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A vector model of adiabatic decoupling is enunciated for an
IS-coupled system of two spin-% heteronuclei in the high-power
limit of ideal adiabatic pulses. The observed S-spin magnetization
evolves according to a time-dependent coupling that scales as the
z component of an I-spin vector which evolves due to the applied
decoupling irradiation. Simple analytical expressions are derived
both on and off resonance for the reduced coupling during an ideal
sech/tanh inversion pulse and for the resulting signal when either
in-phase or antiphase magnetization is present at the start of
decoupling. The resulting model allows one to readily envision
decoupling experiments, make accurate estimates of sideband in-
tensity, and assess the relative performance of different decoupling
schemes. The utility of the model is further demonstrated by
applying it to several recently proposed methods for reducing
sidebands. In the limit of ideal adiabatic pulses, the predictions of
the vector model are almost identical to those of quantum me-
chanics. At the lower RF power levels used in practical adiabatic
decoupling applications, where the pulses are no longer perfectly
adiabatic, phase cycles are employed to achieve performance that
approximates the ideal limits derived here, so the vector model is
more generally applicable, as well. These limits establish standards
for future determination of the most efficient parameters for prac-
tical applications of broadband adiabatic decoupling in a single
transient. © 1998 Academic Press

Key Words: adiabatic decoupling; broadband decoupling; side-
bands; vector precession.

INTRODUCTION

logical boundary conditions as a starting point for a full cal
culation.

In this article, we develop a vector model of adiabati
decoupling. We employ the Heisenberg vector modg| (
which provides an accurate method for visualizing and qua
tifying weakly coupled spin evolution in NMR. It is readily
applied to the majority of NMR pulse sequences in which spi
evolution during the pulse can be ignored, and is particular
simple to apply in the case of two coupled séiheteronuclei
I and S @, 3). Recently, this picture was extended to includ
coupling evolution during an adiabatic pulgB.(We show that
the new model provides significant insight into the functione
details of an adiabatic decoupling sequence and clearly illu
trates some of the advantages inherent in modulating RF a
plitude/frequency using the sech/tanh (hyperbolic secant) pu
(5) for adiabatic decoupling6( 7). We expect that the model
will also clarify other situations of practical importance. Fol
example, whereas asynchronous decoupling is useful wh
employed with composite pulses, it actually degrades the pt
formance of adiabatic decoupling, as reported previou8ly (
The model provides a simple but accurate means of predicti
the performance of this method and other proposed schen
for reducing sidebands.

The model also gives a straightforward mechanism for tt
production of coherence sidebands in adiabatic decoupli
(8—10. Coherence sidebands are new in the sense that lor
tudinal and transverse coherence were generally consideret

Quantum mechanics provides an unerringly accurate di& undetectable in 1D spectra obtained with the decoupler

scription of NMR phenomena. Given sufficient computation&Uring acquisition. A quantum-mechanical derivation accoun
resources, the results of any NMR experiment can be caldd for the existence of these RF-induced coherence signals
lated with precision. Although the theory needs no supportigven in Eq. [2] of Ref. {0). A detailed treatment of related
visual model for its application, such models can providehenomena that were predicted to occur in 1D spectra or
significant insight into the evolving physical processes undekith the decoupler switched off during acquisition can b
lying the results of a rigorous calculation. Moreover, visuafound in (11). The discussion therein also noted that effec
ization can allow one to intuit correct results and predictiorgould be expected in multidimensional spectra even with tt
for new experiments “on-the-fly,” a useful capability that iglecoupler on during acquisition. Examples can be found

often precluded by a pure resort to the abstract machinery(@®) and (13).

guantum mechanics. Playing a role both complementary andAn analytical expression for the time-dependent couplin
supplementary to the theory, an intuitive approach may aleperative during the sech/tanh pulse is derived in the limit
elicit relevant new questions that can then be solved in detadleal adiabaticity. Simple closed-form solutions—applicabl
or impose reasonable values for parameters, approximationspeer the full decoupled bandwidth—are provided for the sign.
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resulting from various initial configurations of the magnetizaan additional field along the axis in this frame, and is the
tion at the start of decoupling. From these solutions, we caksonance offset of the pulse in unitskodth' 2, wheres =
culate a greatest lower bound for the maximum sidebafddenotes on-resonance decoupling. A vglue 5.3 is typi-
amplitude as a function of the relevant sech/tanh input paraoally chosen to truncate the exponential decay of the se
eters (which is to say, the maximum sideband cannot be légaction at a value of 0.01. The total effective fiddg, which
than this bound, but will be equal to it under ideal conditionsjs the vector sum of the fields in Egs. [1] and [2], thus begir
Since the intensity of the decoupled centerband depends s@ligned with the+z axis to a high degree of approximation,
sitively on sideband amplitude, the analysis also sets an upg&sn sweeps through the axis at timeT,/2 for s = 0, and
limit (least upper bound) on the intensity of the decouplegecomes aligned (approximately) with thez axis at the end
peak, which is an important factor in determining the signayf the pulse.

to-noise ratio of a given decoupling experiment. The vector A formal solution for the results of a decoupling experimer
model shows that these bounds are applicable off resonangsplied to the | spins can be obtained by transforming to
across the full effective decoupled bandwidth. These derivggordinate frame rotating witB,. In the weak-coupling limit,
bounds provide useful limits for the performance of adiabatife Hamiltoniany is diagonal in this frame. The propagator
decoupling in a single transient and set boundaries that hglgyeen initial time, and final timet is simply expf-i%(t —
define a potentially superior method. Ultimately, phase cyclgos)]' and the solution for the state of the system can &
are implemented to approximate the performance represenighsformed back to the laboratory frame in order to calcula
by the ideal limits, so the picture provided by the vector modgle regyits of a measurement on the system. An example of t
is relevant to the problems of real adiabatic decoupling as Wee{bproach applied to the case of adiabatic polarization trans

can be found in15), based on the formalism developed ir6Y
for treating coherence transfer in the rotating frame. Altern:

The intuitive vector model described in this section was ngyely, in the FM frame, the intervalt(— to) can be divided

derived in the usual sense of the term. but a plausibmé%oasequence of subintervals which are sufficiently small th
argument can be constructed that clarifies connections betw: v approximately constant during each increment. Propag

the model and the exact quantum-mechanical treatment”&gthe evolution of states in this sequence of time-independe

adiabatic decoupling. First, an implementation of the sech/tanfyPS provides a solution at any tine as in the general

inversion pulse is defined. A brief outline of the steps necgdeatment ,Of decoupll'ng'glven 0. . . .
sary to perform a complete quantum-mechanical calculation of " the high-power limit where the pulse is sufficiently adi
adiabatic decoupling for a simple IS-coupled system of t atic that the | spins are.spln-l'ocked to the effective flgld, tt
spin2 heteronuclei follows. The S spins are observed while tf{380"y admits a more visual interpretation that provides
decoupling irradiation is applied to the | spins. From thidetailed physical picture of adiabatic decoupling. We fir:
overview, we identify a time-dependent coupling which can g&call some important differences between the present case
related to the orientation of the effective field seen by theWhich continuous RF irradiation is applied, and previous vex
spins. The necessity of accommodating different initial condier models of nuclear spin evolution. In situations involving
tions at the start of decoupling, however, requires a mof8ly chemical-shift and coupling evolution, all terms in the
general picture of this coupling which we relate to the orieddamiltonian commute, so each effect can be treated separat:

tation of vectors associated with the | spins. The resultifgne can calculate the time evolution of either the operato

THEORY

model is summarized at the end of the section. (Heisenberg picture) or states (Sttlirmyer picture) and iden-
tify a clear correspondence with a classical vector rotating
Adiabatic Decoupling and Quantum Mechanics the expected manner. When an RF field is applied orthogor

. : . to the z axis, the terms ir¥¢ no longer all commute, and the
The time-dependent amplitude/frequency modulation func- . !
. . . ropagator due to coupling and the RF field must be treated
tions of the sech/tanh pulse can be parameterized in a referenc

frame rotating at the instantaneous frequency of the pulse (i%.‘?‘mgle ﬁrf]my' :Ehffects that areé l:lmquili/hquantur:w ph(izrnhorr;fe
the frequency-modulated4) FM frame) as cah result from the noncommutation of the operators. The tin

evolution of operators or states can still be calculated, but tl

- correspondence with a classical vector rotating in physic

B1 = RFnaSechB(l — 2t/Ty)x [1] space is more difficult to discern, since the states themsel\

AH = bwdth2[tanhB(1 — 2t/T,) + 5] 7 2] evolve in an abstract Hilbert space. The connection betwe

this abstract space and real, physical space is maintair

through the calculation of expectation values. Although cla:

RF,axis the maximum amplitude of tH®, field, which defines sical reasoning can be applied to the expectation values (|

the x axis in the FM frame. The inversion pulse lengthTis not directly to the states), the quantum-mechanical result fol
The frequency is swept in the rangebwdth' 2, appearing as general decoupling experiment(, 179 can be difficult to
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interpret visually, and the equations in the case of specifir the magnitude of the reduced coupling, which is the san
experiments usually must be solved numerically. as Eq. [3], since cas= AH/B..

Time-Dependent Coupling Quantization Axes

As a first step in identifying a classical analog to decoupling The Hamiltonian and, hence, the time-development opera
theory, we consider the Hamiltonian in the frame rotating wiﬂgo not depend on the initial state of the system, but tt
B.. The required transformations implicitly rotate the quantRutcome of a given experiment does. So far, there is nothing
zation axis of the | spins in the FM frame to the axis defined B¢ model that distinguishes between different initial cond
the direction ofB,. In the adiabatic limit, the | spins will ions, on which the subsequent state of the system deper
remain aligned wittB, as the orientation oB, changes in the The expression for the reduced couplingfivas obtained for
FM frame. For S-spin heteronuclei during irradiation of the the | spins implicitly quantized along.. On physical grounds,
spins,AH > B,, and the effective field seen by the S spins /€ expect the energy levels of an individual S spin coupled
aligned with thez axis of the FM frame to a high degree ofan | spin in a magnetic field to depend on the orientation of tt
accuracy. Thus, with the polar andlgiving the orientation of I spin in the field rather than on the orientation of the fiel
B, with respect to the axis, the coupling ternd, | -+ S~ Jo(l, itself. In the standard vector model of coupling evolution in th
co9)S, in this frame (neglecting off-diagonal terms invoMngabsence of RF irradiation, the coupling is represented by t
transverse operators in the weak coupling limit). This result §¢miclassical vectors,land I;, antiphase along the axis

a particular case of more general derivations provided in E¢gfined by the polarizing field,. In the present model incor-
[18] of Ref. (16) and Eq. [14] of Ref. 15) for RF irradiation porating the influence of the RF field, a dependence on initi
applied to both the | and S spins. conditions arises if the coupling is related to the orientation

The energy level differences that appear as line splitting snilar semiclassical vectors rather than the directiorBf

unaffected by the transformations between the various rotatihge time evolution of the | vectors provides the necessa

frames just mentioned, and we therefore identify a time-depef¥namics in the model, as described in the next section. V
dent reduced coupling first consider how these | vectors are assigned in the mode

An NMR experiment begins with the spins inj&az) state

with respect tdB,. The small excess in the number of | spins

Ji(t) = Jo cosh (1) 31 in the ground state can be associated with a classical mag

tization vector aligned wittB,. An applied RF field induces

valid in both the FM frame and the laboratory frame for th#ansitions between states to dynamically reorder the relati
high power limit of adiabatic decoupling. This result, previpopulations in a way that can be viewed as a vector precess
ously deduced and supported by intuitive arguments (but d¥-the Larmor frequency about the effective field. But in
fined in terms of the angle betweds, and the transverse decoupling experiment that observes the S spins, the state of
plane), has been verified experimentaHy. ( individual | spin that is attached to an observable S-sp
In the adiabatic limit, where the system is in an eigenstate e®@nstituent of the sample determines the effect of the couplir
the instantaneous Hamiltonian, we can derive the same re&if in-phase S magnetization at the start of decoupling, there
by diagonalizing the FM-frame Hamiltonian to obtain, similano coherence between the | and S spins, and the corresponc
to (18), state of the attached | spin might be considered to be indet
minate, in the sense that it has not been “measured.” There

equal probability of the spin being in|&) state with respect
to any measurement axis. In the FM frame, this axis is este
[4] lished by B, as reflected in Eq. [3]. However, coherenc:
between the | and S spins reveals the state of the attache

J.=[(AH + J/2)* + Bi]Y* - [(AH — JJ/2)* + B{]Y?,

which we write in the form spin. For example, if the S spin evolves fronHax) state to a
| -y) state prior to decoupling, it was attached o) | spin.
J (320 + JAH) T2 (328 — JoAH) V2 The s_tate of the | spi_n he_ls been “r_neasure(_j,“ S0, in t_his ca
=t m | - 1+ — = |- [5] there is a preferred direction established, prior to and indepe

dent ofB.. The | spins have been ordered along #teis, and
subsequent pulses, in particular the applied decoupler irrad
For B, = [BZ + (AH)3Y2 > J,, which is a negligible tion, can convert this to order along theor y axes.
restriction in many applications, expanding the radicals and

keeping the first nonvanishing term gives The Vector Model

We therefore employ a modified standard coupling mod
J, = J)AH/B,, [6] using the semiclassical vectorg &nd |; to describe ideal
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TABLE 1
Experimentally Determined n/T,, Sidebands as a Percent of the Total Signal for On-Resonance Decoupling (s = 0) using STUD+ (8)
with bwdth = 50 kHz, T, = 1 ms, Compared to Levels Predicted from Fourier Transformation of Vector-Model Signal cos ¢(t) Obtained
using Egs. [8] and [9]?

Experimental Predicted
RFmax
(kHz) T, 2[T, 3/T, 4[T, T, 2/T, 3/T, 4[T, bwdth(RF,,,,)*
9.9 0.53 -0.12 0.05 —0.02 0.54 -0.12 0.05 —-0.02 0.5
6.8 0.54 —0.13 0.06 —0.03 0.55 —0.13 0.05 —0.03 1.0
6.0 0.54 -0.13 0.06 —-0.03 0.55 -0.13 0.05 —-0.03 13

@The high-power limit in sech/tanh decoupling, where phase cycling has no effect on the intensity of sidebands, is nowdbI(RF,,,,,)> < 0.5 (20).
At lower power, phase cycles used in adiabatic decoupling generate additional sidebands at the cycling frequency and its harmonics, but have litl& gffe
sidebands, as discussed in the “On-Resonance Decoupling” section of the text.

adiabatic decoupling, in which the observed magnetizationpbase. RF amplitudeR(,,.,) were calibrated by determining
determined by associated vectd@s and S; that precess in the 180° on-resonance pulse time 1€ and are expressed as
opposite directions in the transverse plane at a time-dependiet reciprocal of the 360° pulse time in units of kilohertz.
frequencyd, /2 instead of a constadt/2. The projection of | The natural linewidth of théH resonance of the sample was
on thez axis defines the instantaneous reduced coupling 2.6 Hz at half height and this was exponentially line broadene
to approximately 4 Hz. All spectra were baseline correcte
J,(t) = I, [1,(D)], [7] using a spline fit (standard Varian NMR software) so thg
baseline regions either side of the centerband and each si
for unit vector |,. For in-phase S magnetization at the start ¢fand were set to zero amplitude. All sideband amplitudes &
decoupling, the | vectors are aligned wB. If there is order the average of both sidebands on opposite sides of the cen
between the | and S spins prior to application of the decouplif@nd- These amplitudes were measured as peak heights rele
irradiation (e.g., J;, with j = Xx, y, or 2), this coherence to the centerband, assumed to be 100%. Under conditions
establishes a preferred orientation for the | spins given by tAgh RF decoupling power, sample heating induces variak
direction of |. If the decoupler field is applied at an angle tdinewidths, and it is not possible to exactly determine absolu
this axis, the | vectors will precess about the field in the usuggnterband amplitudes experimentally. The relative measu
manner and affect the instantaneous Coup"ng according|y_ were converted to absolute from the reduction of the cente
For most cases of interest in adiabatic decoup”ng, the éqand below 100% estimated from theoretical simulations. F
rection ofB,, coincides with |. We present quantitative resultsthe results presented this is a small correction, reducing
of the vector model applied to these cases. We also show thigeband amplitude of 0.56% to 0.53% as in Table 1, f
the vector model readily explains differences in the nature 8kample, and thel/(2T,) sideband of 2.05%, relative, de-
the signal produced by transverse coherence compared to 1®fibed in the “Asynchronous Decoupling” section, to an af
gitudinal coherence at the start of decoupling. A quantitatii®lute value of 1.98%. Thus, all sideband levels are quoted
treatment of decoupling applied to transverse coherence, whe@scent absolute to facilitate the comparison of experiment
the I-vectors are not aligned witB,, further illustrates the and theoretical results.

power and utility of the model. Measurement of the dispersion-mod#Z2T,) sideband
described in the “Missel}-Delay Periods” section presented
EXPERIMENTAL a more difficult problem. Phase correction by 90° allow

measurement of the amplitude, but the resulting large di
Experimental spectra used in the quantification of sidebarpigrsion-mode wings on the centerband introduces ambigu
were obtained from*H-detected'*C-decoupled spectra (16into the baseline around the sidebands. Alternatively, me
transients) generated from the heteronuclear spin-echo diffesrement of the sidebands relative to the centerband in
ence pulse sequenced followed by STUD+ decoupling 8) absolute-value spectrum also introduces baseline ambigu
using a sample of*CH;l (2% in CDCL, with 0.2% Cr(AcAc) because all signals are broadened. The quoted value of 9.
relaxation agentJcy = 150 Hz) in a 5 mm HCNtriple- absolute is an average of 8.9% and 9.3%, respectively, frc
resonance PFG probe on a 500 MHz Varian INOVA spectrorthese two methods.
eter. These spectra were obtained withbilaadthparameter set  Signals measured from transverse coherence during dec
to 50 kHz, and each sech/tanh waveform in the SHUDpling (plotted in Fig. 5) were acquired after application of th
pattern was delivered as 500 increments of RF amplitude amalse sequence
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90JH]-1/(4))-{180H], 180 C]} of the derivation are provided in the Appendix. The maximur

precession of the S spins, depicted in Fig. 1b, is given t
~1/(43)-9Q[H]-G—{90[H], 90[C]} mJT /2, where the average coupling during the tifg2 is

to prepare the pure antiphase stafg.SG is a short pulsed- _

field gradient to suppress unwanted transvét$enagnetiza- J=Joa(Ty/2). (10]
tion. The phases of the final 90[H], 90[C] pulses and the STUD

waveform were alternated in conjunction with the receive3pecific values fod have previously been obtained by numer
phase to reduce experimental artifacts. Two separate spefttd integration 4), in agreement with the explicit results of
were obtained, one with a 90° phase for the first pulse in tifs. [8] and [9].

STUD train (Fig. 5a), and a second with zero phase (Fig. 5b).sjgeband intensity. In the complete absence of coupling,
A total of 4096 transients were accumulated and the real FiRs 5_spin signal detected on resonance would be const:
is displayed after phase correction so that no signal is pres@ich we normalize to one to simplify the discussion. A
in the imaginary FID. The FIDs were digitized in 1 Steps. gemonstrated in Figs. 1a—1c, however, some coupling prec

sion and refocusing of the S vectors must occur during ea

APPLICATIONS adiabatic decoupling pulse, because the pulse cannot be ins;
) taneous. The maximum precession angle, which determines
On-Resonance Decoupling amplitude of the resulting signal modulation, will increase witl

For in-phase S magnetization at the start of on-resonanke FOr ideal inversions, as in the high power adiabatic lim
decoupling § = 0), the system evolves as depicted in Figde-g-bwdth(RFy,)*> = 0.5 for sech/tanh pulses) the form of
1la—1c. The | vectors are aligned wi along thez axis at the this modulation is repeated exactly throughout the entire tra
beginning of the first adiabatic inversion pulse, ap@®) = J,. ©f decoupling pulses with a period equalTg. If the modu-
During the pulse, the two S-spin vectors precess in opposiéion could be described as a simple sinuséidos(2rt/Ty),
directions in the transverse plane at an instantaneous frequegjch is added to the constant DC component of the o
J,/2 relative to the center, or average, frequency of the twgsonance signal, (- A), the Fourier transform of the S
lines, reverse direction at timy/2 whenJ, changes sign, and Signal would produce the centerband and sidebandslal,
refocus at timeT,,. The detected signal relative to this centef€lative to the centerband. The actual signal is ¢(t3, using
frequency is cos(t), where the time-dependent precessioRd- [8]. It is not a simple sinusoid, but consists of the fundz
anglee(t) in the transverse plane, as illustrated in Figs. 1a—1®€ntal frequency I, which determines the period of the
is obtained as the integral of the angular frequengy(t). For Oscillation, and higher frequency components, which chara
the second inversion pulse, shown in Fig. 1c, the labels of tFgiz€ the departure of the modulation from a single sinusoi
spin vectors are exchanged compared to the first pulseso The Fourier transform of this signal gives the decoupled cent
—¢ during this period. Thuse (and a, below) is an odd Peak and sidebands at integer multiples of the fundamen
function with period Z,, whereas the signal cogt) is an even frequency. These are the only sidebands that appear un
function with periodT.. these ideal conditions. Phase cycling the train of adiabal

As a bookkeeping device enabling a concise expression R3/Ses at lower power in typical decoupling applications |
¢(t), valid for allt, we definek as the quotiert/ T, rounded to designed to compensate for imperfect inversions by achievi
the lowest integer. Starting withk = 0, the time interval aPproximately ideal inversions over perioasl,, resulting in
betweerkT, and k + 1)T, is counted as thkth interval. we additional sidebands at If(T,) and its harmonics. These

also defind, ast — kT., so 0= t, = T.. Then, on resonance, Phase cycles should therefore have little or no effechi,
we obtain P P sidebands. This can be seen in Fig. 3 of R&fwhere the

maximum sideband amplitude at high RF power, which aj
_ pears at 1T, is the same independent of the phase-cyclir
(V) = ma(DTy/2, 8] cheme used. Further confirmation is provided in Table
where then/T, experimental sideband amplitudes for STUD
on resonance are almost identical to those calculated from f
Fourier transform of cog(t), independent of RF power.
_ (_1)k{ 1[ cosiB ] _ 1[005“3(1_ Zk”p)]} Thus, in the high power limit, on resonance, the vectc
at) = cosh'|—=| —cosh’| ————=— _ . . .
B Vyi-v Vy1-v model of a single adiabatic pulse provides an accurate desci
tion of adiabatic decoupling. For the sech/tanh pulse, we w
show later that the intensity of theT,{ sideband on resonance
with v defined aRRF,,,,/(bwdth 2). More simply, the function sets the lower bound on the maximum sideband amplitude o
a(t) is constructed using the time interval [0,] and is the full decoupled bandwidth in the adiabatic limit. Similarly
repeated with alternating sign in subsequent intervals. Detdit® centerband sets the upper bound on the intensity of 1

where
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time =0 time = T,/2 time =T,
on resonance
t=1/2J
Be
A

S,cos(x J_7;, /2)

a b c

off resonance
s =0

z

Sacos(n_-/-sﬁ, )

d e f

FIG. 1. (a) After an ideal pulse sequence, just preceding signal acquisitien@), the S signal will be focused in the transverse plane. At the beginnir
of the first adiabatic decoupling pulse, the effective fi€ld,is aligned with thetz axis. With no coherence between | and S, this determines the quantizat
axis of the | spins, which have an equal probability of being altrzg The S magnetization can thus be divided into two coincident vectors, with their associe
| vectors antiphase along thzeaxis. During the adiabatic pulsB, rotates through the axis to—z. Provided the adiabatic condition applies, the | vectors rotat
with B,. In addition, the S vectors precess in the transverse plane at a rate proportionaktaxteecomponents of,land ;. The time-dependent reduced
couplingJ;, is given by Egs. [3] and [7], and the time-dependent precession angle derived from this is given in Egs. [8] and [9]. At the beginning of the
the S vectors precess at an instantaneous frequigieyHz, wherel, is the normal coupling constant. This rate of precession decreases to zgrarab|}
pass through the transverse pla(®. For on-resonance decoupling € 0), at the midpoint of the pulse, timte= T/2, the S vectors will be stationary and
will have precessed through their maximum angle givenrdy /2, wherel/ 2 is the average rate of precession during half of the pulse, given by Eq. [10]. Duri
the second half of the pulse the S precession is in the reverse direction, again at the averaght 2ate)ofhe spins at the start of the second decoupling puls
have refocused along theaxis at timet = T,. This cycle repeats eveily,, modulating the total S signal with a period Bf and generating sidebands at the
fundamental frequency:1/T,, and its harmonics(d) For off-resonance decoupling the vector picture begins as for on-resonance decoupling in &ylfla.
the offset parametes, is positive,B, and the | spins will not have rotated completely to the transverse plane at the midpoint of the pul$g/2, and the
precession of the S spins continues at a decreasing rate until the | spins are transverse, where the coupling is zero. During the second halfB)fahd pu
the I spin vectors pass through the transverse plane, and the S precession reetées=(T,, the S spins have not quite refocused and make an aﬂ@ﬁp,
with respect to the axis, wherelJ2 is the average rate of precession for the entire pulse given by Eq. [13]. During a second adiabatic pulse this net pre
angle is accumulated in the opposite direction, and the S spins refocus with an overall cycle tipegdrierating sidebands atl/(2T,) and its harmonics.
(9) If the T delay time in a heteronuclear spin-echo experiment is misseft(4l) or 3/(4J), the S vectors for odd transients will be antiphase along/theis
just prior to decoupling. The coherence represented by the ordgrgst&e establishes a preferred orientation for the | spins, which are antiphase alang 1
axis. Some antiphase S magnetization will exist for any 1/(2J), or for any other preparation pulse sequence where nonidé&l) delays must be used.
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time =0 time = T,/2 time =T,

mis-set delay period
©=3/4J

Sﬁsin(nﬁ;/Z)

g h i

asynchronous decoupling
scheme advanced by 7,/2

Sﬁcos(n.ﬁ;)

L
=~

FIG. 1—Continued

decoupled central peak, which determines the signal-to-nofse bwdth = 50 kHz and a high power limit obwdth
performance of sech/tanh decoupling. Centerband and si@@F,,)> = 0.1. Previous extensive plots of experiments
band amplitudes are obtained from the Fourier transform of csisleband calibration curveg() for a range ofowdth values
¢(t) and are plotted in Fig. 2 (solid lines) as a functionTaf (5-120 kHz) show that this value farwdth/ (RF,,.,)? is sig-

(h) At t = T,/2, the S vectors will have precessed through the same maximum angle as in KipAtl.= T, the S vectors will have returned to their initial
state, similar to Fig. 1c. However, unlike the example shown in Fig. 1c, the two S vectors are antiphase ajl@ngstheo they precess in the opposite directior
in the transverse plane during a second pulse of peFjpdnodulating the total S signal with a period of 2and producing sidebands at1/(2T;) and its
harmonics. ) For in-phase S magnetization, if an on-resonance decoupling scheme is begun halfway through an adiabatic pulse, the effective field es
the quantization axis of the | spins, which have an equal probability of being al@ygThe initial S magnetization can be divided into two coincident vector:
associated with the corresponding antiphase | vectors, and these S vectors will precess at an averagje rdteing the firstT /2 period.(k) At t = T /2
the S precession will continue in the same direction at the same average rate as the second adiabatic inversion pulse(i} Atitiated,,, the S vectors will
have precessed twice as far as in Fig. 1b and make an anijlg, with respect to the axis. The S vectors are stationary at this time; then, since tbenponent

of 1, becomes positive, they reverse their precession and refocus during a second cycle of peCiothplete refocusing occurs every¥ 2 thus generating
sidebands at-1/(2T) and its harmonics.
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- 1.00 at integral multiples of this period, must produce the large
I sideband at 17, even if the form of the modulation is more
I complicated than a single sinusoid.

- 0.98 Sidebands have also been estimated by assuming a cons
I value for the couplingl, during an inversion pulse6 to
obtain the result for standard spin-flip decoupling with idee
delta-function inversion pulse®1). The Fourier coefficients
of this signal (a cosine arc reflected abdyt2, giving a cusp
at the midpoint of the pulse) also overestimate the maximu
sideband in sech/tanh decoupling by11% over the same
range of variation inT, given earlier and overestimate the
I higher order sidebands by increasing amounts.

- 0.92 However, the present vector model shows why assumil
I constantJ,, for the spin evolution works reasonably well for
sech/tanh decoupling. This particular amplitude/frequent

~ 0.96

1/7, Sideband (%)

- 0.94

Centerband Intensity

e Logo modulation scheme keeps (and therefore, J) closely aligned
0 1 2 3 with the z axis for a significant fraction of the pulse, gividg
Pulse Length T, (ms) ~ J, during these times, by Eq. [7]. We can tailor the estimat

. _ _ _ _ for sideband intensity given in Ref6) more specifically to

FIG. 2. (a) Solid line: Absolute intensity of the T/ sideband, relative to h/tanh d lina b ina th lninstead

a fully decoupled central peak height of 1, for on-resonance decoupling in gech/tan . ecoupiing y using e average couplingistea .
high-power limit of ideal adiabaticity, plotted as a function of the lendi, of Jo, to find the Fourier coefficients of the even functior
of a single inversion pulse. The plotted values were obtained by Fourieos(mJt) evaluated betweerr T /2 and expanded in terms of

transforming the exact vector-model signal ¢(3 from Egs. [7] and [8] the basis set cosggnt/T,). The signal intensity at/T, in the
(bwdth/(RFyno,)* = 0.1, bwdth = 50 kHz, J, = 150 Hz), using the fraquency domain is half the coefficient of the associate

time-dependent couplind,(t) as derived in the Appendix. This curve is osine term. We write our answer in the form given & 1o
indistinguishable from the result of an exact quantum-mechanical calculati&n. : g

Relative intensity can be obtained by dividing these values by the central p&dRtain the modified result
heights provided in part (b) by the scale on the right. Dashed ling, 1/
sideband intensity using Eqg. [11h(= 1), obtained by approximating the

= g 1 - -
exact vector model signal as ceslt), whereJ is the average on-resonance A, = 5 [sindn — JT,/2) + sindn + JT,/2)] [11]
coupling during timeT /2. The precessing spins reverse directioif #2 and 2

refocus afT,,, so the average on-resonance coupling during the entire pulse is

zero. The valudwdth/(RF,,,)? = 0.7 was used to compensate for the effects,sor the amplitude of the sideband at frequemt? The sinc-
of substituting a constanit in place of the true time-dependent coupling, a L4

described in the text. (b) Solid line: Centerband intensity obtained from eleﬁrICtlon ,dePendence.Shows immediately t_hat S|gleband§ becc

vector-model signal, as above. Dotted line: Centerband intensity obtained frPgressively and rapidly smaller as a function of increasing ord

cos(mJt), as above. n. The sign of the sidebands is {)"** for n # 0, which can be
obtained by writing the foregoing sing( terms in the form

-~ _ ) ) sin(mx)/(mx). The centerbandn(= 0) and maximum sideband
nificantly below the level where sideband intensity becom%ﬁ = 1) amplitudes obtained using the approximation of Eq. [1:

|_ns_en3|t_|ve to fL_thhe_r increases in RF power, indicating thge plotted in Fig. 2 for comparison with the exact results. Usir
limit of ideal adiabaticity has been reached. ~aconstand to obtain a signal cos{t) in place of cos(t), derived

A simple estimate of the T}, sideband can also be obtaineg, gq. ] from the true time-dependent coupling, again increas
from the amplitude of the cqgt) modulation of the S-Spin he amplitude of the higher frequency components due to t
FID, although this clearly ignores the presence of h|gher frgbrupt change in the cosine function®f2, where refocusing
quency components due to both the abrupt change in preggssins, and results in a slight underestimate of the centerband
sion of §, and § at timeT,/2 and the fact that the precession; st sideband. To compensateydtt(RF,,)? = 0.7 was used to

frequency is not constant. Half the peak-to-peak amplitude @fcy|ate], giving a better representation of the true signal th:
the modulation on a scale where the central peak from the "W8pends on variabla(t).

S-spin vectors is normalized to one (i.e., another factob of

sideband. This expression overestimates the actual maximum _ o _ _
sideband amplitude given in Fig. 2 by37% for all T,in the ~ The time- and frequency-domain signals obtained usir
range 0.1 to 3 ms, but it serves to illustrate that a modulati§§ch/tanh decoupling on resonance in the adiabatic limit can

with a simple period off , in which the signal refocuses onlyobtained using Egs. [8], [9], and [11]. An analogous, but mol
complicated, analytical expression can be derived for of

*In Ref. 8, this formula was erroneously typeset as 0.25 cos(#JT,/2). resonance decoupling ¢ 0), as described in the Appendix,
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and we have used this expression to verify that th&é,1/ 100
sideband on resonance is the maximum sideband over the full
decoupled bandwidth in the high-power limit of sech/tanh 0.98
decoupling.

However, the salient features can be obtained more simply_ oss -
by noting that Eq. [2] giveAH = O (i.e.,B.in the transverse

plane) for 0.94

Decoupled Sign

0.92

[12]

T, tanh 1(s)
5 —

t=1+
B

0.90

which occurs before (after) the midpoint of the pulse for 088
negative (positive) offset. Thus,B, in off-resonance decou- 00 02 04 06 08 10 12 14 16 18 20
pling does not spend equal time above and below the transverse Time t/T,

plane during a single pulse of length. For negative offses, _ _
the S spins refocus along theaxis at twice the time given in FIG. 3. The off-resonances(= 0.7) decoupled signal cegt) derived
p 9 g from the vector model is plotted as a function of titi&,, normalized to the

Eqg. [12], and subtracting this fronT, gives a timeT/B puise length, in the high-power limit of sech/tanh decoupling using paramete
tanh (s) at the end of the pulse during which unrefocused (bwdth(RF,,,)? = 0.1, bwdth = 50 kHz, T, = 2 ms for a couplingl, =

evolution occurs. If the offset is positive, this period establish&§0 Hz. The off-resonance precession ang(€) in the transverse plane is
a net separation for the S spins at the beginning of the pu|g%rived in the Appendix and is indistinguishable, in the high-power limit use

then the spins precess further. reverse direction. and refocuh re, from the result of an exact quantum-mechanical calculation. As illu
P p ! ! d in Figs. 1d-1f and described in the text, the S magnetization vect

thi? SeParation at the end of th_e pglse. EOI’ the segh/tanh PUlS&sess apart for atim& (/B) tanh(s) at the beginning of the pulse, continue
B.is aligned, to a good approximation, with thez axis during to separate until the effective field rotatgghrough the transverse plane after

this period of net] evolution, with the sign depending on thethe midpoint of the pulse, as given in Eq. [12], then partially refocus during tt

sign ofs. We can therefore identify an average Off_resonanégnainder of the pulse. This period during which there is no net precessior
couplin ' constant during the timk. as delineated by the dotted lines in the figure. The net precession arigte &},
pling g -Ep is thus established at the beginning of the pulse. During a second adiab:

pulse, this net precession angle is accumulated in the opposite direction,
[13] shown above fot/T, > 1, and the S spins refocus with an overall cycle time

of 2T, generating sidebands atl/(2T,) and its harmonics. The unrefocused

period at the beginning of the pulse is a small fractioi pfor |s| = 1, giving

The same equation has been previously determined for the &/8all 1/(2T,) sidebands over the full decoupled bandwidth. By contrast, fc

of a single sech/tanh pulse at the center of a chemical-shfifi2balc decoupling schemes using linear frequency sweeps, the perioc
unrefocused modulation as a fractionBf is directly proportional to offset

correlatlpn d.eIaY‘Q- ) . . (see text). The amplitude of the modulation increases accordingly, and t
The situation is illustrated in Figs. 1d—1f for positive offsetintensity of the1/(2T,) sideband therefore has a strong dependence on t

s, whereB, crosses the transverse plane after the midpoint ebonance offset of the decoupler for a linear frequency sweep.
the pulse. The period of unrefocusddnodulation occurs at

the beginning of the pulse whep is along+z. The resulting centerband and sidebands. To assess the changes that occ
signal is shown in Fig. 3, calculated for a resonance offset §jeband intensities off resonance, we consider what mu
s = 0.7 in the high-power limit of sech/tanh decouplingeccur if the decoupler is offset from resonance by an infin
Partial refocusing occurs after the midpoint of the pulse, whegsimal amount. The Fourier-series expansion of the sigr
B, rotates J, through the transverse plane, as depicted withigyst now include an infinitesimally small term of frequency
the dotted lines in Fig. 3. The detectable fraction of S magngr(2T,) to shift the period to Z,,, and the coefficient of the
tization at the end of the pulse is caskTy). Repetition of the 1/T | term must be correspondingly decreased so the sigr
pulse, with |, now initially along -z, causes precession in theamplitude remains unchangedtat= 0. As the decoupler is
opposite orientation during the period of Fe¢volution Js of  moved farther off resonance, the amplitude of th2T,)
opposite sign during the secorid) and leads tdS, andS;  component continues to increase, while the amplitude of t
being refocused in the transverse plane at the end of the secgmdp term decreases accordingly. However, as reported pre
pulse. Therefore, the modulation for off-resonance decoupliggsly @), Eq. [12] for sech/tanh decoupling is relatively in-
is an even function with a period equal td 2 sensitive to offset fofs| < 1, resulting in a weak dependence
Sideband intensity. As discussed earlier, the on-resonancef the 1/(2T ;) sidebands o, sinceB, crosses the transverse
time-domain signal is an even function with peribgand can plane near the midpoint of the pulse for a large fraction of tt
be decomposed as a linear combination of cosine termsdefcoupled bandwidth (for example,tat, = 0.55, 0.60, 0.64,
frequencyn/T,, leading to Eq. [11] for the intensities of theand 0.67 fors = 0.5, 0.8, 0.9, an@.95, respectively). Thus,

Jo= (JJ/B)tanh (s).
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off resonance, thel/(2T,) sideband is less than the T}/ that occurs off resonance when using a linear frequency swe
sideband, which, in turn, is less than the on-resonandg 1in an adiabatic decoupling schen#2( 23 is easily seen to be
sideband, over a large fraction bivdth The effective de- more problematic. In this cas®&, will reach the transverse
coupled bandwidth in our criterion for the quality of decouplane at timet = (1 + s)T /2, so that the period of unrefo-
pling (20) is determined by the maximum sideband amplitudeused modulation increases linearly with offset. The amplituc
within the decoupled bandwidth. Th&/(2T,) sidebands, of the modulation increases accordingly, and the intensity
which are produced only off resonance, will limit the effectivéhe 1/(2T,) sideband therefore has a strong dependence on'
bandwidth when they exceed the magnitude of the on-resesonance offset of the decoupler. Althoufjlwhich is appli-
nance 1T, sideband. To a good approximation, this will occucable on resonance in the high-power limit, will be somewh:
for s determined by the inequality smaller relative to the value obtained using the sech/tanh pul
the sideband performance of a linear frequency sweep over
cogwdT,) = cog wIT,/2). [14] full decoupled bandwidth is limited by the increasingly large
1/(2T,) sideband off resonance (e.g., Fig. 1 of R&j)(Other
Substituting Eq. [13] fod, gives decoupling sche_mes _employlng ampl!tudglfrequency f_uncn_q
that are constrained in a manner which improves adiabaticl
- off resonance for a chosen amplitude functi@4,(25 give
|s| = tanI‘(). [15] correspondingly better sideband performance, but we have |
2Jo found any in our investigations to date that achieve sideban
as low as the sech/tanh pulse does for a given total decoup

Values forJ in the high power limit are typically greater thanpandwidth at the same average RF pov@r (
0.9J,, so the amplitude of th&/(2T) sideband will be less

than the amplitude of the T/ sideband obtained on resonancg;isset J-Delay Periods
for |s| < 0.98, by Eq.[15].

Offsets|d > 0.98 exceed the normal STUD decoupled band- Coherence sidebandd0j result from the presence, at the
width, in which the centerband is within at least 80% of the centriagginning of an adiabatic decoupling sequence, of either longi
peak height for on-resonance decoupling, so théljy&debands dinal or transverse coherence in the spins that are being obser
generated off resonance by sech/tanh decoupling are not a lifitfiey are generated even in simple 1D decoupled spectra,
tation on its performance. The frequency selectivity of adiabationtrast to previously discovered coherence effetts Coher-
pulses results from the violation of the adiabatic condition neance sidebands are up to an order of magnitude larger than
offsetss = *1, where the effective field is zero at the beginningidebands produced by in-phase magnetization, and sideba
or end of the pulse, by Eg. [2]. The effective bandwidth igesulting from longitudinal coherence were demonstrated to |
determined by this violation and, as a fraction of the parametgieater than those produced by transverse coherence. Antipk
bwdthfor STUD, typical experimental results show increases imagnetization is an unavoidable result in many useful preparati
effective bandwidth from 0.91 atwdth = 50 kHz to 0.95 at pulse sequences applied to realistic samples containing a rang
bwdth= 100 kHz and close to 0.98 btvdth= 500 kHz ©, 20. J values. The associated coherence sidebands can be sulfficie
The phase cycling schemes of Ré&). dre designed to compensatdarge to render adiabatic decoupling impractical in many applic
for the loss of adiabaticity and have very little effect on thtéions if they are not suppressed. In a previous communicati
intensities of /T, sidebands, as discussed earlier for the oi10), we devised several methods for eliminating these sidebar
resonance case. However, new sidebands are introducedv&r decoupled bandwidths of up to 100 kHz, and, using
1/(mT,), the cycling frequency of the phase cycle (usually- 5, standard quantum mechanical calculation, derived an express
10, or 20). Experimentally, the effective bandwidth is observed that can be solved numerically to determine their intensity. Spa
be limited by the rapid increase in amplitude of one or more of thignitations precluded a description of the vector model, but
1/(mT,) sidebands above the magnitude of the on-resonafige Iprovides an accurate and more easily accessible estimate for
sideband, which can be determined from Eq. [11]. Thus, Eg. [Iilagnitude of coherence sidebands in sech/tanh decoupling,
determines the maximum sideband amplitude over the effectivell as significant physical insight into the mechanism of the
decoupled bandwidth in the high power limit of sech/tanh decoproduction, leading to effective strategies for eliminating them.

pling. Longitudinal coherence. In the heteronuclear spin-echo dif-
Sidebands in linear frequency sweep3he prediction of ference experiment, for odd transients just prior to decoupling, t
modestl/(2T,) sidebands in sech/tanh decoupling is consisteBtmagnetization is completely antiphase in the transverse plan
with all experimental results. For example, such sidebands dhr delay period is misset at 1/(8) or 3/(4]), as in Fig. 1g. Even
be observed in Fig. 1c of Ref9)to be close to zero at thetransients are still represented by Fig. 1a, and so overall t
middle of the bandwidth, increasing moderately toward thdecoupled signal intensity is halved. Ideal on-resonance dec
edges of the bandwidth without ever exceeding the maximypting, achieved by sampling the signal at integral multiple$ of
sideband in the spectrum. By contrast, the S-signal modulatiould yield zero S signal from the odd transients, but realist
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sampling rates will reveal the precession of the antiphase S vprevious analysis of the problert@). This rapid, short-period
tors, which repeats cyclically everyfg as shown in Figs. 1g-1i, oscillation limits the precession amplitude of the S vector:
and thus produces sidebands2T,). producing more, but smaller, sidebands compared to the few
The | vectors are antiphase along thexis at the start of but larger, sidebands observed for longitudinal coherepice S
decoupling, so Egs. [8] and [9] still apply, but the S-spin magne- An easily visualized demonstration of the signals generat
tization along thex axis during coupling evolution is now detectedby transverse coherence during decoupling is provided |
as sinp(t) for the precession shown in the figure, due to the initiglettingRF,,,,, = bwdth' 2. Since sect{x) + tanif(x) = 1,
antiphase orientation of the S vectors. The Fourier-transformigg magnitude ofB, is a constant equal t®F,,,, as it is
signal will appear in the imaginary channel, in contrast to the readliabatically rotated fron+z through the transverse plane
cosp(t) signal that generates the centerband and regular sidebaatimg thex axis to—z. We consider the specific caBd-,,., =
so in an actual NMR experiment, these coherence sidebands ®llkHz. During an inversion pulse of lengfly = 1 ms applied
be displayed in dispersion mode if the centerband is phased tir>C spins, antiphase magnetization represented by the v
absorption mode. The maximum extent of the S-spin precessiotoss |, and |;, in the transverse plane at the start of the puls:
shown in Fig. 1h, occurring dat= T2, and is repeated in thewill executeRF,,,T,, = 10 complete rotations aboBt. As B,
opposite direction during the second adiabatic inversion. As bietates, | precesses in the plane orthogonalBg and the
fore, a quick estimate for the peak intensity of the Tjfalisper- projection of |, along =z oscillates with a period HF
sion sideband relative to the centerband can be obtained from e vector model therefore predicts that the detected S-s;
amplitude of the sinusoidal modulation. Again, we require a factsignal will correspondingly precess and refocus through
of % to normalize to a scale where the central peak from the tweycles in 1 ms as,(t) oscillates in the manner just described
S-spin vectors has unit intensity, to obtain 0.5 8i(/2), which The vector model prediction for the signal is also easil
is much larger than the estimate obtained starting with in-phasgculated. The appropriate expression 80ft) could most
magnetization. Arguments leading to Eq. [11] allow a bettgrenerally be obtained by transforming to a system rotatir
estimate for coherence sidebands by finding the Fourier coeffbout the instantaneous direction Bf, but it can also be
cients of sinrJt), where the signal reversesy2 as before, but readily visualized in the current example. WHgphas rotated
has a period B, and is an odd function. We obtain through an anglé (t), the plane of the | vectors is tilted at the
same angle relative to the-y plane, as shown in Fig. 4. The
two planes share the samexis, so only the component of |
for n odd along the axix’ in the tilted plane, (]),., has a projection on
the z axis. The projection is given by (l,), sind, where sing
0 forn even = B,/B, is the sech function in Eq. [1] (SINCBRFy =
[16] bwdth'2), and (],), is cos(2rBg) for S I, coherence at the
. _ _ start of decoupling and sing#Bt) for S, coherence. The
for the peak-to-peak dispersion-mode amplitude of coherengghse of rotation illustrated in Fig. 4 is for nuclei of positive

sidebands at frequency (2T ). gyromagnetic ratio, and we obtain
For a typical experimental implementation usimgdth = 50

kHz, T, = 1 ms, andRF,,,, = 9.9 kHz, actual 1/(Z,) dispersion ]
sidebands for misset at 3/(d) are 9.1% of the detected S signal Sly: J(OMo = —sin2mBd) sechp(1 — 20T,)  [17]
compared to predicted values of 11.0% from 0.5 =¥i{/2),

8.9% given by Eq. [16] and 9.4% from the exact Fourier ranfor the instantaneous coupling due to the presence bf S
formation of sirp(t). These amplitudes are for the TF(® side- coherence at the start of on-resonance sech/tanh decoup
bands phase-corrected by 90° to be in absorption mode. Souiggf B, of constant magnitude. The time-dependent couplir
of error in the measured sideband amplitudes are discussed injf@is case results from the model | vectors perpendiculBto
Experimental section. Sideband levels quoted in R8fwere precessing about this field as it rotates in % plane.
baseline-to-peak amplitude of the dispersion-mode sidebandsthe analogous expression for thg Scase would substitute
which is about half the total amplitude. cosine for sine in Eq. [17], but there is an additional nuanc
Transverse coherencelf transverse coherence termgl,S that provides further confirmation of the vector model. Sinc
or §l, are present at the start of decoupling, the | vectors By (0) = sectg is not equal to zeroB.(0) has a smalix
Fig. 1g would begin in the transverse plane. During an ideebmponent. The pulse begins slightly tilted with respect to tt
adiabatic inversion pulse, the | vectors would remain spiz-axis, and the plane of the | vectors is not exactly orthogon
locked at 90° with respect B, but would also precess rapidlyto B.. The I-vector component perpendicular B, which
about this field. The projection of,lon the z axis, which generates the high-frequency oscillationsljrdescribed pre-
determines],(t) by Eq. [7], thus oscillates rapidly during theviously, is I,cos6(0) = I tanh3 and is within 0.005% of ] for
pulse, giving rise to a complex pattern of higher-frequengy = 5.3. The component parallel 8, is 1,sin 6(0) = | ,sech
sidebands which we have referred to as sideband noise in gugiving a 1% correction fop = 5.3. This will produce a cos

1| n=JT,  n+JT,
B —{ p|SiNc—— — —sinc
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T The result of integrating the second term in Eq. [18] to obtali
its contribution to the precession angle, has already been
considered in the Appendix as the particular case 1, and the
other terms in Eqgs. [17] and [18] can be integrated numerically
generate the signal si{t) for antiphase S magnetization at the
start of decoupling, as discussed earlier for tjlecse illustrated
in Figs. 1g—-1i. The results are shown in Fig. 5, where the vect
model predictions for the signals resulting froml,Sand S,
coherence at the start of decoupling are compared with expe
ment and the predictions of quantum mechanics. The results
plotted over the course of a single decoupling inversion pul
implemented using a value seph= 0.02 to show more clearly
the additional low frequency modulation predicted for thg S
signal compared to,§. The agreement among model, theory, an
experiment is evident.

The vector model provides a physical mechanism that sir
ply and accurately predicts the time evolution of observab
magnetization when adiabatic decoupling is applied to initi:
transverse coherence. The model pictugeand |; rotating in
propeller fashion abouB.. The magnitude of], will be a
maximum for the {, case at timeT /2, whenB, is aligned
i with the +x axis and the large component gf perpendicular
S — to B, is aligned with—z after completing five rotations in the

l(,“)z plane orthogonal t8,. The smallest oscillations occur near the
|
l

beginning and end of the pulse, whBpis close to thez axis

and |, is near the transverse plane. For thg $ase, ) begins

aligned with+vy, giving J,(0) = 0, and returns te-y at the end
FIG. 4. The evolution of observable S-spin magnetization when adiabaggf egch precession aboBg, since B, is rotating in thex—z

decoupling is applied to transverse coherengg iS illustrated according to the lane AtTp/2 after five such cvcles about the effective field
vector model. The left panel shows the initial configuration of the system, with tfie ) ' y

I and S vectors aligned with theaxis. The | vectors precess about the decouplindr IS again zero and the maximum in magn'tUde ﬁprthus
field B, during the adiabatic sweep, as shown in the upper right panel for @€CUrs a quarter period of the precession cycle earlier, shifti
arbitrary time prior to the midpoint of the adiabatic inversion pulse. In the mod¢he signal maxima for)g,x and §|y relative to each other by
the projection of | on thez axis determines the instantaneous reduced couplifge same amount. In addition, sindg0) = 0 for %|y! the

J(t) according to Eq. [7]. The propellar-like motion qf in the plane perpendic- . . . .
ular to B, therefore produces a high-frequency oscillation in the coupling, gyecession amplitude of the S magnetization will be a max

compared to the examples shown in Fig. 1, resulting in concomitant reversaldldim at each subsequent zero-crossing),pgiving a signal
the S-spin precession shown in the lower right panel. Predictions of the model that is symmetric about,/2, as observed. The excellent agree

described further in the text and compared with experiment in Fig. 5. ment between theory and experiment in F|g 5 provides furth
support for the utility of the model.

0(t) dependence i, according to Eq. [3], where cs= Elimination of coherence sidebandsThe methods we de-

: OT'S]:[r_]I_e tanh funct:jor; mtﬁq' Ll_],hapd a longer mo_ﬂu,ltfat'o'gcribed to eliminate coherence sidebani§) (utilized field
g?r:fe tr?e ppre(ézr:sﬁgrr]eangjﬁt)eof ;ﬁe- éeg:i?]n\cl)e/c'::)sg izsi 't?]r;}sgradient pulses to randomize either transverse antiphase | ¢

tearal of the anaular frequenavl.(t). the accumulation of magnetization, or both, across the bulk sample. In terms
integ angular frequencyJy(t), cumutati vectors, randomization of the undesirable components of t

phaseg during the low frequency modulation can be a largex _ - o . .
fraction of the total phase than might be apparent from Cgén__spm magnetization directly prevents the detection of a n

sidering the magnitude of the sg&lfactor alone. The vector signal, v_vhereas randomization O.f the | SPINS Insures th.at ¢
; ) LT recession of the coupled S spins at any given point in tl
model therefore predicts an important distinction between the . . .
. . - sample will be cancelled by an equal but opposite precessior
decoupled signals from § and $l,, with an additional mod- . .
. - . Y - some other point of the sample. The bandwidth for thes
ulation of periodT,, in the S, case due to the contribution the . L , o
p . techniques is limited by the bandwidth of the 90° pulse
I-vector component along, makes toJ,, giving . S ) .
required to convert longitudinal antiphase | magnetization
transverse magnetization, or to preserve transverse in-phas
Sl (O [cos2mBHsechp(l — 20Ty Jtanh 3 magnetization along the axis during the pulsed gradients.

+ [tanh B(1 — 2t/T,)]sechp. [18] Nonetheless, effective decoupled bandwidths of up to 100 ki
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were achieved, sufficient fo*C NMR on a~2 GHz spec-
trometer. Analogous randomization methods can be devis
using RF inhomogeneity across the sample. For example
maximum-power adiabatic pulse will cause initial transvers
magnetization to rotate through a large angle alBuas noted
in the preceding paragraph, and this angle will vary across t
sample. However the design of NMR probes is toward ir
creased RF homogeneity, so these alternative RF randomi
tion techniques are less efficient than their pulsed-field-grac
ent counterparts.

Although single-transient methods are preferable, alternati
double-transient techniques can be readily demonstrated. Tt
-8 1 -— I we noted {0) that phase cycling a 90[l] pulse as_9Qust prior
, ‘ ‘ to decoupling was equally effective as I-spin randomization. Th
41 - b) causes any precession of antiphase S vectors to be in oppc
directions depending on the phase of 90[l]. An alternative is 1
apply two (higher power) adiabatic inversion pulses of legta
at the beginning of half of the transients. Thus, at the end of
period of lengthT,, the situation is as in Fig. 1g for these
transients, whereas Fig. 1i applies to the other half of the tra
sients, and no net S signal can be observed from jhec&her-
ence. This method is not limited by the bandwidth of 90° pulse

The vector model thus provides a straightforward physic
explanation for the production of coherence sidebands. /
adiabatic decoupling methods will generate sidebands frc
12 L antiphase S magnetization, since the representations of Fi
00 o2 o4 o5 os 1o 1g-1i are still applicable. Only the form of the functigt)

for the precession angle changes for different adiabatic puls
leading to modest differences in the amplitude of the resultir
coherence sidebands.

a)

FID From S|, (x107%)

FID From SI, (x107%)
B
1

-10 A

Time (ms)

FIG. 5. Signals resulting from the presence of (a),Sand (b) Sl
transverse coherence at the start of a decoupled acquisition are plotted as
a function of time during the first inversion pulse of the decouplind\synchronous Decoupling
sequence. Predictions of the vector model (dashed lines) based on Egs. [17]
and [18] for ideal sech/tanh decoupling applied on resonance to I1¥3gin N composite pulse decoupling, it is common to desynchr
are compared with experimental data)(for *H-detected S spins and nize the decoupling pattern from signal acquisition to alloy
quantum-mechanical simulations (solid lines). All FIDs are scaled relati\@ycnng sidebands to vary in phase between transients a

to a signal of unit amplitude from ideally decoupled in-phase magnetizg®, . . .
tion, S. A constant-magnitude decoupling field of 10 kHz was generated @-Z‘lf cancel. We have noted that this method increases ma

settingRF.,.., = 10 kHz = bwdth2 in Egs. [1] and [2] for the implemen- MUM sideband amplitudes for sech/tanh decoupl8)g This
tation of the sech/tanh pulse, chosen to be of length= 1 ms. As work can be summarized as follows. As an alternative |
antiphase J or I, precesses abotd, (see Fig. 4) at the frequency 10 kHz, random asynchronicity, we undertook a detailed study in whi
the projection of the | vectors on theaxis executes 10 complete oscilla-the STUD pattern was shifted in time by known amount:
tions during 1 ms a®, rotates from+z to —z (five cycles of increasing . . :

amplitude followed by five of decreasing amplitude). The vector modéol‘_dvancmg the decoupling pat_tem by Gélnver_ts the ]_'TP
therefore predicts 10 oscillations in the time-dependent cougliig with ~ Sideband. Therefore, summation of two transients with ze
a corresponding modulation of the S-spin signal. For thg Sase, the and 0.9, advancement would cancel this sideband. Howeve
plane of the | vectors is not exactly orthogonaBg sinceB,(0) = sech@). ~ when the pattern is advanced by Ug5a new sideband is

The_ l-vector co_mponent parallel Bg produces an ac{ditignal modulation_ of induced atl/(ZTp), even on resonance where regular STUI
period T, superimposed on the high-frequency oscillations, as shown in the

lower panel. The slight mismatch at increasing time between the expeWOduces nd_'/(ZTP) Sldebanq m_the high-power limit. Signal-
mental data and the theoretical predictions may be due to RF inhomog&€raging will not cancel this sideband.

neity in the sample and/or a slight experimental asymmetry in the delivery An explanation for this new sideband is provided in Figs. 1j t
of the sech/tanh pulse. Although the signals in this example are relatively, After a 0_5|‘p advancement of the STUD pattey, is in the

small, at the lower RF power levels used in practical decoupling sequenggsnsverse plane and will rotate to the axis during the second
where the pulses are no longer ideally adiabatic, the effects of gene

al . .
antiphase coherence can be an order of magnitude larger than the decotmﬁ!]" of the pulse. According to the v_ector model, I_n the absence
modulation of the signal from in-phase magnetization, as shown in Fig.cherence between the | and S spins, the quantization axis for

of Ref. 10 illustrating methods for eliminating these coherence effects. | spins isB,, so the vectors and |; will be aligned in the
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transverse plane, as shown in Fig. 1j. Thusztbemponent of] STUD or STUD+ is applied asynchronously. The method doe
is initially zero, and the instaneous coupling constdntvill also  not work well for adiabatic decoupling, in general.
be zero by Eq. [7], but will average tbover the first half of the ~ The vector model also explains why theT l/sideband is
pulse, as before. However, becauged |; are now alongtz inverted when the decoupler waveform is advanced by,0for
when B, completes its rotation te-z the coupling precession regular decoupling with no advance of the waveform, the intensi
does not reverse as in Fig. 1b, but continues in the same sense tite 17T, sideband is given by Eq. [11] with= 1 and a sign of
the same average rate for a second Qperiod, during whictB, (—1)™*. For the advanced waveform, the same formula applie
starts alongtz and rotates into the transverse plane, as in Fig. It the period is doubled and theTl/sideband corresponds to
The precession of the S vectors reverses at the end of this pericd 2, which has a sign of{1)"**, as before, and is inverted. A
attimeT,, when |, (andB,) return to the transverse plane, showmore careful analysis also shows that the magnitudes of the t
in Fig. 1I. This net precession is then refocused during the nesitlebands are only approximately equal. Writing sinag the
pulse, cycling every B, and yieldingn/(2T;) sidebands. The form sin(@x)/((7X), the expressions for the sideband magnitude |
minimum detectable magnetization, is thus ed8(,) and by the the two cases can be shown to be equal to the extent the appi
former arguments we can expect Tj(Psidebands which are aimation singrJT,) ~ wJT,, is valid.
large fraction of 0.25[+ cos(@JT)]. In the high-power example ) i
used previousybWdth(RF,,,,,)? = 0.5,bwdth= 50 kHz,T, =1 " hase-Shifted J-Modulation
ms), Eq. [10] gives) = 0.94],, and this formula indicates 113 Recently, a new signal-averaging technig2@ (vas shown to
sidebands at the 2.4% level fdg = 150 Hz. reduce sidebands to almost insignificant levels for on-resonar
More accurate estimates of sideband amplitudes in asynchadiabatic decoupling in the high-power limit. AT}/sideband at
nous decoupling can be obtained from an analysis along the litles 2% level in a single transient was less than 0.06% after fc
of Egs. [8]{11]. The lower limit of integration for the net pre-transients were averaged, which compares favorably with t
cession angle(t) in Eq. [Al] is nowT/2. This effectively shifts performance of continuous-wave decoupling on resonance. 1
the functional result of the integration, whichdft) given in Eq. vector model and the Fourier shift theorem provide insight int
[9], to the left by T/2 and subtracts(T,/2), since this is the further implications of the method.
relevant factor for the total phase angle that would have accumuThe technique shifts thdmodulation of the signal by a
lated if the integration had startedtat 0. In addition, the factor time kT,/4, so, for example, thi = 2 acquisition begins as
T, in Eq. [8] becomes B, since the period of the modulation isin Fig. 1b. This acquisition still has a period,, but is
doubled. Using the functional form fei(t) given in Eqg. [9], with out-of-phase by half a period, o, with respect to the
the start of asynchronous decoupling defined as the re®, Eq. unshifted acquisition, so averaging the two signals wi
[8] becomes clearly cancel the Tj, sideband. More generally, for signal
f(t), the Fourier transform F(v) = f(t) becomes
exp(@2mv7) F(v) = T(t — 7) whenf(t) is shifted byr, as can be
seen by a simple change of variable in the Fourier integré
The on-resonance modulation with simple perigg pro-
Fourier analysis of this modulation for sech/tanh decouplirdyices sidebands at frequenci®3,, so shifting the modu-
using the experimental parameters listed earlier predidtgion by r = kT /4 gives a phase factor exkiin/2) for the
n/(2T,) sideband amplitudes ferequal to 1 through 5 of 2.06, sideband at frequenayT, in thekth transient, relative to the
—0.53, 0.21,-0.12, and 0.07% compared to experimentgdhase of the unshifted sideband. Thus, sidebands of or
values of 1.98-0.54, 0.16,—0.12, and 0.07%, respectively.n < 4 can be completely canceled by averaging four trar
Using Eq. [11] with the appropriate modulation period@2 sients k = 0, 1, 2, 3).
instead ofT, gives sideband amplitudes of 1.950.48, 0.21, However, off resonance, the vector model shows that the mc
—0.12, and 0.08%. ulation period is Z,,, producing sidebands at(2T,), and these
A simple two-transient scheme which uses STUD decosidebands are dominant in linear frequency sweeps as the re
pling waveforms advanced byTQ and 0.9, therefore gives nance offset is increased. In this case, the relative phase of
sidebands of 0.5% at T} and 0% at 1/(Z) for the first sidebands is exjin=/4), and the 1/(Z,) sideband will not be
transient and—0.54% at 171, and 2.0% atl/(2T,) for the canceled using four acquisitions. Either eight transients are
second. Asynchronous decoupling will thus average tfig, 1/quired, canceling sidebands of oraex 7, or a larger shifkT /2
sideband to almost zero and the n&if2T ) sideband to 1.0%, regains the on-resonance factor éxpf/2) for the relative phase
which is twice the amplitude of the normalTl/sideband the and cancels sidebands of oraer< 4 upon averaging four tran-
method is designed to suppress. Incrementing the decougients. In the latter case, the= 4 sideband which is not canceled
waveform in smaller increments and averaging more transiergsnow the larger j, sideband rather than theT4/sideband
provides no improvement to this basic result. In additiomemaining for the on-resonance example. Since coherence si
1/(mT,) sidebands, produced at lower power by the phabands produced by, terms at the start of decoupling also have
cycles used in adiabatic decoupling, are also increased wipeniod 2, the same arguments apply.

o(t) = mIal(t + TJ/2) — a(T/2)]T,. [19]
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We note that when sech/tanh decoupling is employetly decoupled and no evolution to detectable magnetizatic
1/(2T,) sidebands are small to begin with. At the lower RBccurs in the S spins.
power levels relevant to practical decoupling applications, In the high-power limitbwdtt(RF,,,,)> < 0.5, where the
sidebands at 1/ T,) produced by phase cycling the decouplesech/tanh pulse is ideally adiabatic to a high degree of appro
become prominent. For typical decoupling phase cyefes; mation, we have derived an analytical expression for the tim
5, 10, or 20, as discussed earlier. An analysis of these sidependent coupling(t) that is operative during hyperbolic-secan
bands produced at lower power is beyond the scope of tikecoupling, both on and off resonance, as a function of tl
vector model, since the pulse is no longer ideally adiabatiexperimental input®F,,., bwdth andT,. We have also derived
Nonetheless, the preceding discussion shows why shifting #esed-form solutions for the decoupled signal. A simple estima
phase of the signal and averaging transients cannot simubifithe dominant sideband over the full decoupled bandwidth f
neously eliminatel/(5T;,) and 1/(10,) sidebands in addition sech/tanh decoupling can be obtained as o_zspgs(ﬂTp/z)],
to n/(2T,) sidebands without becoming more intricate. Amonghere the average couplidgiven in Eq. [10] is typically greater
the alternative multitransient methods, we have found thggn 0.9,. A more accurate expression was provided in Eq. [1
“accordion” technique of Starcuét al. (6) to be effective for that sets limiting values for the central decoupled peak Q) and
routine broadband decoupling, since it reduces levels of glaximum sideband(= 1) in sech/tanh decoupling, as a functior

sidebands over the decoupled bandwidth. of the same experimental inputs. The maximum amplitude
coherence sidebands was also shown to be a large fractior
CONCLUSIONS sin(mrJT,/2), with a more accurate expression derived in Eq. [16

) ) ) For decoupling methods that employ a linear frequency swee
A vector model of adiabatic decoupling has been developgehximum sideband intensity was shown to depend sensitively
that associates a simple physical picture with the procesggs resonance offset of the decoupler, with the intensity afithe
occurring during decoupling. The model in effect factors the orger sideband quickly surpassing the intensity of the o
combined influence of IS coupling, of strenglh and the RF \osonance = 1 order sideband. The derived limits for sech/tan
irradiation applied to the | spins into two independent 0pergacoupling establish simple and accessible criteria for evaluat
tions: (i) The time evolution of a pair of antiphase vectoys li,q performance of potentially superior methods.
and |; defined in _the model is determined by the RFf_ieId in the Although the pulses are no longer perfectly adiabatic at tt
usual manner, with components parallel to the effective appliggh e hower levels used in most practical applications of adiaba
field, B, remaining spin-locked along this direction and comya . iing, phase cycles are routinely used to compensate for
ponents perpendicular B, precessing about the field. Thedecreased performance of the constituent pulses and main
projection of |, on thez axis (i.e., defined by the direction Ofmaximum sideband levels near the ideal limits presented he

Bo) scales], to produce a time-dependent reduced COUpI'WQowever, an additional consideration in these cases is the cl

Ji(t). (ii) The coupling evolution of the S-spin magnetization Yelation between sideband and centerband intensities illustrate

determined byl (t) instead otl,. There is almost exact agree—Fi . 2, which shows the reduction of the centerband as a functi

ment between the vector model and the predictions ofquant% maximum sideband intensity in the high-power limit. This

> : :
mecha_mcs_ under cond|_t|0n_s whe Jo _(a nggl!g|ble . effect is exacerbated at lower RF power, where total sideba
restriction in many applications) and the adiabatic inversion, .~ .
. intensity increases and subtracts further from the centerba
pulses are close to ideal.

The model can be used with facility to predict the results &e spite the success of the phase cyc!e in keeping maxim
sideband levels relatively low. Reduced sideband levels in a sin

decoupling and, in particular, maximum sideband intensity, in_a. . . : . o

: . I transient translate to increased centerband intensity, while sigr
variety of useful applications. The model clearly illuminates theVera ina methods that reduce net sideband levels cannot cc
capabilities and limitations of two examples considered as pos%h n dgi]n @ll incr th nterband. since th nterband inter
ble methods for reducing sidebands and provides a simple ph! onaingly increase e centerband, since Ine centerba €

ical mechanism for the phenomenon of coherence sidebands ee;stabhshed by the level of sidebands in a single transient. T

sulting from misset)-delay periods. At the quantum Ievel'expenmental parameters that enable sech/tanh decoupling to n

coherence sidebands are the signals detected from Iongitudiﬁgifienﬂy approach the ideal performance described here in

transverse coherence during decoupling as the time—dependenﬂﬁﬁIe transient are presented in a separate paper in thisZ5ue

field induces transitions that would otherwise be forbidden in its

absence. From the point of view of the vector model, a detectable
in-phase component of the S-spin magnetization evolves from the
initial antiphase configuration due to changes in coupling induced
by the RF field and its action on the | vectors. In the absence ofStarting with in-phase S magnetization, as in Fig. 1a, tt
RF irradiation, transverse coherence is undetectable not ophgcession angle of ;Sn the transverse plane during a single
because the S magnetization is antiphase, but because the tisei/tanh decoupling pulse is obtained by integrating the tirr
verse | magnetization results in a coupling of zero. The spins alependent angular frequeney),(t), to obtain, through Eq. [3],

APPENDIX
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co9 (t')dt’, [Al]

o(t) = mJo ft

where cof =
the effective fieldB, = [BZ + (AH)?]*'? and thez axis. We
use Egs. [1] and [2] and make the substitutior= B(1 —
2t/T,) to write the integrand as

SKINNER AND BENDALL

du

1
_ -+ -
2(1_s)f ya+bu+cu?’ [AT]

AH/B, for 6 equal to the polar angle betweerwhich can be found in standard integral tables. These integr
replace the single integral in Eq. [A5], derived for the prece:
sion angle ¢ on resonance, and are evaluated for=
exp(x2x), with x the same function of time given above. The

corresponding constants in each integrand are

bwdth
> (tanhx + s)
cosf = A2
bwdth 2 A2
RF,, sechx + 5 (tanhx + s)
Definingv = RF,,.,/(bwdth 2), Eq. [A2] can be rearranged as

sinhx + s coshx 1

cosh = [A3]

(V2 + (sinhx + s coshx)?’
On resonances(= 0), using sinfx = cosifx — 1, and 4
defining &2 = |1 — v?| gives

sinh x

yeoshx — &

cosfH = [A4]

tions of adiabatic decoupling. Finally, we substitute= (1/&)
coshx. Integrating overx instead oft has also introduced a

factor —T,/(2B), and Eq. [A1] becomes 10.
11.
=) Tpl —du 12.
(P—WOZB \/7[]2_1
13.
1
=mdy 5 5 B( cosh'u). [A5] 14

15.

Evaluatingu = |1 — v?|*2 coshp(1 — 2t'/T,) from O tot
gives Egs. [8] and [9]. I¥ > 1, then the integrand in Eq. [A5]
becomes{® + 1)¥2 to give sinh 'u, whilev = 1 gives¢ =
0 in Eq. [A5], and the substitution = coshx gives the result
In u for the integration.

For more general resonance offsetexpanding the hyper-
bolic functions in Eq. [A3] in terms of their component expo-
nentials gives two terms equal to

(1+ e 22.
+ s)e*

o —. [A6] 23.

VAvi+ [(1+ 9)e'— (1 —s)e”] 24,

25,

Factoring the denominator as expX) times the appropriately 6.

rearranged radical and making the substitution exp(*2x)
gives two integrals of the form

27.

a=(1%5s)?
b=4v*-2(1-95 . [A8]
c=(1=xs9)?
REFERENCES
D. T. Pegg, M. R. Bendall, and D. M. Doddrell, J. Magn. Reson. 44,
238 (1981).

. M. R. Bendall, D. T. Pegg, and D. M. Doddrell, J. Magn. Reson. 45,

8 (1981).

. M. R. Bendall, D. T. Pegg, and D. M. Doddrell, J. Magn. Reson. 52,

81 (1983).

. M. R. Bendall, J. Magn. Reson. A 116, 46 (1995).
5. M.S. Silver, R. J. Joseph, and D. . Hoult, J. Magn. Reson. 59, 347 (1984).
. Z. Starcuk, Jr., K. Bartusek, and Z. StarCuk, J. Magn. Reson. A 107,

24 (1994).

for v < 1, which is the relevant domain for practical applica-/~ M- R- Bendall, J. Magn. Reson. A 112, 126 (1995).
8. T. E. Skinner and M. R. Bendall, J. Magn. Reson. 124, 474 (1997).
9. T. E. Skinner and M. R. Bendall, J. Magn. Reson. A 123, 111 (1996).

0. M. R. Bendall and T. E. Skinner, J. Magn. Reson. 129, 30 (1997).

M. H. Levitt, G. Bodenhausen, and R. R. Ernst, J. Magn. Reson. 53,
443 (1983).

R. E. D. McClung, T. T. Nakashima, and B. K. John, J. Magn.
Reson. 58, 173 (1984).

A. Bax, G. M. Clore, P. C. Driscoll, A. M. Gronenborn, M. Ikura, and
L. E. Kay, J. Magn. Reson. 87, 620 (1990).

J. Baum, R. tycko, and A. Pines, Phys. Rev. A 32, 3435 (1985).

D. E. Demco, H. Koéstler, and R. Kimmich, J. Magn. Reson. A 110,
136 (1994).

. L. Muller and R. R. Ernst, Mol. Phys. 38, 963 (1979).
17. J. S. Waugh, J. Magn. Reson. 49, 517 (1982).
18. W. A. Anderson and R. Freeman, J. Chem. Phys. 37, 85 (1962).
19.

M. R. Bendall, D. T. Pegg, D. M. Doddrell, and J. Field, J. Amer.
Chem. Soc. 103, 934 (1981).

20. M. R. Bendall and T. E. Skinner, J. Magn. Reson. A 120, 77 (1996).
21. C. P. Slichter,

“Principles of Magnetic Resonance,” 3rd ed., p. 306,
Springer-Verlag, New York (1990).

E. Kupée and R. Freeman, J. Magn. Reson. A 115, 273 (1995).
R. Fu and G. Bodenhausen, J. Magn. Reson. A 117, 324 (1995).
E. Kupée and R. Freeman, J. Magn. Reson. A 118, 299 (1996).
A. Tannus and M. Garwood, J. Magn. Reson. A 120, 133 (1996).
E. Kup¢e and R. Freeman, J. Magn. Reson. 127, 36 (1997).

M. R. Bendall and T. E. Skinner, J. Magn. Reson. 134, 331-349
(1998).



