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Composite π Pulse



MRI ApplicationsMRI Applications
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OC OC →→ ShinnarShinnar--LeRouxLeRoux (SLR)(SLR)
Fast & Powerful Fast & Powerful 
WellWell--defined empirical relationsdefined empirical relations
ConstrainedConstrained



High Resolution NMR High Resolution NMR ↔↔ ImagingImaging

Different requirements/opportunitiesDifferent requirements/opportunities
Broadband nonBroadband non--selective pulsesselective pulses

Infinite transition widthInfinite transition width
Often large, wellOften large, well--defined gaps in spectradefined gaps in spectra
Need refocused pulsesNeed refocused pulses

Chemical shift Chemical shift vsvs GradientGradient--induced dispersioninduced dispersion
1H 1H −−13C 13C −− 15N coupling networks 15N coupling networks 

Coherence transferCoherence transfer

RF RF inhomogeneity/miscalibrationinhomogeneity/miscalibration
Relaxation lossesRelaxation losses



IngredientsIngredients

Optimal Control Optimal Control 
TheoryTheory

Initial StateInitial State
(Time (Time tt00))

Target StateTarget State
(Time (Time ttpp))

Time EvolutionTime Evolution Cost FunctionCost Function

Conditions for 
Cost Optimization



Optimal Control Optimal Control 
TheoryTheory

MM

Bloch EquationBloch Equation

ddMM/dt/dt = = ωωe e ×× MM
= = ΩΩ MM

ΦΦ((ttpp) = < ) = < M | F >M | F >
→→ M M ·· FF

FF

Conditions for RF Controls to 
Optimize Cost



Mddh &=λ/
λ&−=dMdh /

h  h  == << λλ | | ddMM/dt/dt = = ωωee ×× MM >> −− LL

→→ λλ ·· ( ( ωωee ×× MM )         )         
== MM ·· ( ( λλ ×× ωωee ))
=   =   ωωee ·· ( ( MM ×× λλ ))

h  h  == << λλ | | ff >   >   −− LL
→→ << λλ | | ΩΩ MM >>

<< λλ | | HH ΨΨ > > ↔↔ << λλ | | [ [ HH , , ρρ ] >] >

< A | B >  < A | B >  ↔↔ AA†† ·· B  B  ↔↔ TrTr ( A( A†† B )B )
TrTr (ABC) = (ABC) = TrTr (CAB) = (CAB) = TrTr (BCA)(BCA)

0/ →= Gddh eω



Lagrange multiplier Lagrange multiplier λλ :: λλ((ttpp) = ) = ∂∂ΦΦ ⁄⁄ ∂∂MM = = FF
Also obeys Bloch EquationAlso obeys Bloch Equation

M M ×× λλ = 0= 0



““DesignDesign”” a Hard 90a Hard 90oo PulsePulse

Initial state Initial state M along zalong z--axisaxis
Target Target FF along xalong x--axisaxis
Cost = < F | M > Cost = < F | M > →→ MM··FF
λλ == FF

Choose Choose BB11 * * ttPP →→ 9090oo

““GuessGuess”” BB11 along xalong x--axisaxis



M 

Target F B1 

Time t0 

M 

λ 

Time tp 

M × λ 

B1 → B1 + ε (M× λ)

M × λ 

B1 

Evolve 
Backward

Evolve 
Forward





Design a Design a ““CalibrationCalibration--FreeFree””
Broadband Excitation PulseBroadband Excitation Pulse

tt9090 ~ 10~ 10––25 25 μμs for typical s for typical 1313C probesC probes
~ 10~ 10––20 kHz peak RF20 kHz peak RF

Uniformly excite 200 Uniformly excite 200 ppmppm 1313C chemical shift rangeC chemical shift range
~ 40 kHz bandwidth at 800 MHz~ 40 kHz bandwidth at 800 MHz

Initial state Initial state M along zalong z--axis     Target axis     Target FF along xalong x--axisaxis
Average Average M M ×× λλ resulting from range of RF and resulting from range of RF and 
resonance offsetsresonance offsets
Cost Cost ΦΦ = = MM··F F 

↔↔ ||M ||M –– F||F||nn (weighted)(weighted)
Clip nominal peak RF at 15 kHzClip nominal peak RF at 15 kHz
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GlendowerGlendower:    :    I can call spirits I can call spirits 
from the from the vastyvasty

deep.deep.

HotspurHotspur:    :    Why, so can I, Why, so can I, 
or so can any man;or so can any man;

But will they come  But will they come  
when you do call when you do call 

for them?for them?





Tailoring the Cost Function to Performance

Cost Cost ΦΦ = = MM··FF

aa = (1, 1, 0)= (1, 1, 0)



Extreme Spectral BandwidthExtreme Spectral Bandwidth

50 50 μμs RF pulses RF pulse
RFmaxRFmax = 15 kHz= 15 kHz

MxMx as function of offset as function of offset ±±500 kHz500 kHz

EPR Applications?EPR Applications?





ToroidToroid Cavity DetectorsCavity Detectors

High P (High P (→→ 300 300 barrbarr), T (), T (→→ 250 250 °°C)C)
Monitor Monitor in situin situ catalytic reactionscatalytic reactions

Large RF gradient (factor of 5Large RF gradient (factor of 5--10)10)
Chemical shift imagingChemical shift imaging

Extreme Tolerance to RF Extreme Tolerance to RF 
InhomogeneityInhomogeneity



Extreme Tolerance to RF Extreme Tolerance to RF 
InhomogeneityInhomogeneity

MMxx as function of offset and as function of offset and ingomogeneityingomogeneity.. Phase deviation from xPhase deviation from x--axis (in degrees) axis (in degrees) 
as function of offset and as function of offset and ingomogeneityingomogeneity. . 



Relaxation-Compensated Broadband 
Excitation Pulses



Calibration-free BEBOP pulse, tp = 1 ms



Empirical Relations for OC Empirical Relations for OC 
SelectiveSelective--Pulse DesignPulse Design



SLR (left)  and  OC  (right)      Pulse and Slice ProfilSLR (left)  and  OC  (right)      Pulse and Slice Profilee
Ideal RF (green)       Ideal + 20% (red)          Ideal Ideal RF (green)       Ideal + 20% (red)          Ideal –– 20% (blue)20% (blue)



RelaxationRelaxation--Compensated Selective Compensated Selective 
PulsesPulses

Simulated performance (Simulated performance (MMxx versus frequency offset versus frequency offset ∆ω∆ω) ) 
for the case for the case TpTp = T= T11 = T= T22 = 1 ms. = 1 ms. 

RFRF field field inhomogeneityinhomogeneity
A)A) --10%, 10%, BB) 0%, and ) 0%, and CC) +10%.  ) +10%.  

SEBOP uses less power.SEBOP uses less power.
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M 

Target F B1 

Time t0 

001 )/1()0( λα
rr

×→ MB
zxMM T ˆ)cos(ˆ)sin(2/0 θθ +=→

)4/(4/2/2 11 απππθ === BTB

2/2/1 )/1()2/( TTMTB λα
rr

×→
ŷ)cos()/1( θα=
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SLR (left)  and  OC (right)   SLR (left)  and  OC (right)   passbandpassband
Ideal RF (green)       Ideal + 20% (red)          Ideal Ideal RF (green)       Ideal + 20% (red)          Ideal –– 20% (blue)20% (blue)



SLR (left)  and  OC (right)   SLR (left)  and  OC (right)   stopbandstopband
Ideal RF (green)       Ideal + 20% (red)          Ideal Ideal RF (green)       Ideal + 20% (red)          Ideal –– 20% (blue)20% (blue)
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Time t0 

M × λ 

B1 → B1 + ε (M× λ)

M × λ 

B1 

Evolve 
Backward

Evolve 
Forward



M 

Target F B1 

Time t0 

M × λ 

B1 → B1 + ε (M× λ)

M × λ 

B1 

Evolve 
Backward

Evolve 
Forward





M 

B1 Target F 

Time t0 

M 

B1 λ 

Time tp 

Evolve 
Forward

M × λ 

B1

M × λ 

B1 → B1 + ε (M × λ)

Evolve 
Backward
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