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The rotation of a spin subject to an on-resonance soft pulse and
simultaneously to a soft pulse at a nearby frequency may strongly
deviate from the desired rotation expected for a single on-reso-
nance pulse. The deviation is the result of transient frequency
shifts of the spin caused by the off-resonance irradiation. We show
that the resulting error can be corrected by shifting the frequency
of the on-resonance pulse in such a way that it tracks the shift of
the spin frequency. Experimentally, the effectiveness of this simple
and intuitive method is demonstrated for simultaneous inversions
at nearby frequencies in the case of both coupled and uncoupled
spins. Simulations predict that the correction technique is effective
for arbitrary pulse shapes and tip angles and is particularly useful
when the frequency window of the shaped pulse is two to eight
times the frequency separation between the chemical shifts of the
two spins. © 2000 Academic Press

Key Words: simultaneous soft pulses; shaped pulses; Bloch—
Siegert shift; Berry’s phase.

Many high-resolution NMR experimentsl)( including
NMR gquantum computing experimentg, @), would benefit

—AQgs. Analogously, the pulse ab, is now off thea-reso-
nance byAQgs. The resulting rotations of the spins deviate
significantly from the desired rotations. Figure 1 shows the
simulated inversion profiles for a spin subject to two simulta-
neous Hermite 180° pulse®)(separated by 3273 Hz. The
centers of the inversion profiles have shifted in frequency an
the inversion is incomplete, which can be seen most clearl
from the substantial residualy-magnetization $30%) over
the whole region intended to be inverted. Note that since th
frequencies of the applied pulses are off the spin resonanc
frequencies, perfect rotations cannot be achieved regardless
the tip angle settings.

Previous work 10) addressing this problem suggested the
use of additional soft pulses to cancel out the frequency shift
of the spins. However, the extra pulses may have undesire
effects on other spins in the spectrum. Another approadh (
is to time-reverse one of the two pulses, but this technique i
not applicable for time-symmetric pulses and furthermore, the
time-reversal introduces a frequency-dependent phase shift ¢

from the use of two or more simultaneous soft radiofrequenéje corresponding spin. A last method involves the brute-force
pulses. Soft pulses are designed to excite or invert spins ovétdimization of the pulse shapes for simultaneous pul$g (
limited frequency region, while minimizing andy rotations While this method yields pulse shapes capable of properl
for spins outside this regiorl). However, soft pulses do causeotating spins close in frequency, it is mostly used in imaging
z-rotations well outside the frequency window).( This z- €xperiments and has not found the same degree of applicatic
rotation is the result of a shifAQgs in the spin precession in the NMR community, which has continued to use standarc
frequency during irradiation at a nearby frequency. This effeptllse shapes. In practice, closely spaced simultaneous sc
has become known as a transient (generalized) Bloch-Siedgtises have usually been avoided in NME3)( or the poor
shift (4—6); at a deeper level, the acquired phase can Kgality of the spin rotations was accepted.
understood as an instance of Berry’s phage8(. The magni- In this paper, we present an effective, intuitive, albeit simple
tude of AQgs is approximatelyw?/2Q) (for w, < ), wherew, alternative to the brute force optimization schemes. We shov
is the RF field strength an@ is the frequency separationthat the rotations of the spins can be significantly improvec
between the Larmour frequency of the spin in the absencesdhply by shifting the carrier frequencies along with the shifts
RF fields and the frequency of the RF field. The frequensy the corresponding spin frequencies, such that at any give
shifts can easily reach several hundred hertz and the directitne, the pulses are applied on-resonance with the correspon
of the shift is always away from the frequency of the RF fieldng spin. Note that the magnitude of the frequency shift is
Thus, when spin-selective pulses are applied simultaneougBnerally not constant over the duration of the pulses so the R
to two spinsa and b with resonance frequencies, and w, frequency must vary accordingly. Yet, the calculation of the
(w. < wy), the pulse atv, temporarily shifts the frequency of frequency shift throughout a soft pulse is straightforward anc
spinb to w, + AQgs. As a result, the pulse on spip which can be understood as follows. A shaped pulse is modeled (ar
is still applied atw,, will be off-resonance by an amountin fact also implemented) as a sequences of time slices. The R
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H 2\ is written in the rotating frame of spia, ¢gs is caused
purely by the RF irradiation. By definition, theerotation at the
start of the first slice igh3s, = O.

. Now, for shortAt, the frequency shift of spia during slice
k of the pulse atw, is well approximated by

‘A—Z‘
--- XY

0.5-

Aﬂgs,k - d) BSk ;t‘f BSk—1 . [5]

amplitude
o
i

-05 It can be seen that when a second pulse is applied simult

neously, with a carrier frequency,, the frequency of this
pulse can be made to track the frequency shift of spin
8h00 —4000 —2000 0 3000 4000 8000 slice-by-slice, simply by addingasy to ¢ for each slicek
spin frequency [Hz] (assuming for now that both pulses have the same duration ar
FIG. 1. Simulation of the amplitude of the and xy component of the NUMber of slices). The frequency shift of sjimluring a pulse
magnetization of a spin as a function of its frequency. The spin starts out alddtw, can be calculated the same way and similapi§s, must
+z and is subject to two simultaneous Hermitian-shaped pulses with carrfge added tqb’k’_
frequencies at 0 a_nd 3273 Hz (vertical dashed lines), with a calibrated pulsq:igure 2 shows the simulated inversion profiles for the sam:
length of 2650us (ideally 180°). conditions as in Fig. 1, but this time using the frequency shift
corrected scheme. The inversion profiles are almost perfec

. . " . there is very little £8%) leftoverxy magnetization.
field has a constant amplitude and phase within each klice  \ye gimyjated the inversion profiles for a variety of pulse

and the Hamiltonian governing the spin dynamics is thus alﬁﬁdths and frequency separations, for hermi®, @aussian
constant. The evolution of spia during asingl_eslicek of a (14) and REBURP 15) pulses. In all cases the improvements
shaped pulse at frequenay can then be described by the o i pressive. Figures 3 and 4 show the inversion profiles fo
2 unitary operator REBURP pulses without and with the correction scheme, re
. spectively; the correction scheme reduced the resikpaiag-
Ug = e Mrndt [1] netization from over 55% to less than 15%. The fact that evel
the delicate BURP class of pulses responds so well to thi
whereAt, is the length of the slice, and the Hamiltonian in theorrection scheme illustrates the versatility and robustness ¢

rotating frame of spira is the technique.
Figure 5 shows the rotation angle (ideally 180°) of the spins
dek = 0 [X codpp) + Y sin(pP], [2] as a function of the difference between and w, for two

simultaneous Hermite pulses of a fixed pulse width, with anc
wherew®, is the RF field strength and® is the sum of two Without the correction technique. Figure 6 is similar but in this
terms: one is the phase appropriate to the pulse shape (usually
0° or 180°), and the other is a term linearly varying with time

at a ratew, — w, divided by the pulse length (in the frame of Kl — 7 '
spin a, the pulse aw, rotates aw, — w,). X andY are the --- XY
angular momentum operators along thandy axes, respec-
tively. Thetotal unitary operator for slices 1 througdhis then 0.5 i
[} .
k g i _.5 i
= [0 bl 4 |
ui.=[lus (3] g o
i=1 © !
The z-rotation acquired by spia during the firstk slices is -0.5r <: ]
given by j
bisk = ardU3 (1, D] — ardU3(2, 2], [4] Bb00 4000 2000 0 2000 4000 6000

spin frequency[Hz]

where (1, 1) and (2, 2) denote matrix elementdJgf. Since FIG. 2. Same as Fig. 1 butith the frequency shift correction.
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FIG. 3. Same as Fig. 1, i.e., no correction, but for 380 REBURP

| FIG. 5. Simulation of the rotation angle of a spin at 0 Hz after simulta-
pulses.

neous Hermite pulses are appliedeaf 27 = 0 Hz and atw,/27 Hz, as a
function of w,,. The initial state of the spin was alorzgand for the calibrated
2650 us pulse length; the rotation angle should ideally be 180°.

case simultaneous REBURP pulses were used. In both cases,
the inversion bandwidti\w/27r is ~1500 Hz (width of the
profile at half height), as can be seen from Figs. 2 and 4. Ferresponding to 3273 Hz at the 11.7 T field used in the
the uncorrected Hermite pulses, the rotation angle error @¥periments. Simultaneous 26p@ (180°) Hermitian shaped
below 5° only wherw, — w, > 27 12,000 Hz= 8Aw. With pulses with 256 slices were created using only one channel
the correction, this condition is relaxeddg — w, > 27 3200 a Varian Unity Inova spectrometer equipped with waveform
Hz ~ 2Aw. Similarly, for the REBURP pulses, the range whergenerators. The frequency was set on the resonance of ol
the rotation error is<5° is extended fromw, — w, > 27 SPin, while the other spin was addressed using phase-rampir
15,000 Hz= 10Aw t0 @, — w, > 27 4500 Hz= 3Aw. In techniques16). Figure 7 illustrates the experimental improve-
both cases, the rotation error is reduced by on average a fadfignts that can be achieved by shifting the carrier frequencie
of 8 over the range of Rw < w, — w, < 8Aw, with a throughout the pulse duratiowithoutthe correction, the left-
maximum reduction in the rotation angle error of more than@/€r Xy magnetization is about 30% of full strengtith the
factor of 15. correction, the inversion is almost complete, with very liitie
We have experimenta”y confirmed the improvements prglagnetization left. The results are in excellent qualitative anc
dicted by the simulations, using a (50/50)% mixture of tefjuantitative agreement with the simulations of Figs. 1 and 2.
rafluoro-para-benzoquinone and tetrafluoro-teraphtalic acid So far, all the results have considered spins initially along
The *°F spectrum consists of two singlets spaced by 6.96 pprhz- In order to apply the same rotation on an arbitrary input
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FIG. 4. Same as Fig. 3 butith the frequency shift correction. FIG. 6. Same as Fig. 5 but for simultaneous REBURP pulses (3800
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FIG. 7. The figure shows four pairs of experimentally measured spectra
(absolute value); for each pair, the spectrum of spiis on the left and the :
spectrum of spitb is on the right. The first pair was taken after a 90° Hermitian - - ‘ ' '
pulse ona, and the second pair was taken after a Hermitian 180° pulse on _6})00 -4000 _zosop?in frquency “_212]00 4000 6000
These serve as reference spectra. The third pair was taken after simultaneous
Hermitian 180° pulses on the two spiwithoutthe correction scheme. The last FIG. 8. Simulated excitation profile after a 90° pulse abeut is applied
pair is the same butith the correction scheme. The experimental parametefsllowed by a 180° pulse abouwt without using the correction scheme.
are the same as those used in the simulations of Figs. 1 and 2.

amplitude
Q

0.0271- 0.0045 —0.9996
state, it is sufficient for the pulses to be time symmetric in the Uecorrectea= ( —0.9994 0.0271— 0.0045)'
respective spjn frame'i'()..Even Fhough the 'pulse shape; we 8]
chose are universal (i.e., insensitive to the input state), it may
appear that the time symmetry is I'os't by shifting th.e carrier Clearly, the unitary matrix obtained using the correction
frequency. However, the fact that this is not the case is a SUbstlceiweme approximates the ideal one much more closely than tt

point, which is clearly seen in the shifting spin frame Gncorrected unitary operator. This means that the propose

fo"%ﬁf;;}’g?&“ﬁgﬁ:ﬁiﬁ ?rrg (:gﬁceq;nsf:ﬁguae:gz’i;gisrilze %rrection scheme improves the rotations for any input state
@o q P " As anillustration, Figs. 8 and 9 show the excitation profiles

Since the spin frame is now shifting, a pulse at a fixed carrigf a spin initially along—x followed by a 180° pulse about

frequency will not appear time-symmetric as seen by the SpW[thOUt and with the correction scheme. IdeaM,, should be

However, the asymmetries disappear and the pulse retains,| tw, and w, while M, should be zero. We further verified
original symmetry. in the spin frame when the shift in rgso%l-si g similar plots, that indeed any state initially in the
nance frequency is tracked and the pulse frequency adjusptf ne subject to the 180° rotation (i.€l sorecea from Eq. [8])

acf\?}ﬁlﬁgrly\)va to analyze the universality of a rotation is tgeaches the desired final state.
y y y Note that in practice the frequency synthesizer outputs

calculate the unitary matrix which contains all information. . . .
about the rotation. Thieal unitary matrix for a 180° pulse fixed carrier frequency. The frequency of the pulse is shifted by

about thex axis on any input state is given by

[7]

O _i v ! X

Uideal = (—i 0 ) [6] 3

The unitary matrix resulting from applying the pulses without g J
any correction scheme (for the parameters of Fig. 1) is ;31 v ;
§ ; :
~(0.0119-0.1353 —0.9907 : :

Uuncorrected_ —0.99017 0.0119— 0.1353 /" : . : .

i |

:61000 -4000 -2000 0 2000 4000 6000

The unitary matrix obtained using the correction scheme (for spin frequency[Hz]

the parameters of Fig. 2) is given by FIG. 9. Same as Fig. 8 buith the frequency shift correction.
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modulating the phase of the carrier frequency. As a conse- -0.94 : ,
. . -— corrected
quence, at the end of the pulse the spin frame and fixed - __ uncorrected
reference frame of the carrier are rotated out of phase with -0.95¢: R
respect to each other. In order to align the spin and references , -
frames, az-rotation needs to be applied. This can be done easily -0.961 - TTrell ST o 1
by adjusting the phases of all subsequent pulses on that spin. No§ ‘‘‘‘‘‘‘
extra effort is required to calculate the amount-oftation as it is E-0.97F ot 1
simply given by Eq. [4] at the last slice, a calculation already &
performed when determining the frequency correction. -0.98 1
One might expect that coupling between the two spins
involved would undermine the above techniqdé)( because —0QQf e I
the dynamics is now governed by a<44 unitary matrix rather
than by a 2X 2 unitary matrix. However, we demonstrated i ]

experimentally that this is not the case, at least not when
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2.05

21

wp — w,. Figure 10shows a series of spectra analogous to thatFIG 11 Simulated amolitude of the function of the i
of Fig. 7 but this time the Hermite pulses were applied tg "o 11 Simulated amplitude of thil, component as a function of the tip

. . . ngle, with and without the correction using the same settings as in Fig. 2.
coupled multiplets. Despite the fact that the coupling between he 9 9 9

spins was ignored, a more than threefold reduction in the leftover
Xy magnetization is achieved using the correction scheme.

o . . the 7 pulse with and without the correction scheme as a
We verified by simulations that the same tools can be us . . :
. Tunction of tip angle. It can be clearly seen that slightly
to correct the frequency offsets caused by three or more simul- . . ) :
. e increasing the tip angle (about 2% in this case) even furthe
taneous soft pulses at nearby frequencies. Similarly, the tech- : : . .
: . . ; improves the rotations. Increasing the tip angle without the
nique applies equally well to pulses for arbitrary tip angles. . . ) .
: . correction scheme results in little gain for a wide range of
Furthermore, we made some minor extensions to the protocg

. . settings. As the frequency separation decreases, larger il
presented above for calculating the phase correctjags to 9 g y sep g

: . . _creases in tip angle are needed for Miemagnetization to be
accommodate simultaneous pulses of different lengths. Fina : .
. : . ; ' . €arly —1. Further improvements beyond the frequency shift
we tried to improve the inversion profiles even more using an . .
correction are thus clearly possible.

iterative procedure. The idea is that the corrected pulses are summary, when several pulses are applied simultaneous|

shifted in frequency compared to the original pulses; hence one : . .

" . at nearby frequencies, the rotations of the spins can be made
could take those improved pulses as the input of a secon : . .
much as 15 times more accurate by ensuring that the carrie

iteration of the correction scheme and iterate until the Corref?'equencies track the frequencies of the corresponding spins :

tions converge. However, we found that little, if anything, i . : : )
gained by such a procedure, in part because the results %:'greey shift during the pulse execution. Computing the phas

already very aood after the first iteration. Nonetheless. a sli cbcerrections for each slice is straightforward; no optimization or
yvery 9 ' ' Ytration is involved. This technique provides intuitive insight

increase in the amplitude of the pulses does make the rotatig : : ) R .
: : . : ; into the spin dynamics during the application of simultaneous
matrix more accurate (this was not done in the simulations an

. pulses. Furthermore, it is an effective and fast alternative to th
spectra shown above), especially whep — w, approaches

the bandwidthAw of the pulse. Using the same settings as i%X'Stmg pulse optimization schemes, and could be easily in

Fig. 2, Fig. 11 shows th&1, magnetization component afterCorporated into pulse shape design software.
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