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To provide the most efficient conditions for spin decoupling with
least RF power, master calibration curves are provided for the max-
imum centerband amplitude, and the minimum amplitude for the
largest cycling sideband, resulting from STUD+ adiabatic decou-
pling applied during a single free induction decay. The principal
curve is defined as a function of the four most critical experimental
input parameters: the maximum amplitude of the RF field, RF,,..,
the length of the sech/tanh pulse, T,, the extent of the frequency
sweep, bwdth, and the coupling constant, J,. Less critical parameters,
the effective (or actual) decoupled bandwidth, bw., and the sech/
tanh truncation factor, 8, which become more important as bwdth is
decreased, are calibrated in separate curves. The relative importance
of nine additional factors in determining optimal decoupling perfor-
mance in a single transient are considered. Specific parameters for
efficient adiabatic decoupling can be determined via a set of four
equations which will be most useful for **C decoupling, covering the
range of one-bond *3C*H coupling constants from 125 to 225 Hz, and
decoupled bandwidths of 7 to 100 kHz, with a bandwidth of 100 kHz
being the requirement for a 2 GHz spectrometer. The four equations
are derived from a recent vector model of adiabatic decoupling, and
experiment, supported by computer simulations. The vector model
predicts an inverse linear relation between the centerband and max-
imum sideband amplitudes, and it predicts a simple parabolic rela-
tionship between maximum sideband amplitude and the product
JoTp Theratio bwdth/(RF,,,..)? can be viewed as a characteristic time
scale, 7, affecting sideband levels, with =, ~ T, giving the most
efficient STUD+ decoupling, as suggested by the adiabatic condition.
Functional relationships between bwdth and less critical parameters,
bw, and B, for efficient decoupling can be derived from Bloch-
equation calculations of the inversion profile for a single sech/tanh
pulse. Residual splitting of the centerband, normally associated with
incomplete or inefficient decoupling, is not seen in sech/tanh decou-
pling and therefore cannot be used as a measure of adiabatic decou-
pling efficiency. The calibrated experimental performance levels
achieved in this study are within 20% of theoretical performance
levels derived previously for ideal sech/tanh decoupling at high
power, indicating a small scope for further improvement at practical
RF power levels. The optimization procedures employed here will be
generally applicable to any good combination of adiabatic inversion
pulse and phase cycle. © 1998 Academic Press
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INTRODUCTION

Broadband adiabatic decoupling has been shown to be m
efficient than composite-pulse decoupling, in terms of averal
power deposition for large bandwidth$)( but the former is
characterized by many adjustable parameters. The goal of t
study is to make the application of adiabatic decoupling ea
and transparent for any bandwidth within a reasonable exp
imental range by calibrating all variables required for the mo
efficient decoupling at the lowest level of RF power. Althoug!
adiabatic pulses are insensitive to RF miscalibration, providir
accurate spin inversion over a large range of RF power leve
the minimization of decoupling power, and thus sample hee
ing, is considered important for applications to valuable hee
sensitive samples such &8C-labelled proteins. While the
procedures adopted here are generally applicable to any ra
of J, and any adiabatic decoupling scheme, the detail of th
article is restricted to broadbardC (125 Hz< J < 225 Hz)
sech/tanh decoupling.

This work is the culmination of two foundation studies: Ar
investigation of cycling sidebands based on a large number
experimental observations with some supporting the@y (
and a theoretical vector model of adiabatic decoupling at tl
high power limit with supporting experiment8)( published in
this issue. We now extend that research by performing cotr
puter simulations and experimental measurements of sideb:
and centerband amplitudes over a more extensive range
decoupling parameters than was used previously, employi
the more recent phase-cycled adiabatic decoupling sche
STUD + (4). The net result is a set of calibration curves an
explicit equations for determining decoupling parameters th
provide optimal performance under practical experimental co
ditions, as opposed to theoretical results derived for idealiz.
conditions.

In common with previous description$<3) of sech/tanh (or
hyperbolic secant)5) pulses, the sech amplitude modulatior
and tanh frequency sweep can be written as

B; = RFasechB(1 — 2t/T,), [1]
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and each variable so that we do not inadvertently arrive at a fal
efficiency maximum wildly different from the true maximum,
AH = (bwdth 2)tanhB(1 — 2t/T, + s). [2] a pitfall of multi-variate problems (field shimming is an exam
ple of a multi-variate problem familiar to practicing spectros
Avalue B = 5.3 is typically chosen to truncate the exponenti&Opists). Appropriate settings for some parameters can
decay of the sech function at a value of 0.01, anis the chosen at the outset, and it is possible to leave optimization
resonance offset of the pulse in unitstofdth/ 2 wheres = 0 the least sensitive variables to a later stage, permitting t
denotes on-resonance decoupling. A minimum requirement fHdy to focus on the most critical factors. Given the comple
the user is to know the values of the maximum amplitude of theterplay of a large number of variables, progress towa
RF field, RFy,, the length of the sech/tanh pulde, and the optimal d(_acou_pling p_erfo_rmance is necessarily an iterati
extent of the frequency sweepbwdth 2, for most efficient process (like field shimming). After three years of develor
decoupling for a chosen decoupled bandwidth and couplifiggntal work by the authors, this process has both an histori
constant],,. and a logical basis, including trial-and-error experimentatiol
While these four values are the most critical, we considersgrendipitous observations, experiments designed on the b:
further eleven factors which are important in adiabatic deco@f theoretical models such as the vector model, and compu
pling. We begin this work by constraining most of the parangimulations.
eters by practical considerations. We then consider analytical
expressions, derived from the vector model of adiabatic dec@srformance Criteria
pling (3), which characterize the performance of sech/tanh
decoupling both on and off resonance under ideal conditions ofWhile the quality of the decoupled spectrum is a depende
high power. We show that these expressions are applicable/&iable, it is necessary to choose a criterion of decouplir
on-resonance decoupling at lower RF power required for tRerformance in advance of optimization, and decide on
most efficient conditions, where phase cycles are used rgdiable means of measuring this quantity. In our first detaile
compensate for non-idealities in the inversion pulses, th&#idy of the experimental calibration of adiabatic decoupling
yielding an objective standard and providing simple linear dve focused on the measurement of cycling sidebagps/Ne
parabolic relationships between the maximum sideband ampund that sidebands can be measured reproducibly to
tude,MSB, the centerband amplitudéB, and the four critical accuracy of better than 0.1% relative to the centerband heig
variables. Finally, by extending these relationships as far @8. While we proposed several standardy ¢he maximum
possible off resonance, we determine the effective, or actgéleband amplitudeMSB, across the effective decoupled
useable, decoupled bandwidthw,, which is closely related bandwidth can be easily determined using a computer mac
to bwdthand can be defined by criteria basedw8BandCB. and we now suggest that thdSB is a true reflection of
A straightforward relationship betwegh and bwdth is also decoupling efficiency. In part this derives from the even di
demonstrated. This strategy achieves the overall goals of tHeution of sidebands across the effective bandwidth for sec
study, producing the most efficient parameters for genetanh decoupling so that an increaseMiEB reflects a general

broadband decoupling. increase, and any method which reduces the maximum si
band will tend to reduce all sidebands. Conversely, applicati
VARIABLES IN ADIABATIC DECOUPLING of a procedure which reduces sidebands across only a port

of the effective bandwidth will not reduce tihSBunless one
The prime consideration for any NMR experimentalisgccepts a reduction in the effective bandwidth—a hypothetic
when presented with a new technique, is to quickly ascertairethod of this type would be less useful than methods whit
the most efficient conditions for its implementation. Broadbarméduce theMSB over the full decoupled bandwidth. For the
adiabatic decoupling is a formidable challenge since it is chaxperimentalist, the size of the maximum sideband is a critic
acterized by a number of variables: The required quality of tiesue because of the need to distinguish between the r
decoupled spectrum; the degree of sample heating; the pudpectrum, including minor chemical impurities, and spuriot
sequence preceding decoupling; the form of the adiabatic resonances.
version pulse; the number of increments within the pulse Other criteria, such as the amplitude or width of the cente
waveform; the pulse phase cycle; the length of the free induzand may seem more directly relevant to decoupling, but thi
tion decay; the number of NMR transients required for optéannot be measured experimentally with the same accuracy
mum performance; RF inhomogeneitywdth the frequency MSB levels, and so do not lend themselves readily to &
offset,s; bweg; RFax (Or the related average RF power);;  evolutionary improvement of decoupling performance. Th
andJ,. We also defindo,z = bwdth(RF,,,,0% Which ap- width of a resonance cannot be measured accurately to t
pears frequently in the analysis below. significant figures, and both the amplitude and width of th
Our task in recommending conditions for efficient decowenterband are subject to variable experimental factors suct
pling is to obtain a sufficient understanding of the effect dfeld shimming. In contrast, since we measiM8&Brelative to
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CB, a relativeMSBcriterion is independent of natural line-coherence sidebands are generated. Solutions to the gen
width. In a later section we will show that a calibratiorproblem of eliminating coherence sidebands in a single tra
curve based on sideband amplitudes can be converted tsient have been publishef)(

calibration curve for centerband amplitudes via computer _ _ .

simulations, with much greater accuracy than can D€ Adiabatic Inversion Pulse

achieved by measurinGB experimentally. This permits us A central tenet of composite-pulse decoupling, introduce
to convert the relative gxperlmentMSB measurer_nentg, to by Freeman and co-workerg)( is that the quality of decou-
absolute values. We will also show that for adiabatic dejjing gepends in the first instance on the quality of the col
coupling, centerband linewidths are constant across a f&g ent inversion pulses. The same principle can be inferr
quency width that actually exceeds the effective bandwidth,m the vector model. as presented in R&J, Fig. la—1c. If
although the central peak height decreases with decreasig first inversion is not perfect, the S spins are not refocus
decoupling efficiency, and so linewidths cannot be used ag@ne end off ., some S signal is lost, and the next pulse in th

measure of decoupling efficiency. decoupling sequence must attempt to refocus the S spins—t

In terms of performance criteria, a common standard is [@nresents the first possible opportunity for departure fro
requireCB to be greater than 80% of its maxium across thﬁeality.

effective decoupled bandwidth. For previous studies using\ye have based our work on the sech/taB)plilse because

STOUD' we used the limit of a S®ISB, which corresponds 10 j, terms of percentage inversion across the bandwidth at fix
80% CB. For the improved phase cycles employed in SFUD 5 es of average RF power, this well-known adiabatic pul
a limit of 80% for CB producesMSB levels of about 3.5% or poc not been improved upon. It easily outperforms the co

less. We expect that in some applications, maximum sidebangls,/jinear (CHIRP), constant/tan, and sin/cos adiabatic puls
as low as 0.5% may be needed, so for this depenE®B (g anq the more recent WURST-pulses 9) with linear
variable we will concentrate on the range 0.5 to 3.5%. frequency sweeps, as demonstrated previouglyl(). For
) example, the sech/tanh inversion pulse has an effective bal

Sample Heating width of at least 47.5 kHz whebwdth = 50 kHz, thus

The amount of sample heating that occurs during decouplili@iting any possible improvement to a few percentage point
is also a dependent variable, primarily determined by tHée choice of adiabatic pulse, discussed further under Conc
average decoupling power which is proportional RF,.,)>. sions, as an alternative to the sech/tanh pulse can be sal
While the cooling efficiency within the NMR probe is alsdgnored until the more critical parameters are optimized.
important, the guideline in relation to this variable is straight- In the interim, in choosing the sech/tanh pulse, we wi
forward—the average RF power delivered to the sample shogfégracterize the performance of yet another variable, the po
be kept to a minimum. This is the major goal in optimizingt Which the sech and tanh sweeps are truncated. Traditiona
decoupling schemes. Sample heating can mask the effectif® amplitude modulation is truncated at the 1% level, whe
ness of a decoupling scheme by changing the shim paramef&ehf) = 0.01 (8 = 5.3). However, we have previously
for best spectral resolution. Characterization of the decouplifl§termined 4) that optimization of this truncation point can
scheme by the measurement of relative sideband amplitud@dy increase the effective bandwidth by a few percenta
rather than amplitude or width of the centerband, avoids tH§ints, so this variable can also be left to the final stages
ambiguity. optimization.

The Pulse Sequence Preceding Decoupling The Number of Increments within the Pulse Waveform

This variable factor provides a good example of the diffi- N usual experimental practice, the adiabatic pulse wav
culties that can arise when a critical issue has been overlooki®ims are digitized inn; increments, and this results in a
As described in detail elsewher®, ), when decoupling the | decoupled bandwidth which is repeated at frquenmes cente
spins in an IS spin system, the existence of anti-phase®3 =n/T,. To prevgnt these prof'lles overlapping the centr:
magnetization just prior to decoupling can lead to additiondfcoupled profile, it was noted in Re®)(that n; must be
signals which we have dubbed “coherence sidebands.” TRignificantly greater thaii, bwdth In the course of the many
problem was not recognized prior to the work of R&). &nd, detailed measurements made for this study, it was 'found tt
in consequence, the resulting calibration curves overestimafBgasurable reductions MSB could be observed by increas-
the sidebands. Fortunately this did not change the major cdp@ Ni until it was greater than 21, bwdth and this is the
clusions of that study. However, differences in results obtain8nimum standard now applied.
at 600 MHz compared to 500 MHz suggested RF inhomoge;
neity, whereas the real cause was differences in the Ieveglyf“or}e Phase Cycle
coherence sidebands. In the present study care has been tak&he choice of phase cycle poses a problem which has me
to ensure that the preparation pulse sequence is ideal so thasolations, and it is probably impossible to claim that thi
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ultimate cycle has been determined. However, there are sotoil acquisition time. For this reason, pulsed-field gradien
realistic approaches to this question. While some specific ph&se become popular as an alternative to phase cycling.
cycling algorithms 4, 7, 11, 12 have been used to improvepossible, spin decoupling schemes should not increase
decoupling performance, no general algorithm has been powerall number of transients required for each multi-dimer
posed that assures optimal decoupling efficiency. In constenal increment.
quence, we found it necessary to resort to an informed trial-If, having determined the optimum conditions for decou
and-error approach in determining the 112-phase cycle mfng, it is found that sidebands need to be further suppress
STUD+. More than 40 different phase cycles were testad particular applications, multi-transient methods such as tl
using theMSB criterion and of these the eight best phasaccordion technique (variation df;) of Starcuket al. (15),
cycles are listed in Table 1 of Refd)(with a progression to which performs well over the full decoupled bandwidth, ca
lower MSB for longer phase cycles. then be employed. In passing we note that standard mul
It will be difficult to greatly improve on these cycles. Therdransient methods of reducing sidebands do not always wc
are diminishing returns in introducing longer cycles as theséth adiabatic decoupling as exemplified by the illustration c
cycles become a large fraction ®f, or of the length of the asynchronous decoupling in Re8)(
line-broadened S-spin FID. Table 1 of Ref) Ehows a 45%
reduction inMSB going from the basic 20-phase cyclE3] of
STUD to a 56-phase cycld4). However, the 112-phase cycle
of STUD+ provides only a further 12% reduction. Later in this All pulse sequences are subject to potential variation of tt
paper we will show that the STUD scheme is most efficient RF field across the sensitive volume of the sample, but we s
under conditions where it exhibits an overall 60% reduction imo effects from adiabatic decoupling that can be ascribed to |
MSBcompared to STUD. Under the same conditions, a furthethomogeneity. In particular, we obtain close agreement b
10% reduction inMSB would be equivalent to ideal decou-tween theoretical simulations, which assume no RF inhom
pling in the high power limit where the phase cycle has ngeneity, and experiment. There are two independent explar

RF Inhomogeneity

effect, and no further reduction is possible. tions for this. First, modern RF probes have high homogenei
and the excellent characteristics of the probe used for this wc
The Length of the Free Induction Decay are listed under Experimental. Furthermore, because the s

i A3
This semi-independent variable can affect the characteri Se'xt-'ve vo!umes for SH) and I (*C) are closely matched, the
?)oundarles of the overall volume are sharp because the pro

tion and optimization of a decoupling scheme because ol B ihe YN response across the sample is a product of 1

potential conflict with the product of, and the number of individual profiles for each RF pulse. Second, plots of sidebal

phases in the decoupling cycle. If that product is greater than .. . . .
the length of the FID, or greater than the signal acquisitiog'nglcrgguﬁﬁ V((EeI‘SUS gscirneall:simg 1';{';;(';1? aStrr:trgrh ngwa?;?ga(
time, then part of the phase cycle for the decoupling scheme ping (€.g., 9.

has no effect. In this study we have avoided the problem Bncrease in sideband amplitude in the regions where decoupli

. 0 _ .
ensuring that the acquisition time (0.5 s) and the FID (appro'xs}-lmOSt eff!uer_]t. Thus a 1.0A) v_anatu_)n say, in RF across 4
ﬁample, will give almost identical sideband levels to thos

imately 2 Hz natural linewidth, line-broadened to 3.5 Hz at ha ; ) ;
. o . ielded by a single value of RF field strength. Experimental R
height) are significantly longer than this product. Commonly, . . . .
. . ; alibrations provide such single values as averages across
FIDs are a fraction of a second so this aspect reinforces the . . .
sensitive volume, and so we are able to ignore the potent

expectation of diminishing improvements from longer phasp?roblem of RF inhomogeneity in this study.

cycles.
The Number of Transients Required for Optimal Bandwidth (bwdth), Effective Bandwidth (gjv and
Performance Frequency Offset (s)

Our approach to this variable is straightforward. We define The bwdth parameter is a critical independent variable
it as an independent variable and set the number at one trerem previous work %, 4), for sech/tanh decoupling, maxi-
sient. There are two important reasons for doing so. Firshum sidebands show a flat response across a wide range
determining the most efficient conditions for minimizing thdérequency offset (dimensionless parametgryhich ultimately
MSBin one transient ensures that 88 is maximum and thus determines the effective bandwidtbw,; We will seek the
overallS/N is maximum. Methods which reduce sidebands viaost efficient conditions for STUB by concentrating on this
interference resulting from changed parameters between treegion of flat response, and then determiove,;. For broad-
sients do not increase the centerband while averaging sidebbadd sech/tanh decoupling, this is a reasonable proced
intensity to smaller values. Second, in 3D and 4D NMR it ibecause the effective bandwidth is already known to be a lar
often necessary to reduce the number of transients for edicdction of bwdth and can be maximized after other critica
increment to provide adequate resolution within a reasonabigriables are addressed.
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The Most Critical Variables, bwdth, RE,, Ty, and J, product of the sensitive volumes from each of the three puls
T ; , itical ind q in the preparatory spin-echo sequence, so the effect of |
ese four parameters remain as critical independent VarHPomogeneity is much reduced compared to these figures.

ables but are allso _constramed in important ways. In terms o Sideband amplitudes were measuretatithvalues of 10,
present magnetic field strengths, and future developments, and 100 kHz with the sechitanh pulses digitized in 25

are primarily concerneq with broqdband decoupling _in _the Jchlrements for 10 kHz, and 500 increments for the 50 and 1(
to 100 kHz range. Maximum RF field strengths are limited 7 settings. In each spectrum the peak heights of the cent

about 20 kHz in high resolution NMR but we have found thiBand and the four major sidebands atnff), m = 1, 2, 5

sufficient to decou_ple ban_dv_vi_dths exceeding 500 kHz usi 9, were measured after baseline correction using a spline
sech_/tanh decouplind Q). L3|m|t|ng the.MSBto 3'_5% sets the (standard Varian NMR software). The largest sideband amp
maximumT, at 2.5 ’;‘S for'*C decoupling, and, is known to tude, divided by the centerband amplitu@B, was recorded
be 125-225 Hz for*C. as the relativaSBamplitude (i.e., as a relative percentage
CB). For on-resonance measurements, eight transients w
EXPERIMENTAL acquired for each spectrum.
For off-resonance decoupling two transients were acquir
Proton-detected®*C-decoupled spectra were obtained as ifor each spectrum. Farwdthvalues of 10 and 50 kHz, spectra
previous studies](, 3, § following a heteronuclear spin-echowere obtained at frequency offsets incremented by 100
difference pulse sequence using a standard 5-mm HCN tripfem zero offset tobwdth/2. For bwdth = 100 kHz, the
resonance PFG probe on a 500-MHz Varian INOVA spectrormcrements were 200 Hz. It was determined by experimentati
eter. Three samples were employed: 1.586H,CO,Na in that the effective bandwidth of decoupling at the same avera
D,0, doped with sufficient MnGlto produce a coupled line- RF power was maximized by setting the truncation fagéonf
width of 2.2 Hz,J, = 127 Hz; 2%"3CH,l in CDCl,, doped the constituent sech/tanh pulses to 3.bwatth= 10 kHz, 4.3
with 0.2% Cr(AcAc), relaxation agent, coupled linewidth atbwdth= 50 kHz, and 5.0 abwdth= 100 kHz. The same
1.7 Hz, J, = 150 Hz; and 2% of the isopropyl ester ofaverage power was maintained by varying the fine RF pow
H*3CO,H in CDCl,, doped with 0.2% Cr(AcAg)relaxation linear attenuator in proportion tg{5.3)°-> while maintaining
agent, coupled linewidtk 2.0 Hz,J, = 223 Hz. Exponential the coarse RF power attenuator at the value calibrated f
line broadening was applied to FIDs of 0.5-s duration tBF,,. Measurements of centerband linewidth at half heigl
produce coupled linewidths of 3.5 Hz. Equal field gradienwere made abwdth= 50 kHz,J, = 223 Hz,8 = 5.3,RF,,.«
pulses were employed either side of the refocusing pulse in the6.2 kHz, T, = 1.3 ms in increments of 500 Hz from zero
spin-echo pulse sequence to eliminate artifact signals, and dffset. Two transients with an acquisition timé ® s were
overall 10, spin-echo delay time was set exactly with respedbtained for each spectrum subsequent to two dummy tre
to each of the abové, values. sients, and a minimum delay of one minute was include
RF amplitudes were calibrated by determining the 18®etween each measurement—without this delay, additior
on-resonance pulse time fdfC, and are expressed as théine broadening from sample heating occurred after about t
reciprocal of the 360° pulse time in units of hertz. A total of 1&neasurements.
calibrations over a range from 11.5 kHz down to 1.9 kHz were The computer simulations were obtained for the case of
made at each of 1dB increments of coarse attenuator by vasingle carbon coupled to a single proton detected on resonal
ing the RF amplitude and length of a single 96€ pulse in a using a standard density matrix calculation of the detects
DEPT-HMQC sequence to obtain a 180° null. It was ascesignal, as outlined in Ref.16). The Bloch equations were
tained that the same calibration could be obtained (with lesslved as a function of time using a fourth-order Runge—Kut
accuracy) by changing the 1883C pulse in the spin-echo algorithm with adaptive stepsize control for the sech/tanh dri
difference sequence to 360° to obtaif®/® null. Decoupling ing functions of Egs. [1]-[2] and the STUDphase cycle, with
measurements were made witF,,,, determined by these AH modified to include the coupling offsetsJ /2. The total
1-dB settings and the RF calibration was checked at at least sasonance offset is thusH(t) = J/2, depending on whether
of these settings before and after each group of measuremethis. attached spins are aligned with the axis. The Euler
Matched values oT , giving the best decoupling performanceangles of the rotated coordinate axes were determined
as a function obwdth(RF,,,,)? in Egs. [3], [7], or [8], were offset (s + J/bwdth as a function of time and used to derive
rounded to the nearest 0.1 ms. the equivalent single rotation in SU(2) at each time. Th
RF inhomogeneity of singl&H and*>C pulses for the NMR procedure was repeated for offset ¢ J/bwdth) and the
probe is characterized by &N loss of 24% when a 90°H parameters of the equivalent rotations were used to constr
pulse is increased to 810°, and a loss of 33% whéACaf the time-domain signal given by Eq. [60] in Rel6], which
pulse is set at 720° in #H-detected experiment which yieldswas Fourier transformed to determine centerband and sideb:
zero signal wher® = 90°—the sensitive volume in the sampleamplitudes. Alternatively, the acquisition time can be divide
relevant to the decoupling measurements is determined by th® subintervals of equal length, sufficiently small to ensur
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57 / on-resonance decoupling yields the relathiS= 0.98*REL —
L] / 0.047'REL? (R? = 0.99997) where bot\BS and REL are in

] / percent. This relationship was used to convert the relative exp
o 4] — - T,=15ms ) . : i i Ei
8 1 o T—1oms , imental measurements to absolute prior to plotting in Figs. 2 a
2 1 ----- 7E= 0.5 ms ) 4. Similarly, the minimumMSB and correspondingB deter-
= ] minimum MSB S/ 7/ mined by simulations off resonance yield8S= 0.98*REL —
E s 7 0.040°REL? (R? = 0.99995). This was used to convert the Fig. !
] . experimental data to absolute measurements.
s | Both simulated and experimental data were curve fitted usi
3 27 KaleidaGraph (Abelbeck Software). This procedure used a Le
» 1 enberg—Marquardt non-linear least squares algorithm which m
g ] imizes x*. The goodness-of-fit is listed & which is the square
g 7 of Pearson’s and is related tg? by R = 1 — x/C { ¥ — YD
E ] wherey, = actual value, angl,, = mean of actual values.
= 4

0 e R ; .
0 05 ] 5 5 CALIBRATION CURVE FOR ON-RESONANCE (s = 0)

2 1 STUD+ DECOUPLING
bwdth I(RF,__ ) (kHz )

FIG. 1. Simulations of STUD- decoupling on resonance (= 0) at The primary optimization strategy for broadband decouplin
constantowdth = 50 kHz andJ, = 150 Hz were performed as functions ofIS t0 minimize sample heating (RF power) for a chosen level
the experimental input parametéfs and the ratich,r = bwdth(RF,,,,)>.  decoupling performancebvdth and MSB), or, equivalently,
T, was varied over the range 0.1-3.0 ms in increments of 0.1 ms, bhile  to minimize theMSBat constanbwdthandRF,,,,. The major
was similarly incremented by 0.1 kFZ over the range 0.1-3.0 ki2. Results goal is to obtain a master calibration curve which correspon
for the amplitude of the maximum sideband$B) are plotted as a function . L. .
of b for a subset of the thirty, values in increments of 0.5 m¥ISB to these optimum conditions and provides ValueSTpfand
amplitudes are expressed as a percentage of the cente®@8hdunplitude. RFmax for any chosen set diwdth MSB, andJ,.

Similar results are obtained fdawdth in the range 20-100 kHz, since, as  Part of this task was achieved in Re?),(where we showed
shown in Ref. §), MSB at a givenT, depends orbje and is relatively - experimentally and theoretically for STUD that for aowdth
insensitive to the partlcul_ar value bfvdth The ynderlylng envglope of the value between 10 and 100 kHz, the same dependenfd@ﬁf
curves shows that for a given valuelpf2, there is a corresponding value for 5. . .
T, that minimizes thé1SBamplitude and yields the most efficientdecoupling.on detH(R_Fmax) 'S_Obta'ned at ConStaﬁtp’ with separ_ate_
This is illustrated further in an alternative plot SBas a function off, for ~ Curves obtained at differerit, values. The same behavior is
fixed b/RF? in Fig. 5, where the simulations are performed over the fulbbtained for STUDG-, and with coherence sidebands now
decoupled bandwidth. understood and eliminated, there is a close agreement betw
MSB levels at the same value bivdth'(RF,,,,)? at constant
the Hamiltonian, and, hence, the time evolution operator, 7§ for all bandwidths in the range we are currently mos
effectively constant during each subinterval. The SU(2) parainterested in, 10 to 100 kHz. This universal dependence
eters at each time are obtained directly by concatenating thedth(RF,,,,)? is shown by other adiabatic schemes, and wi
appropriate sequence of successive evolution operators. Agmain a constant feature throughout this paper, so this te
proximately 85,000 spectra were simulated and analyzed withs been abbreviated pge.
the results summarized in Figs. 1-5. The accuracy of theSimulations oMSBIlevels versud g at constant , for the
simulations has been demonstrated previou3)ybf the cor- on-resonance cass € 0) are shown in Fig. 1 for a coupling
respondence between them, vector model calculations, amhstantJ, = 150 Hz. These have the same form as th
experiment. The simulated signals in Fig. 2 were generatedperimental curves of Ref2), which were obtained over the
using only eight samples per inversion pulse, resulting infall decoupled bandwidth. Both sets of curves show that, at al
slight underestimate of tHéd SBfor some points, but this doesvalue ofbr, there is a corresponding valuef which gives
not affect the conclusions for Fig. 2. Peak heights in thee minimum MSB value indicated by the points where the
simulations are accurately rendered for sampling rates greatefividual curves touch the underlying envelope illustrated i
than 16 per inversion, and all other simulations were performédy. 1. For example, al, = 1.0 ms, a minimumMSB on
using 64 samples per inversion pulse. resonance of-0.5% is achieved ab,z ~ 1.0 forJ, = 150

These simulations, further described in the captions to FigsHE, and both shorter and longer valuesTgfincrease théASB
and 5, produce absolutéABS MSBand centerband amplitudes levels relative to the envelope. Plots bBfSB versusT, at
and relative REL) MSBamplitudes are given bBREL = ABSCB. incremented,ze Will pass through minima corresponding to
A plot of absoluteMSB amplitudes versus relatiMédSB ampli- the same points and can be used to determine the relat
tudes for the minimunMSB values (at matched, andbwdth  betweenT, andb kg that gives the most efficient decoupling.
(RF..»)? values given by Eq. [3]) obtained from simulations of\ later figure for off-resonance decoupling, Fig. 5, is illustra
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FIG.2. Matched values df g andT, that produce the minimum SBand the maximum centerband amplitus) were determined from the simulations
illustrated in Fig. 1. The maximur@B (open squares, left axis) and minimwtEB (open circles, right axis) are plotted as functions of the matched [bgiss,
(bottom axis) andT,, (top axis), for STUD- decoupling applied on resonance € 0) for J, = 150 Hz. The unfilled points are the average of compute
simulations of minimunMSB and corresponding maximu@B levels atowdthvalues of 20, 50, and 100 kHz. Tfg andb,z axes are related by Eq. [3].
The solid curve fitted to the simulatédSBdata is a simple parabola (vertex at the origin) corresponding to EqrRf53(0.9990), and thalternative dashed
curve is a parabola (vertex is shifted from the origin) givend@B = —0.085T, + 0.70T3 (R* = 0.9996). Theparabolic curve fitted to the simulated
centerband ¢B) data isCB = 100 — 4.3T§ (R?> = 0.997)and, as noted in the text, tf@B data is related to th1SB data byCB = 100 — 6.57*MSB.
SimulatedViSBresults (not shown) were also plotted fawvdth = 10 kHz and fitted to a second shifted parabol&4&B = —0.21T,, + 0.76T3 (R* = 0.996).
The experimentalSBdata (solid points) were obtained with3CH,l sample (, = 150 Hz) and on-resonance STYDlecoupling, at matched valueslpf
andT, given by Eq. [3] and abwdthvalues of 10, 50, and 100 kHz. The experimental data were measured relative to the centerband and have been cc
to absolute percentages as described under Experimental.

tive of this procedure, although the minima obtained off resshows the calibration curve obtained, by averaging the thr
nance are broader and exhibit more irregularities than thets of results, for the minimuMSBplotted as functions of
minima obtained on resonance. the matched value®,z2 andT, that give the most efficient
The minimum MSB was obtained as a function df,, decoupling performance under on-resonance conditior
which was varied between 0.1 and 3.0 ms for ebglh- in Good agreement was obtained with experiment, as is al
the range 0.1 to 3.0 kHZ using computer simulations atshown in the figure. ExperimentdMSBlevels obtained with
bwdthvalues of 20, 50, and 100 kHz. Since the experimentahmatchedyz andT, were found to be displaced from the
dependence oMSBon bz has been shown to be insensicurve of optimal performance by increasing amounts as tl
tive to bwdth(2), the minimumMSBas a function ofl, for  difference betweeii, and its optimal value for a givelg
fixed bre O0ccurred at the same value &f (+0.1 ms) for was increased, in accordance with the theoretical curv
each of these threbwdth values, as expected. Figure Zllustrated in Fig. 1. The relationship betwe#&p (ms) and
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£

serendipitous. In Ref.3] it was demonstrated that theT}/

(%)

. sideband is given by the Fourier transform of the vectol
3.5 model S-spin signal, cos{,a(t)T,/2), wherea(t) is an an-
alytical expression depending &®F,,, B, T,, and bwdth
8 This exact result for the amplitude of theT}/sideband at
bree = 0.1 kHz ' is less than the estimate given by
2.5 [ 0.25[1 — cos@mJT,/2)] by a factork, = 0.73, ancthis factor

is constant for alll, in the range 0.1 to 3 ms. As describec
earlier in the discussion pertaining to Fig. 1, the mos
efficient decoupling conditions for a givem, occur at
values of bz where the individual curve intersects the
envelope of the curves. Here, tMSBis some small factor
k; greater than the T/ sideband produced in the high powel
limit at lower values ob,z. This occurs at points where the
1/(5T,) sideband (or another M(T,) sideband wheren > 2)
S o hasincreased until it exceeds th&lsideband by the same
0 0.5 1 1.5 2 2.5 3 3.5 4 k, factor. A comparsion of minimum MSB values for a
given b, plotted in Fig. 2, with the corresponding high-
power limit values for MSB at the sanig, in Fig. 1 show
FIG. 3. Simulated minimunMSB amplitudes expressed as a percentagthatk, = 1.37 sothatk;k, ~ 1.

of the centerband amplitude, calculated as described in the legend to Fig. 2T his correspondence with the vector model is useful i
(averaged fobwdth values of 20, 50, and 100 kHz), are plotted against thEeveraI ways. First, it again justifies the utility of the model a

function 0.25[1— cos(waTPIZ)] (for bwdth = 50 kHz, and also expressed as hich d ibes d lina in the hiah limit and
a percentage), wherkis the average coupling constant during half a sech/tarfi'€ WHICh describes decoupling in the high power imit and W

pulse calculated as described in Re8).dr (8) at theb . values used in the then attempt to mimic this ideal case by using phase cyclir
simulations. The data points fit a straight line through the origin with stepe schemes.

1.014 R* = 0.9994). Second, for on-resonance conditions at least, it provides an e
means via the function, 0.25[% cos¢rJT »/2)], of determining the
o _ ~ MSBfor most efficient decoupling at a particulg.
bire (kHz ™) for most efficient decoupling, as determined Third, except for a weak dependence Jobn bwdth and

0.5

Simulated maximum sideband amplitude

25[1- cos(ndT,/2)] (%)

from the simulations, is RF,.a these latter parameters are not included in the functio
0.25[1 — cos(ijPIZ)], and this implies they do not signifi-
Tp,=(1.11- 0.11bje) (bre), [3] cantly affect the quality of decoupling once the matched col
ditions imposed by Eq. [3] are realiselj.the average coupling
and both theT, andb g scales are provided in Fig. 2. constant during half a sech/tanh pulse, can be calculated

It was of interest to investigate whether this calibratiodescribed in Refs.3j or (8). It ranges modestly a8.88J,,
curve could be related back to the vector model of R&. ( 0.91J,, and 0.93, for bwdth values of 10, 20, and 100 kHz
In that study it was shown that in the limit of high RFat bz = 0.5 kHz * to just 0.94J,, 0.95],, and 0.98,,
decoupling powerl{re = 0.5 kHz %), theMSBoccurred at respectively abg= = 2.5 kHZ *. There is a corresponding
1/T,,, with smaller harmonics a¥'T,, and analytical expres- minor divergence of the simulatelSB amplitudes for
sions giving the amplitude of these sidebands were derivdnlvdth = 10 kHz away from the averaged simulated data fc
A rough estimate of the T sideband is given by 0.25[*  bwdthvalues of 20, 50, and 100 kHz, which increases at lows
cos(mJT,/2)], which is half the maximum amplitude of thebre, as illustrated by the two shifted-parabola fits to the da;
modulation of the S-spin FID in the limit of high RF powershown in Fig. 2. The experimental results in the Figs. 2, 4, at
This maximum occurs at the middle of each sech/tarthalso indicate slightly loweMSB values for a 10-kHz band-
decoupling pulse and is the average coupling constanwidth.
during half a sech/tanh pulse. Figure 3 shows a plot of theFourth, ignoring the weak dependenceJobn bwdth and
averageMSB results obtained from the computer simulaRF,,,,, since (1— cosx) is proportional tox? for smallx,
tions shown in Fig. 2 versus 0.25[% cos(m_]TPIZ)] for
bwdth= 50 kHz.J was calculated as described in the Fig. 3
legend. The plot is a straight line of unit slope and zero
intercept, illustrating a strong correlation between the opti-
mal performance values determined from simulation arithis justifies the excellent fit of the experimental and simulate
experiment, and the ideal performance that can be obtairdata to the solid curve in Fig. 2, which is a simple parabol
in the high-power limit. However, the slope of unity is(vertex at the origin) given by

MSB= 0.25k {1 — cogmIT/2)] = kT2 [4]
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FIG. 4. Similar to Fig. 2, but the effect of changing the coupling constant is considered. Experimental values of miMiBBmeasured using a
13CH,CO,Na (J, = 127 Hz) sample and a’CO,H (J, = 223 Hz) ester sample, as a result of on-resonance STdBcoupling at matched values lof,
andT, from Fig. 2 and abwdthvalues of 10, 50, and 100 kHz, are plotted agaily$i, andJ bz The top and bottom axes are related by Eq. [3] and hav
been rescaled by, according to the discussion surrounding Eq. [6]. Kkeexes are dimensionless. The solid curve, which is fitted to simul®B data (not
shown), is the same as the solid curve in Fig. 2, illustrating there is a simple relationship that determines the optimal bjagicanafT, and minimizes the
MSB (i.e., most efficient decoupling) for on-resonance SFJBecoupling over a range df, values appropriate t&°C*H,, systems. Extensions to the full
decoupled bandwidth of STUP are considered in subsequent figures.

MSB= 0.654T}, [5] tude of the S-spin FID with the decoupling modulation suk
tracted. Since 0.25[F cos@@JT,/2)] is half the maximum
where MSB is in percent of the centerband, afg is in amplitude of the modulation of the S-spin FID in the limit of
milliseconds. The simulated sidebands and experimental poii§teal decoupling at lovb e, under those conditions the de-
plotted in Fig. 2 demonstrate a slight tendency towards c&€ase in the centerband is proportional to this function. This
general quadratic (parabola with vertex shifted from the og¢onfirmed by the linear relation between #&BandCB data
gin), rather than Eq. [5], resulting from the approximationgt high RF power which can be derived from the vector-mod
implicit in the above discussion. In addition the experimentagsults in Ref.§). We now find that the form of these relations
points at highb,z show a small displacement towards higheextends to the data at lower RF power or higbardthin Fig.
MSB than the simulated results, which we ascribe to expe@- There is a close linear correspondence between simula
mental artifact or error. These deviations are small and ulSB and CB, with CB (%) decreasing as a function of
mately cannot be seen in the off-resonance results discusseihinmeasingMSB (%) according to the relation 106 CB =
the next section. 6.57*MSB (R?> = 0.998), and the fit of theCB data, an
Fifth, the centerband amplitude is proportional to the ampliaverted parabola compared to tMSB data, is illustrated in
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the figure. This numerical correspondence betw€&hand amplitude. Accordingly, a good definition of the effective
MSB supports our emphasis on quantifyinSB levels to bandwidth in the high power limit is the fraction dfwdth
provide an accurate measure of decoupling performance. within which theMSBis the on-resonance T/ sideband.
Sixth, J = J,a(T/2) in Eq. [4] indicates how decoupling The on-resonance simulations and experiments at low
performance might be related 83. Again ignoring the weak power, as described in the previous section, show that the m
dependence af on bwdthandRF,,,,, the function, 0.25[1- efficient conditions, in terms of minimurMSB at a given
cos(ijPIZ)], is also proportional td?, since the argument of average power, occur when one of therd () sidebands has
the cosine is small. Thus differedf values might be accom- grown to be 37% larger than theTl/sideband K, = 1.37 in
modated by rescaling the depend®®B axis of the calibra- Eq. [4]). The next question is whether this latter result at mo
tion curve by /150, or by converting thex-axis to either efficient power can be extended off resonance in the same w

Jobrez Or JoT, as in Fig. 4, and one can write the simple rules for high-power decoupling were applicable o
resonance. Given the relatively constant valueM&B as a
MSB= K(J,T,)? = 29.1(J,T,)? [6] function of decoupler resonance offset for the sech/tanh fur

tions, we might expect this to be the case within limits dete

whereMSBis in percent of the centerbani is in Hz, andT,is mined by someMSB criterion that we choose to apply.

in seconds, giving, = k(150/1000F in Eq. [4]. The experimental

results forJ, = 127 and 223 Hz in Fig. 4 show the same minoMatched Values of Jand bwdth/(RE;.)”

tendency (as in Fig. 2) towards a shifted parabola rather than the-, o retical simulations were conducted for a range of d

simple parabolic curve of Eqgs. [4]-{6] resulting from higher ordeéoupler offsets given by G |s| = 0.92 in's increments of

terms in the expansion of the cosine. However, the overall excgly1 gver the same range of variatiorbijg andT, described

lent correspondence between this simple theory and experimeifiier The large number of small increments, required

indicates that we can relate th&SBandCB, for on-resonance ,,,yige confidence that regions of highSB amplitude were

sech/tanh decoupling at the most efficient RF power, back to the; missed, was computationally intensive, so only a sing

function O-25(1k2[11 — cosmIT/2)] for a range ofJ, values gt value of 50 kHz at], = 150 Hz was used for the

appropriate td°C'H, systems. o off-resonance simulations. The results for th&SB in this
We conclude that the single calibration curve MISB ffset range are plotted in Fig. 5 as a functioriToffor fixed

amplitude, and the associated curve for centerband amplituggy o< ofp . Only a subset of curves fdrg incremented
in Figs. 2 or 4, suffice to provide values of the paramete[ﬁ/ 05 kHZ/Bl are displayed for clarity in th/gFfigure.

RFna, and T, for any chosen values dfwdth and J, for  “po¢ the on-resonance case, tMSB minima were well
STUD+ *3C decoupling under the most efficient conditions OBnough defined to readily provide the most efficigptvalue
resonance. Individual experimental data points correspond,{0yiq 0.1 ms, yielding Eq. [3]. But the curves in Fig. 5 are
the analytical expressions derived from computer simulatiofg,oder near the minimurMSB than for the on-resonance
and basic theory (the vector model) and thus prove theégse, with theT, value corresponding to the loweMSB
equations without any inherent subjectivity. We next proce%qllifting somewh%t erratically from one curve at fixeg to
to demonstrate the more general validity of this analysis fgt, et One approach is to assume that the variations acr

off-resonance decoupling, but the determination of effectiyRq re|atively broad minima will change withwdth, and that
bandwidths is wholly experimental and thus partly subjectivg,o oyerall centers of the broad minima represent the be

estimates of the most efficient decoupling conditions. Repe
tion of the simulations at severalvdthvalues (and averaging
the results), as for the on-resonance procedure, would be |
necessarily time consuming so these centers were estimate
the midpoint between points on the outside wings of the bro:
minima where theM SBlevel had risen 7% or more above the
lowestMSBfor eachb k= value. A plot of T, (ms) matched to
brez (kHz 1) in this way provided the curveRé = 0.992)

MASTER CALIBRATION CURVES
FOR STUD+ DECOUPLING

The vector model of adiabatic decouplir®) demonstrates
that for ideal decoupling (e.gbre = 0.5T,), the MSB on
resonance was the T sideband. The harmonics atT, are
smaller and higher-order sidebands atniTf) are zero under
ideal adiabatic conditions on resonance. Thenily) side-
bands remain less than theT} sideband far off resonance, but
for | spins having frequencies near the extremes of the fre- Ty, = (1.40— 0.1Mpe) (bre). [7]
quency sweepg(~ *1) the adiabatic condition is violated and
one or more of the 1/ T,) sidebands rapidly increases abové replot of theMSB amplitude for the matched conditions of
the level of the on-resonanceTl/sideband as the limits =  Eq. [7] versus the estimate of theT}/sideband given by the
=1, are approached. Thus, in terms of sidebands, for sech/téutction, 0.25[1— cos(#JT/2)], yielded a reasonably straight
decoupling, there is a region of flat response across a latge (R*> = 0.992;slope = 1), and so the calibration curve
fraction ofbwdthand this matches a near constant centerbanduld be represented by a simple parabola, as for the c
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FIG. 5. Simulations were performed for the same experimental input parameters and over the same range of varjagioandT, as described in the
legend to Fig. 1, except thdSB level was determined over a frequency offset range f 8 = 0.92, incrementings by 0.01 (forb,zz = 0.5 kHZ %, 0 <
s = 0.90 toaccurately reflect the decrease in effective decoupled bandwidth at lower valbeslt). SimulatedMSB amplitudes are plotted as a function
of T, for a subset of the 30, values in increments of 0.5 kH2. Individual simulated values d#1SB for fixed b/ (not shown) have been connected by
interpolating curve fits. The unfilled points correspond/t§Blevels at the midpoint of the relatively broad neighborhood surrounding the minih@ These
matched values of, andb, are given by Eq. [7]. The filled points (and solid curve) repre$é88 levels for matched values given by the simpler relatior
T, = bre which leads to slight improvements in the effective decoupled bandwidth in some cases and is therefore preferred to Eq. [7]. Details are |
in the text.

resonance case. Very good agreement was obtained betweross the normal range df,, Eq. [8] does not differ greatly

theory and experiment for these matchggand b,z condi- from Eq. [7], as shown in Fig. 5, and increases in the effecti\

tions, similar to the on-resonance results in Fig. 2. bandwidth were only a maximum of 3% forwdth= 50 kHz,
Our investigative plan as expressed above was to first camd even more modest at 10 kHz and 100 kHz. But howev

centrate on the region of flat response across a large fractiorsofall the gains, Eq. [8] has the advantage and the additiol

bwdth (0 = |s| = 0.92) as inFig. 5, and then optimize the complexity of Eq. [7] cannot be justified.

effective bandwidth. Because the simulated data of Fig. 5 will

sustain a range of equations differing from Eq. [7], it i€ffective Bandwidth (byy)

possible that the region of flat response might be extended byl_ ) o . L

some other match betwedy andbjge. Accordingly, T, was he experlr_nental estimation of th_e I|_m|t bf/v@:ff is initially

incremented in steps of 0.1 ms for five different valueb,gf=  Patly subjective. In some cases, with increasigthe MSB

for each ofbwdth = 10, 50, and 100 kHz. Via direct amplitude increases rapidly and smoothly at the edge of t

experimental comparisond/SB levels decreased by up tobandW|dth and there is little difference between determinir

20% at the edge of the bandwidth, or remained the same, Wﬁgﬁ limit as tr01e point where the1SB h_ad increas?)d 10%, or
T, was changed from the value given by Eq. [7] to increased 20%. In other cases M&Brises 10—20% near the

edge of the effective bandwidth before decreasing and th
increasing more rapidly. Thus the choice of whether a 10%
Ty = bre, [8] a 20% increase is acceptable becomes more critical. But
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objective procedure is not as simple as allowing, say, an 10+
increase of 10%, because the question immediately arises as to
what constitutes the base sideband level against which th&
increase should be compared. For example, if the base level is
chosen to be thSB amplitude across 90% of thew,g, this g
base number will vary erratically by a few percent as demon-g 6
strated by the simulations in Fig. 5, and so the “objective”

. . . . c
standard will also be erratic. Considering that our overall goalo
was to fit a large number of experimental points to smoothw

. . . . . . (2]
calibration curves it was decided that this source of varianceg
would eventually be averaged out by the scatter of points eithe; 2
side of the final curve. Generally a temporary rise of up to 20%
in MSB near the edge of the effective bandwidth was consid-
ered acceptable, but in cases where M®B showed a con-
tinuous rapid increase, the limit was set at 15% above the
preceding flat region. bwdth' (kHz' ')

As mentioned above, another variable that can have a
small but worthwhile effect is the point at which the sech FIG. 6. Experimentally determined optimum truncation levels (TL), for

. e hyperbolic secant amplitude modulation function plotted against recipro
and tanh sweeps are truncated, tradltlona”y set at a %%dth which provide maximum effective bandwidths for STWRiecoupling

cutoff where sech'(0.01) = 5.3. Experimental determina-nen using &3CH,l sample (J, = 150 Hz). The standard for determining the
tion of bw, by increasing the truncation level, i.e., decreaffective decoupled bandwidth is discussed in detail uriféective Band-
ing the B factor of 5.3, has a beneficial effect at lowmwdth width. The data have been fitted to a curve given by F.23.5(1 +
values. Atbwdth = 10 kHz, the effective bandwidth is 0.16Dbwdth)~* (R = 0.9997). Thdruncation level is related to the truncation
increased by up to 6% diwdthwhen the truncation cutoff factor, B, by TL = 100 sechp.

is increased to 9%. These measurements were made at

constant average RF power by multiplying the value OL aht i imil dd dil
RF..., used forg = 5.3 by (8/5.3)5, wherep is the new these straight lines are very similar and do not readily conve

truncation factor. A calibration curve of truncation Ievefhe dependence on chosbEB and J,. These minor differ-

versus bwdth~* is provided in Fig. 6. This optimization of ences are magnified by the plots in Fig. 7 where
sech/tanh truncation leads to modest improvementsajr
at low bandwidths, but does not change the oveM$8B fs = 100bw,/bwdth= 100(1 — my/bwdth/m,.  [10]
amplitude. Thus, the experimental points shown later in Fig.
8 were obtained with optimized truncation factors, but are The linear relationships expressed in Eq. [9] were not anti
plotted at the equivalenbke value whereRF,,, corre- ipated in Ref. ). While it might be argued that a three-point
sponds to the traditiongB factor of 5.3, so that we candata set is too small to permit a definitive conclusion c
continue to employ a common calibration curve for alinearity, there are five such data sets in Fig. 7 and each
bwdthvalues. Alternatively, to avoid any confusion, a scalgielded a goodness-of-fiR* value greater than 0.99997. Datz
for bwdth divided by (average power) is also provided ipoints at othebwdth values can be obtained, but each is th
Fig. 8. result of the analysis of at least 150 spectra, and the accur:
Plots of effective bandwidth, expressed as a fraction of the results in Fig. 7 is sufficient for the calibration of
percentf,, of bwdth versusbwdth obtained using the opti- decoupling parameters for routine application.
mized truncation factors of Fig. 6, are shown in Fig. 7. TheseIn the prior study (Fig. 7 of Ref.2)), we obtained a smooth
differ from the previous Fig. 7 of Ref.2j to show minor curve to fit the experimental data by relatitgv.; to the
dependencies on the choddisBlevel, and onl,, which were effective bandwidth for inversion by a single sech/tanh puls
revealed by the present more detailed study. All data sets dare new procedure encapsulated by Egs. [9] and [10] is si
be easily fitted to smooth curves by observing that there igpler and more direct. The two approaches are reconciled
linear relationship betweebw,; andbwdth Expressing this observing that the effective bandwidth for inversion is als
in an inverse manner witbw, as the independent variable, togoverned by Egs. [9] or [10]. This can be rapidly establishe
permit the calculation dbwdthfrom a chosen effective band-with a very high degree of accuracy, because for a single pul
width, it is easy to generate inversion profiles (in the absencé of
coupling and at constamtz= = T,) by Bloch-equation cal-
bwdth= m;, + mybw,. [9] culations, and obtain many simulated data points at differe
bwdthvalues. For largbwdth sech/tanh pulses yield, almost
The interceptsm,, and slopesm,, are listed in Fig. 7. Plots of ideal, square inversion profiles, with a slight rounding of th

co b by b b

[=

LI R D B L N S N NS S B N N NN B S R S SN N A B |

0 0.02 0.04 0.06 0.08 0.1



CALIBRATION OF STUD+ FOR BROADBAND DECOUPLING 343

100 —
95
90 -
85 7 / MSB J, m, m,
9 ] ° 25% 127 Hz 13 kHz 1.005
o i .
~ 804 . 15% 127 Hz 1.6kHz 1.004
o i ° 05% 127 Hz 28kHz 1.005*
] " — & - 25% 150Hz 1.6 kHz 1.008
75 : —+— 15% 150Hz 1.9kHz 1.011
. o ve- 05% 150 Hz 2.9 kHz  1.021
. ; o 25% 223Hz 19kHz 1.014
1 ; . 15% 223 Hz 23kHz 1.017
] v o 05% 223Hz 33kHz 1.024
-1 n]
65 * two experimental points only
6 0 T T T l T T T I T T T [ T T T l T T T I
0 20 40 60 80 100

bwdth (kHz)

FIG. 7. The ratiof, (of bw, in percent obwdth) plotted versudwdth.Effective bandwidthshw,,, were measured at a choice of three diffefdigBlevels
of 2.5, 1.5, and 0.5% for three different coupling constants of 127, 150, and 223 Hz exhibited by the ch¥i@ildg®0,Na, **CH,l, and H*CO,H (ester).
A set of three experimental points was obtainethatth values of 10, 50, and 100 kHz for each chosen combinatidi ®B andJ,. Each set of points was
fitted to the equatioriy = 100(1 — m,/bwdth)/m,, which is equivalent tdbwdth = m; + m,bw,g, and the interceptsn,, and slopesm,, of these linear
relations are listed in the figure. In each c&e= 0.99997 ,indicating the sufficiency of the three-point data sets. fiheandm, values can in turn be fitted
to straight lines asn, = 1.3 + 0.8MSB (R? = 0.996) andn, = 1.005+ 0.008MSB(R? = 0.989) forJ, = 150 Hz; andm, = 1.7 + 0.8MSB(R?
= 0.97) andm, = 1.012+ 0.006MSB (R? = 0.98) forJ, = 223 Hz. To simplify Eq. [18] for determining the experimental input paramievedth for
a desiredMSBandbw, at a couplingl,, this last relation fom, was modified tan, = 1.010+ 0.008MSB(R? = 0.92)—this change is within experimental
error and has a trivial effect on thevdth estimates derived from Eg. [18].

corners, as illustrated by Fig. 8 of Ref)( The effective so the profiles get worse for lowemwdth Thus the shoulders
bandwidth for inversion can be defined by a chosen percentaxjehe inversion profile always have the same shape in terms
inversion limit on the profile shoulder. The simulations showabsolute frequency units, not dimensionlessunder these
that for a constanB truncation factor and a constant inversiorconditions. This observation, and Eq. [9], no longer appl
limit, bw,+ andbwdthare related by Eq. [9] witm, = 1. We whenbwdthis so small that the two mirror-image shoulder:
have noted 3) that the adiabatic condition is proportional tdbegin to meet in the middle of the overall profile, i.e., whe
(bre2)/ T, SO maintenance of a constant ratio betwegg:- and  bwdthis about 2n, or less.

T, as in Eq. [8] should maintain some commonality for differ- Inclusion of ag truncation factor that varies withwdth (as
ent bwdth values, especially at the middle of inversion prodetermined in Fig. 6) in the inversion calculations, changgs
files. This adiabatic condition also suggests that the squarenesm unity to values of the same order as those listed f
of inversion profiles should scale with the dimensionless offsé¢coupling in Fig. 7. This variable truncation factor decreas
parameters, and so reducen, below unity. But the detailed the interceptm,, which dominates at lowwdth, so increasing
Bloch calculations prove via the relatiobwdth = m; + bw,4 at low bwdth while having a negligible effect at high
bw,g, that the reduction in squareness is manifestad,imnd bwdth Thus all aspects of the shape of the decoupling profi
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would seem to correlate well with the profile for a single \ygg= 32.0(,T,)% = 1.14251 — cogmIT,/2)]}, [11]
sech/tanh inversion pulse, which accounts for the advantage

this pulse enjoys over other adiabatic pulses used for decou-
pling. Our overall study is limited tbwdth= 10 kHz to avoid whereMSBis in percent of the centerband), is in Hz, andT,
the additional complexity that arises whénvdth is of the is in seconds. B
same order asr,. However, we do not find an exact corre- As for the on-resonance resulfsin Eq. [11] was calculated
lation between decoupling and inversion probably becdysefor bwdth = 50 kHz, which produces aklSB plot approxi-
coupling has not been included in the latter. We observe clogeately equidistant between slightly displaced plots fc
correlation, between the, andm, values in Fig. 7 and those bwdth = 20 and 100 kHz. The experimental measurements
from inversion calculations, il, is added to then, values for Fig. 8 again illustrate the modest trend to lowéEBlevels for
the latter. However the experimental decoupling data are bdwdth= 10 kHz. There is also a weak trend in Fig. 8 to highe
insufficient in number and accuracy to support a definitiid SBlevels at highed, values than given by the master curve
conclusion as to this minor effect 8f on the squareness of theHowever, the more significant trend is that an increadgd
profile shoulders. A precise description of the effect requireg@sults in a smaller effective bandwidth, as discussed in t
full quantum mechanical calculation but is of such low signifPreceding section concerning Fig. 7, whbre is 6% less for
icance to broadband decoupling that there is little to gain fds = 223 than 127 Hz abwdth = 10 kHz, although it is
the present study. Note that most of the increasmjrwith ~ Within a 1% difference abwdth = 100 kHz.
increasing), in Fig. 7 derives from Eq. [11] below, rather than While the parabolic fit through the origin in Fig. 8 is very
this small effect of], on the shape of the inversion profile 900d & = 0.960), it isclear that a parabola with a small y
Increasedl, requires smalleT, for the sameMSB level, and intercept is better®” = 0.968)even though such a non-zero
reducingT,, (andb,x) reduces the squareness of the profile fdRtercept has no theoretical justification. The source of th
both inversion and decoupling. intercept arises from the qngvmdable subpctmty qulve
In comparing effective bandwidths for decoupling to inverll €xperimentally determining the effective bandwidth
sion profiles for single pulses, it is of interest that, for examplETOM Fig. 7,bwe decreases with decreasibg, (smaller
for the (1.5%, 150 Hz) data set in Fig. 7, a single pulse invefddSB and there is a natural subjective bias towards accej
I, magnetization to 0.7), at the center of the profile. This!Ng @ higher effective bandwidth and a higher minimun
gives an example of the extent to which the STURhase MSBwhen determ'mmg these limits. Clearly the estimates i
cycle must correct for these poor inversions, so that the aver&pi Fig- 7 and Fig. 8 could be reworked, but there can |
amount of | and |, after each pulse equalizes cycIicaII)J' tle or no gain in terms of practical applications whé&i&B
during the decoupling scheme. levels be|0W.0.5% Wguld rarely pe warranted. In any even
The data in Fig. 7 demonstrate the small extent to which tha€ Present figures with slightly highttSBandbw; values
effective bandwidth can be improved by using some other fordh 1€ high power end of the normal RF range are val

of adiabatic pulse, or some other phase cycle. The only rggﬁperimental calibrations of efficient decoupling. The

scope for improvement is the frequency-independent squa't%t-erc?pt N F'.g' 8 Serves as a reminder that the curves :
ness of the inversion profile, i.e., reduction of the value of experimental in origin.

about 2 kHz. This will be important in narrowband applications

where selectivity is the prime criterion, not average RF powek, Calibration Curve for Centerband Amplitude

and alterations to the form of the adiabatic pulse should im-
prove the profile just as we were able to gain modest improvfﬁ-
ments abwdth = 10 kHz by altering the truncation factor for
the sech/tanh pulse.

The filled data points in Fig. 5, for which, = b/, do not
a parabolic curve through the origin as well as the exper
mental data in Fig. 8 because the simulations were obtain
over the constant range of 8 s = 0.92 rather than a range
that increases with increasinggze as demonstrated by the
Experimental Data and the Master Calibration Curve experimental data in Fig. 7. The curve foge = 0.5 kHZ *
was recalculated over & s = 0.90 for thepresentation in
The overall results are brought together in the optimizeglg. 5 once it was realized that= 0.92exceeded the effective
master curve data of Fig. 8 which providekSB levels across bandwidth for that case, but in general, minimi$B levels
the effective bandwidths displayed in Fig. 7 (up to 98% dderived from the simulations over€ s < 0.92were a little
bwdth for bwdth values between 10 and 100 kHz, adg high at low bg and a little low at highbse with good
between 125 and 225 Hz. The experimental points fit well toc@rrespondence to the experimental measurements fer 1
simple parabola (vertex at the origin), which in turn can bigge =< 2 kHz *. While the simulations could be repeated tc
related back to the on-resonance Eq. [4] and the functiaake into account the increase in effective bandwidth wit
0.25[1 — cos(ijPIZ)], with these relationships summarized,z, No new information would be gained. The demonstratic
by of a very good fit of the experimental data to a parabola in Fil
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FIG. 8. Master calibration curve (solid line) for the optimal values of the paramd®&ts,,, bwdth andT,, that produce the minimumSBat a coupling], over
an effective decoupled bandwidthy,, equal tof, timesbwdthfrom Fig. 7. The set of equations for determining these optimal values is describedPuadial >C
Decoupling Parameter&xperimentaMSBlevels for STUD+ decoupling across the same effective bandwidths as above are plottedlyses) b, for the three
coupling constants of 127, 150, and 223 Hz exhibited by the chemit2#,CO,Na, *3CH,l, and H3CO,H (ester) and values of 10, 50, and 100 kHztardth The
sech/tanh pulses comprising the STHBcheme utilized a variable truncation factgr calibrated in Fig. 6, and aRF.,,, scaled as@/5.3)° relative to theRF,,, at
the traditional value of = 5.3. Thus the value dip, represented by the bottom scalelgf, = J.bre, is for the equivalent average power wher= 5.3 and the
top scale is related to the bottom scale by average pew®F,,.,)*/5.3. The master curve, a parabola, is fitted to the experimental poiMSBy= 0.08+ 30.8(J,T,)>
(R? = 0.973), and the alternative simple parabola through the origin (dashed curve) is fitS&te 32.0 Ty 2 (R? = 0.968). The curve for the centerband amplitude
is derived from the solid master curve using Eq. [12]. kkaxes are dimensionless.

8, in contrast to the limited simulation data, again is evidenestimates of sidebands and centerbands, whereas accurate
that subjectivity has largely been avoided. perimental data are restricted to the determination of sideba
However, as noted above, the simulations provide absol@mplitudes relative to centerband amplitudes. As for the o
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resonance data in Fig. 2, the computer results (plotted in par(far T, increments of 0.1 ms ant}, = 150 Hz) were fitted R?
Fig. 5) show that there is a linear correspondence betweer0.99994) to asimple parabola (vertex at the origin) yielding
minimum MSB (%) and maximumCB (%) for T, = bgg
yielding the relation -
MSB= 24.1(J,T,)? = 0.86{25[1 — cog7IT,/2)]}. [13]
100— CB = 5.7*MSB [12]
whereMSBis in percent of the centerband}, is in Hz, andT
For low values ofT, = bz the values for both the original is in seconds. This represents the lowest poséitdd level a_t
0 = s = 0.92data and the recalculated s = 0.90 data & chosen value of,T, and the curve for these theoretica
fit this equation. Given the exactness of Eq. [1H?(= conditio.ns is plotted as “ideal depoupling"in Fig. 9. The fgcto
0.997), and theverlap with the experimental data for 0=5 Of 0.86 is greater thak, = 0.73 in theOn-Resonance section
brez = 2, the associated relation between relative and absol@?ec"ilise the latter was for high power conditiopg# = 0.1
measures of sideband amplitudes has been used to converKifie )- Comparing the previous results for STUD to those fc
relative experimental data to absolute in the plov@Blevels STUD+ and to ideal decoupling indicates that the STUL
in Fig. 8 (see Experimental). In addition, Eq. [12] has beetidebands have been reduced by 58%, and only a furtt
used to provide a calibration curve in Fig. 8 for the centerbafgduction of 11% is possible. But it is arguably more apprc
amplitude derived from the experimentdiSB data. priate to compare Eq_. [13] with the on-resonance result of E
As mentioned above, one accepted measure of decouplifij Pecause Eq. [11]includes the nominal 1846 Btolerance
efficiency is the amount of residual splitting associated with tfig €xperimentally determining the limits of the effective band
centerband{, 16. If not resolved, this splitting will be presentWidth. This comparison indicates that only a further 4% redu
as line broadening. A careful study was made at low power, tion is pos&blg beyond the improvement in going from.STU[
— 223 Hz, andbwdth = 50 kHz, corresponding to a centeri0 STL_JD+. It is for these. reasons that we nptt_ed earl!er the
band amplitude of 85% on the master curve of Fig. 8 whefgere is not much potential gain to be had in improving th
residual splitting should be greatest. Four-transient specBf@@se cycle over that of STUR .
were obtained with long delays between each spectrum tgHowever, while an absolute limit can be imposed on th
ensure that sample heating caused no line broadening. RMum MSB level achievable at a particulalT, (albeit
resolvable splitting of the centerband was observed at affjfh minor corrections from large changesJgandbwdth,
frequency offset, including offsets corresponding fto> the relationship betweeii, and bjrez whether from Eg. [3],
100% where the centerband amplitude rapidly decreases[fd: OF [8]. is based entirely on experiment, or computer sirr
zero corresponding to the sharp transition to a completéfjations to mimic experiment. In determining the optimun
coupled spectrum. Indeed, compared to coupled linewidt/!ationship for STUD- we cannot state absolutely that som:
line broadening of only 0.2 to 0.3 Hz was measured acro_g@er_phgse cycle will not be more efficient because we have
almost the entire 50 kHz frequency sweep, oufte= 97%, illuminating theory to define the rellanonshlp betweEnand
which exceeds the effective bandwidth determined in Fig. 7 B In these terms, greater efficiency means a latgge:
f. = 91%. This confirms that residual splitting, or line broadYalue for the sam#1SBandT,, and thus lower average power
ening, of the centerband does not accurately reflect adiabd@the sameowdth MSB andT,. This is illustrated in Fig. 9
decoupling efficiency, and that it is an insignificant effedfr the experimental on-resonance curve plotted velgogg

compared to normal linewidths. compared to the same curve plotted veiig, demonstrating
that a relationship like Eq. [3] will advantageously alter th
The Master Curve Compared to Ideal Decoupling b/re scale relative to th& scale if it is possible to generate a

phase cycle that would achieve this result across the sa
The minimumMSB can be directly compared to the mageffective bandwidth. However, we have note) that mini-
nitude of the 1T, sideband on resonance, determined frofyum adiabaticity occurs at the midpoint of a sech/tanh pul
the vector model J) for T,=bgre using the function, where adiabaticity is a function ofbfee)/T,, supporting a
cos(@la(t)T,/2), as described above in the On-Resonangfear relationship like Eq. [8] rather than quadratic Egs. [3] ¢
section. This calculation assumes that the | Spins remq‘iﬂ] for maximum efficiency' We have also noted above the

aligned with the effective fieldB,, at all times so that only there must necessarily be diminishing returns for phase cyc
sidebands an/T,, are generated, which is to say that it ionger than STUD-.

assumed that the adiabatic condition is not violated. Under

such theoretical conditions the modulation of the S—spin_FID Ii§ractical 13¢ Decoupling Parameters

repeated exactly for every sech/tanh pulse and total sideband

intensity is minimized. Experimentally, single-transient meth- Figures 6—9 provide all necessary parameter settings |
ods cannot reduce sidebands below values obtained under thesadband>C decoupling for effective bandwidths from 7 to
conditions of ideal adiabaticity. The vector model calculatior8 kHz. From this and previous worl @), values for band-
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FIG. 9. Various plots ofMSBversus],T, or J,bre2. The previous results for STUD are minimudSB levels taken from Fig. 3a of Ref2), illustrating
the improvement in decoupling performance using SRJIThe master curve for STUD is the alternative parabolic fit through the origin from Fig. 8. The
on-resonance curve versiifl, corresponds to Eq. [5], and the same data plotted vegiis= have been converted using Eq. [3]. The curve for ideal decouplir
is given by Eg. [13]. The-axes are dimensionless.

widths beyond 100 kHz will not diverge from the master curviegend to Fig. 7), then from Eq. [9wdthcan be determined
much more than thewdth = 100 kHz results. from a chosen effective bandwidthy, ¢ as

The first step in utilizing these calibration curves is to
choose a required effective bandwidth and an acceptabl
MSBIlevel or, equivalently, a minimuntB level. TheMSB
values in Fig. 8 correspond to the edge of the effective [14]
bandwidth, and so most of the spectrum will be more

- ; ) 1 )
efﬂmently decoupled. Also, most single bOﬁ&.H cou- ¢ (= bre) can be determined from the master curve equatic
pling constants are around 150 Hz or less. So if an acceR‘P-

able MSBis chosen to be 1.5% anlj = 150 Hz, from Eq. the Fig. 8 legend, but fSB = 1%, Eq. [11] suffices so
[12] very few resonances will have a centerband amplitude
less than 91% if the appropriate conditions calibrated in T, = (MSB0.72°. [15]
Figs. 69 are applied. Similarl\yiSB = 2.5 or 2.5% leads
to CB = 86 or 80%, respectively.

Accepting thatJ, = 150 Hz for almost alf-*C resonances,
and recognizing that within experimental error there are linear
relations between MSB' andm, andm, (as described in the B = sech'[0.235(1 + 0.16bwdth], [16]

Bwdth= 1.3+ 0.8MSB+ (1.005+ 0.008MSBbw,;.

From Fig. 6 the truncation factof3, can be extracted as
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and finally, calculatingRF,,., from b,z with the variable to be too low, Egs. [18] and [19] can replace [14] and [15]

truncation factor included, Even though the dependence on the most critical paramet
can be summarized in one figure, this series of equations
RF . = (BbwdtH5.3Tp)°'5. [17] required for accurate calibration of efficient decoupling. How

ever, on an NMR spectrometer it is straightforward to combir

In these equations, the unitstmivdth, bw,g, andRF,.are in all these equations in one computer macro which generates
kHz; T, is in ms; andMSBis in percent. entire STUD+ waveform based on user inputs of jddEB (or

If an upper limit of 150 Hz fod,, is considered to be too low, MiNIMum CB), bweg, and maximuml,,.
then a small correction can be made livdth by linear ~ While the coefficients in Egs. [12], and [14]-{19], have al
interpolation between Eq. [14] and an equivalent equatidgen determined by experiment, the form of these equatic

derived from Fig. 7 ford, = 223 Hz yielding can be inferred from theoretical considerations and furth
support was obtained from computer simulations. In particule
bwdth= 0.6+ 5¢ 3] + 0.8/MSB via the expression 0.25[%+ cos(mJT,/2)], which is half the

. amplitude of the S-spin FID modulation during the first decot
+(0.995+ 7e "), + 0.008MSBbwe.  [18] pling pulse, the recent vector model of adiabatic decoupling
the high power limit 8) predictsCB decreases linearly as a

In addition, the more general equation, function of increasindSB, and it predicts a simple parabolic
relationship between maximum sideband amplitude and t
T, = (MSB32)°%J,, [19] product],T,. The relationships betwednwdth bwy, andB

can be demonstrated by calculation of the inversion profile fi
should be used in place of Eg. [15] (the unitsTgfare changed a single pulse. Indeed, the only relation encompassed by th
back to seconds). equations which does not have direct theoretical support is tf

Thus all of the input parameteRF,,,, 8. Tp' andbwdth, betweenTp andb,se (i.e., detW(RFmaX)Z), and even this is
for the sech/tanh pulse in STUDdecoupling, as described insuggested by the basic equation that defines adherence to
Egs. [1] and [2], can be expressed in terms of chosen valueggfabatic condition, as shown i2)( Considering the agree-
MSB, bw,g, andJ,. ment between theory and the large number of experiments,

expect that we have determined true efficiency maxima fi
CONCLUSIONS STUD+ and have not overlooked more efficient decoupling b
some untried combination of these parameters.

The major findings of this detailed study of the variables The vector model also demonstrates that even if each ad
governing STUDr broadband decoupling under the most ebatic pulse in the decoupling scheme is ideal, cycling sid
ficient conditions are displayed in Fig. 8—master calibratiopands will still be generated). This allowed us to show in
curves for the centerbandCB), and for the maximum side- Fig. 9 that only a small percentage increase in efficiency w
band amplitudeNISB), as determined by the four most criticalstill theoretically possible in comparison to the large gain i
experimental parameters: the maximum amplitude of the RpBing from STUD to STUDL-. However, taking STUB- as the
field, RF,,. the length of the sech/tanh pulSe, the extent of new base level, if we consider a givéhSB value, the theo-
the frequency sweewdth and the coupling constand,. retical performance limit for ideal decoupling is still 25% more
Less critical parameters (the truncation fact@, and the efficient in terms of average RF power than can be achiev
effective decoupled bandwidtw,s), which become more using the off-resonance set of calibration equations develop
important as bandwidths are decreased, are calibrated in Flygse, or 17% more efficient than can be obtained on resonar
6 and 7. These three figures will be most useful ¥8€ So, a further improvement of, say, 10% in the performance
decoupling, covering the range of one-boli€C*H coupling STUD+ might be considered possible and worthwhile. Fu
constants from 125 to 225 Hz, and decoupled bandwidths offiermore, we have noted that this scope for improvement dc
to 100 kHz, with a bandwidth of 100 kHz being the requirenot include any advantage that might be made in favourak
ment for a 2-GHz spectrometer. changing the relationship betweél), and b However,

It is straightforward to apply these calibration curves aniirther overall gains of the order of 10% may be difficult tc
their associated formulae. Determination of the most efficieathieve by an approach that is primarily experimental as in tt
conditions for broadband decoupling, in terms of minimizingrork, since the small improvements in decoupling perfol
the average RF power deposition in the sample, first requimdsnce that might comprise an overall 10% improvement wi
the user to choosew, for a particular decoupling applicationnot be obvious relative to experimental error. Such advanc
and either an acceptable minimu®B or an acceptabl®SB.  might be better approached through theoretical simulatior
A chosen minimunCB can be converted thISBvia Eq. [12] The knowledge obtained from the present study can be usec
and then all other parameters are given by Eqgs. [14]-[14guide or basis for such simulations. For example, calculatio
Alternatively, if an upper limit of 150 Hz fod, is considered of MSBlevels for different phase cycles can be compared wi
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the estimate given by the expression for ideal decouplingf these new pulses can be expected to have a signific:
0.25[1 — cos(m_]TpIZ)], as a performance indicator. Anotheimprovement in this area. In addition, the sech/tanh pulse
approach would be to attempt to improve the squareness of lieeady a member of this family, so there is no further im
profiles for decoupling over small to moderate bandwidthovement the method of Refslq, 20 can make to the

(decrease thm, values of Fig. 7), by changing the form of thesech/tanh pulse. However, we have obtained improved inve
adiabatic pulse, and it should be sufficient to investigate tk®n profiles by modifying the sech/tanh waveforms to mak
inversion profiles of single pulses for this purpose. We althe minimum adiabatic factor for the pulse exactly constal
expect that characterization biv.; by exhaustive computer over a large range of resonance offsets. But the complexity
simulations, rather than the experimental approach used hehe, procedure requires a numerically designed pulse, and
should improve efficiency by about 5%. 5-10% potential improvement is counterbalanced by the sir

We now propose that there are three major requirements fidicity of implementing the original sech/tanh waveform with
efficient adiabatic decoupling. First, the key to recent devedemputer macros.
opments has been improvements in the phase cycle. WheiThe third major requirement is to maximize efficiency witt
composite-pulse decoupling was introduced, it was nat@y ( respect to the ideal performance limits discussed here and
in regard to adiabatic decoupling, “Unfortunately with thifRkef. 3) by determining the coefficients of the simple linear an
(phase) cycle it is difficult to meet the adiabatic conditions arghrabolic relationships between the relevant decoupling para
still complete a full (phase) cycle in a short time compared wittters which are summarized in Egs. [12] and [14]-[19] fc
1/(2mJ) sec.” From the vector modeB), this work, and other STUD+ decoupling. We expect this procedure will be gener:
recent studies, we now know that the requirement is that tfe@ any good combination of adiabatic inversion pulse an
length of the adiabatic inversion pul3g, not the phase cycle phase cycle. These formulae are concerned with single ¢
or one of the constituent subcycles, should satisfy the relatiooupled NMR transients and so both minimize sideband at
m) T/2<1, since this limits the size of the TJ sideband plitudes and maximize centerband amplitudes, which is n
which dominates under ideal adiabatic conditions. A gogabssible via multi-transient methods.
phase cycle is then required to correct for poor inversions at
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