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Topics

O " What are shaped and adiabatic pulses?

O 2 Using shaped pulses

O 8 What are the applications of shaped
pulses?

O 4 How can automation be used in creating
shaped pulses?
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The short way — matched length rectangular pulses

= Using rectangular pulses as bandselective pulses:
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The short way — matched length rectangular pulses

= Using rectangular pulses as bandselective pulses:
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Why not just hard pulses?

a
L
nmraim 2 3 c:\BrLﬂLer\TDPSPINZS\data\Daniel\nmrq '5'
=

Hard pulse (30.2 us)
Q3 cascade (262.3us)
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= Clear discrimenation of exactly 2 frequencies
= = Varying behaviour in between
| = Wide transition regions

= No “plateau” for uniform excitation/inversion...
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Shaped pulses



SHAPED PULSES

NMR was developed simultaneously by Edward Purcell and Felix BRUKER
. .. Bloch in 1946. The experimental method and theoretical (O
Deflnltlons interpretation they developed is continuous-wave NMR.

Pulsed NMR technique was introduced in 1950 by Erwin Hahn.

Historically
= ‘Shaped pulses' or 'selective pulses' were used for the excitation of a limited bandwidth (e.g. a single multiplet)

Today
= 'Shaped pulses' are not necessarily selective pulses

= 'Shaped pulses' are pulses with a customized bandwidth and behavior by utilizing amplitude, phase and/or frequency
modulation

Bandwidth considerations:

= selective excitation / inversion / refocusing of a 'small’ bandwidth:
e.g. refocusing Gaussian pulse in selcogp, selmlgp, selnogp, etc.

= selective excitation / inversion / refocusing of a 'larger’ bandwidth:
e.g. SNOB, BURP pulses for band selective excitation in HSQC, selective decoupling in bio-NMR experiments

= wideband inversion at lowest power level possible (e.g. CHIRP and WURST decoupling pulses).
The adiabatic condition met over a large frequency range by making efficient use of available power.
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SHAPED PULSES

Definitions

Shaped Pulses

Constant Amplitude RF Pulses

I
Soft Pulse

Dante

i

Amp & Phase Modulated RF Pulses

I
Shaped Pulses

Adiabatic Pulses

Shaped Dante
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SHAPED PULSES

<)
BRUKER

LD
Soft Pulse: Soft pulse vs. hard pulse

= The typical hard pulse is designed to yield some flip angle over a large bandwidth.

= A soft pulse can be tailored to provide the same flip angle, but over a much smaller bandwidth, therefore
selective and using less power.

B MZ 9 MY

Blue — 10us “hard pulse” (“square” or “rectangular”)

Red - 80us “softer pulse”
18dB less power

Green — 1280us “soft pulse”
42dB less power

N 50K 50K Hz
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SHAPED PULSES

Shaped Pulse: RF pulse modulation

= The RF pulse is modulated over the duration of the pulse

= Amplitude

= Phase
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Gaussian shape, 50 points

Shape is defined by amplitude value
vS. point. The shape is then
implemented by defining the duration
of the pulse.

Different shapes can be utilized to
attain specific excitation profiles.

RF pulses for various applications | 21.3.2023 | 10



SHAPED PULSES

<)
BRUKER

(>
Shaped Pulse: Phase Modulation

= |n addition to amplitude, the phase of a pulse can also be varied during its duration.

= Phase modulation is used to attain frequency specific goals such as frequency offset or multiple frequency
irradiation.
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SHAPED PULSES

<)
BRUKER
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Properties of shaped pulses: bandwidth factor

Pulse bandwidth is the range at which the excitation (inversion, refocusing) drops to 70.8% of the max (a reduction of 3 dB)

For a rectangular 90-degree pulse of 10000 us, the magnitude of the transverse magnetization drops to 70.8% at +/- 55.8

Hz, so the bandwidth is 111.6 Hz Rectangular pulse

Excitation profile
1.05

P = BWFAC / Aw: o> P

P — pulse duration and bandwidth — Aw are inversely proportional. 0.5

Coefficient is called bandwidth factor. o

A pulse of a given duration with a larger BWFAC excites larger + 00

bandwidth than a pulse with a smaller BWFAC. _‘_éz:
Shape BWFAC SW,Hz P,us P,us  SW, Hz *“
Square 90 1.116 1000 1116 1000 1116 o | |
Square 180 | 0.39 17000 390 1000 390 s
Gaus1.1000 |2.122 1000 2122 1000 2122 2B,
Sinc1.1000 |1.606 |1000 1606  |[1000 1606 Frequency 12 S
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SHAPED PULSES

Offset effects: phase
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Desired offset effects — chemical shift (and J-coupling) evolution

2 ms Q5 gauss cascade 2 ms polychromatic pulse (PC9)

= Some pulses allow for evolution of J coupling and/or chemical shift during a large portion of the pulse length

= Magnetization transfer is achieved already during the pulse, allowing for shortened transfer delays
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SHAPED PULSES

Composite pulses: 90x180y90x (90x240y90x, ...)

Three main problems that lead to degraded sensitivity and potentially introduces artefacts:
a) limited excitation, inversion/refocusing profile;

b) phase errors

c) B; inhomogeneity / pulse miscalibration

Composite pulses — series of hard pulses with different phases concatenated one after another.

(a) (b) ()
Y y y
180, pulse 90,180,90, pulse 90,180,90, pulse
Resonance offset B, inhomogeneity Resonance offset
0.2-0.6 yB; 0.2-0.6 vB,

Compensation against B1 inhomogeneity, resonance offset
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SHAPED PULSES

<)
BRUKER
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Properties of shaped pulses: integral power and integral factor

Integral power , Peak power Integral factor is the integral ratio of a shaped pulse and a 100% square
pulse of the same length
vy Bymax/2n
_,«rm\/mh/ \/ﬂ'lm Integral factor, together with the pulse duration, defines pulse power level
< T d compared to a 100% square pulse.
Shaped pulse* 1= (A) * y Bymax/2n * T,
Square pulse I=yBmax/2n * 1
p34 PSP INTEGFAC
AdB = 20 = log,, (P%) = 20 * logw( 2 o5 ) ;
1 1
psd 2 psd 2
PLW, = PLW, (P_;q> = PLW, * (Pgh*INTEGFAC) !
1 1
yBlmax -

4+P53  4+P3B+INTEGFAC
Twice as long pulse requires 4 times lower power or +6.02 dB (for a given INTEGFAC)
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SHAPED PULSES
BRUKER

Bandwidth factor, Integral and Excitation bandwidth comparision
— M, > My
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SHAPED PULSES

Some examples and formulas

If you want to selectively excite a 25Hz bandwidth ...

/’ e ITODTTTTTTIINN

0.75

-

0.50

Shape BWFAC P,us INTEGFAC ¢B;,.x (Hz) AdB*
Square 1.116 44640 1 5.6 /4.9
Gaus1.1000 2.122 84880 0.412 7.2 72.8
Sinc1.1000 1.606 64240 0.589 6.6 73.5
Q5.1000 6.18 247200 0.055 18.6 64.5

* 10 8 us 90-degree pulse

Gaussian pulse cascade pulses (Q3/5, G3/4), BURP, SNOB and
some other pulses are so-called top-hat excitation pulses.

They are used for selective uniform excitation/inversion of a
defined spectral region with minimal distortions outside of the
region.
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Adiabatic pulses for inversion and refocusing



ADIABATIC PULSES

S,
BRUKER
(>

Adiabatic Pulses

= Radiofrequency (RF) pulse which utilizes a swept frequency in combination with varying amplitude, specifically utilizing
slow passage of B, through resonance

= Adiabatic pulses are frequency swept broadband inversion or refocusing pulses. The adiabatic condition is satisfied if the
rate of the frequency sweep keeps the magnetization over the bandwidth locked by the applied RF field.

4 B1 (eff)

Crp25.1.25 - trajectories of 10
magnetization vectors spaced 250 Hz apart

The definition of adiabatic condition requires that the magnetization vector M follows the trajectory of the effective
radio frequency field vector B1 4 With adiabatic pulses spins having different resonance frequencies are inverted
at different times, unlike hard pulses where all spins are affected simultaneously.
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Inversion profile and power levels for adiabatic pulses

Crp25,1.25,25.4 * - Waveform 1: User

‘Waveform

User U +

A General parameters
size [pt]

Offset [pt]

Fulse length [ps]
Bandwidth factor

Integral factor

Ratation angle [°]
Excltation mode

Excitation type

Enceded offset frequencies

~  Adiabatic Integration

Shaped pulse length [ps]
90° hard pulse length [ps]

Sweep rate on res, [Hz/s]
YBL(max)/2nW' Q [Hz]

Corres p. 90° square pulse [us]
Change of power level [dB]

Q (for middle of shape)
¥B1(max)/2n [Hz]

Set parameters

4000

1250.0
22,21
0.10
180.0

‘ Adiabatic

‘ Inversion

0

1250.0
10.0

2000000...
1784.124...

6266570
15.94060

5.0
3989.42

4
v|| Amp. .'tudef

/

\

Real inversion is ca. 70% of declared — 18 kHz

Power corresponds to 90° pulse of 62.7 us

© 2022 Bruker

Crp251.2525.4

Square 180° 125.4 us

-
:i 15000 10,000 5,000 0 5,000 10000 -15000 15000 10,000 5,000 0 5,000 -10,000  -15,00¢
- Frequency [Hz) Frequency [Hz)
1000 )mm‘ ! ' 3889 21 [pmnr s]
= Crp25,1.25,25.4 — Ch|rp pulse with 25 kHz sweep width, 1.25 ms duration, 25% sine smoothed, 4k points.
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RF pulse: phase and frequency relation
Phase

JWW\AM[\L
JWNVWW@

Rectangular pulse with constant
phase during the pulse: “on
resonance” with transmitter offset

Rectangular pulse with linear phase
change: “off resonance” with respect
to transmitter offset

Rectangular Pulse with quadratic
phase change: “frequency sweep”
from far off-resonance through

resonance

f<<f<fo>f>>f
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Adiabatic pulse

B, far below
resonance

(fy <<f)

B, on
resonance

(f,=1)

MRIquestions.com © 2019 AD Elster, ELSTER LLC

B, near
resonance

(f; <f)

Besr

B, far above
resonance

(f; >> 1)

<)
BRUKER
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B, is applied as a long continuous wave rather than a
short pulse

The frequency of B, is slowly ramped from below to
above resonance

M will follow B, to inversion

The adiabatic condition is formally expressed by
|d0/dt| << Y|Beff|

where 6 = the angle made by B¢ with the y'-z' plane
Provided that the B, field is strong enough and

applied slowly enough, the adiabatic condition, M will
follow B¢ during the B, frequency sweep
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Adiabatic pulses - advantages

= Wide inversion bandwidth
= Typical examples are 13C HSQC, 19F CPMG

= Adiabatic decoupling requires less power and gives wider decoupling range

= Broad and flat inversion profiles which produces increased S/N at the edges of a spectrum
= |nsensitive to BT inhomogeneity

= |ncreased signal-to-noise
= Clean spectra — right coherences are generated
= |nsensitive to power missetings

= Salty samples - increased signal-to-noise
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Adiabatic pulses - some useful rules of thumb

= The power for an adiabatic inversion or refocusing '3C pulse is approximately the same as that for a 25 us 13C
high power 90° pulse.

= The nominal sweep width of the adiabatic pulse for inversion or refocusing (not decoupling) should be ~1.5 x
SW

= The nominal sweep width of the adiabatic pulse for adiabatic decoupling should be ~1.25 x SW (decoupling
field).

= The length of the adiabatic decoupling pulse should be < 1/(5*J).

= To minimize power requirements, the recommended Q (quality factor,Q = %) for decouplingis 2to 3
(instead of 5).
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Adiabatic pulses - Limitations

’b 7 2‘ }

aitlln)

T IR A
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ChirpzZ->-Z ChirpY ->-Y Composite (1:2:1) Chirp Y ->-Y

= Regular adiabatic pulses produce a non linear phase shift.
= This can be overcome by either using pairwise adiabatic pulses or a single composite adiabatic pulse

= Composite Adiabatic pulses can run into the power limitations of a probe (e.g. on °N)

RF pulses for various applications 21.3.2023
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Typical Adiabatic pulses

= Adiabatic inversion: Crp32, Crp48...

= Adiabatic refocusing : in XY plane with composite pulse Crp60comp.4 — a composite 1:2:1 pulse
Transverse magnetization during the pulse accumulates offset-dependent phase error. With 1:2:1 pulse, which is

reminiscent of 90-180-90 composite pulse, the central component enables refocusing of the phase error originating from
the first pulse by the last, third pulse.

= J-compensated Adiabatic Pulses — Crp60_xfilt.2: sweep rate matches change J coupling at different chemical shifts for
proteins and nucleic acids

= Adiabatic decoupling

HH INIEinE R TR R ] supercycles

: composite pulse decoupling adiabatic decoupling

LTI OO OO
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Not exactly adiabatic — broadband inversion pulses (BIP)

[rel]

nmraim 5 3 ciZBEruker\TOPSPINZS)data\Daniel'nm

nmraim 4 3 ciZBEruker\TOPSPINZS,data‘\Daniel®

I
05

mmraim 3 3 ciZBEruker\TOPSPINZS,data\Daniel nmr[

- = Generally shorter than adiabatic pulses

- = Slightly outperform adiabatic pulses at

500us Crp80,0.5,20.1 @ 11.2 kHz the same power level.

100ps BIP720.100.10.T @ 20kHz

250us BIP1382.250.15.1 @ 16kHz w * Similar miscalibration tolerance

= Longer BIP variations allow for much
- higher bandwidth (at the cost of
,flatness”)
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Use of shaped pulses in a pulse sequence



Shaped pulses in pulse sequences

» Channel f1

SFO1 [MHz]
01 [Hz, ppm]
MUCL

F1 [lsec]

p2 [psec]
F12 [psec]
PLWO [W, dB]
PLWL [W, dB]
SPMNAM 1
SFOALL
SPOFFS1 [Hz]

SPWL [W, -dBW]

799,8097581

3758.10

1H

10,840

21.68

2000.000

0

89,7724

S5incl. 1000

0.500

0

0.0023111

4,699

Edit...

1000.00

-9.90

24,80

Frequency of ch. 1
Frequency of ch. 1

Mucleus for channel 1

F1 channel - 290 degree high power pulse

F1 channel - 180 degree high power pulse

o)
BRUKER
(>

d16 pio:fl
(pl2:spl ph2:rkfl
4u

d12 pl1:fl

F1 channel - 180 degree shaped pulse (Squal00.1000) [2 msec]

ow

F1 channel - power level for pulse (default)

File name for SP1
FPhase alignment of freq. offset in SP1
Offset frequency for SP1

F1 channel - shaped pulse 180 degre

SPOALT:

SPOFFS:

Phase Alignment

0 Beginning of pulse (flip-back)
0.5 Center of pulse (refocusing)
1.0 End of pulse (excitation)

Frequency Offset
Offset for shaped pulse in relation to 071
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Prosol table

Saved Observe and Saved Decouple Prosol Parametar Set for:

Probe; £81999_0001 PA QXI 60053 H-C/N/F-D-05 Z Select.... Solvent: | generic
Pulse Assign File: joptftopspind.2.0.b. 7fexp/stan/nmr/lists/prosocl/pulseassign/triple

Observe Decouple
EE Nucleus 13C -
Observe Decouple
Observe Comment: | Default 13C obs 600 Decouple Comment: | Default 13C dec 600
.
90 deg. Pulses | HR Square Pulses Others
Observe Decouple
Filename L7 RFF[Hz] Ali PUW[j1s] Pw[W] rel # Filename £ [°] RFF[Hz] Ali PUW [ls] Pw[W] rel
selective excitation Q5,1000 |: 90,00 114.66 1,0 | 40000.00 0,00075724 E 0 | selective excitation Q5.1000 :l 90,00 114.66 1.0 | 40000.00 @ 0.00075724 |E|
select, inversion/refocussing | Q3_surbop.l |...| 1go0.00 103,75 0.5 | 40000.00  0.00061998 [0 | 1 | select. inversionfrefocussing | Q3_surbop.1 | 180.00 103.75 0.5  40000.00  0.00061998 @[] |
bandsel. excitation 05.1000 l... S0.00 1528.77 | 1.0 3000.00 0.12462 | [ | 2 | bandsel. excitation G5.1000 | 90.00 1528.77 | 1.0 3000.00 0.13462 | [ |
bandsel. inv.jrefoc, Q3 _surbop.1 |.... 18B0.00 1313.26 | 0.5 2160.00 0,0993240 | [ | 3 | bandsel. inv./refoc. Q3_surbop.1 | 180,00 1313.26 | 0.5 2160.00 0.099340 | [ |
adiabatic inversion Crp60,0.5,20,1 .| 180.00 | 977205 05 500.00 55004 | E) | 4 | adiabatic inversion Crp60,0,5,20.1 .| 180,00 9772.05 | 0.5 500.00 55004 | B |
adiabatic refocussing Crp60comp. 4 |...| 180.00 | 9772.05 0.5 | 2000.00 5.5004 | [E] | 5 | adiabatic refocussing Crp60comp. 4 .| 180.00 9772.05 | 0.5 2000.00 5.5004 | [ |
Califco 90® 05_sebop.1 l... 90.00 | 15092.00 | 1.0 350.00 12119 | |21 | & | cali/co go® Q5_sebop.l | 90.00 | 15092.00 1.0 350.00 13118 | ) |
CalifCO 90° timerev. QStr_sebop.1 [... 90.00 | 15092.00 | 0.0 350.00 13119 | [1 | 7 | cali/co 90° timerev. Q5tr_sebop.1 | 90.00 | 15092.00 | 0.0 350.00 13119 | [ |
califco 180° Q3_surbop.1 |..| 180.00 @ 15370.00 |05 270.00 132.607 | 1 | 8 | caliico 180° Q3_surbop.1 | 180,00 | 15370.00 | 0.5 270.00 13.607 | B |
Calpha sal, 90° Q5,1000 .| s0.00 305755 1.0 1500.00 0.53848 9 | calpha sel. 90° Q5.1000 .| 80,00 3057.55 1.0 1500.00 0.53848 | [ |
Calpha sel, 90° timerew. Q5tr.1000 |_ 90.00 3057.55 | 0.0 1500.00 0,53848 E 10 | Calpha sel. 90° timerev, Q5tr. 1000 _| 90.00 3057.55 | 0.0 1500.00 0.53848 |E|
| 12 | adiabatic decoupling Crp42,1.5,20.2 .| 180.00 3656.37 | 0.5 1500.00 0.77006 | [ |
[... [£) |13 | adiab. decoupling (bilev par | Crp42,0.75,20.2 ..| 180,00 | s170.88 0.5 750.00 1.5401 | B |
wfilter (adiabatic 180) CrpB0_xfilt.2 |.... 180.00 5253.49 | 0.5 1720.00 1.5897 | [ |19 xfilter (adizbatic 180) CrpB0_filt.2 | 180.00 5253.45 | 0.5 1730.00 1.5897 | [) |
|- [ |34 | low power adiabatic decoup | Crp38,2.5,25.4 .| 180.00 2199.62 | 0.5 2500.00 0.27868 | [ |
[... [ | 35 | low power adiab. decoupling | Crp38,1.25,25.4 .. 180,00 | 3110.73 05  1250.00 0.55737 | [ |
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Shaped pulses in pulse sequences and prosol table  $COMMENT=

Prosol relation EE

Eile  Edit View Help File  Help Source Directory=|foptftopspinﬂ.2.U.b.?fexpfstanfnmrflistsfprosolfpulseassign A prﬂsnl rElEt|ﬂ|"‘|S=-l::tr|p|E::l-

Saved Observe and Saved Decouple Prosol F

|Filterbyfile names v| Exclude: | Clear |

Probe: | 781999_0001 PA QX| 600S3 H-C/N/F-D-05Z | Select.... |

I Pulse Assign File:  joptftopspind.2.0.b. 7/exp/stan/nmr/lists/prosol/pulseassignitriple | Select | I Class = I:I P = I:I D Show Recommended
obeeree Te=[ | sustype=| | subTypes - | | ResetFiters | #include =Avance.incl=
1H v| Nucleus E |
Observe bioselCHN bioselHNC biosolNHC biosolxH default

Observe Comment: | Default 1H obs 600 Decouple Co

1 =t 1
i lenmr solids_cp solids_cramps solids_default solids_ICON d 1 E pll:l:'l:l
90 deq. Pulses = HR Square Pulses Others solids_mgmas solids_stmas triple triple_c triple_na
(pl2:ispl phz2:r)fl

— triple2 Update.info
Fil = RFF[H ali - Puw Pw[W : : : 4
flename 41 [Hz] T PuWlps] ww) Set selected item in editor H ¥ Close ‘ L
selective excitation | Gausl 2701000 | .| 270.00 22,78 | 1.0 | 80000.00 @ 2.9886e-le - = S— d 1 2 | 1 . -I:l
selective refocussing Gausl_180r.1000 |..| 180.00 15.19 | 0.5 | 80000.00 | 1.3282e-06 | [ | 1 | select. inversionfrefocussing | Gausl_180r.1000 |..| 180,00 FI '
bandsel. excitation 05.1000 El 90,00 458,63 | 1.0 | 10000.00 @ 0.0012116 [ | 2  bandsel excitation 05,1000 |:| 90,00
bandsel. inv.jrefoc. 03.1000 \..| 180.00 330,08 0.5  10000.00 | 0.00062756 | [] | 3  bandsel. inv./refoc. 03.1000 |..| 180.00
off-resonance presat. (powe | Squal00.1000 |:| 90.00 2,50 | 0.5 | 100000.0C  3.5000e-08 | [] | 4 |:|
90° flip back (H20) Sincl.1000 .| so0.00 42452 0,5 1000.00 0.0010381 5 90 flip back (H20) Sincl.1000 .. 9000
2nd 90° flip back (H20) Sincl.1000 .| 90.00 106.13 | 0.5  4000.00 64878 [ :
18 TP bare e inc |:| &4 Edit Prosol Pulse Assign: #5
90° WET Sincl.1000 . 90,00 21,23 | 1.0 @ 20000,00 @ 2,5951e-
— eda edprosol Factor chan Comment
120° NH region Pc9 4 1201000 .. 120,00  1111.08 1.0 @ 2400.00  0.00711
— = * ip-
180° NH region | Rsnob.1000 || 18000 | 292472 |05 800.00 | 0.0892( P11 SHPWIS] 1.o 1 # flip-back pulse, F1, 1H
"|'—"" e S = e S PI12] = SHPW[3] * 2.0 1 # 180 deg sel. F1, 1H (exc. scul)
SHI1] = SHI5] * 1.0 1 # flip-back pulse, F1, 1H
| Save || Close |
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Shaped pulses in pulse sequences and explicit programming

Pulses and power levels are coming from prosol

SFOL1 [MHz]
01 [Hz, ppm]
NUC1

Pl [psec]
P2 [usec]
P12 [usec]
PLWO [W, dE]
PLWL1 [W, dB]
SPNAM 1
SPOALL

SPOFF51 [Hz]

SPWL [W, -dBw]

600.1328208

2820.61

1H

10.840

21.68

2000,000

0

97724

Sincl, 1000

0.500

0

0.0032111

A Gradient channel

GFMNAM 1
GPZ1 [%]
GPMAM 2
GPZ2 [%]

P16 [psec)

© 2022 Bruker

SMS50Q10.100
31.00
SMSQL10.100
11,00

1000.000

Edit...

4.700

1000.00

9.90

24,80

SFO1 [MHz]
Q1 [Hz, ppm]
MNUC1

P1 [psec]
p2 [Hsec]
pl2 [pusec]
PLWL [W, dB]
spnaml
spoall
spoffsl [Hz]

spwl [W, -dBW]

INTEGFACL

600.1328208

282061

1H

10.840

21.68

2000.00

9.7724

Sincl.1000

0.5000000

0

0.0033111

0.5889000

A Gradient channel

gpnaml
gpzl (%]
gpnama2
gpz2 (%]

pleE [usec]

5M5Q10.100
31.00
SM5Q10.100
11.00

1000.00

Edit...

-t

17
18
19
20
21
22
23
24
25
26
27
25
25
30
3
32
33
24
5
6
37
35
39
40

#include <Avance.incl=
#include <=Grad, incls
ginclude <Delay.incl=
"n2=pl*2"

"n12-20"

|

"spnaml='Sincl, 100Q""
"spoall=0.5"

"spoffsl=0"
"spwl=plwl¥pow(pl*180/(pl2*90*integfacl), 2}"
"n16=1n"
“gpnaml="5MSQ10. 106" "
“gpnam="5SMS010. 106" "

n I;pz]-='3]- n

n gp22=11 n

"dlz=20u"
"Tal=de+pl*2/3, 1416+500"

RF pulses for various applications | 21.3.2023 |
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Shaped pulses in pulse sequences and wavemaker

= WaveMaker is a software for pulse shaping that is based on waveform definitions within the pulse programs.

= This avoids any need to modify the PROSOL tables when new or non-standard shaped pulses and decoupling or mixing
waveforms are required.

= |t also adds flexibility and improves portability of many standard and user developed experiments and pulse programs.

= Porting the WaveMaker based pulse programs to NMR systems of different field strength is straightforward and typically
requires no further adjustments and PROSOL updates.

my_third_shape =
nyonurth_ shage —

#include <Avance.incl>

create shape(spl, gaus90, name=mygauss, length=1000us, numPoints=1000)

1 ze

2 30m

dl

4u pl0:£f1
pll:spl:£f1 phl:r "dur=10ms"

time (arbh. unita)
go=2 ph3l create shape (spl, cawurst, length=$dur ms, name=my third shape)

aplitude (arb. units)

define delay dur

30m mc #0 to 2 FO(zd) "Aur=dur*2"

exit X . .
create shape (sp2, cawurst, length=5dur ms, name=my fourth shape)
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Criteria for the selection of a shaped pulse

1. Selectivity
a. theregion of interest should be irradiated as selectively as possible / as broad as possible
b. the excitation profile should be rectangular and flat on top (uniform excitation)
c. negligible excitation outside or in certain regions outside: HNCA, refocus CO; zero excitation of water
2. Length & Power
a. the pulse should be as short as possible as relaxation and J-evolution take place during shaped pulses
b. lowest possible integral power or peak power
3. Phase
a. the pulse should give pure phase within the region of interest
b. phase response should be uniform (self-refocussing)
4. Versatility
a. ideally one pulse would be suitable for all kind of rotations
b. 90-exitation (M, -> M,,), 180-inversion (M, -> M_,), 180-refocussing (M,, -> M,,) or other rotations

RF pulses for various applications | 21.3.2023
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Applications: selective excitation

17 strychnine 106 1 C:Bruker'TOPSPIN dmb | S|
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= N
[ strychnine 101 1 CihBrukersTOPSPIN  dub
g

| Soale @ 1.3532

=+ _|

—

o _]

—

L=

=t

ni

8
——

P11:=p1 phi=[0,2..]

© g0 OV

] 12 PLW D
7 E 0o

i D1

i Eburp2 20000.0 pus L om A

] F1
o JUW_

T T T | T T T | T T T | T T T | T T T
8 5 4 2 [ppm]
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Applications: semi-selective SOFAST-HMQC

NH-selective shaped pulses for BEST/Sofast NMR Experiments:

'H l dz21 d21 Oreo
p39 @1 pl0 l p39: f1 channel - 120 degree shaped pulse for excitation
apd : epl0 9333 sp23= Pc9_4_120.1000 (1200) (3.0ms at 600.13 Mhz)
15N do o - (or Q5.1000 (900) (2.0ms at 600.13 MHz) )
T [ome
plab . p40: f1 channel - 180 degree shaped pulse for refocussing
m s sp24= Rsnob.1000 (1.0ms at 600.13 Mhz)
Qu p41: f1 channel - 90 degree shaped pulse for excitation
g sp25 sp25=sp27= Pc9_4_90.1000 (3.0ms at 600.13 Mhz)
P — i ﬂ p42: f1 channel - 180 degree shaped pulse for refocussing
= p42 sp26= Reburp.1000 (2.0ms at 600.13 Mhz)
o ' sp26
R
. p43: f1 channel - 90 degree shaped pulse for excitation
¥ pd3 sp28= Eburp2.1000 (1.92ms at 600.13 Mhz)
: o $p29= Eburp21r.1000 (1.92ms at 600.13 Mhz)
- . 14.13 3 . p44: f1 channel - 180 degree shaped pulse for refocussing
?}: °° o H-T°C HSQC - ';;;0 sp30= Bip720,50,20.1 (200us at 600.13 MHz)
¢ e
5 ' 4 3 2 1 a FEIEODI'}"U
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Adiabatic pulses

45'
di d2 dz d2
I ‘ I ‘ @ ]
pll2
s ‘ |
pl2
sp2

2msec Crp60comp.4

© 2022 Bruker

T T T
25 30 [rel]

T
20

T
15

T
10

—
20 [ppm]
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Adiabatic pulses in °C DEPT experiments

= dept45/90/135 =C I
= deptsp45/90/135/q — with adiabatic refocusing 1H I I_

T
10

dept135 | “ J{ .
A o L

~ deptsp135

- T T T I — T T T —T T T T T T T a
150 100 50 [ppml
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Adiabatic pulses in 3C HSQC experiments

= hsqgcetgpsp — with adiabatic inversion only — faster relaxing molecules

= hsqcetgpsp.2 — with adiabatic inversion and refocusing - mind the relaxation

*]XHI L ~ I4*1]XH 4*1])(11 I to

X (m |t _Q_I —
Gradient \“/ ._ P -
" XY-magnetization Z—ma";netization
inversion pulse inversion pulse
Crp60,0.5.20.1 Crp60,0.5.20.1

RF pulses for various applications |

21.3.2023 | 41



13C pulse bandwidth

shaped pulse: rectangular

\\.\

,
A
,

W

180° inversio n

{MI->M1‘}

400

500 800

{

region of +75 ppm for different field strength (MHz "H)

[ I
offset [kHz] 30

simulation
14.2 psec
17605.6 Hz
— [ Crp60,0.5,20.1
x,f -
/f B
._-"180"‘ refocussin i ‘ | |
Ll ' 150PPM 13C @900 MHz HTEELR
I J*Hmﬂvﬁ“ﬂhm‘ b I - ﬂ | JnJ.W»u'wJLM"
b Vo o T an o SR [ -]'“\
W{[m } Iw]\ | ‘M I ‘||)| VW 1‘ ‘ |Lw I 'W V. | ||III W' W‘.
90° excitation I ‘ ‘ ‘
(M,->M)) B
B offset [kHz] 20 20 10 0 10 2 30 40
-100%
20 30 40
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Adiabatic pulses: TH-13C HSQC

Adiabatic pulses:
Inversion (p14) =0.5ms
Refocusing (p24) = 2.0 ms

hsacetgpsp

¥
ad I u;% I I a4 I dd '||
o1 |

]uf.m Hard 180 Pulse: 16 us
\VAW 1Lk

IH 41

B0 m do do a 8 m [T]
T
N optiona: HMJWL/LN, i hsqcetgpsp.2
G, A ) 4 2 Inversion & refocusing
G2 E i .
C- 9 - -
wo| o]z | o f g
o \||i|”|{|l"|'h'm ,_ ig -
B m a a0 s[\\|s [‘\ o & §
p14 p24 P14 pli2 —— % ¢ B
o A hsqcetgpsp . :
0 = inversion } g
Gl T 4!2 T 4‘0 F2 [pp;n]
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Adiabatic pulses: multiplicity edited 'H-13C HSQC

Y ¥

Prec
al | a4 a4 P28 ‘ aza f aza | a4 f as |55 |
w © | I F | I -
1 P I“
do d0 | d21 flazi
C A e || ﬂl I[\l | ﬂ [ aarr |
pld | P31 p31 p24 pl4 112
ap3 spl8spls sp7 5p3 .
G, O AN () ﬂ
63 3 G4 G4 G2
=1

= Usage of J compensated matched sweep adiabatic pulses
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Matched sweep adiabatic pulses

Typical small molecule: Jg,: 120-250Hz
protonated '3C chemical shift: 10-195ppm

120
7" | 4.027
130 -
L | 3.807
_ 140
i . ” - 3.627 'g‘
1 N P ~
E >0 L7 - 8.427 F
o) ] P L]
2 160 L [ 3.007 3
= P g ‘_“__
© 170 A 7 [ 3.007
180 - /" | 2.827
190 L — ‘ ‘ ‘ 2.627
180 135 90 45 0

13C Chemical Shift (ppm)

- - - - 1/2J (ms) J (Hz)

From: Boyer, R.D. et al, J. Mag. Reson.165 (2003) 253-259

ineptnd

]

<)
BRUKER
(>

Po — ]max _]min

pt — /4*]

max * ] min

optimum sweep duration for a pulse
to match a range of coupling

|
4L IHI'”’! i constants between J.... and J.;.

OB i Yo %10 H-9 4|22

lL”LI User

Offset [pt]

VB (max) [Hz]

Waveform

Crp60_xfilt 2 * - Waveform 1: User

=i

(~) General parameters
& || sizepy 2000

0

Pulse length [ps] 1730.0
Bandwidth factor 85.53
Integral factor 0.06
Rotation angle [*] 180.0
Excitation mode Adiabatic
Excltation type Inversion
Encoded offset frequencies 0

(@] |~ simutation
Shaped pulse length [ps] 1730.0
Rotation angle [*] 180.0

5253.486..

Corresp. 90° square pulse [us] 4758744

[ start NMR-SIM

14

T
50 100 150 200 250 300

— —
500 1000 1500 [points]
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Matched sweep adiabatic pulses

o %
hsqcedetgpsp 4
> % ¢
¢ '8
s b Yy

!ﬁ
FE column 690 from strych
- &
& E
;—u.
- o
P
||||||||||||||||||||||||||||||||||_
74 72  F2[ppm]
‘ __’f}
‘ |||||||||||||||||||
20 80 [Ppm]
|||||||||||||||||||||||||||||||||||||
g 7 6 5 4 3 F2 [ppm]

40 F1 [ppm]

[ ] L

hsqcedetgpsp.3 ‘ I
o w 8 R

|

. [ ] l‘ [
1] —

-] L

FE column 690 from strych| [

. fa |

% |

o o i
_—E |
IIII|IIII|IIII|IIII|IIII|IIII|IIII_ |
7.4 7.2 F2 [ppm] L
' L
. IIII|IIII|IIII|IIII :

20 20 [kpm] |

II|IIII|IIII|IIII|IIII|IIII|IIII|IIII

8 T ] 5 4 3 F2 [ppm]
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Adiabatic pulses: multiplicity edited 'H-13C HSQC

heqeadetap

H Jmi
g | ET a4 EI | dt a4 |“H

o L

40 40 a1 w1
|:C - IT
pliz

"N aptianal I
G, A

hsqeadetgpsisp2 3

Sraz

¥
I |d.21.|d21. mldtlall
¥

[ 1] s 1] d21 £1
11[: it » | GARP |
pld Bdl pil p24 pl4 pll2
B spl8apll apT apd h
G, & ATA N ﬂ
a3 =iyt L= =2
izl

No adiabatic 13C pulses

(p14:5p3 ph6):f2
(p24:sp7 ph1):12
(p31:sp18 ph1):f2
bi_pSm4sp_4sp.2

adiabatic inversion - Crp60,0.5,20.1
adiabatic refocusing - Crp60comp.4
matched sweep adiabatic - Crp60_xfilt.2
bilevel adiabatic decoupling - Crp42,1.5,20.2

Typical pulses for 600MHz
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Adiabatic pulses: multiplicity edited 'H-13C HSQC

fid 1 from cyclosporin 12 1 C:dmb .
d
L]
]
| T | | '
6.0 55 5.0 45  [ppm]

© 2022 Bruker

hsqcedetgpsisp2.3 — 13C adiabatic pulses for
inversion and refocusing

hsqgcedetgpsisp2 - 13C adiabatic pulses for
inversion

hsqgcedetgp - no 13C adiabatic pulses
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HSQC pulse sequences

HSQC pulseseq Feature Comments
ed edited
Si sensitivity improvement  Line shapes might be distorted
Longer pulse sequence, for proteins may give opposite result
Ir long range
jc j-coupling measurement
f3 15N
ct constant time no 'Jec coupling present, sharper lines, for labeled samples
priwt Water suppression
di, ml, no, ro TOCSY, NOESY
_bbhd Broad-band homodec
_bshd Band-selective homodec

© 2022 Bruker
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HSQC pulse sequences

hsqcetgpsisp Adiabatic 180-degree inversion pulses
hsqgcetgpsisp.? All 180-degree pulses are adiabatic
hsqcetgpsisp?2 With gradients  Adiabatic 180-degree inversion pulses
hsqcetgpsisp2.2 inback INEPT  All 180-degree pulses are adiabatic
hsqcetgpsisp2.3 + COSY artefacts suppression
hsqcedetgpsisp?2 With gradients  Adiabatic 180-degree inversion pulses
hsqcedetgpsisp2.2 N backINEPT Al 180-degree pulses are adiabatic
hsqcedetgpsisp2.3  Edited Matched sweep adiabatic pulses
hsqcedetgpsisp2.4* + COSY artefacts suppression
hsqgcetgpsp No S, with Adiabatic 180-degree inversion pulses
hsqcetgpsp.2 ODTiOﬂa|.F3 All 180-degree pulses are adiabatic, refocusing using composite Crp
hsqgcetgpsp.3 gectouplmg Refocusing using pair of Crp pulses
roteins

* Small molecules — cleanest spectrum but longer pulse sequence duration — mind the relaxations

© 2022 Bruker

RF pulses for various applications |

21.3.2023 | 50




Decoupling

- - MMMM“NMWWWWWMWM A BB
yB1 2.5 kHz decoupling field, IR | ” i R DIPSI-2
PCPD 100 us | || | MLEV-16

- I WALTZ-16
y - o WALTZ-17
s i o WALTZ-64
il el i da WALTZ-65
B . . - y o GARP
| » GARP-4
Higher RF peak power sttt i s
2.9 kHz, coresponds to 85.8 us P5M4 Crp32
But lower integral power due to . | ; |
smoothed Crp shape 25 20 1510 5 10 15 20 25 [kHZ]
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HSQC Parameter Sets and decoupling programs

Parameter Sets: rpar |= 0 X |cPDPrograms =8 X
File  Options  Help Source Directory = | Japtftopspind.2.0.b. 7fexpfstanimmripar | File options Help Source Directory = | /optitopspind.2.0.b, 7/exp/staninmr/lists/cpd -
[ Filter by file names  ~ | HSQC*ADIA® Exclude: _H|_T | Clear | Filter by file names v | sy | Exclude; | Clear
Class = [ Ary * Dim= | Ary - | D Show Recammended Class = [ Dim = D Show Recommendead
Type = Any v| SubType =|Any  w| SubTypeB= any w  ResetFilters Type = SubType = SubTypef = | | ResetFilters
HSQCCTETGPSISP_ADIA  HSQCCTETGPSP_ADIA HSQCDIEDETGPSISP.1_A... HSQCDIETGPSISP_ADIA | HSQCDIETGPSISP.2_ ADiA [ PLRSMAsp_dpl bi pSmdsp_dsp bi_ pSmdsp_dsp_Ip bi_pSmdsp_isp.2 bi_pSmdsp_isp.2.p62
HSQCEDETGPSISP_ADIA  HSQCEDETGPSISP.2 ADIA  HSQCEDETGPSISPZ_ADIA  HSQCEDETGPSISP2,2 ADIA HSQCEDETGPSISP2.3_apia | Bl-sP180plp63 mievsp mievspl 80 mlevsp180.p30 mievsp180.p31
HSQCEDETGPSP_ADIA  HSQCEDETGPSP.3 ADIA  HSQCETGPNOSP_ADIA HSQCETGPROSP_ADIA HSQCETGPROSP, 2_ADIA pSmAsplE0 pSM4spla0.2 pSM4sp180.p3l pSM4sp180.p6l pSMAsplE0.pe2
HSQCETGPSISP_ADIA HSQCETGPSISP.2_ADIA  HSQCETGPSISPZ_ADIA HSQCETGPSISP2.2_ADIA  |HSQCETGPSP_ADIA Edit Set selected item in editor % Close
HSQCETGPSF, 2_ADIA HSQCETGPSP.3_ADIA
Read... X Close

Several standard parameter sets which employ adiabatic decoupling are available.
Recommended for spectrometers > 500MHz

For adiabatic decoupling pulse quality factor Q can be reduced from 5 to 2-3, which gives 2.2-4 dB lower power. Hence lower
sample heating
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