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Summary of the lecture



Summary of the lecture

@ Bloch vector model

@ Basic quantum mechanics

® Product operator formalism

@ Spin hamiltonian

® NMR building blocks

® Coherence selection - phase cycling

@ Pulsed field gradients




Nucle1 observable by NMR

Table 1.1. Properties of some nuclides of importance to NMR.

nuclide 1 gyromagnetic Natural NMR frequency
Ratio v Abundance [MHz]
(107 rad T~! s71]  [%)] (Bp=2.3488 T)

'H 1/2 26.7519 99.985 100.0

’H 1 4.1066 0.015 15.351

SH 1/2 28.5350 - 106.664

12¢C 0 . 98.9 -

13C 1/2 6.7283 1.108 25.144

14N 1 1.9338 99.63 7.224

15N 1/2 -2.7126 0.37 10.133

1oF 1/2 25.1815 100. 94.077

Sip 1/2 10.8394 100. 40.481




Why some nucle1 have no spin ?

The proton is composed of 3 quarks stuck together by gluons

Charge=+e
o Spin=1/2

Charge —

12C 13C 14N

Atomic number 6 6 7
Mass number 6+6 6+7 T+7
Spin quantum 0 1/2 1

number




Why some nucle1 have no spin ?

Isotopes with odd mass number

(1H, 13C, 15N, 19F, 31P)

Isotopes with even mass number

Number of protons and neutron even

Number of protons and neutron odd

) S=1/2,3/2 ...

m) S=1,2,3 ...



Larmor frequency

(a) (b)

Laboratory Rotating

reference frame dam A ]\r4 reference frame
= = at frequency



Bloch equations without relaxation

TR
dt

By = '\/Bl2+(Bo —U)/Y)2

d

M, - —y(ByMZ—BZMy)
d

gtMy = _Y(BzMx_BxMZ)
d

<M, = -y(B.M,-BM,)

dr  °©

B, static magnetic field

M macroscopic magnetization
ACross-product
B, r.f. magnetic field

@
Bett Bo- 7




Bloch equations with relaxation

90° pulse l:> Magnetization in the XY plane
Precession around B,

Recovery to the equilibrium state ?

Longitudinal magnetization 7 Transverse magnetization N
Spin-lattice relaxation

B B

Precession in a fluctuating magnetic field

Thermal motion
Non isotropic motion
= Fluctuating magnetic field
Magnetization = Thermal equilibrium
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Bloch equations with relaxation

90° pulse l:> Magnetization in the XY plane
Precession around B,

Recovery to the equilibrium state ?

Longitudinal magnetization 7 Transverse magnetization N

Spin-spin relaxation

la §\ \ ine

N

\& % v \/ The individual magnetic dipoles
z all have slightly different
precession frequencies
<§
< % True T, relaxation
—
<
~ 1 % B,inhomogeneity

Precession in the transverse plane



Bloch equations with relaxation

90° pulse l:> Magnetization in the XY plane
Precession around B,

Recovery to the equilibrium state ?

Longitudinal magnetization 7 Transverse magnetization N



Bloch equations with relaxation

90° pulse l:> Magnetization in the XY plane
Precession around B,

Recovery to the equilibrium state ?

Longitudinal magnetization 7 Transverse magnetization N
dM L
— = YBynA M

dt



Bloch equations with relaxation

90° pulse l:> Magnetization in the XY plane
Precession around B,

Recovery to the equilibrium state ?

Longitudinal magnetization 7 Transverse magnetization N
dM L
— = —yByA M

dt 4

Subtitution éeﬁ by [Bpoa(Bo —w /Y ):

Incorporation of T, and T, relaxation times
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Bloch equations with relaxation

90° pulse l:> Magnetization in the XY plane
Precession around B,

Recovery to the equilibrium state ?

Longitudinal magnetization 7 Transverse magnetization N
dm L
= = —yByA M
dt b eff
d 1
— M, =\0yg-0)M, - —M
dt X ( 0 ) y T2 X
d 1
gtMy = —(wg -0 )M - EMy +m M,
d 1
M, =M~ T (M, - M)



Bloch equations with relaxation

90° pulse l:> Magnetization in the XY plane
Precession around B,

Recovery to the equilibrium state ?

Longitudinal magnetization 7 Transverse magnetization N
dM I
— = —-yByA M
dt 4
d 1
Longitudinal and M. = (u) —oo) M. -
. X 0 y X
transverse relaxation dt
mechanisms are
independent d 1
p gtMy =—(oo0 —(D)Mx y toM,

M, - —mlMyﬁ](MZ - M)



Bloch equations with relaxation

90° pulse l:> Magnetization in the XY plane
Precession around B,

Recovery to the equilibrium state ?

Longitudinal magnetization 7 Transverse magnetization N
dm L
= = —yByA M
dt b eff
d 1
— M, =\0yg-0)M, - —M
dt X ( 0 ) y T2 X
d 1
gtMy = —(wg -0 )M - EMy +m M,
d 1
M, =M~ T (M, - M)



Bloch equations with relaxation

90° pulse l:> Magnetization in the XY plane
Precession around B,

Recovery to the equilibrium state ?

Longitudinal magnetization 7 Transverse magnetization N
dm L
— = —yByA M
dt &
d 1
— M, —((DO m)M - —M
dt
d
—M, = —(ooo oo)M - —M
dt
rf pulses connect d
the z axis with the gtMZ = y— ; (MZ — M())
transverse Xy plane 1




Longitudinal and transverse magnetization

N 1/2hyB, ) _1/2hgBy )
Net Magnetic +1/2 =exp(¢+/ex (AT
7\ Moment N_12 kgT ) kgl )
AR AT |, 2neBy
Niy2 kgT . WbBy
ﬁ $ AT o> Thermal N_i/, _1+ ~1/2hYB, ~1+ kgT
)3' ’R *ﬁ Equilibrium —kBT
? )?' Yo

Thermal equilibrium

Longitudinal magnetization



Longitudinal and transverse magnetization

N 1/2hyB \ -1/2hgB \
Net Magnetic iz exp(ﬁﬂ exp(ﬁ :

7\ Moment N_1/2 kgl ) kgT }
-l 75\ oY |, L2neB
S o (o
$ -y Thermal N_y/5 ~ . -1/2hyB, kgT

Equilibrium

ﬂ‘;ﬂ'w‘oﬁ _ 1+kBT/

Thermal equilibrium

At room temperature « |

Longitudinal magnetization



Longitudinal and transverse magnetization

Radio-
: > + Rrhr
frequency S
Pulse
) 8 i
i\ é,w
X y X y

N 1/2hyB, \ -1/2heB, \
Net Magnetic —+1/2 _exp(ﬁ /exp(ﬂ

7\ Moment N_1/2 kgT / kgT }
-l 75\ ,0740_ |, L2neB
ﬁ o Niy2 kgT 1 nyB,
$ -y Thermal N_y/5 B - ~1/20yBy kgT

)5‘ ; )?' “\ﬁ Equilibrium kpT

Thermal equilibrium

At room temperature « |

Longitudinal magnetization



A

Longitudinal and transverse magnetization

Radio-
frequency
Pulse

SR

Z
i’\ Y
X

Net Magnetic

A
ﬁ‘#ﬂ"-‘»

ﬂ';‘ﬁ’wﬁ

Thermal
Equilibrium

Thermal equilibrium

Longitudinal magnetization

X

B
AN

Net Moment ‘f

- \ﬁ‘ﬁx
| sy es
’ ﬁ.ﬁiﬂ

X

Transverse magnetization

Coherence



Bloch equations with relaxation

What are the limitations of the Bloch equations?
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Bloch equations with relaxation

What are the limitations of the Bloch equations?

Planes : no collision Cars : collision



The limitations of the Bloch equations

Suitable dimensionality for description

Ix, Iy, Ix,N




The limitations of the Bloch equations

Suitable dimensionality for description

Ix, Iy, Ix /N | :

4
4
/

number of spins



The limitations of the Bloch equations

Suitable dimensionality for description

r ) r N

g @ @ & ©

@ @ & ©

[

@ @ & ©

y S . \ /
X
Vector Transformation
Ix, ly, IX,N |:

4
4
/

number of spins
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4
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The limitations of the Bloch equations

Suitable dimensionality for description

' y/
I S
y },I/X
X X
Ix, 1y, IX/:,::\N Sx, Sy, Sx, N

number of spins



The limitations of the Bloch equations

Suitable dimensionality for description

' y/
I S
y },I/X
X X
Ix, 1y, IX/:,::\N Sx, Sy, Sx, N

4
4
/

number of spins
4 P Additional terms if I and S interact




The limitations of the Bloch equations

Suitable dimensionality for description

X

Ix, Iy, Ix, N

'

S

Sx, Sy, Sx, N




The limitations of the Bloch equations

Suitable dimensionality for description

7 | ® |

®

y I ®

X ®

®

Ix, Iy, Ix, N O,

- .

Y

A Vector

Sx, Sy, Sx, N F



The limitations of the Bloch equations

Suitable dimensionality for description

f

Z . “‘o e o o o o
. “‘o e o o o o
y I . “‘o e o o o o
< . o o o“‘o o o
. o o o“‘o o o
IX’Iy’ IX,N . o o o “‘ o o o
t 7 ° ® © 06 06 0 o 0 o o

Y
A Vector Transformation
ooy W -




Basic Quantum Mechanics

Operat()r Performs some operation on a function
L d f(x
Ex: D, derivative operator D, f(x) = ; ()
X
Ex: 1 unity operator Lf(x) = f(x)
Flayrmaan The effect of consecutive operations
may depends on their order
4 N
Drive straight for 100 m Drive straight for 50 m
Turn left / S‘ I Turn left /
\_ Drive straight for 50 m Drive straight for 100 m Y,
? Commutator
B{A(fx)r = A{B(fx)}

[A.B] =AB - BA




Basic Quantum Mechanics

Matrix representation of operators

!! The matrix representation
depend on the basis

Product of two operators A.B

Usual law for matrix
multiplication

A =

(A A ¢ )

Ay Ay o el
\ ° ° ° o}

(AB);; = %Aik X By

/

Inverse Adjoint
AB=AB=1 Aij = Bji*
A =B-! A =BT

- NG

~

-

Hermitian operator

/

A=AT

Unitary operator

Al = A




Basic Quantum Mechanics

}\‘11 0 ° ° \
0 }\.22 i i :
° ° }\33 ° _
e e ]

Eigenvalues

Change of basis === Dijagonal matrix

Alv>=A\ Iv>

Operator / \ Eigenvalue

Eigenvector ( complex number)



Basic Quantum Mechanics

Eigenvalues

Change of basis === Dijagonal matrix

Alv>=A\ Iv>

Operator / \ Eigenvalue

Eigenvector ( complex number)

/tOrtho gonal Real I\

eigenvectors

eigenvalues

Hermitian operator

A=A

}\‘11

0



Basic Quantum Mechanics

Eigenvalues

Change of basis

Operator

—>

Diagonal matrix

Alv>=A\ Iv>

Eigenvector

/ \ Eigenvalue

( complex number)

I

rthogonal
eigenvectors

eigenvalues

Hermitian operator

Real I\

}\411 O i
0 A .
A = 22
° ° )\’33

Mg

/ If [A,B]=0

1.e. A and B commute

~

3 Basis such that

A and B diagonal

A=A




Basic Quantum Mechanics

Exponential operators

© Power of operators

A'=1 Al=A A2=AA A3=AAA



Basic Quantum Mechanics

Exponential operators

© Power of operators

A'=1 Al=A A2=AA A3=AAA

As[AAI=0  Alv>=A lv> == Anly>=An|v>

All power of an operator have the same eigenvector




Basic Quantum Mechanics

Exponential operators

© Power of operators

A'=1 Al=A A2=AA A3=AAA



Basic Quantum Mechanics

Exponential operators

© Power of operators
Ad=1 Al=A A2=AA A3=AAA

® Exponential of operators

| 1
For ordinary numbers exp(q) = 1+ g + 2'612+ 3'613 + K
1

3

{ A exp(A+B) = exp(A) . exp(B) only if [A,B]=0 }

1
For operators exp(A) = 1+ A + 2’Az+ A’ + K




Basic Quantum Mechanics

Exponential operators

© Power of operators
Ad=1 Al=A A2=AA A3=AAA

® Exponential of operators

|

1
For ordinary numbers exp(q) = 1+ g + 2'612+ 3'q3 + K
I » 1 .3
For operators exp(A) = 1+ A+ 2'A + 3'A + K



Basic Quantum Mechanics

Exponential operators

© Power of operators
Ad=1 Al=A A2=AA A3=AAA

® Exponential of operators

|

1
For ordinary numbers exp(q) = 1+ g + 2'612+ 3'q3 + K
1L o 1,3
For operators exp(A) =1+ A+ 2'A + 3'A + K
© Complex exponential of operators
.2 .3
For operators E=exp(iA) = 1+ iA + ;'A2+ 13'143 + K

{ A hermitian A=At ] m—)> {E unitary E-!=E!




Basic Quantum Mechanics

Cyclic commutation

O Definition [A, B] =iC (B, C] =iA [C,A]=iB

® Sandwich formula Rotation angle

exp (-10A) B exp (1I0A) =B cos 9+ Csin 0

Cyclic permutation

>




Basic Quantum Mechanics

Cyclic commutation

© Rotation around the 3 axes

exp (-10A) B exp (I0A) =B cos 0+ Csin 0

exp (-10C) A exp (iI0C) = A cos 0 + B sin 6

Q f)j >»(>
o 1

I




Liouville-von Neumann equation

Classical description

4 )

dM

N
« \\J

\

Magnetic field Magnetization



Liouville-von Neumann equation

Classical description

Quantum description

4 . )
a . —y]% A I\r4
" \\ y
Magnetic field Magnetization

~N
do(t .
—5) = jo(t),H ]
e \__J
/ \
Density matrix Hamiltonian



Liouville-von Neumann equation

Classical description

Quantum description

4 . )
a . —y]% A I\r4
" \\ y
Magnetic field Magnetization

~N
do(t .
—5) = jo(t),H ]
e \__J
/ \
Density matrix Hamiltonian



Liouville-von Neumann equation

Classical description

(" _ )
dM I
— = —y]go N M
dt
\ e \\ Y
Magnetic field Magnetization
Single
1/2 spin particle E 1

hp>=c, lo>+cg IB>
Superposition state

Quantum indeterminacy

Quantum description

P>

lo>

~N
do(t .
—5) = jo(t),H ]
pd \_
/ \
Density matrix Hamiltonian



Liouville-von Neumann equation

Classical description

(" _ )
dM I
— = —y]go N M
dt
\ e \\ Y
Magnetic field Magnetization
Single
1/2 spin particle E 1

hp>=c, lo>+cg IB>
Superposition state

Quantum indeterminacy

Quantum description

lo>

~N
do(t .
—5) = jo(t),H ]
pd \_
/ \
Density matrix Hamiltonian

Ensemble of

1/2 spin particles

Density
matrix

_ ("w Oap) _
Opa  Opp)

Ensemble
/ average

* *
CoCar )
*
CpCo

COLC[S+

cpCp ]




Liouville-von Neumann equation

Quantum description

\_

do (1)
t

e

i{o(¢),H |

\_J
\

Density matrix

e

Hamiltonian



Liouville-von Neumann equation

Hamiltonian:

Time-independent part
Static magnetic field B,

Scalar coupling

Time-dependent part

Radiofrequency field B, (pulses)

Quantum description

4 )
do(t .
—5) = jo(t),H ]
N pd \_
/ \
Density matrix Hamiltonian



Liouville-von Neumann equation

Hamiltonian:
Time-independent part
Static magnetic field B,

Scalar coupling

Time-dependent part

Radiofrequency field B, (pulses)

Quantum description

Transformation that render

the pulse Hamiltonian
time-independent ?

4 )
do(t .
75) = l[()' (t ),H ]
N pd \_
/ \
Density matrix Hamiltonian

H Rotating frame

o'=U o Ul

4 )

& (t) i [or @)1

. )




Rotating frame

-
do

() _ ilo()H® ]

~N

J

ll

Rotating frame

Or:UO'U_l




Summary of the lecture

@ Bloch vector model

@ Basic quantum mechanics

® Product operator formalism

@ Spin hamiltonian

® NMR building blocks

® Coherence selection - phase cycling

@ Pulsed field gradients




Matrix representation of the spin operators

We use the lo> and I3> states
of the spin as a basis

- Ip>
lo>




Matrix representation of the spin operators

110 1 110 =i
We use the lo> and I3> states I, = — Iy = —|
of the spin as a basis 211 0 211 0
1 O
IZ } 1|: :|
By 210 -1
- Ip>

lo>



Matrix representation of the spin operators

We use the lo> and I3> states
of the spin as a basis

P>
lo>

The spin operators satisfy
the commutation relation




Matrix representation of the spin operators

We use the lo> and I3> states
of the spin as a basis

P>
lo>

II,-1,1I,

The spin operators satisfy
the commutation relation

o R e

o o



Matrix representation of the spin operators

110 1 110 =i
We use the lo> and I3> states I, = — )i v = =|.
of the spin as a basis 2(1 O AR
111 O
I, = —
E 210 -1
P>
o> The spin operators satisty MI]=il
the commutation relation X7yl Tz

110 110 =i 110 =)0 1
ley—lylx = — . - |
411 Olli O 4171 Of({1 O

'InT, 1{i O 11-i O 11 0 -
Ty gqlo -]l 40 210 -1 g



Matrix representation of the spin operators

B Net Polarization

/\;ﬁﬂ; Vf;r:: I=1[1 O]

EIN N

Net Polarization
110 1
Aﬁ* > o L = 2[1 o}
P2 ﬂ'd' —o*—0->
\3‘ ~0) ‘g‘ I 110 =i
| o> ,O? ¢ é ﬂ y - 5 l. 0




Matrix representation of the spin operators

A Net A

N - Polarization -

No Coherence Coherence

/ 110 —i
The transverse coherence has a phase ! Y 217 0O



Matrix representation of the spin operators

Bras / Kets

Bra notation (1x2 vectors)

o) = [(1)] B)= m

Ket notation (2x1 vectors)

(a/= 1 0]
Bl=[0 1]



Matrix representation of the spin operators

Bras / Kets Operator
(square matrix)
After
Bra notation (1x2 vectors)
HE % N
1 0 HE B
o) = B)=
0 1
Before
Ket notation (2x1 vectors) H B
HHE X
HE
la/=[1 0]

Bl=[0 1]



Matrix representation of the spin operators

Bras / Kets Operator
(square matrix)
After
Bra notation (1x2 vectors)
HE _ B
X
= B=] =
0 1
Before
Ket notation (2x1 vectors) H B x H B
HE
la/=[1 0]
Bl=[0 1]
4 )

Bra < adjoint — Ket

<nl={In>}T




Matrix representation of the spin operators

Bras / Kets Orthonormal basis
1
Bra notation (1x2 vectors) (oo = [1 0]{0} =1
w= ] = T T e
0
Ket notation (2x1 vectors) <[3B= [0 1]><1 =1
lal=[1 0] (Ba)= [0 1]><(1) =0
Bl= o 1]
4 )

Bra < adjoint — Ket

<nl={In>}"




Matrix representation of the spin operators

Bras / Kets

Bra notation (1x2 vectors)

Ket notation (2x1 vectors)

=1 0]

Bl=[0 1]
4 )

Bra < adjoint — Ket

<nl={In>}T

Orthonormal basis
1
k)= [ 0] -

o= 1 0]

0

1=0
pp-[0 14| -1
Bay= [0 14| = 0

Matrix representation using different

basis sets can be interconverted
using unitary transformation




Multispin systems

Bloch model Strictly applicable only to a
system of non-interacting spins

Quantum mechanics Direct product space

The two spins are independent

1 0
o) = B) = 4 h
0 1 hp> = lp,> ® hp,>
basis vector basis vector
fi in #1 fi in #2
Nb of basis vectors = 2N K o or P /

Spins 1 2 3

1 1
Basis size 2 4 8 wl = ‘OLOL> = 0 ® 0



Multispin systems

=l | e

Operators




Multispin systems

Cwretpons —

Operators

1 1 1 O
Iz + SZ = + — = Incorrect !
2 2 0 -1




Multispin systems

=l | e

Operators




Multispin systems

=l | e

Operators

I(2spins) _ IélSpm) ® E

<



Multispin systems

{ hl)> = hP1> ® hp2> } Y, = |oa)

Operators

L = I ® E = 2. ®.




Multispin systems

{ p>=1p,>&® hp,> }

Operators

. , 111 O 1 O
J@spins) - _ - p(Lspin) E = — ()
< < ® 210 -1 0 1

]=




Multispin systems

{ p>=1p,>&® hp,> }

Operators

. , 111 O 1 O
J@spins) - _ - p(Lspin) E = — ()
< < ® 210 -1 0 1

(2spins) (1spin)
SEP) — E® S\

]=




Multispin systems

{ > =), > hp,> }

Operators

(2spins)
IZ

(2spins)
S, =

_ Iélspin) ® E

E ® Sélspin)

2

2




Multispin systems

{ y>=hp,>&® hp,> J

Operators

(2spins)
IZ

(2spins)
S, =

_ Iélspin) ® E

E ® Sélspin) —

111
210

1 O
0 1

0
-1

E

o

2

|

1
0

1
0

oo

0
1

0
-1

|

o O O =

o O O =




Multispin systems

T o =< o fl
Operators
111 O 111 O 1 O
IZ + SZ Z — + — = Incorrect !
210 -1] 210 -1 0 -1
@/ 1 0 0 0]
Dimension IéZspins) + SéZspins) _ O O O O
O 0 0 O
0 0 0 -1




Multispin systems

{ p>=p,>&@ hp,> }

Operators ABlij> = (AeB)(i>® j>) = A li> @Blj>




Multispin systems

{ p>=p,>&@ hp,> }

Operators

Product

operator

ABlij> = (A®B)(li> ® li>) = A li> ®Blj>

/

\_

Aisan operator that acts on the 1 spin

B isan operator that acts on the | spin

N

AB=(A®B) = (A®E) (k@B) y




Multispin systems

{ p>=p,>&@ hp,> }

Operators

Product

operator

ABlij> = (A®B)(li> ® li>) = A li> ®Blj>

/

Aisan operator that acts on the 1 spin

B isan operator that acts on the | spin

N

AB=(A®B) = (A®E) (k@B) y

Ex: Liop>=1, @E)(lo>® 1B>) =1 o> @EIp>

=1/, lo>®@1p>=1,1ap >

Llop> =1/, lof>



Multispin systems

{ p>=p,>&@ hp,> ]

Product

operator

Operators ABlij> = (AeB)(i>® lj>) = A li>®Blj>

/

Aisan operator that acts on the 1 spin

B is an operator that acts on the ] spin

N

AB=(A®B) = (A®E) (k@B) y

Ex: Liop>=1, @E)(lo>® 1B>) =1 o> @EIp>

=1/, lo>®@1p>=1,1ap >

Llop> =1/, lof>

L Sjop>=d,®S)(le>®1p>)=L lo>® S, Ip>

=1/, lo>® -1/, Ip>=-1/, 1 af >

L Sop>=-1/,10p>



Multispin systems - product operators

Spectrum of a AX spin system

e B>
= P—— | - o
T |ops
— o mameees — oo
No Field, Zeeman Zeeman J-Coupling
No Coupling Splitting Splitting

of Spin I of Spin [,



Multispin systems - product operators

Spectrum of a AX spin system

|

No Field,

Zeeman
No Coupling

Splitting
of Spin I

— e IBB>
e P>
T |ops
S L — oo
Zeeman J-Coupling
Splitting
of Spin I,,

-
_oooo (BB
C0000
|Bor> ml b
Q00000 |y

Thermal equilibrium
populations



DOCOOe

000000
|Bp>

Product operators - coherence /population

4 N
Populations
A, AX X
- /
— N
o=
J




Product operators - coherence /population

loo>

IBo> Iaﬁ>
K Iococ> /
IBo> . joc6>

4 N

+1 Quantum
coherence




Product operators - coherence /population

s
IPo>

N
e
Iﬁa;%aﬁ>
\_ \—/Iococ> %

4 N
0/ 2 Quantum

coherence
AXXy A X,

AX, AX,
\_ /




Multispin systems - product operators

Spectrum of a AX spin system

il

L

-~

Ipo>

| 1
-340 -330

-320

1 |
-310 310

Q/2x [HZ]

320

330

340

.

IBR> \

lo 3>

lovor> /




Multispin systems - product operators

Spectrum of a AX spin system

h.hl 1 _JUL

-~

IPo>

340 330 320  -310 310 320 330 340
Q/2x [HZ]

Spectrum of A

.

IPP> \

lo 3>

lovor> /




Multispin systems - product operators

Spectrum of a AX spin system

|

X(P) X(a)

\ /

L

-~

IPo>

| 1
-340 -330

-320

1 |
-310 310

Q/2x [HZ]

1 1 ]
320 330 340

Spectrum of A

.

IBR> \

lo 3>

lovor> /




Multispin systems - product operators

Spectrum of a AX spin system

X(B)

\

X(o)

/

|

\

/

IPP> \

<

Ba> lo 3>

| 1 1 1 | 1 1 ]
-340 -330 -320 -310 310 320 330 340

Q/2x [HZ]

Spectrum of A
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Quantum description

do (1) .
LI1]=il [ @ jmﬂd
X7y Z ~ }

Density matrix ~ Hamiltonian
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Commutation in coherence space
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Rule 2:
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Rule 2:
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Commuting operators
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Commutation in coherence space

[LL1=il,

Rule 2:

[LL]=—il,

[Ip ,Iq] = 0 for (p.g) = (x.y.2)

Rule 4:
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Rule 5:
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Commutation in coherence Space (summary)

[LL1=il,

Rule 2:
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[Ip ,Iq] = 0 for (p.g) = (x.y.2)

Rule 4:
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Rule 5:
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Table 2.3. Commutators of coherences
Cohe- Commutator with
rence F I, S, 1,5, I, I, IS, I,S,
E 0 0 0 (0 0 0 0 0
1, 0 0 0 0 I, -[x IS, -IS,
S, 0 0 0 0 0 0 0 0
1,S, 0 0 0 0 IS, -IxS, I -1
I 0 -1, 0 -1, S, 0 I, 0 1,S,
I 0 I, 0 IS, -1, 0 -1,S, 0
1S, 0 -I,5, 0 —‘Iy 0 1,S, 0 I,
I, S, 0 IS, 0 I, -1,S, 0 -1, 0
Sx 0 0 -Sy -1,5y 0 0 ISy -1, Sy
Sy 0 0 Sy 1,5« 0 0 1,5, I, 5«
1,5, 0 0 -1,5y -Sy I, 8%  -I.S5« 0 0
1,5y 0 0 1,54 Sy IS, -I«Sy 0 0
LSy 0 -I,S, -IiS, 0 0 ISy  -Sy 0
IS, 0 LSy I, S« 0 -1,5y 0 0 Sy
ISy 0 -I,S, I.5 0 0 I,Sy Sy 0
I, S 0 ILSx -LI,Sy 0 -1,54« 0 0 -Sy
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Terms of the spin hamiltonian
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Shielding tensor Other spins
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Terms of the spin hamiltonian

Zeeman interaction / B, (static field)

H=-(1 — o

<o) Bo L Spins <—» | B, (tf field)
RF ﬁeld \ Other spins

H=-w,[I cos (wt)- Iy sin(wt)]

o o)

H=]J T g =] (IXSX + IySy+ IZSZ) —> () in isotropic liquids




Terms of the spin hamiltonian (conflicts)

RF field
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Zeeman interaction

H=-w,l

Z

Scalar interaction

H=JI.8S=J({S,+IS+LS)



Terms of the spin hamiltonian (conflicts)

H=- m@os (wt@n(mt)]
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Scalar interaction

H=JI.8S=J({S,+IS+LS)
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Terms of the spin hamiltonian (conflicts)

RF field

H=-w,[I cos (wt)- Iy sin(wt)]

Zeeman interaction

[1z,IxSx] #0 [1z,IySy] # 0
H=JI .S=J@@IZSZ)



Terms of the spin hamiltonian (solutions)

RF field

[ During the pulses ] H=-ow,[ I, cos (wt)- Iy sin(mt)]

Zeeman interaction

H=-w,l

Z

Scalar interaction

H=JI.8S=J({S,+IS+LS)



Terms of the spin hamiltonian (solutions)

RF field

[ During the pulses ] H=-ow,[ I, cos (wt)- Iy sin(mt)]

Hypothesis: short pulse
The spins do not precess
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RF field

[ During the pulses ] H=-ow,[ I, cos (wt)- Iy sin(mt)]

Hypothesis: short pulse
The spins do not precess
during the pulse

Scalar interaction

H = = LS)




Terms of the spin hamiltonian (solutions)

RF field

[ During the pulses ] H=-w[ I cos(wt) -1 sin(wt)]

Trajectories of magnetizations

RF field strength = 1000 Hz

Offsets = 100, 250, 500 Hz
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Zeeman interaction

H=-w,l

Z

Hypothesis (2) : the chemical shift
evolution 1s eliminated

Scalar interaction
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Terms of the spin hamiltonian (solutions)
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evolution 1s eliminated

Scalar interaction
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Terms of the spin hamiltonian (solutions)

r
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During the free
precession

~\

H>=q],

[1zSz IxSx] =0 ©

[IxSx,IySy]=0 ©

[1zSz,]ySy] =0 ©

Hypothesis (2) : the chemical shift
evolution 1s eliminated

Isotropic
mixing Scalar interaction

H=JI.8S=J({S,+IS+LS)



Evolution of the spin system

Zeeman interaction

H=-w,l

Z

RF field

H=—w,[ I cos(¢)-I,sin(¢)]
exp (-i6H) o, exp (10H)

=0, c08 6+ 0, sin O
Scalar interaction

H — JIS IZSZ [OO o H] — l 01



Evolution of the spin system

Quantum description

4 )
H=- W IZ doc'lit) _ 1[0' (t),H]
N // \\ y

RF field Density matrix Hamiltonian

H=—w,[ I cos(¢)-I,sin(¢)]

exp (-10H) o, exp (16H)

=0, c08 6+ 0, sin O
Scalar interaction

H — JIS IZSZ [OO o H] — l 01



Evolution of the spin system (chemical shift)

Zeeman interaction
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Evolution of the spin system (chemical shift)

Zeeman interaction
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[Iy,Iz] =i Ix

[Ix.Iz] = —i Ix

[1z,Iz] =0
N Y




Evolution of the spin system (chemical shift)

Zeeman interaction

H__(DO z

[Iy,Iz] =i Ix

[Ix.Iz] = —i Ix

[1z,1z] =0

- J




Evolution of the spin system (radiofrequency)

RF field (rotating frame)
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Ph f the rf
RF field (rotating frame) / ase ot Hed
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Evolution of the spin system (radiofrequency)

Ph f the rf
RF field (rotating frame) / ase ot Hed

H=-w,[1 cos(¢)-1I sin(¢p)]
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Evolution of the spin system (radiofrequency)

Ph f the rf
RF field (rotating frame) / ase ot Hed

H=-w[I cos (¢)—I sin(9)]

{ Pulse around x J { Pulse around y

‘\w .



Evolution of the spin system (radiofrequency)

RF field (rotating frame)

H=-w,1
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Evolution of the spin system (scalar coupling)

Scalar interaction

H = JIS IZSZ



Evolution of the spin system (scalar coupling)

Scalar interaction

H = JIS IZSZ

- A
[Ix, 21zSz] =1 21ySz

[Iy, 21zSz] = —i 21ySz

1z, 21zSz] =0
N Y,




Evolution of the spin system (scalar coupling)

Scalar interaction

H = JIS IZSZ

. A\
[1®, 21zSz] =1 21@5z

[Iy, 21zSz] = —i 21ySz

1z, 21zSz] =0
N Y,




Evolution of the spin system (scalar coupling)

Scalar interaction

H= JIS IZSZ
d 21,57 e 21,5,
S >
21,5, ly




Evolution of the spin system (scalar coupling)

Scalar interaction

H= JIS IZSZ
d 21,57 e 21,5,
S >
21,5, ly
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Evolution of the spin system (scalar coupling)
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Evolution of the spin system (scalar coupling)
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Evolution of the spin system (scalar coupling)
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Summary of the lecture

@ Bloch vector model

@ Basic quantum mechanics

® Product operator formalism

@ Spin hamiltonian

® NMR building blocks

® Coherence selection - phase cycling

@ Pulsed field gradients
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