmholtz coils (Maxwell coils) or simple unilateral current loops

to generate this field, the gradient points in the same direction as the rf
fields, i. e. the coil generates the component Gyy of the gradient tensor

• Excitation with such a B., gradient field generates space dependent flip
angles 6, for example along the x direction

• With a homogeneous 90° pulse along the x direction generated by a saddle
coil, this flip-angle dependent excitation is converted into a phase-angle
distribution of the transverse magnetization

• Signals with pure amplitude modulation are obtained by combination of two
data sets, one acquired with a +90°x pulse and the other with a -90°x pulse

• The saddle coil with the homogeneous B., field is also used for signal
detection

• Space encoding in the z direction is done via a gradient Gzz in the
polarization field

• The advantage of B., imaging is short gradient switching times
• The disadvantage is a complicated scenario for the rf coils in 3D imaging
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Ultra-High Time-Invariant Gradient Fields

� Solids usually exhibit wide lines due to dipolar or quadrupolar broadening
� Approaches to high-resolution NMR imaging of solids rely on either strong

field gradients, on line narrowing, or on combinations of both

� The strongest field gradients are encountered in stray fields of, for example, 

super-conducting magnets

� For many magnets, planes of constant gradient strength are found outside 

the magnet hole

� For imaging, the sample is physically shifted through that plane, and the 

amplitude of the NMR echo is acquired for each position

� For a given sample orientation, the collection of NMR echoes for each 

position shift is a projection of the T2-weighted spin density

� Different projections are acquired for different sample orientations, so that 

an image of the sample can be reconstructed from these projections

� The technique works well for rigid solids, but sample shifting is somewhat 

awkward

� Instead of mechanically shifting the sample through the sensitive plane, 

the position of the plane can be shifted through the sample by means of an 

additional field in z direction which is adjustable in its strength
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B. Blümich, NMR Imaging of Materials, Clarendon Press, Oxford, 2000 (by permission of Oxford University Press)
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High, Time-Dependent Gradient Fields 

� Time dependent gradient fields can be generated by driving the gradient 

field coils in resonant mode by a sine wave

� The resonant mode maximizes the current in the coils for maximum field 

strength

� By driving the x gradient with  a negative lobe of area kxmax and a positive 

lobe of area 2kxmax, a gradient echo is formed in the maximum of the x
gradient, and frequency encoding can be used to scan kx

� The phase encoding gradients are simple sine waves with variable

amplitude and their periods adjusted to twice the echo time

� The rf pulse is applied in the amplitude node common to all three oscillating
gradients

� The sampling grid in k space is distorted from a regular square pattern due 

to the varying gradient strength in imaging with oscillating gradients
� Numerical routines should be used for data extrapolation to a Cartesian grid 

before Fourier transforming the data to obtain an image

� The technique works well for soft solids



surface-rendered images 

of a Lego brick
a

Imaging with Oscillating Gradients

S. L. Codd, M. J. D. Mallet, R. Halse, J. H. 

Strange, W. Vennart, T. van Doorn, J. Magn. 
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B. Blümich, NMR Imaging of Materials, Clarendon Press, Oxford, 2000 (by permission of Oxford University Press)
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Imaging with Pure Phase Encoding

� The most successful technique for imaging solid samples is single-point
imaging (SPI)

� k space is sampled by pure phase encoding

� A short rf pulse with a small flip angle is applied in the presence of a gradient 

field

� A single point of the FID is sampled after a short dead time t1
� The gradient is ramped to a different value and the experiment is repeated

� Depending on the flip angle and the repetition time, T1 contrast is introduced

� Different filters can be introduced to prepare the initial longitudinal 

magnetization, for example, an inversion recovery filter for T1 contrast and a 

spin echo filter for T2 contrast

� Despite the pure phase-encoding procedure, the acquisition of images can 

be rather fast, such as 50 s for a single scan of an image with 128 × 64 data 

points
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Imaging Solids by Manipulation of Spin 

Interactions
� If the NMR line is narrow in a homogeneous field, high-resolution imaging 

can be achieved with low gradient strengths

� Broad lines from solids can be narrowed to obtain good spatial resolution 

with low gradient strengths

� Optimum line narrowing is obtained when all spin interactions are refocused

� The dominating spin interactions in solids are the dipole-dipole interaction
and the chemical shift including the chemical shift anisotropy

� The dipole-dipole interaction is refocused by the magic echo
� The chemical shift is refocused by the Hahn echo
� Both interactions are refocused by a combination of both echoes, the so-

called mixed echo
� Good results are already obtained with the magic echo only

� For the magic echo, the phase encoding gradients can be on during the 

whole length of the magic-echo pulse sequence 

� Slice selection in solids is a difficult task

� Acceptable results are obtained with the spin-lock sequence applied in the 

presence of a gradient field

� The stronger the lock field, the thicker the selected slice
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Tricks With Coupled Spins

� Systems of coupled spins and quadrupolar spins give rise to multi-quantum
coherences

� The dephasing angle of coherences by precession in gradients fields is 

proportional to the coherence order
� A double-quantum coherence dephases twice as fast as a single-quantum 

coherence

� Phase encoding of multi-quantum coherences effectively multiplies the 

strength of the gradient field by the coherence order

� Such an approach only works if the multi-quantum relaxation time is long 

enough, as in the case of the double-quantum coherence of deuterons

� In other cases, the multi-quantum coherence can still be exploited to 

separate signals from uncoupled and coupled spins or from isotropic and 

anisotropic material regions

� Double-quantum imaging and double-quantum filtered imaging have

successfully been applied to image local stress and strain in rubber bands 

by discriminating the signals from differently deformed macromolecular coils

in the rubber network
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Early Medical Images

� The first medical images were measured in 1978 by Raymond Damadian

and co-workers by the FONAR method

� They acquired images point-by-point in real space by shifting the patient 

through the sensitive region of an inhomogeneous field

� The sensitive region was defined by a saddle point of the B0 field profile

� The acquisition time was several hours, and the image quality was low

� Yet, 10 years later NMR imaging was already an indispensable diagnostic 

tool in hospitals all around the world

� However, it was not the clumsy FONAR method reaching the finishing line, 

but the spin warp imaging technology developed at General Electric by W. 

Edelstein and collaborators

� Spin warp imaging is spin-echo imaging with a fixed evolution time in which

the gradients are incremented to scan k space

� Already in the original spin-warp publication promising parameter images of

the spin density and of T1 from slices through different parts of the human 

body were published   
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Scan of the Live Human Abdomen, Physiol. Chem. & Physics 10 (1978)
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Imaging Flowing Liquids
� Probably the most important application areas of imaging outside 

biomedicine are in chemical engineering and materials science
� Many questions of interest in chemical engineering concern the 

characterization of flow phenomena often in optically opaque media such as 

fluid flow, granular flow, and molecular self- and interdiffusion

� As long as these media are non-magnetic and radio-frequency transparent, 

the particle transport can be measured by NMR

� Usually, the phenomenon in question has to be reproduced inside the 

magnet unless unilateral NMR techniques are employed and the object is 

investigated from one side 

� An important, optically non-transparent fluid is blood. Its rheological proper-

ties are of interest in medical technology for building devices like artificial 

arteries and veins, hemodialyzers, and blood pumps. Only the blood substi-

tute water/glycerol is sufficiently transparent for optical velocity analysis

� Using NMR with pulsed gradient fields, velocity vector fields can be imaged

� It is useful to select a slice of the moving fluid, which stays inside the 

resonator for the duration of space and velocity encoding as well as detection

� A complete velocity image has six dimensions: 3 for space and 3 for velocity

� Also, the velocity distribution can be determined in each pixel
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Flow
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by NMR, J. Magn. Reson. 152

(2001) 87 – 94
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� Pulse sequences for velocity imaging have to incorporate space encoding by

scanning k space and flow encoding by scanning qv space

� The encoding of k and qv spaces must be done independently within one 

pulse sequence, that is, during data acquisition only one k or one qv
component can be varied. The other components must be constant

� Typically, one k component is frequency encoded for direct acquisition and 

the other components of k and qv are phase encoded in the acquired signal

� A compromise has to be made for the velocity component in the same 

direction as the frequency encoded space component. Here, complete 

decoupling is not possible

� For example, to image vz(x,y),  an xy slice is selected, and kx, ky, qvz are

varied

� The components qvx, qvy, and kz should be zero during data acquisition

� If frequency encoding is used for kx, then qvx also varies during the detection 

time

� The optimum gradient timing scheme for such sequences is usually 

determined using a computer

� After Fourier transformation over kx, ky, and qvz, the possibly relaxation-

weighted spin density Mz(x,y,vz) is obtained

� The components vz(x) and vz(y) can readily be extracted from it

Pulse-Sequence Design
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Imaging Velocity Fields

� Flow imaging by NMR usually requires long acquisition times ranging from

several minutes to several hours

� Flow processes suitable to NMR imaging must, therefore, be either

stationary or repetitive

� An example of a repetitive process is the vortex motion in a drop of water 

falling through the NMR magnet

� Due to the short residence time of the drop in the receiver coil, single-point
acquisition is necessary for all points in k and qv space

� Drops from different dripping experiments show different velocity profiles

� A water drop covered with a surfactant does not show internal motion

� A 2D velocity vector field is composed of two data sets, each providing one 

of the two in-plane velocity components

� If k or qv space is traced in only one or two dimensions, a projection is 

acquired in real space or in velocity space (see below: projection – cross-
section theorem), i. e. the spin density is integrated over the missing space 

and velocity components



NMR Imaging of 

the Falling Drop
S. Han, S. Stapf, B. Blümich, NMR Imaging of Falling Water Drops,

Phys. Rev. Lett. 87 (2001) 145501-1 - 4
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� Probability densities are called distributions in short
� A distribution of velocity is the Fourier transform of the NMR signal as a 

function of qv
� Usually, only one component of qv is varied and the distribution is plotted 

against displacement in a given time instead of against velocity
� This notation is popular for diffusive motion. In the NMR community, the 

corresponding distribution of displacements is called the propagator
� The distribution of velocities is most simply measured with pulsed gradient 

fields by a pair of anti-phase gradient field pulses, and the amplitude of the
associated echo is recorded as a function of the gradient amplitude 

� In principle, the experiment can be conducted with time invariant gradient 
fields as well by varying the echo time tE in an echo experiment

� For laminar flow through a circular pipe the velocity profile is parabolic
� The velocity distribution is obtained by equating the probability density P(v)

dv of finding a velocity component between v and v + dv with the area of the 
ring at radius r and of width dr in which these velocity components are found

� The distribution is constant for all velocities between 0 near the tube wall and
vmax in the center, and zero elsewhere; it has the shape of a hat function

� Velocity distributions are very sensitive against slight imperfections in the 
experimental set-up; they may provide better fingerprints of the flow process 
than velocity images

Probability Densities of Velocity
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Velocity-Vector Distributions
� 1D velocity distributions are projections of 3D velocity distributions obtained 

by integration over the missing velocity components

� 2D velocity distributions provide much more detailed information than 1D 

distributions

� They are obtained by measuring the NMR signal corresponding to the 

number of spins as a function of two components of the wave vector qv and

subsequent 2D Fourier transformation

� Flow through circular pipes filled with glass beads or cotton fibers can readily 

be distinguished by the associated 2D distributions of radial and axial 

velocities

� For the cotton fibers, strong radial dispersion is observed at high axial flow

� For the glass beads, considerable axial backflow is observed at zero radial 

flow

� The observed velocities are finite difference approximations of velocities 

corresponding to the displacements R experienced in the encoding time ∆v
� For field gradient pulses with durations δ no longer short compared to the 

characteristic times of motion, the slow motion approximation fails and the 

finite difference interpretation can no longer be applied 
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Diffusion in Anisotropic Media

� Translational diffusion leads to incoherent displacements as opposed to 

coherent displacement of molecules by flow

� To probe incoherent motion, displacements X, Y, Z are measured in given 

time intervals �v by the use of pulsed gradient fields (PFG NMR: pulsed field 

gradient NMR)

� For free diffusion, the distribution of displacements (propagator) has a

Gaussian form, and the diffusion length scales with the square root of the 

diffusion time

� For restricted diffusion in narrow pores, for example in rocks and hetero-

geneoeus catalysts, the confining pore walls limit the diffusion path length

� For short diffusion times, a Gaussian distribution is observed. For long 

diffusion times, the confinements lead to deviations from a Gaussian

distribution

� Macroscopically anisotropic porous media, such as oriented biological tissue 

and ice formed from salt water can readily be identified by comparing the 1D 

distributions of displacements in different space directions

� Another method is the analysis of 2D distributions of displacements for

deviations from circular symmetry
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� Measurements of flow or displacements in given times are achieved by 
pulsed anti-phase gradient pairs, the second, positive pulse marking final 
position and the first, negative one initial position

� For measurements of displacements, both gradients pulses are locked to 
equal magnitude in each amplitude step, i. e. k2 = -k1 at all times

� Stepping both gradient pulses independently leads to a 2D experiment
� The Fourier transform of the acquired data is the joint  probability density of 

finding a particle at a particular initial position and a time ∆ later at a 
particular final position

� On the principal diagonal, the average of the initial and final particle positions 
is identified; on the secondary diagonal, the difference between final and 
initial positions, i. e. displacement or velocity, is identified

� The experiment is called position exchange spectroscopy (POXSY) in close 
analogy to frequency exchange spectroscopy (EXSY) in NMR spectroscopy

� A 4D exchange experiment results with four gradient pulses 
� Conditions on the gradient variations, such as the formation of gradient

echoes for detection, reduce the dimensionality of the experiment
� The conditions k2 = -k1 and k4 = -k3 imposed on the 4D POXSY sequence 

lead to velocity exchange spectroscopy (VEXSY)
� Here, average velocity is identified along the principal diagonal and velocity 

difference or acceleration along the secondary diagonal
� The additional condition k4 = -k3 = -k2 = k1 leads to a 1D experiment by which 

the distribution of accelerations can be measured

Position Exchange NMR
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Demonstration of Position Exchange NMR

� An instructive example of a position exchange experiment is that performed 

on the falling water drop
� Initial and final positions are marked in the Fourier domain by the wave 

numbers k1 and k2

� The maximum of a Hahn or a stimulated echo with a gradient pulse in each 

free evolution period is recorded for all values of k1 and k2

� The 2D Fourier transform of the experimental data set is the position 

exchange spectrum

� Along the principal diagonal, the projection of the drop onto the gradient 

direction appears

� Along the secondary diagonal, the drop displacement during the encoding 

time � corresponding to the velocity of the falling drop appears
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� Similar to the position exchange NMR, initial and final velocities can be 

encoded in terms of qv1 and qv2 along the axes of a 2D data matrix, leading 

to velocity exchange NMR
� Velocity exchange NMR has been used to study cross-filtration in hollow-

fiber filtration modules which are used in hemodialysis as artificial kidneys

� Water was passed inside and outside the hollow fibers in counter flow

� Water molecules crossing the membrane must change their direction and 

lead to off-diagonal peaks in a velocity exchange spectrum

� On the diagonal, the distribution of average velocity is observed

� For negative velocities it is the hat function corresponding to laminar flow 
within the circular membranes. For positive velocities, the distribution

corresponds to the interstitial flow and depends on the packing of the fibers

� The projection along the principal diagonal and onto the secondary diagonal 

of the velocity exchange spectrum eliminates average velocity from the data 

set, and the remaining variable is velocity difference or acceleration
� For two different membrane materials, the velocity exchange spectra are 

different and so are the projections onto the secondary diagonals, i. e. the 

acceleration distributions
� The SPAN material shows signal at high accelerations corresponding to 

efficient interactions of the passing molecules with the membrane walls 

Velocity Exchange NMR
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Projections in Multi-Dimensional 

Fourier NMR

� In multi-dimensional Fourier NMR the data are acquired in Fourier space 
(t, k, qv) and, subsequently, Fourier transformed into the space (�, r, v)

appropriate for data interpretation

� A slice in one space corresponds to a projection in Fourier space

� For example, a 1D slice in (k1,k2) space along the secondary diagonal 

corresponds to a projection in Fourier space along the principal diagonal so 

that the data are projected onto the secondary diagonal

� The term “projection” means “integration” of the multivariable function so that 

the number of variables is reduced and the variable in the direction of the

projection is the variable of the integration

� This relationship can readily  be derived from the expression for the multi-
dimensional Fourier transformation

� It is known as the projection – cross-section theorem
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� The VEXSY experiment uses two anti-phase PFG pairs for encoding initial 
and final velocities

� However, only three and not four gradient pulses (k1, k2, k3) are necessary to 
encode two position differences at different times, i. e. k3-k2 and k2-k1

� The scheme for multiple position encoding in Fourier space has been 
dubbed SERPENT for SEquential RePhasing by pulsed field gradiENTs

� The gradient amplitudes are adjusted to form an echo at the time of signal 
detection

� Given the echo condition k1+k2+k3=0, the SERPENT scheme with three 
gradient pulses has two independent variables to adjust the amplitudes of 
the three gradient pulses 

� In the 3D position exchange spectrum, these variables define the plane 
perpendicular to the vector k1+k2+k3 in (k1,k2,k3) space, where the ki are the 
unit vectors along the axes of the (k1,k2,k3) exchange space

� Following the projection – cross-section theorem, the Fourier transform of 
this 2D plane in (k1,k2,k3) space is the projection of the 3D exchange 
spectrum along the direction of average position, leaving two position 
differences as the remaining variables in the 2D spectrum

� This shows that the SERPENT experiment with three gradient pulses is 
equivalent to a VEXSY experiment 

� Multi-dimensional Fourier NMR usually employs differential time coordinates,
while in non-linear systems theory integral time coordinates are preferred

3D Position Exchange NMR
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� Low-field NMR can be realized by small and less expensive instruments
� Often permanent magnets are employed, which hardly need maintenance
� A typical field strength for such magnets is between 0.5 to 1 T
� The field of permanent magnets is weakly inhomogeneous, but can be

shimmed to a homogeneity sufficient for spectroscopic resolution
� Low-field NMR in homogeneous fields is established for process control in

oil refineries
� The product stream is analyzed spectroscopically and a feedback signal is 

generated from a parameter of the 1H NMR spectrum to optimize the product 
stream (www.foxboro.com)

� Without shims spectroscopic resolution is hard to achieve, but many simple 
and some more sophisticated NMR experiments can be conducted with 
spin-echo detection

� Simple experiments are measurements of echo amplitudes at different echo 
times and transverse relaxation decays as CPMG echo trains and envelopes 
of sets of Hahn echoes

� Sophisticated experiments use multi-quantum filters, translational diffusion
filters, saturation or inversion recovery filters, spin-lock filters, etc., to
prepare the detection of magnetization by a Hahn echo or a CPMG echo 
train. Also, imaging can be employed

NMR Spectroscopy for Process Control



NMR Monitoring of Fluid Product Streams
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NMR Relaxometry for Process 

and Quality Control
� The field of permanent magnets is inhomogeneous and changes with

temperature
� Nevertheless, spectrometers with permanent magnets are widely employed 

and typically measure echoes or FIDs in weakly inhomogeneous fields to
characterize a diverse range of products like food, cosmetics, and polymers

� Initial amplitudes a(t0), relaxation-weighted relative intensities I(t2 – t1)/a(t0),
and relaxation times T2 can be extracted from the FIDs and echo envelopes
for sample characterization

� Amplitudes and intensities can be determined without fitting functions to the 
recorded data

� Relaxation times are extracted with the help of fit functions such as the 
stretched exponential function a(t) = a(0) exp{(t/T2)

b/b}
� This approach has been employed in the construction of sensors that 

monitor moisture in food on-line during the production process
� It is also employed in desk-top NMR spectrometers to determine quantities 

such as moisture content, solid content, fat content, viscosity, droplet size 
distribution, extent of cure, etc.

� When conducted properly, the accuracy of such measurements can be as 
good as 0.1% 
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NMR Tomography for Quality Control

� Although convenient, homogeneous polarization fields are not a necessary 

requirement for NMR imaging
� Low image resolution can be achieved by simple means and is sufficient for 

some types of quality control, for example, the inspection of foodstuff such 

as dairy products packaged in boxes at fixed positions

� In an imaging experiment, one voxel can be placed inside each item in the 

box, and the signal of each voxel can be explored to measure the product 
quality

� The signals are compared against a moving average, and inferior products 

are identified by deviations exceeding a predetermined norm

� Such a setup has been proposed for analysis of dairy products by Intermag-

netics General Corporation, Latham, New York, where the boxed goods are 

transported through the magnet on a conveyor belt
� A similar setup with a conveyor belt has been suggested by them to

inspect raw rubber to detect moisture contaminations



Quality Control by NMR Imaging
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Well-Logging NMR
� One of the oldest commercial interests in NMR is in logging oil wells
� In the fifties it was thought that the earth’s magnetic field could be utilized for 

NMR in the bore hole wall
� Later permanent magnets were used to enhance the nuclear polarization
� In such a NMR set-up, where the sample sits outside the magnet, the 

magnetic polarization and rf fields penetrating the bore-hole wall are 
inhomogeneous, because the fields are applied from one side

� NMR of this kind is also referred to as inside-out NMR or unilateral NMR
� In well-logging NMR, the signal of the fluids in the bore-hole wall is acquired
� Typically, CPMG-type multi-echo trains are generated to measure the 

transverse relaxation
� The relaxation of fluids confined in pores is governed by wall relaxation
� In the fast diffusion limit, all molecules in a pore have the same contact with 

the wall
� Then the relaxation times T1 and T2 are proportional to the pore diameter
� The envelope of a CPMG echo train from fluid in pores with a distribution of 

sizes exhibits a multi-exponential decay
� An inverse Laplace transformation of this decay yields the T2 distribution

which maps the pore size distribution
� In the end, the T2 distribution provides retrieval information about the type of 

fluid and the pore connectivity
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� Well-logging NMR is the oldest form of mobile NMR, where the NMR equip-
ment is brought to the object for investigation

� The idea has been adapted in the seventies for moisture determination in
buildings, food stuffs, soil, and other materials

� The instrumentation employed permanent as well as electromagnets 
designed in such a way as to inspect the object from one side

� With the focus on moisture detection the polarization field B0 was sought to 
be as homogeneous as possible to avoid signal attenuation from diffusion

� Penetration depths of a few centimeters required large and heavy magnets 
weighing a few hundred kilograms

� To test rubber and polymer products, a few millimeters of depth resolution
are often sufficient and translational diffusion is absent, so that the highly
inhomogenous fields generated by small magnets can be employed

� The NMR-MOUSE® (mobile universal surface explorer) has been developed 
for materials testing by unilateral NMR following the concept of well-logging 
NMR

� With permanent magnets, field strengths near 0.5 T are readily produced in 
depth up to a few millimeters with average field gradients of 10 to 20 T/m

� The envelope of the FID is sampled stroboscopically via echo trains
� The resultant effective relaxation times T2eff are modified by the inhomogene-

ities in B0 and B1, where T2eff > T2Hahn is often observed

Mobile NMR for Nondestructive Testing
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� In soft organic matter the NMR relaxation times are determined by the 
residual dipole-dipole interaction among 1H

� In elastomers the residual dipole-dipole interaction depends on the time 
scale and the anisotropy of the segmental motion

� 60 to 80 K above the glass temperature Tg the motion is fast and the 
anisotropy is determined by the cross-link density

� Closer to Tg the chain stiffness also determines the relaxation times
� Measurements of T2eff can be employed to characterize the cross-link 

density, the glass temperature, and other physical parameters of materials
� For quality control of rubber products, the  experimental values of T2eff need

to be extrapolated to a reference temperature and correlated with material 
properties by means of calibration curves

� Calibration curves are obtained on small samples in physical testing 
laboratories, for example by swelling, rheometry, and dynamic-mechanical 
relaxation

� By mapping these data onto NMR relaxation times, parameters such as the 
glass temperature, the elastic modulus, and the cross-link density can be 
determined nondestructively in selected spots at production intermediates 
and the final product 

Transverse Relaxation and Glass 

Temperature in Rubber



Cross-Linked Rubber: T2 Versus Tg

V. Herrmann, K. Unseld, H.-B. Fuchs, B. Blümich, Molecular Dynamics of Elastomers Investigated by DMTA and 
the NMR-MOUSE®, Colloid and Polymer Science 280 (2002) 738 - 746
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Analysis of Technical Rubber
� Technical rubber is a cross-linked polymer network with various additives 

including fillers, cross-linker, accelerators, processing aids, etc.

� Depending on the formulation and the conditions of use, aging, cross-linking, 

and chain-scission reactions proceed in the finished product

� The prevailing state of rubber products can be assessed nondestructively by 

unilateral NMR in different depths of the sample

� Overcure cannot be identified through measurements of the degree of 

swelling or the rheometer torque by the cross-link density itself as these 

values are identical at curing times t90 and tR90, where the rheometer torque 

is at 90 % of its maximum

� Depending on the formulation and the vulcanization conditions, T2eff may

discriminate these states, as the chain stiffness changes with overcure
caused by different reactions dominating the sample evolution

� Errors in the formulation as well as changes in the processing steps may be 

identified by NMR

� The correlation of T2eff with chain stiffness is nicely exemplified by the 

dependence of T2eff on the curing time of a moisture curing poly(urethane) 

adhesive used for mounting windshields in cars

� As the windshield is an element providing stability to the car, proper curing of 

the adhesive is a matter of safety 
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Reproducibility of Measuring T2

� Technical rubber is a statistical product produced by mixing, diffusion, and 

the reaction of various compounds

� Depending on the miscibility and the processing conditions, some 

compounds may agglomerate

� Even on a macroscopic scale technical rubber appears inhomogeneous in 

NMR images which reveal the statistical nature of the material

� Measurements with the NMR-MOUSE collect signal from a volume element 

the size of a small coin

� While the uncertainty of reproducing T2eff from repetitive measurements at 

one point is often less than 1 %, values of T2eff differing by as much as 10 %

are  found for measurements at different points due to the variance of the 

network properties

� For quality control of rubber products several measurements need to be 

conducted at equivalent spots of the product. The mean fit parameters 

characterize the average material properties and the variance the 

heterogeneity of the product

� A similar approach may be required to characterize other matter such as 

semi-crystalline polymers and food



Technical Rubber 
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Semi-Crystalline Polymers
• Polymers consist of assemblies of macromolecular chains
• Semi-crystalline polymers are solids with disordered amorphous and ordered

crystalline domains
• In the crystalline domains, the chain packing is dense, the degrees of

freedom for molecular motion are restricted, and T2 is short
• In the amorphous domains, the chains are disordered, their degrees of

molecular motion are less restricted, and T2 is longer
• In polymers like poly(ethylene), poly(propylene), and Nylon, spherulitic

crystal structures form upon cooling of the polymer melt
• Within the spherulites the polymer chains are arranged in stacks consisting

of chain-folded lamellae alternating with amorphous layers
• Upon drawing, the macromolecular chains become realigned
• Upon annealing, a fibrillar structure forms with the alternating layers of chain-

folded lamellae and amorphous domains arranged in the drawing direction
• Depending on the temperature variation and the shear fields applied during

processing, different overall crystallinity, different size distribution of the
crystallites, and different order in the amorphous domains are achieved

• The transverse relaxation function of such polymers can be fitted with a bi-
exponential decay, where the rapidly and the slowly relaxing components
are assigned to the crystalline and the amorphous domains, respectively



Morphology of Semi-Crystalline Polymers
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� Plastic pipes are increasingly being installed by communities in the ground 

for water and gas transport

� During installation and repair it is common practice to stop the transport of 

gas or water by squeezing the pipes, and welding lines are introduced when 

adding or replacing pipe sections

� The mechanical treatment as well as heat treatment at temperatures well 

below the melting temperature (Tm = 120° C) of the crystallites change the 

polymer morphology
� Such changes in the polymer morphology can be monitored by the NMR-

MOUSE for state assessment and safety inspection

� The parameters of a bi-exponential fit of the experimental CPMG decays can 

be interpreted in terms of the crystallinity, the average crystallite size, and 

the order in the amorphous domains

� Like rubber, PE pipes are inhomogeneous products, where the morphology 

changes with the measurement position

� Upon deformation the crystallinity and the average crystallite size decrease, 

while the order of the amorphous domains increases

� Upon annealing at low temperature, crystallinity and the average crystallite 

size decrease further while the order in the amorphous domains decreases 

as well 

Analysis of Poly(ethylene) Pipes



PE 100 Water Pipes
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Moisture and Pore-Size Distributions
• In homogeneous Bo fields the T2 distribution maps the pore-size distribution

of fluid-filled media in the fast diffusion limit
• In the strongly inhomogeneous Bo field of the NMR-MOUSE, diffusive

attenuation of the transverse magnetization compresses the relaxation time
distribution at large relaxation times

• Nevertheless, information about the fluid distribution can be obtained in a
non-destructive fashion by unilateral NMR

• The time-domain signal may be fitted e. g. by a bi-exponential function
• A map of 72eff as a function of depth reveals average pore sizes
• This way, pore size reductions from treatments of stones in conservation

efforts can be mapped and the success of the treatment determined
• In liquid-saturated porous media, the amplitude of the signal measured by

unilateral NMR is proportional to porosity, where the measurement volume is
given by the sensitive volume

• T2 distributions undistorted by diffusive attenuation need to be measured in
homogeneous or slightly inhomogenous Bo fields

• Such fields can be generated from blocks of permanent magnets arranged in
the Halbach geometry, where Bo points transverse to the axial direction for
convenient use of solenoidal B^ coils

• Halbach magnets can be designed at low weight to obtain portable systems
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Relaxation Anisotropy in Oriented Materials
� The dominant relaxation mechanism in 1H NMR is the dipole-dipole

interaction
� In macroscopically ordered solids the dipole-dipole coupling tensors are 

distributed anisotropically, so that the relaxation rates depend on the 

orientation of the polarization field B0 with respect to the direction n of

molecular orientation

� Tendons are biological tissues with a high degree of macroscopic order of

the collagen triple helices

� Strained rubber is an example of synthetic soft matter with a low degree of 

molecular order which depends on the elongation ration Λ = L/L0

� In ordered matter, the transverse relaxation rate 1/T2eff is the sum of an 

orientation-dependent part which depends on the square of the second 

Legendre polynomial P2(β) = 3(cos2 β - 1)/2 and an isotropic part

� The isotropic and the anisotropic relaxation rates increase with increasing 

elongation

� The anisotropy leads to minima of the relaxation rate at the magic angle

� In the human Achilles tendon the observed angle dependence of relaxation 

rates 1/T2eff suggests a bimodal orientational distribution of the interaction 

tensors in agreement with a twisted structure of the collagen fibrils



Macroscopic Molecular Order

K. Hailu, R. Fechete, D. E. Demco, B. Blümich, Segmental Anisotropy in Strained Elastomers Detected with a 
Portable NMR Scanner, Solid State Nucl. Magn. Reson. 22 (2002) 327 – 343
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Spin Modes in Inhomogeneous Fields
• Multi-quantum coherences are spin modes in coupled spin systems
• Transverse magnetization, dipolar encoded longitudinal magnetization, and

dipolar order are other spin modes
• Spin modes other than single-quantum coherences can only be detected

indirectly by preparing different initial states before data acquisition
• The preparation of such states follows the general scheme of multi-quantum

NMR consisting of a preparation, an evolution, and a mixing period
• A z filter often precedes the detection period to eliminate unwanted signal

contributions
• In the inhomogeneous fields of unilateral NMR refocusing pulses need to be

centered in each period, where density-matrix elements evolve
• Double-quantum build-up curves are obtained by varying the preparation

time x which is equal to the mixing time
• The build-up curves measured in inhomogeneous fields are in agreement

with those measured in homogeneous fields
• Relative but no absolute values of dipolar couplings can be extracted at

short x from the slopes of the curves measured in inhomogeneous fields
• The same information can be obtained from double-quantum decay curves

which start at the maximum of the build-up curves
• The relative dipolar couplings obtained in this way at low and inhomogene-

ous fields agree with those obtained at high and homogeneous fields



Unilateral Multi-Quantum NMR of Rubber
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� In inhomogeneous magnetic fields, the signal comes from a limited region of 

the sample, which is called the sensitive volume
� By lowering the radio frequency, deeper lying sample regions are probed in 

unilateral NMR at the expense of a loss in sensitivity

� Depth profiles can be obtained either by adjusting the radio frequency or by 

tuning it to a fixed value for a distant sensitive volume and changing the 

distance between sensor and sample

� Depending on the field profiles the sensitive volume is curved or flat

� Curved shapes are preferred for thick slices, flat volumes for thin slices

� Depth profiles of car-tire treads have been obtained to identify inferior tires in 

a collection of new tires. The depth profiles are in agreement with the 

morphological shapes revealed  in NMR images

� With optimized field profiles, the sensitive volume can be shaped into a 

sensitive plane that is 30 �m thick

� By adjusting the distance between the NMR-MOUSE® and the object, depth 

profiles of water in polymer sheets and skin at different parts of the human 

body were obtained

� Such profiles are appreciated in the optimization of painting plastic parts and 

in the development of skin care products

Depth Selectivity
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Unilateral Imaging

� Unilateral tomographs can be built by furnishing the NMR-MOUSE with

gradient coils for lateral 2D space encoding to measure 2D slice images 

parallel to the scanner surface

� Due to the inhomogeneous B0 field, echo-based single-point imaging
methods are used which sample k space point by point

� The signal-to-noise ratio is improved by detecting multiple echoes and 

integrating their amplitudes

� Depending on the length of the multi-echo decay, imaging times of a few 

minutes to 1 hour are obtained 

� Images obtained by unilateral NMR reveal details of the object similarly to 

a magnifying glass but accessing sub-surface structures

� Applications are envisioned in nondestructive defect  analysis and quality
control

� If unilateral imagers are to be built very small, their fields of view and the

penetration depths are small as well 



Defect Analysis by Unilateral NMR

F. Casanova, J. Perlo, B. Blümich, K. Kremer, Multi-Echo Imaging in Highly Inhomogeneous Magnetic Fields,
J. Magn. Res. 166 (2004) 76 – 81; J. Perlo, F. Casanova, B. Blümich, 3D imaging with a single-sided sensor: 
an open tomograph, J. Magn. Res. 166 (2004) 228 – 235
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Unilateral Flow Imaging
� Despite large field inhomogeneities, unilateral NMR can be employed to 

measure flow by using combined gradient and Hahn echoes for position 

encoding with background gradient compensation

� Two such position encodings with opposite signs encode displacement
corresponding to average velocity when divided by the lime lag ∆v between 

the encodings 

� The velocity encoding is detected by an echo train with short echo 

time, and the echoes are integrated for signal-to-noise improvement

� By systematically varying the pulsed gradient amplitudes, qv space is 

scanned for the slice defined by the frequency of the excitation

� Fourier transformation of the qv-space signal provides the velocity
distribution in the slice through the object, a pipe in this case

� The sum of all velocity distributions from contingent slices is the velocity 

distribution in the pipe

� By placing the velocity profiles adjacent to each other in a 2D matrix and 

plotting the frequency of occurrence of each velocity component in a 

different gray shade, a 1D velocity image is obtained

� For laminar flow through a circular pipe, the sum velocity distribution is a hat
function, and the velocity image shows the flow parabola



Velocity Distributions and Flow Images
pulse sequence for background gradient elimination 

vx
y

z

z

x

y

z

axial velocity [mm/s]
-10 -5 0 5  10

3 min per slice

fr
e
q
u
e
n
c
y

[a
.u

.]

10

5

0

axial velocity [mm/s]
0 10

0

3

0

3

0

3

y [mm]

-10

slice-selective

measurements

slice-selective

velocity distributions 

reconstructed

velocity image 

sum distribution

�
2�

�

TX

RX

� �

G0

x

0

G

time

2�

�v



5. Low-Field and Unilateral NMR236/237

Spectroscopy in Inhomogeneous Fields
� Chemical shifts can be sampled in inhomogeneous fields by acquiring a 

mixed nutation echo train

� A mixed nutation echo is generated by matching the phase evolutions of the 

transverse magnetization in inhomogeneous B0 and B1 fields in an

appreciable sample volume

� In linear field profiles, a Hahn echo is generated in a B0 gradient field by 

matching the wave numbers k01 in an evolution period t1 to the wave

number k02 in a detection period t2. The echo maximum arises at k01+ k02 = 0

� Similarly, a nutation echo is generated in a B1 gradient field by matching the 

wave numbers k11 in an evolution period t1 to the wave number k12 in a 

detection period t2. The echo maximum arises at k11+ k12 = 0

� For a mixed nutation echo k11+ k02 = 0 = k01+ k12

� As rf pulses are insensitive to chemical shifts, k11 is free of chemical shift 

evolution, but the evolution in B0 according to k02 is not

� Consequently, the chemical shift evolution is preserved at the maximum of 

the mixed nutation echo, and the field inhomogeneities do not lead to line 

broadening

� Among other methods, mixed nutation echoes are of potential use for 

measuring NMR spectra ex situ, i. e. in the fringe field outside the magnet by 

unilateral NMR 
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absorption signal 42

acceleration 126, 132, 192

acquisition time 142

amorphous domains 220

angular momentum 22

anisotropy 66

anisotropy of an interaction 88

anisotropy of the chemical shift 86, 

116

anisotropy parameter 62

asymmetry 66

asymmetry parameter 62

attenuation function 124, 138

Bloch equation 28

broadening, dipolar 168

broadening, quadrupolar 168

build-up curves of multi-quantum 

coherences 

chemical analysis 3

chemical engineering 3, 180

chemical shielding 64, 66, 70

chemical shift 6, 20, 94, 106, 174, 

236

chemical shift resolution 104

chemical structure 18

coalescence 115

coherence order 176

coherences, multi-quantum 72, 100, 

176, 228

coherences, single-quantum 72

coil, saddle 166

coil, anti-Helmholtz 166

coil, Maxwell 166

connectivities 102

continuous wave 52

contrast 158, 162

contrast, image 152

conveyor belt 208

coordinate frame, laboratory 26, 32

coordinate frame, rotating 32, 42

coordinates, Cartesian 140

coordinates, cylindrical 140

coordinates, differential time 200

coordinates, integral time 200

correlation spectroscopy 96

correlation spectroscopy, total 108

cost of NMR 8

COSY 96, 100-108

coupling tensor 58

coupling, hetero-nuclear indirect 106

coupling, indirect 74, 100, 102

coupling, indirect spin-spin 70, 74

coupling, J 74, 98, 102

couplings, anisotropic 64

CPMG sequence 48

CRAMPS 88

cross-correlation 52

cross-filtration 196

cross-link density 214, 216

cross-polarization 86

cross-relaxation 100, 118

cross-relaxation rate 118

crystalline domains 220

crystallinity 220, 222

curvature 126

deadtime 42, 82

decay, bi-exponential 220

decoupling, dipolar 86

decoupling, hetero-nuclear 86

defect analysis 232

densities, probability 186

density matrix 76, 88, 100

density matrix elements 228

depth profiles 230

detection period 150

detection time 120

detection, spin-echo 204

deuteron wideline NMR spectroscopy 

80

diffusion, fast limit 210

diffusion, restricted 190

diffusion, spin 116

diffusion, translational 190

dipolar filter 88

dipole moment 58

dipole, magnetic 22

dipole-dipole interaction → interaction,

dipole-dipole

displacement, 130, 192, 234 

displacement, coherent 190

displacement, dynamic 136

distribution 186

distribution of accelerations 192

distribution of displacements 186, 190

distribution of displacements, 2D  190

distribution of reorientation angles 112
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distribution of velocity 186

distribution, acceleration 196

distribution, Gaussian 190

distribution, isotropic 78

distribution, orientational 226

distribution, pore size 210, 224

distribution, relaxation time 224

distribution, T
2

224

distribution, velocity 234

double-quantum build-up curves 228

double-quantum coherences 104

double-quantum decay curves 228

double-quantum NMR 104

dynamics, molecular 80

earth-field NMR 6

echo 6, 46, 82, 98

echo amplitude 46

echo envelopes 206

echo time 46, 152

echo train 234

echo train, CPMG 204, 210

echo, alignment 82

echo, gradient 150

echo, Hahn 46, 48, 74, 82, 90, 

150, 174, 204, 236

echo, magic 82, 174

echo, mixed 174

echo, mixed nutation 236

echo, nutation 236

echo, racetrack 46

echo, solid 82

echo, spin 94, 152

echo, stimulated 46, 82, 134

echoes in solids 82

echoes, multiple 48

echoes, solid-state 82

editing of spectra 74

eigenfunctions 76

eigenvalues 64, 68, 76

eigenvectors 68

elastic modulus 214

elastomers, filled 158

ellipse 62

energy levels 88

enhancement factor 118

EPI 144, 164

equipment 4

Ernst angle 156

Euler angles 68

evolution period 150

evolution time 92, 102, 120, 142

exchange 115

exchange cross peaks, 2D 114

exchange NMR 6, 112, 114

exchange spectra, wideline 112

exchange spectrum, 2D 114

exchange spectrum, 3D  200

exchange, chemical 100

excitation power 52

excitation, bandwidth of the 44

excitation, Fourier transform of the 44

excitation, noise 52

excitation, pulsed 52

EXSY 100, 112, 120, 192

fast low-angle shot 156

FID 38-42, 48, 102, 120, 206

field gradient NMR, pulsed 130

field profiles, linear 132

field profiles, quadratic 132

field, effective 44

field, gradient 124

field, linear profiles 128

field, magnetic distortions 158

field, magnetic inhomogeneity 158

field, off-set 44, 124, 135

field, rotating rf 34

field, stray 168

fields, inhomogeneous 48, 228, 230, 

236

fields, weakly inhomogeneous 206

filters 90

filters, inversion recovery 204

filters, multi-quantum 204

filters, saturation 204

filters, spin-lock 204

filters, translation diffusion 204

finite difference approximation 132, 188

fit, bi-exponential 222

FLASH 156, 164

flow 192

flow encoding 182

flow parabola 234

flow phenomena 180

flow, coherent 126

flow, laminar 196

flow, laminar, through a circular pipe 186

FONAR 178

Fourier conjugated variables 128

Fourier NMR 6, 40, 140

Fourier transform 42

gradient fields 4

gradient fields, pulsed 190

gradient modulation function, moments of 

the 128

gradient moments 130

gradient switching times 150

gradient tensor 124

gradient vector 124



gradient, phase-encoding 154

gradient-field NMR, pulsed 130, 138

gradients, oscillating 170

gyro-magnetic ratio 16

Hahn echo → echo, Hahn

Hamilton operator 76, 88

Hartmann-Hahn condition 86

hat function 186, 196, 234

HETCOR 100, 106, 110

hetero-nuclear correlation 106

hetero-nuclear experiments 110

history of NMR 6

HMBC 110

HMQC 110

HSQC 110

image, parameter 160, 178

image, spin-echo 156

image, velocity 234

images, 3D 154

image, parameter-weighted 160

image, spectroscopic 162

imaging 6, 204, 208

imaging in the rotating frame 166

imaging of solids 142

imaging with oscillating gradients 170

imaging with pure phase encoding 172

imaging, 3D Fourier 154

imaging, B
1

166

imaging, back-projection 140, 158

imaging, double-quantum 176

imaging, double-quantum filtered 176

imaging, echo planar 144, 164

imaging, fast methods 144

imaging, flow 181, 184

imaging, Fourier 140

imaging, gradient echo 156, 158

imaging, line-scan methods 144

imaging, medical 156

imaging, phase encoding 158

imaging, single-point 142, 172, 232

imaging, spectroscopic 142

imaging, spin-echo 150, 152

imaging, spin-warp 150, 178

imaging, spiral 164

imaging, stray field 169

imaging, velocity 182

impulse response 102

INADEQUATE 100, 104, 106

indirect spin-spin coupling 6 

(s. also J coupling)

inside-out NMR 210

interaction ellipsoid 68

interaction energy 58, 72

interaction, anisotropic 84

interaction, anisotropy of 88

interaction, dipole-dipole 58, 61, 64, 

66, 74, 78, 88, 90, 100, 116, 

120, 174, 226

interaction, hetero-nuclear dipole-dipole

84

interaction, quadrupole 58, 64, 66

interaction, residual dipole-dipole 118, 

214

interaction, spin 70

interaction, Zeeman 70

interactions, symmetric 66

inverse detection 110, 120

inversion recovery 50

k space 144

Larmor frequency 22

Legendre polynomial, second 60, 62, 

66, 70, 78, 80

line narrowing 174

linewidth 38

literature, flow 13

literature, general 9

literature, imaging 12

literature, liquid-state spectroscopy 10

literature, solid-state spectroscopy 11

low-field NMR 204

magic angle 66, 78, 84, 88

magic angle spinning 84

magic echo → echo, magic

magnetism, nuclear 22

magnetization, dipolar encoded 

longitudinal 228

magnetization, longitudinal 26, 38, 

46, 50, 90, 98, 116, 120

magnetization, macroscopic 27

magnetization, nuclear 26

magnetization, transverse 38, 46, 

50, 72, 90, 228

magnets, Halbach 224

magnets, permanent 204, 206, 210

MAS 84, 88

materials science 3, 180

materials testing 212

measuring methods 52

medical imaging 3

methods, 2D NMR 100

methods, correlation 100

methods, separation 100

mixing propagator 90

mixing time 112, 120

mobile NMR 212

moisture 206

moisture determination 212

motion approximation, slow 188
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motion limit, fast 116

motion, diffusive 126

motion, rotational 116

motion, slow molecular 80

motion, translational 116

motion, vortex 184

motional narrowing 115

motions, fast 128

multi-dimensional correlation NMR 96

multi-dimensional NMR 52, 72, 92, 

100, 120

multi-dimensional, dynamic NMR 112

multiplet splitting 102

multiplex advantage 52

multi-pulse NMR 88

multi-pulse sequence 88

multi-quantum coherence order 90

multi-quantum coherences 90, 96

multi-quantum evolution period 90

multi-quantum NMR 6, 90, 228

NMR frequency, angular dependence 

84

NMR spectrum 20

NMR, 2D  94

NMR, definition 2

NMR-MOUSE 212, 218, 222, 224, 230, 

232

Nobel prizes 7

NOE 112, 118

NOESY 100, 120

Nuclear Magnetic Resonance 2

nuclear Overhauser effect 112, 118, 

120

order, dipolar 228

order, macroscopic 226

order, molecular 80

orientation dependence 60

orientation, molecular 78, 80

oscillator 36

oscillator circuit 31

oscillator, electronic 30

overcure 216

Overhauser effect 118

period, mixing 120

PFG NMR 130, 190

phase 40, 134 

phase correction 42

phase encoding 143, 150, 158

phase of the magnetization 126, 128

phase, precession 124

pipes, PE 222

point spread function 138

polarization transfer 98

polarization transfer, coherent hetero-

nuclear 74, 98, 106

polarization, magnetic 26

polymer morphology 222

polymers, semi-crystalline 220

population differences 98

population inversion, selective 118

pore sizes, average 224

porosity 224

position 126, 132

position encoding, multiple 200

position exchange 194, 196

POXSY 192

precession, steady state free 164

preparation period 90

preparation propagator 90

principal axes frame 68

principal value 62

process control 3, 204

product quality 208

projection – cross-section theorem 184, 

198, 200

projection 54, 94, 168, 188, 198

propagator 186, 190

pulse excitation 38

pulse, frequency selective 146

pulse, radio-frequency 34, 44

pulse, rotation angle of 44

pulse, slice-selective 150

pulse, small flip-angle 156

pulsed NMR 40

quadrupole interaction → interaction, 

quadrupole

quality control 3, 206, 214, 232

quantum mechanics 22, 25, 72, 76, 

88

quantum number, magnetic 24, 72

quantum number, spin 24

radio-frequency wave 30

recycle delay 156

relaxation 46

relaxation time, transverse 38

relaxation times 46, 116, 214

relaxation times, effective 212

relaxation, anisotropic 226

relaxation, cross 120

relaxation, transverse 116, 158, 220

relaxation, wall 210

relaxometry 206

resolution, digital 162

resolution, spatial 54, 142, 152

resolution, spectroscopic 204

resonance condition 30

rheometer torque 216

rotating coordinate frame 32, 42



rotation 68

rotation matrix 68

rotation, sample 84

rotational ellipsoid 62

rubber products 214

rubber, quality control 218

rubber, technical 216, 218

saturation recovery 50

saturation, partial 158

Schrödinger equation 76

sensitivity 110

separation NMR, 2D 94

SERPENT 200

shielding, magnetic 18, 20, 64

sinc function 44

single-point acquisition 184

single-quantum coherences 90

slice 146-150

slice definition 146

slice selection in solids 174

slow motion limit 112

solids, partially oriented 80

solid-state NMR, high-resolution 6, 

86

space encoding 182

spectra, multi-dimensional 96

spectra, wideline NMR 82

spectrometer 4, 36

spectrometer, mobile 4

spectroscopic information 162

spectroscopy, 2D J-resolved 94

spectroscopy, exchange 192

spectroscopy, position exchange 192

spectroscopy, velocity exchange 192

spectroscopy, volume-selective 148

spectrum 38-42

spectrum, 2D 92, 102

spectrum, NMR 162

spectrum, Pake 78, 80

spectrum, powder 78, 84

spectrum, wideline 78

SPI 172

spin 23

spin couplings, asymmetric 66

spin density 54, 124, 138, 158, 178

spin diffusion → diffusion, spin

spin interactions, anisotropy of 64

spin modes 228

spin-lock sequence 174

spinning sidebands 84

spinning top 22, 28

spins, coupled 176

spins, nuclear 24

spins, states of 76

splitting, line 78

splitting, multiplet 74

splittings, orientation-dependent 72

stochastic NMR 52

structure, secondary 120

structure, tertiary 120

susceptibility effects 158

susceptibility, magnetic 158

Taylor series 126

temperature distribution 160

tendon 226

tensor 68

tensor, trace of the 70

thermodynamic equilibrium 50

tire 152

tissue, biological 226

TOCSY 100, 108

tomograph 4

tomographs, unilateral 232

transfer of magnetization, coherent 100

transfer, incoherent polarization 100

transformation, Laplace 210

two-dimensional NMR 6, 118

unilateral NMR 6, 210, 212, 216, 230, 

234

velocity 126, 132, 194

velocity distribution 186

velocity distribution, 1D 188

velocity distribution, 2D  188

velocity encoding 234

velocity exchange 196

velocity images 186

velocity profile 186

velocity vector fields 180

velocity, average 192, 196

VEXSY 192, 200

volume, sensitive 230

Voxel 124

vulcanization 152

WAHUHA sequence 88

water drop 184, 194

wave functions 76

wave number 136

well logging 3, 210, 212

wideline NMR 80

wideline spectrum → spectrum, wideline

windshield 216
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