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NMR Pulse Design by OCT: 
Introduction, Applications and 

What we can learn from it
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Why bother with NMR spectroscopy?

Broadband ‘State-To-State’ Pulses

Broadband ‘Universal Rotation’ Pulses

Ultrabroadband Excitation

Pattern Pulses
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Drift Hamiltonians

Hcs = ωI Iz

Hiso = 2πJ12 (I1xI2x + I1yI2y + I1zI2z) 

Hlong = 2πJIS IzSz

chemical shift:

hom. J-coupl.:

het. J-coupl.:

(no relaxation considered)



Diagonal

Cross peaks:

J-couplings between 
neighboring protons

Correlation via J-Couplings: COSY



Heteronuclear Correlations: HSQC

1H
13C

Correlation of protons
to directly attached 
13C-atoms

with decoupling



1H
13C

1JHC

Heteronuclear Correlations: HSQC

Correlation of protons
to directly attached 
13C-atoms

without decoupling



Dipole-Dipole-Relaxation: NOESY

NOESY: relaxation-based transfer ~ 1/r6

=> Structure calculations



Common Scheme: 
Coherence/Polarization Transfer

COSY

NOESY

HSQC

1H

1H

1H

13C



Future Transfer Building Block: CROP



90° and 180° Pulses: Todays Work Horses
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Offset-Dependence of RF-Pulses

-10 -5 0 5 10
Offset [kHz]

Phase distortions
and loss of signal
due to offset
(e.g. 13C, 19F)

RF-Amplitude

Pulse length



‚The Ideal Pulse‘

Same flip angle for all 
offsets and RF-amplitudes



Optimization Setup

Approximation: pulse length is short

=> J-coupling / relaxation is neglected 

Hcs = ωoffs Iz

Hctrl = ωRF =ω1 (cos ϕ Ix + sin ϕ Iy)

Goal: Same transfer for all ωRF ± σRF and ωoffs



Optimization Algorithm

M = (Ix,Iy,Iz) Γ = Gradient



2 ms BEBOP no RF-constraints



Trajectory (0 Hz Offset)



Trajectory (16 kHz Offset)



Pulse-Trajectories 

ωI = 0 Hz

despite different 
trajectories final 
magnetization in x

ωI = 16 kHz



Shorter Pulses ?



Shorter Pulses: 
RF-constraints 
Needed in 
Optimization

Max. RF-amplitude !

&

Max. RF-energy !



Modified Algorithm

or for max. RF-amplitude:
5./6. If ω1(t) > ωmax set ω1(t) = ωmax



500 µs BEBOP 
with max. Ampl.



Limits of Excitation

RF-Limit: 10 kHz

Offset B1-Inhomogeneity

K. Kobzar et al., JMR 173, 229 (2005).



Limits of Excitation

K. Kobzar et al., JMR 173, 229 (2005).



Comparison with other excitation pulses

± 0% B1 ± 20% B1

Limits of Excitation

K. Kobzar et al., JMR 173, 229 (2005).



restricted to RF-energy of const. ampl. 10 kHz pulse

Offset max. ampl.

RF-Energy Limits of Excitation



RF-Energy Limits of Excitation



RF-Energy Limits of Excitation

± 0% B1 ± 20% B1



K. Kobzar et al., JMR 173, 229 (2005).

Limits of Inversion

Offset B1-Inhomogeneity

RF-Limit: 10 kHz



Qualitätsfaktor in Abhängigkeit der Pulsdauer
RF-Limit: 10 kHz

Offset B1-Inhomogenität

K. Kobzar et al., JMR 173, 229 (2005).

Limits of Inversion



K. Kobzar et al., JMR 173, 229 (2005).

Phase Frequency

„Half-adiabatic“ Inversion Pulses



Comparison with other inversion pulses

± 0% B1 ± 20% B1

K. Kobzar et al., JMR 173, 229 (2005).

Limits of Inversion



Comparison with other inversion pulses

± 0% B1 ± 20% B1

Limits of Inversion



BEBOP/BIBOP and hard Pulses

CLIP-HSQC (900MHz) with and without BEBOP/BIBOP on 13C
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UR-Pulses

HSQC with 13C-BEBOP/BIBOP

Inversion Inversion
time-reversed

excitation
Refocussing

Excitation



Construction Principle for UR Pulses

B. Luy et al., JMR 176, 179 (2005).

V = State-to-State Pulse
half flip angle α from Iy



B. Luy et al., JMR 176, 179 (2005).

Example:
Refocussing 

from 2 x BEBOP

rotational axes

BEBOP BURBOP-180°



calibrated, no Offset

conventional HSQC

HSQC with 13C-BEBOP

Almost Calibration-free 90°- and 180°-
Pulses: HSQC of Menthol



3dB miscalibrated, 8kHz Offset

conventional HSQC

HSQC with 13C-BEBOP

Almost Calibration-free 90°- and 180°-
Pulses: HSQC of Menthol



conventional HSQC

HSQC with 13C-BEBOP

Almost Calibration-free 90°- and 180°-
Pulses: HSQC of Menthol

3dB miscalibrated, 16kHz Offset



B. Luy et al., JMR 176, 179 (2005).

Example: Construction of 180° z-Rotation 



Optimization of UR-Pulses from Scratch 

Φ0 = Re { UF |U(T) } 

Φ1 = | UF | U(T) |2



Φ1

Φ0

90°, 40kHz BW 180°, 40kHz BW

Comparison of Convergence



Comparison of 
Results for Φ1 / Φ0

90° UR-Pulse
20 kHz BW



(several unpublished slides have been 
removed. Please contact 
Burkhard.Luy@ch.tum.de

if interested)
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Chemical Shift Ranges (600 MHz)

~250 ppm / 37kHz

~15 ppm / 9kHz

~600 ppm / 36kHz

M. Hesse, H. Meier, B. Zeeh, Spectroscopic Methods in Organic Chemistry, Thieme (2008). 
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Chemical Shift Ranges (600 MHz)
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Chemical Shift Ranges (600 MHz)

~250 ppm / 37kHz

~15 ppm / 9kHz

~600 ppm / 36kHz15N (org.)

1H

13C (org.)

~400 ppm / 225kHz

~1000 ppm / 243kHz

19F (org.)

31P

~15000 ppm / 2.0 MHz195Pt

~1400 ppm / 84kHz 

~4000 ppm / 2.25 MHz

15N (inorg.)

19F (inorg.)

M. Hesse, H. Meier, B. Zeeh, Spectroscopic Methods in Organic Chemistry, Thieme (2008). 



Situation at 200 kHz Bandwidth 

For 10 kHz RF-amplitude:

- BIBOP inversion pulse
1.5 ms duration

- no excitation pulse 2 ms

- no refocussing pulse 2 ms

K. Kobzar, B. Luy, unpublished. 

no conventional NMR
possible !



(several unpublished slides have been 
removed. Please contact 
Burkhard.Luy@ch.tum.de

if interested)



Even Larger Bandwidths ?



Reaching the MHz ...

B. Luy, unpublished. 



195Pt-Spectra

R. Marx, S. Faul, J. Eppinger, B. Luy, unpublished. 

500 kHz

H2PtCl6

H2PtCl5I

H2PtCl4I2

H2PtCl3I3



195Pt-Spectra

R. Marx, S. Faul, J. Eppinger, B. Luy, unpublished. 

H2PtCl6

H2PtI6
1 MHz
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Pattern Pulses

RF- and offset-selective pulses

Target                Theoretical          Experimental



Almost arbitrary RF- and Offset dependence
possible for excitation profile

Target Experiment

Pattern Pulses



Kyryl Kobzar, Burkhard Luy, unveröffentlicht.

Ampl.

φ



Kyryl Kobzar, Markus Wälchli, Burkhard Luy, unpublished.

Pattern Pulses
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