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Exam ple x- ray im ages 
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No direct measurements  > contrast due to not seeing plastic 
               - problem air voids 
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One of the MOST Routinely used Analytical Techniques  
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NMR - timeline 

1922 
Stern-Gerlach 
Electron spin 

1936 
Linus Pauling 
Deoxyhemoglobin electronic structure 

1937 
Isidor Rabi 
Nuclear magnetic resonance 

1952 Nobel prize 
Felix Bloch, Edward Purcell 
NMR in solids 

1973 
Paul Lauterbur, Peter Mansfield 
NMR imaging 

1985 
Wüthrich . 
Protein stucture 

1902 
Pieter Zeeman 
Radiation in a magnetic field 



NMR History   
First NMR Spectra on Water  

Bloch, F.; Hansen, W. W.; Packard, M.  The nuclear induction experiment.    Physical Review  (1946),  70  474-85.  

1H NMR spectra of water  



NMR History   
First Observation of the Chemical Shift  

1H NMR spectra ethanol  

Modern ethanol spectra  

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



Nobel prizes  
 

1944 Physics Rabi (Columbia) 
 
 
 
 
 

1991 Chemistry Ernst (ETH) 

"for his resonance 
method for recording 
the magnetic properties 
of atomic nuclei" 

1952 Physics Bloch (Stanford),  
Purcell (Harvard) 

"for their development of new methods 
for nuclear magnetic precision 
measurements and discoveries in 
connection therewith" "for his contributions to the 

development of the 
methodology of high 
resolution nuclear magnetic 
resonance (NMR) 
spectroscopy" 

2002 Chemistry Wüthrich (ETH) 
 
 "for his development of 

nuclear magnetic resonance 
spectroscopy for determining 
the three-dimensional 
structure of biological 
macromolecules in solution" 

2003 Medicine  Lauterbur (University of Illinois in 
Urbana ), Mansfield (University of Nottingham)  

"for their discoveries concerning magnetic 
resonance imaging" 



History of MRI 
1971: Raymond Damadian uses NMR for tumor detection  
1972: Lauterbur suggests NMR could be used to form images using gradients 
1977: Peter Mansfield proposes echo-planar imaging (EPI) to acquire images 
faster 
1977: first MRI scanner (0.05 T) created by Damadian’s FONAR corporation, 
named “Indomitable” 

1977: First MR image of human body 
• Didn’t use EPI 
• Each voxel took 2 min; 106 voxels 
• 4 hours to get one slice 
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Chapter 6 to 8  



Nuclear Magnetic Resonance 

Nuclear spin   
  �P = �J I h 
�P��-��magnetic moment 
 �J - gyromagnetic ratio 
I - spin quantum number 
h - Planck’s constant��

�P��

I is a property of the nucleus 

Mass #    Atomic #               I 
 
Odd        Even or odd   1/2, 3/2, 5/2,… 
 
Even      Even                0 
 
Even      Odd                  1, 2, 3 



NMR Periodic Table  

 
NMR “active” Nuclear Spin (I) = ½: 
  1H, 13C, 15N, 19F, 31P  
 biological and chemical relevance 
 Odd atomic mass 

 I  = +½  &  -½  
 
NMR “inactive” Nuclear Spin (I) = 0: 

12C, 16O 
Even atomic mass & number 

 
Quadrupole Nuclei Nuclear Spin (I) > ½: 
 14N, 2H, 10B 
Even atomic mass & odd number 

I  = +1, 0  &  -1 



Bo 

�Z �Z = �J Bo = �Q/2�S 
 
�Z - resonance frequency 
      in radians per second, 
      also called Larmor frequency 
�Q - resonance frequency 
      in cycles per second, Hz 
�J - gyromagnetic ratio 
Bo - external magnetic  
       field (the magnet) 

Apply an external magnetic field 
(i.e., put your sample in the magnet) 

z 

�P��

�P��

�Z 

Spin 1/2 nuclei will have two  
orientations in a magnetic field 
+1/2 and -1/2. 



Bo 

�Z 
z 

�P��

�P��

�Z 

+1/2 

-1/2 

Net magnetic moment 



Bo = 0 Bo > 0 
Randomly oriented Highly oriented 

Bo 

Ensemble of Nuclear Spins 

N 
 
S 

Each nucleus behaves like 
a bar magnet. 



Bo = 0 Bo > 0 

E �' E 

Allowed Energy States for a 
Spin 1/2 System 

antiparallel 

parallel 

�' E = �J��h Bo = h �Q 

-1/2 

+1/2 

Therefore, the nuclei will absorb radiation with energy �' E resulting in 
a change of the spin states. 



 Frequency of absorption: �Q = �J Bo / 2�S��
 

Resonance technique ��

Spins Orientation in a Magnetic Field (Energy Levels) 
• Transition from the low energy to high energy spin state occurs through an 

absorption of a photon of radio-frequency (RF) energy��

RF 



The NMR Experiment 
Continuous Wave 

• Sample is dissolved in suitable solvent 
• Solvent is generally CDCl3 (no protons) 
• Placed in thin glass tube (highly purified glass is used) 
• Tube is placed in magnetic field 
• Radiofrequency is used to excite nuclei and to spin flip 





CW NMR 40MHz  
(1960)  



Magnetization 

Boltzmann 

�� ��1/ 2

1/ 2

exp B

N
E k T

N
��

��

�  � � � '

1/ 2 1/ 2 LE E E �Z� � � �� ' � { � � �  �!

1/ 2 1/ 2M N N� � � �� v � �

Magnetization 

1/ 2 1/ 2N N N� � � �� ��



NMR Signal  (sensitivity)  
 
 

Since: 

�� �� �' E = h�Q��
and 
  

  �Q = �J Bo / 2�S 
then: 

The �' E for 1H at 400 MHz (Bo = 9.39 T) is 6 x 10-5 Kcal / mol 

�1�D�������1�E����� ������������������ 
Very Small ! 
~ 60 excess spins per 
million in lower state 

N�D/N�E = e(�JhBo/2�SkT) N�D / N�E = e �' E / kT 



Energy vs Field strength 

Boltzmann Equation 

N�E��

N�D��
= e (�' E/kT)  ~ 1 - �' E/kT 

Where k=1.3805 x 10-23 J K -1 

            T is the temperature 

e.g. with B0=1.4 T (�QL=60 MHz) 

�' EH ~2.4 J/mol      At T=300K 

        N�E��� ��������������������N�D��

with B0=7.05 T (�QL=300 MHz) 

        N�E��� ����������������N�D��

E 

B0 
�D��

�E��

60 MHz 200 MHz 300 MHz �QL 

�' E = �J���«��B0 



Sensitivity of NMR Experiments 

The sensitivity of pulsed FT-NMR is given by the signal to noise ratio: 

T
NsB

TN
N
S o3 det

2

�J
� �¸

�¹

�·
�¨
�©

�§

N = number of spins in the system-sample concentration 
T2 = transverse relaxation time 
�Jdet = magnetogyric ratio of detected nucleus 
Ns = number of scans 
Bo = external field strength 
T = sample temperature��



NMR Sensitivity  

Increase in Magnet 
Strength is a Major Means 
to Increase Sensitivity  

2010 

1.2Ghz 



NMR Sensitivity  

But  at  a sign i f ican t  cost ! 

~ $800,000 ~ $2,00,000 ~ $4,500,000 



Comparison of 1.5 and 3T performance 

Image courtesy of MGH 1.5T                                        3T 



Magnet Safety  
The whopping strength of the magnet makes safety essential. 
Things fly – Even big things! 

Source: www.howstuffworks.com Source: http://www.simplyphysics.com/ 
flying_objects.html 

Source: Jody Culham’s fMRI for Dummies web site 

http://www.howstuffworks.com/
http://www.simplyphysics.com/flying_objects.html
http://www.simplyphysics.com/flying_objects.html
http://defiant.ssc.uwo.ca/Jody_web/fmri4dummies.htm
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Quantum 
 
 
 
 

Classical  



 
 

Classical Description   

• Spinning particle precesses around an applied magnetic field 

A Spinning Gyroscope 
in a Gravity Field 



Simplified Bloch equations 

1

0

T
MM

dt
dM zz ��

� 

The return to equilibrium is generally (mono) exponential 

T1 is the spin-lattice relaxation time constant 

2T

M

dt

dM xyxy ��� 

T2 is called the spin-spin relaxation time constant 



Classical Description 
 

• NMR Pulse 
�¾ Applying the B1 field for a specified duration (Pulse length or width)  
�¾ Net Magnetization precesses about B1 a defined angle (90o, 180o, etc) 

B1 off… 
 
 

(or off -resonance)  

Mo 

z 

x 

B1 

z 

x 

Mxy 
y y 

�Z1 

�Z1 

�Z1 = �JB1 

90o pulse 



Relaxation of Mxy During Fourier Transform NMR  

Responses Due to T1 AND T2 
 

For liquids in porous media T 1 >> T2 



�Q = �JBo/2�S��
RF pulse along Y  

Detect signal along X  

X 

y 

Classical Description 
 

• Observe NMR Signal 
�¾ Remember : a moving magnetic field perpendicular to a coil will induce a 

current in the coil. 
�¾ The induced current monitors the nuclear precession in the X,Y plane  





After 90o pulse Free Induction Decay 

The signals decay away due to interactions with the surroundings. 

A free induction decay, FID, is the result. 

Fourier transformation, FT,  of this time domain signal  
produces a frequency domain signal. 

FT 

Time 
Frequency 



Free Induction Decay (FID) 

FID = the sum of all of the nuclei radiating absorbed rf as they return to the 
Ground State.  The information in the FID is a function of time and must 
Be converted via Fourier Transform to the frequency domain to produce a  
Readable spectrum.  
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The big trick of NMR: Spin echo 
• Inversion pulse after time �W 

�o  phase recovery at 2�W 
 

• Corrects for dephasing due 
to static B inhomogeneities 

x 

y 

x 

y 

180 degree spin flip 



PROBLEM 
Power difference 
transmitte/receive 





Na lower sensit iv ity 
longer  

measurement  t ime  

Signal proport ional  

to 

moisture content  

or  

Na content  
 

Pulsed NMR signal (spin-echo experiment )  

I nformat ion on  

pore water and ion  

dist r ibut ion in pores 

Am plitude spin-echo  
 
S~ G�U [ 1-exp( -TR/ T1) ]  exp( -TE/ T2)  
 
G =  relat ive sensit iv ity ( for 1H G= 1, 23Na= 0.1)  

�U =  density of nuclei 

T1 =  spin lat t ice relaxat ion 

TR =  repet it ion t im e experim ent   

T2 =  spin-spin relaxat ion t im e 

TE =  spin-echo t im e 

see,e.g.,E.L. Hahn,Phys. Rev., 80, 580-594 (1950)  



http://www.spinlock.com.ar/ 



bulk water  

 m ono exponent ial 

 

Water relaxat ion 

 

m ortar  

 st ructure in T2 

 

WHY ? 



Water in a pore 

•  Water molecules move due 
to self diffusion  

(Brownian mot ion)  

 

•  Near the wall there is a fast  

surface relaxat ion  

(no longer take part  in experim ent )  

  

 

  

 

fast  surface relaxat ion 

Brownstein, Tarr Phys Rev A 1 9  2446 1979 



bulk water water in pores 

T2 =  large T2 =  medium T2 =  small 

porer
S
V

T �v� 
2

2

1
�U

where �U2 =  surface relaxivity 

Brownstein, Tarr Phys Rev A 1 9  2446 1979 



gel pores 

capillary pores 

inverse Laplace 

Probing pores in nanometer 
range 





















Influence of the season on the relationships  
between NMR transverse relaxation data and  
water -holding capacity of turkey breast meat  
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67 

Bound water Bound water 

20    30   40    50     60    70 

B 

�Z=�J B �Æ    �I =   Integral (�J B dt) 

For short time + diffusion dominated 



�Z=�J B �Æ  - �I = - Integral (�J B dt) 

Bound water Bound water 

B 

-20  -30   -40    -50     -60      -70 



69 

Free water 

������wait for a short time ���'…. 

Bound water Bound water 

B 



Bound water Bound water 

B 

Free water 

�Z=�J B �Æ  - �I = - Integral (�J B dt) 

Diffusion �Æ phase incoherence �Æ S/S0 = exp (-b D) 

B B 

-20  -30   -40    -50     -60      -70 



diffusion Pore distribution 

COMBINE : one measurement both diffusion + poresize distribution 







Inside out NMR 
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Magnetic Resonance Imaging 



 



 

Frequency encoding 



Spatial Encoding of the MR Signal 

w/o encoding w/ encoding 

Constant 
Magnetic 
   Field 

Varying 
Magnetic 
   Field 



Spatial Encoding of the MR Signal 

Fourier Transform 



Backward projection 

 



3D imaging: http://www.cis.rit.edu/htbooks/mri/ 

Nrep 

RF 

GSS 

GPE 

GRO 

DAC 

Magnetization 
preparation 

Excitation Read-out 

NEED SWITCHING GRADIENT COILS 



Water relaxat ion 

Medical MRI  

Window of materials you can not 
see, e.g., plastics etc 



Na lower sensit iv ity 
longer  

measurement  t ime  

Signal proport ional  

to 

moisture content  

or  

Na content  
 

Pulsed NMR signal (spin-echo experiment )  

I nformat ion on  

pore water and ion  

dist r ibut ion in pores 

Am plitude spin-echo  
 
S~ G�U [ 1-exp( -TR/ T1) ]  exp( -TE/ T2)  
 
G =  relat ive sensit iv ity ( for 1H G= 1, 23Na= 0.1)  

�U =  density of nuclei 

T1 =  spin lat t ice relaxat ion 

TR =  repet it ion t im e experim ent   

T2 =  spin-spin relaxat ion t im e 

TE =  spin-echo t im e 

see,e.g.,E.L. Hahn,Phys. Rev., 80, 580-594 (1950)  



High Field System – Industrial System 1.0 Tesla 

No external field 
 
Industrial grade 
 
Large volume 
 
1 Tesla Field Strength 
 
High performance 

Photos courtesy of ASPeCT Magnet Technologies Ltd. 
www.aspect-mr.com 



Advanced in-line sensors for sorting fruit  
 

Paste Production 

Whole 
Peel Pack 

Byproducts 

Sunburn 

Good  

Magnetic Resonance Imaging 

Rot 

Using a Partial Least Squares-Discriminant Analysis applied to MRI data it is predicted that yields for the 
process can be increased by approximately 10% 







http://www.spinlock.com.ar/ 













Dynamic MRI and Thermal Simulation To Interpret Deformation 
and Water Transfer in Meat during Heating 
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Plastics ~ 1 a 2 ms 

S~ G�U [ 1-exp( -TR/ T1) ]  exp( -TE/ T2)  
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Conclusions  
 
- Plastic gives NMR signal 
- Can not generate specific signal only due to plastic 
- Will be inverse, i.e., no signal where plastic is 

- (or glas, bones etc) 
- Enough time > super technique 

 
- At this moment still too much research instrument, 

which large promise (if costs go down) 
 

- Additional NMR problems 
- Magnetization time on conveyor (too short or 

super high field) 
- High homogeneity 
- Safety 

 
 







Questions ? 
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