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Measurement of the velocity 
autocorrelation by CPMG sequence 

and constant magnetic field 
gradient

CPMG sequence as a modulated gradient spin 
echo to measure spectrum of molecular 
velocity autocorrelation function

Applications to obtain the spectrum of 

self-diffusion of fluid in porous media
self-diffusion in gels and water
and motion of fluidized granular systems
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Encoding of the spin motion

Spin motion by two-pulse gradient spin echo

Spin echo


G(t)





G
P

ha
se

 g
ra

tin
g

 

  

















t

eff

i

dttt

dttti
eE

0

')'(

.
0

Gq

vq







q(t)

G



University of 
Ljubljana, FMF

Slovenia

4

    mrDmrB
m





t
t

,

m=magnetization density 
D=self-diffusion tensor

H.C. Torrey. Bloch equations with diffusion terms, Phys. 
Rev., 104, 563-565, 1956
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Molecular random motion and spin echo: Torrey’s 
approaches
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Mesurement in the short time-interval
•diffusion can be time dependent
• different spin sub-ensembles can         
experience different diffusion propertie
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Molecular motion and spin echo: average propagator 
approach
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Short Pulsed gradient spin echo
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Probability function

J. Karger and W. Heink. The propagator 
representation of molecular transport in micro-
porous crystallites , J. Magn. Reson. 51, 1-7 (1983)

Average propagator in the limit of long 

  dReP iqRR ,

Ri is stochastic variables
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Probability distribution of flow in porous media

Spin 
echo
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q-space Fourier transform of spin 
echo can provide probability 
distribution of flow dispersion
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Stochastic processes and spin echo as 
a characteristic function

    drrfierPrfief
Random process of the stochastic 
variable r is characterized by the 
probabity distribution or by its Fourier 
transform, which is named the
characteristic function of random 
process   functiomyprobabilitrP

parameter

variablestochastic


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Signal of the short pulse gradient spin 
echo has the form of characteristic 
functional with the spin displacement Ri

as a stochastic variable and the 
gradient dephasing q=G as the 
parameter
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Characteristic function Probability distribution

N. G. van Kampen, “Stochastic Processes in Physics and Chemistry,”
North-Holland, Amsterdam, 1981.
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Stochastic processes and characteristic functional
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The characteristic functional can be expanded into the cumulant series: 
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Spin echo as a characteristic functional and the 
Gaussian phase approximation
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Spin dephasing

Velocity as the 
stochastic variable

no limits with respect to the  gradient pulse 
or gradient waveform

J. Stepišnik, Analysis of NMR self-
diffusion measurements by density  
matrix calculation, Physica B, 104, 
350-64, (1981)
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Two-pulse gradient spin echo and GPA
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Characteristic lenght 
of motion is smaller 
than the phase 
grating created by 
applied gradient.
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Modulated Gradient Spin Echo (MGSE):
time-domain into frequency domain
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Velocity correlation spectrum of flows in a porous 
media measured by MGSE

Dispersion spectra for water flow through ion-exchange-
resin bead pack at different velocities as measured by 

MGSE sequence (=70s).
P.T. Callaghan, J. Stepišnik, J. of Mag. Res. A 117, 118-

122(1995)

Flow of water through an ion-exchange resin 
50-100 mesh (100-30m)
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Diffusion spectra in porous medium

Frequency range to 1.5 kHz

Pore size ~10m

Gradient

2 mm
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Restricted diffusion in emulsion droplets

Frequency range to 0.5-1 kHz
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CPMG sequence with the constant gradient as 
MGSE sequence
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J. G. Seland, G.H. Sørland, K. Zick and 
B.Hafskjold: Diffusion Measurements at Long 
Observation Times in the Presence of 
Spatially Variable Internal Magnetic Field 
Gradients,  J of Mag. Res. 146, (2000), 14-19

Carr-Purcell-Meiboom-Gill sequence of the train 
of π-RF pulses and the constant gradient
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CPMG measurement of diffusion
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Velocity autocorrelation spectrum of fluid in porous 
structure
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Mean squared displacement from VAS
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Time dependent diffusion constant
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PGSE
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MGSE 1250Hz

MRI of polenta after 2 minutes of cooking 

Igor Serša, Urša Mikac, J. Stefan Institute
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Self-diffusion spectra of gels 

Diffusion spectra of gels  T=23OC
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PGSE measurement

Self-diffusion of water

Diffusion spectrum of H2O       T=4OC,  T=23OC
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Anomalous self-diffusion of water

Hydrogen bonding

Water in nitromethane



University of 
Ljubljana, FMF

Slovenia

28

Models of water clusters

Hypothesis till 1950 from 1980:

On a very short time scale (about a 
picosecond), water is more like a 
"gel" consisting of a single, huge 
hydrogen-bonded cluster. 
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Restricted self-diffusion of water ?

Diffusion spectrum of water T=4OC
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Air-fluidized granular system

The air-fluidized granular system made up of 
mustard seeds¸

with the high speed camera 1frame/1 ms

Fluidized granular systems:
catalysis of gas-phase reactions
transport of powders
combustion of ores

Sand dunes, grain silos,
building materials,
catalytic beds,
filtration towers, 
riverbeds
snowfields, many foods…. Measuring techniques:

high speed photography,
CCD camera,
diffusing-wave spectroscopy,
PGSE (MIT, Harvard, Aachen..)
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Velocity autocorrelation spectrum of fluidized granular 
system by CPMG
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Dependence of VA spectra on the grain density and 
the air-flow rate

D – diffusion-like constant

c – collision correlation time

free path

Empiric formula
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VAS to velocity autocorrelation function
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Mean squared displacement of grain
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Conclusions

Spectral analysis of motion to about 10-100 kHz  
and,  thus, the study of  molecular diffusion 
close to nano lenght-scale. 

-Application with non-uniform  NMR magnets 
(one sided, NMR mouse etc.)

-Use of intrinsic susceptibility gradients to 
measure diffusion

neutron scattering
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