
1D 1D 1313C spectrum of a proteinC spectrum of a protein

C' Carom. Caliph.

160.0 120.0 80.0 40.0 [ppm]13C C

Selective RF pulses: rectangular pulsesSelective RF pulses: rectangular pulses

Flip angle of RF pulse:

 = 1p = B1p

Flip angle of RF pulse:

13C13C’

 pulse:

ff ff 2 2 2 2 eff = 4 =   (1
eff)2 = (41)2 = 1

2 + ()2  1 = /

p(90) = /1 =  / ()

 pulse:

eff = 2 =   (1
eff)2 = (21)2 = 1

2 + ()2  1 = /

p(90 )  1 ( )

  2    (1 )  (21)  1 + ()  1  /

p(180) = /1 =   / ()



BandBand--selective RF pulses: shaped pulsesselective RF pulses: shaped pulses

Rectangular pulse Shaped pulseg p p p

(Ai p/NP)

 = pulse width

B1
rect/2

B1
max /2

p      = pulse width
NP  = number of points in shape
Ai      = relative intensity,  0…1

p p

 = B1
rect  p

= B1
rect/2 p 

 = B1
max  Ai p

= B1
rect   Ai p

BandBand--selective RF pulses: rectangular vs. shaped selective RF pulses: rectangular vs. shaped 
pulsespulsespp

Selective excitation Selective inversion

1.0
0.8

1.0

90o

Selective excitation Selective inversion

M
0.2

0.4

0.6

180
rectangular

pulse

o

C'

M
0.6

0.8 rectangular
pulse

Caliph.
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0.4
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p
Mxy
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Universal rotations Universal rotations –– timetime--reversed pulsesreversed pulses

100
e-Burp2 G4 7.82 ms   598.5 Hz4.94 ms   829.2 Hz

Universal rotations: same behavior as hard pulse, independent of x,y,z direction 

Point-to-point: optimized for a specific trajectory

100

50Mz -> My

My -> Mz
0

-50

y z

time rev.
M -> M

[%]

4.66 ms   2174.2 Hz 6.18 ms   742.1 Hz
100

Q5u-Burp

My -> Mz

50

0

-50

[kHz] 2 1 0 -1 -2 -3 [kHz] 2 1 0 -1 -2 -3

[%]

W. Bermel, Bruker

BandBand--selective RF pulsesselective RF pulses

Selective inversion,Selective inversion,
refocusing (180refocusing (180°°))

Selective excitationSelective excitation
(90(90°°))

Adiabatic inversionAdiabatic inversion

GaussianGaussian
(90(90 / 270/ 270))

II--BURPBURP HyperbolicHyperbolic
secantsecant

EE--BURPBURP RERE--BURPBURP WURSTWURST

G4G4 G3G3 CHIRPCHIRPG4G4 G3G3 CHIRPCHIRP

Q5Q5 Q3Q3

References (shaped pulses and bandReferences (shaped pulses and band--selective decoupling):selective decoupling):

JMR (1991) 93, 93; Chem. Phys. Lett. (1990) 165, 469; JMR (1992) 97, 135;

JMR (1992) 100, 604; JMR (1993) A102, 364; JMR (1995) A115, 273; JMR (1996) A118, 299 .  



BandBand--selective RF pulses selective RF pulses -- adiabatic pulsesadiabatic pulses

•• Adiabatic ”Adiabatic ”fast” fast” (relative to T1, T2) passage:(relative to T1, T2) passage:

keep keep magnetization and magnetization and rfrf field field colinearcolinear:  |:  |dd//dtdt| | « « effeff

•• frequency sweep: frequency sweep: dd//dtdt (non(non--linear pulse phase modulation)linear pulse phase modulation)


 broadbroad--band inversion with low powerband inversion with low power

 insensitive to B1 insensitive to B1 inhomogeneityinhomogeneity

 adiabaticityadiabaticity requires long requires long PP



WURST

Amplitude Phase

yy q gq g PP

WURST

G3, 250s, B1
max/2 14kHz

WURST, 2.7ms, B1
max/2 3kHz

Mz

 [Hz]

Adiabatic pulsesAdiabatic pulses

Magnetization



Magnetization

trajectory

eff

Cavanagh, … Palmer book



Adiabatic pulsesAdiabatic pulses

1

frequencyfrequencyfrequencyfrequency

modulationmodulation

MM /M/MMMzz/M/M00

Garwood, DelaBarre JMR  153, 155–177 (2001)

OffOff--resonance pulses: phaseresonance pulses: phase-- and amplitude modulationand amplitude modulation

G3, 500G3, 500ss Mz

no modulationno modulation

Phase modulation:Phase modulation:

ii
modmod = = ii  (2(2   ppi/NP)i/NP)

Mz

A lit d d l tiA lit d d l tiAmplitude modulation:Amplitude modulation:

AAii
modmod = A= Aii  2cos(22cos(2   ppi/NP)i/NP)

Mz

 [Hz]



BlochBloch--Siegert phase shifts (BSP)Siegert phase shifts (BSP)

180°-pulse:

1313C’C’ 1313CC

  eff



1

Mx
180 pulse:
1



1   10 

OffOff--resonance: resonance: » » 11

Precession around Precession around 11
eff eff ::

BSP(0) =  *  = 3 1 * /1 = 3  48.2

offoff--resonreson ≈≈ <<11
effeff>> p p = = ββeffeff

Instead of precessionInstead of precession

aroundaround zz axisaxis with:with:

((1313CCαα))

around around zz--axis axis with:with:

free free = = pp

BSPBSP = (= ( <<11
effeff>)>) pp

BSP  on BSP  on 1313C’ C’ 

transversetransverse

magnetizationmagnetization

Chem. Phys. Lett. (1990) 168, 297

Bloch Siegert shift: inversion simulation
Mz -> Mz

100
Q3 (2 msec, 1650.4Hz, freq: 2kHz, -3kHz)

5050

0

-50

[%][%]

[kHz] 4 0 -4 -8

W. Bermel, Bruker



Bloch Siegert shift: inversion simulation
Mz -> Mz

100
Q3 (2 msec, 3300.8Hz, freq: 2kHz, -3kHz)

5050

0

-50

[%][%]

[kHz] 4 0 -4 -8

W. Bermel, Bruker

Bloch Siegert shift: inversion simulation
phase

200
 Q3 (2 msec, 1650.4Hz, freq: -3kHz)My (freq: 2kHz)

100100

0

-100

[°]without pulse, with Q3 pulse, difference [ ]

[time] T/2 T

W. Bermel, Bruker



BSP compensationBSP compensation

120

60

80

100

Bloch Siegert phase
BSP
  [°]

40

-20

0

20

40
Bloch-Siegert phase
for a band-selective
( 5kHz) G3 pulse

BSP = 1
2/(2*P

Calculate BSP for each subpulse 

of a shaped pulse and add it to 

[kHz]

-80

-60

-40

10 12 14 16 18 20 22 24 26 28 30

the phase to compensate for the 

BSP.

Determine phase empirically
(0th and 1st order)

Use amplitude-modulated
inversion pulse (0th order)

Use additional pulse
(all orders are corrected)

Intrinsic correction
(all orders are corrected)

+BSP(0)

C TT t1
2

t1
2


'TT t1

2
t1
2


TT t1

2
t1
2

TTC
C’
 t1

2
t1
2

C'

G3, 250 s, 18 kHz
phase modulation

 G3, 700 s, 18 kHz
amplitude modulation



BSP Single shape with two 
excitation bands and intrinsic 

BSP correction
p

JMR (1992) 100, 604; JMR (2000) 146, 369.

Experimental determination of Bloch Siegert PhaseExperimental determination of Bloch Siegert Phase

•• Zero order phase correction Zero order phase correction 00 applied to the phase of a flanking 90applied to the phase of a flanking 90oo pulsepulse

•• First order phase correction by addition of a delay First order phase correction by addition of a delay 11



BSP compensationBSP compensation

Bloch Siegert shift: inversion simulation
Mz -> Mz

100
Q3 (2 msec, 3300.8Hz, freq: 2kHz, -3kHz)

50

-50

ith BS

[%]

[kH ] 4 0 4 8

with BS compens.

without

[kHz] 4 0 -4 -8

W. Bermel, Bruker

Gradients in heteronuclear NMR experimentsGradients in heteronuclear NMR experiments

x x

Spin echo with gradients

Gz

I

x x
a

x
a a

x

Coherence
selection

y y

b

y

b b

y


2


2

x x y

I

Spoil/purge gradients

2 2

Gz

S

I
Coherence
rejection

I: Iz

I

-Iy

I 2I S 2I S2I S2I S

Iy Iy

I S

y

x
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