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An analytical solution is given for amplitudes and phases of
adiabatic decoupling sidebands as a function of spin inversion
time 7. Since all the adiabatic decoupling phases J(t, 7) refocus at
two periods (2T) of the decoupling pulse, the sidebands are located
at n/2T rather than at n/T as observed in other decoupling
schemes. The real (R,(7)) and imaginary (I,(7)) amplitudes of the
sidebands have symmetry R,(7) = R_,(7) and 1.,(7) = —1_,(7),
forming a mirror image between the counterparts of the sidebands.
When frequency sweep changes direction all 1,(7) are inverted
while all R,(7) remain unchanged, leading to pure absorption
sidebands with two accumulations as demonstrated by Kupce and
Freeman, and to an exchange of sidebands between counterparts.
The sum of the real parts for sidebands n = 1 and 2 is almost a
constant near on-resonance decoupling, and it increases substan-
tially for large decoupling offsets. The phase defocusing can be
minimized for all decoupling offsets by inserting an initial decou-
pling period with T;,; = T/2, eliminating all sidebands located at
n/2T (n = x]1, £3, =5, .. ) © 2000 Academic Press

Key Words: adiabatic decoupling sidebands and phases; adia-
batic decoupling; subharmonic sidebands; minimizing phase defo-
cusing; suppression of decoupling sidebands.

INTRODUCTION

It is well known that adiabatic decouplin@<7) is currently
the most efficient decoupling scheme as defined by the rati

due mainly to the relatively long adiabatic inversion perioc
compared to the inverse of the sampling rate or dwell time
Unlike other decoupling schemes, adiabatic decoupling inver
the S spins (coupled to the detectirlgspins) consecutively
when decoupling frequency sweeps from one side of the d
coupling offset to the other, resulting in an inversion profile
that is unique to a particular type of adiabatic decouplin
scheme employed. Consequently, an offset- and sweep-dir
tion-dependent phase accumulation is introduced, whic
causes an offset- and sweep-direction-dependent variation
amplitudes and phases of all sidebands as demonstrated
Kupte and co-workers20-23. In addition to the multiple
sidebands flanked at integer)(multiple frequencies ofi(1/T)

(T denotes the period of the decoupling pulse) as seen in ma
other decoupling schemes, half-integer sidebands Bt2T,
identified as subharmonic sidebandX{23, are also ob-
served, under off-resonance decoupling conditions.

In homonuclear adiabatic decoupling, however, it wa
shown that the antisymmetric sidebands are created mainly
the direct irradiation of the nearby decoupling field, which als
introduces Bloch-Siegert shifts of all peaks. The nature ar
amplitudes of the antisymmetric sidebands have been d
cussed thoroughly16, 18. The relatively small symmetric
sidebands, as a result of the modulation of the homonucle

o@upling by the decoupling pulse, bear features similar to tho:

the decoupling rangaf divided by the decoupling strengththat result from the heteronuclear decoupling.

fims This is important because it minimizes sample heati

ng,The adiabatic decoupling sidebands were noticed immec

which can be a particular problem at very high field strength@tely after the adiabatic decoupling was put into use. So far,

As a matter of fact, adiabatic decoupling has reached

tAember of schemes, including varying decoupling peri@d (

highest decoupling indexn(= 2), defined by the relationship Pilevel decoupling21), ECHO-WURST 22), adiabatic defo-
Af = A(fim)", wherea is a constant§). It also has a superb cusing €3), phase-cycling algorithms2§), etc., were devel-

decoupling profile with quite a flat top and very sharp edge@ped to suppress the sidebands. In addition, the coherer
reducing disturbances, including the Bloch-Siegert siift ( sidebands introduced by the antiphase and/or double-quant
15), to the NMR lines outside the decoupling range. It isoherences created prior to the adiabatic decoupfpwere
extremely suitable for homonuclear decoupling at high maggduced significantly by gradient dephasing applied just befo
netic fields (5-19. In addition, adiabatic decoupling is rathelacquisition 27). Using a “BEST” adiabatic decoupling
insensitive to the RF field strength and inhomogeneity as losgheme, the cyclic irradiation sidebands mentioned above t
as it satisfies the adiabatic conditiol®]. However, adiabatic gether with the Bloch—-Siegert shift were reduced remarkab
decoupling introduces significant sideband$,(18, 20—2)% by a compensating field and initial decoupling pulsEs, (L.
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Even though considerable attention was paid to adiabaticy(2T) = e '@™S)(T-7g 7S ~i@MISITg ~inSg ~12mIS) 7|
decoupling, there is not a general solution for amplitudes and
phases of adiabatic decoupling sidebands, except for on-reso-
nance decoupling2@). To achieve such a solution, a unique = @ 12mIS)(T-1)gi2mIS)Tg ~i(2mlS)T|
parameter characterizing all adiabatic decoupling schemes
must be identified first; otherwise any solution may be suitable
only for a particular decoupling scheme.

In this contribution, an analytical solution for amplitudegquation [3] demonstrates that the density operator is ref
and phases of decoupling sidebands as a function of inversiised after Z no matter when th& spin flips. Therefore, the
time 7 (a unique parameter for all adiabatic decouplingdiabatic decoupling, in general, has a decoupling peribd 2
schemes) is derived for arbitrary adiabatic sweep schemggher tharir.
such as WURST decoupling with a constant frequency sweet follows from Eq. [3] that the density operator within a
(4) and many other sweep schem&s4, 7). The unique fea- time 2T can be expressed as
tures of these offset- and sweep-direction-dependent sidebands
are explored in detail. We also show how to minimize phase

X e i1(2mJ1:S,) Tei w&e i(2md IzSz)Tei w&e 1(2m312S) (T—7)

X

X @l@mIS)(T-1g-I2mISITgi2mIS)T = | [3]

defocusing by inserting initial decoupling pulses, which elim- oft, 1) = Leog d(t, 7)] + 21,Ssinfd(t, 1], [4]
inate all the sidebands located @t2T with n = *1, +£3,
+5,.... where the adiabatic decoupling pha%g, 7) is defined as
CALCULATION OF ADIABATIC DECOUPLING at, O=st=r
SIDEBANDS 9, 1) = ar—t), T=t=T+ 71,
a(t—2T), T+r=t=2T
We consider a spith (=1/2) coupled to a spiis (=1/2) 0=7=T and a=mJ [5

with a coupling constant. Initially, thel spin has a transverse
magnetization or single-quantum coherence represented by o )
and it evolves for a time under the interaction of 2J1,S,, N deriving Eq. [4], the following formulas30) are used:

which can be described by a density operator formalism
(28, 29, cog9S,) = cog9/2), [6a]
_ _ sin(9S,) = 2Ssin(Y/2). [6b]
(T(’T) — e—l(zﬂ-leSz)rl Xel(ZWJIZ&)-r_ [1]
The free induction decay (FID) can be calculated directly fror

At time 7, the S spin is flipped by an adiabatic decouplingeq. [4],
pulse. Here we assume that the spin flip occurs instantaneously,

which is valid if the duration for spin flidt is much smaller FID(t) o Tr {o(t, 7)(I, + il )}
than the periodr of the decoupling pulse, i.edt/T < 1. To e
satisfy the adiabatic condition, the sweep rafifje= (df/dt) 6t « cog Ht, 7)]. [7]

[(df/dt) stands for average sweep rate] should be comparable

10 fimas l€ading to an expressionf{,,/[(df/d)T]} < 1. For peqarqiess of the inversion timed(t, ) has a period 2 and

a constant frequency sweep such as used in the WUR§ 0, 7) = 9(2T, 7) = 0 as shown in Fig. 1. For = T/2
decoupling 4), (df/dt)T = Af (the total frequency sweep) andcos[ﬁ(t, T/2)] has a period off and 9(0, T/2) = (T,
the condition for instantaneous spin flip reduces to the exprels:rz) = 0, which is referred to as on-resonance decoupling

sion (fina/Af) < 1', . , Also J(t, 7) is antisymmetric with respect toin the sense of
The effect of the instantaneo&sspin flip is then equivalent

to a 180° pulse applied to tH&spin and the density operator

can be written as Ht, 1) =-92T-t, T—-7), O0=t=T. (8]

o(1) = e " ICMISI gimIS)TginS. 2] Except for on-resonance _decoupling, the fur!damental fre
quency of the sidebands is IT2and all the higher order
sidebands are thus locatedrd®T.

Afterward, o(7) evolves continually until the next spin flip The relative amplitudes of all the sidebands as a function
occurs at timer + T. And then, it evolves further toR The inversion timer can be calculated directly from the FID(
whole process can be described 28, (29 (Eq. [7]),
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FIG. 1. Evolution of the adiabatic decoupling phas8é, ) (Eq. [5]) for
three different inversion times 1, < T/2, 7, = T/2 (dashed lines), ant;, >
T/2. Forr, = T/2, the phase defocusing has a minimum, {&(t, T/2)|
= mJT/2. 9(t, 7) always refocuses at timeT2independent of the inversion
time 7.

1 2T
R.(1) = ZTJ cog (t, 7)]cogn=t/T)dt, Real,
0

1 2T
(1) = 21—[
0

With the symmetry ofd(t, 7) (Eq. [8]), one can show that

[9a]
cod I9(t, 7)]sin(n=t/T)dt, Imaginary.

[9b]

I(T—17) = 21TJ cog O(t, T — 7)]sin(nat/T)dt

=57 f cog — (2T — t, 7)]sin(nwt/T)dt.

(10]

By introducing a new variable = 2T — t, one obtains

1 2T
I(T—1) = _ZTJ cog Hu, 7)]sin(nwu/T)du
0
= —l.(7). [11a]
Similarly, it is easy to show that
R(T — 7) = Ry(7). [11b]

ZHANG AND GORENSTEIN

tion, while the real component®,(7) remain the same. It
follows thatl,(7) will cancel andR,(7) will add if the two
experimental results with different sweep directions are acc
mulated as shown experimentally by Kepet al. (21).

With some tedious calculation, we find analytical solution:
for both the real and the imaginary sidebands as a function
inversion timer,

R.(1) = 2 {sin(aT)cognm7/T)

L
(aT)? = (n
+ sifa(T — 7)]Jcognm(1 + 7/T)]} [12a]

B aT ) )
In(7) = m{Sln(aT)Sln(n'ﬂT/T)

+ sifa(T — 7)]sinnm(1 + /T)]} [12b]

for « # n#/T, and fora

n@/T orJ = n/T (n # 0),

R.(7) = % [1+ cod2nm7/T)], [13a]
1
(1) = 2 sin(2nw7/T). [13b]

The relative phases of the sidebands can be calculated as

@n(1) = tan"'[1,(7)/R(7)]. (14]

Since all the amplitudes and phases are expressed as a func
of inversion timer, the solution is general and is independen
of particular types of adiabatic decoupling schemes.

As shown in Egs. [12a] and [12b], the counterparts of th
sidebands have a symmetry of

Ra(7) = R_4(7),
(1) = —1_.(7),

[15a]
[15b]

forming a mirror image between the counterparts of the side
bands. The counterparts exchange if the frequency swe
changes direction.

To understand the fieldB{) dependence of the adiabatic
decoupling sidebands, we consider the case of on-resonal
decoupling ¢ = T/2) and calculate the nonzero lowest orde

F_rom Fig. 1 one can see th_at if_the frequenc_y Is swepF from %Bfebands. It is straightforward to derive from Eqgs. [12a] an
side to the other and a spin flip occurs at timehe spin flip [12b] that

will occur at time T — 1 if the sweep changes direction.
Equations [11a] and [11b] show that the imaginary components

of the sidebands,(7) change sign when sweep changes direc R.,(T/2) = 0,

[.2(T/2) =0, 1.,(T/2)=0, [16a]
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and (1 ,7)
23T T, /13 Maximum Phase Defocusing
_ . mn g —
R.A(T12) = i ™ (yry2y SNmIT/2). [160] "
ForJdT < 1, .‘\_ time (IV)

(3T T/4
Rea(T/2) =~ 4. (17] | 1 1 | | \

0 172 T 3172 27 5172

Equation [17] indicates that one of the effective ways to reducerIG. 2. Evolution of the adiabatic decoupling phasét, 7) for a decou-
the intensities of the adiabatic sidebands is to reduce &g scheme of T/2]-Main-Decoupling. Since the initial decoupling period
decoupling periodl' has the same frequency sweep as the main decoupling if a spin flip occurs

WhenB. i th d of ch ical shift i a time r for the main decoupling, the spin flip will occur a2 for the initial
€nb, Increases, the spread ol chemical shi Increas&@coupling period. For three different inversion times during the initial decou

linearly and so does the decoupling range. Assuming that th@g, r, < T/4, =, = T/4 (dashed lines), and, > T/4, all have the same
rate of frequency sweep remains the same, the decouplinigimized phase defocusin@(t, 7)|m = mJT/2 and the same pericH for

periodT has to increase linearly in order to cover the increas€es®(t, 7)), after the initial phase evolution.
decoupling range. It follows that the sidebands

R.,(T/2) = B2 [18] phase defocusing is enhanced, except for on-resonance dec
N pling (r = T/2), for which it is invariant under changes of

The problem of adiabatic decoupling sidebands is thus mueh eP directions.

more severe at high magnetic fields.

As pointed out earlierl(), the subharmonic sidebands £
+1) can be removed by inserting an initial decoupling with a
period T;;, = T/2. The initial decoupling period, however,
must have the same frequency sweep pattern, range, and

. : ; ) . . resonance probes. AN- and **C-labeled (-COOH is unta
rection as the main decoupling, which ensure that if a spin ﬂboeled)N—acet lglycine (Fig. 4) in DO is used with a single-
occurs atr in the main decoupling period, the spin flip will yialy 9- 9

occur at7/2 in the initial decoupling period. Therefore theDUIse experiment, detecting the methyl protons and decoupli

. . the directly bonded®C. The one-bond heteronuclear coupling
density operator at the time af + T/2 can be expressed asconstanﬁJ(13CH3) — 139 Hz. Al the decoupling pulses have

a WURST-2 decoupling shapie(t) = fi.J1 — sin’(Bt)],
—ml2 = Bt = w/2 (4). The main adiabatic decoupling has a
X @i2mS)(r12) ginSigi(@mlS) e +(T-7)l 2] gimS, periodT = 2 ms,fy . = 5.10 kHz, andf ;s = 0.61f . =
3.11 kHz. The offset-independent adiabatic decoupling pulse
constructed according to Ref7)(with a 34-kHz frequency
sweep, and a phase cycle of (0°, 150°, 60°, 150°, 8%) 82.
Equation [19] shows that all th® spins, no matter when they The real amplitudeR,(7) forn = 1, 2 are shown in Fig. 3
flip, accumulate the same phasé¢r + T/2) = —wJT/2 at together with the experimental results accumulated with tw
their individual flip timer + T/2, whered(r + T/2) turns out opposite frequency sweep directions. On top, a nonlinear fr
to be the phase minimum. Afterward, thespins will evolve quency sweep is displayed froml7 to 17 kHz. At = T/2,
freely for a periodT where they reach a phase maximunthe frequency sweeps passes zero, which corresponds usu
Id(r + 3T/2) = wJIT/2 and then spin flip as shown in Fig. 2.to the location of the carrier frequency of the decoupling RI
Similar to the adiabatic defocusing schen#8)( the phase field. As mentioned above, decoupling at this particular pos
defocusing or deviation is therefore minimized, leading to t&on is called on-resonance decoupling. fro 1, the ampli-
most effective decoupling. Besides, after a tiff@ + t all tudeR,(7) is zero for on-resonance decoupling and it increase
cos[d(t, 7)], disregarding the inversion time have the same symmetrically when the decoupling offset increases or equi
periodT instead of 2. Consequently, all the sidebands locatedlently whent deviates fromTl/2. Forn = 2, the amplitude
atn/2T withn = =1, =3, =5, ..., will disappear. R,(7) is at maximum for on-resonance decoupling and i

On the contrary, if the sweep direction of the initial decoudecays symmetrically as the decoupling offset increases. .
pling pulse is opposite to that of the main decoupling, théme r = T/4 and 3/4, R,(7) reaches zero and then become:
sidebands will be enhanced instead of eliminated since thegative.

EXPERIMENTAL

Experiments were performed on Varian Unity-Plus 750- an
68|£_)—MH2 NMR instruments with Varian 5-mm HCN triple-

T+ T/2) = e—iw&e—i(zﬁleSz)[rJr(T—T>/2]e—iw&e—i(2w3|z&)<r/2>|X

= @i(@mIS)(T/2) Xe—i(valez)(le)_ [19]



320 ZHANG AND GORENSTEIN

20 1 two consecutive adiabatic inversion&4][T/4] cause a com-
159 plete decoupling cycle (Fig. 1) and refocus all the initial spir
states with different decoupling offsets, which ensures that tt
- succeeding decouplingT]2]-Main-Decoupling still has an
05 ; identical initial spin state and therefore works properly. The
sidebands fon = =2 will have a 180° phase shift compared
with the results obtained byT[2]-Main-Decoupling alone,
while the sidebands fan = *4 will remain unchangedl@).

Frequency Sweep (kHz)

@ o° Similarly, to cancel the sidebands flor= *+4, two additional
E 2 experiments are required withT33][3T/8] and [5T/8][5T/8]
—é 0.04 0u0, that are added tol} 2]-Main-Decoupling, respectively, result-
= 1 * 8, a0 ing in two spectra with inverted sidebands for= +4 and
= 0.02 45um Q%“,a“"“.an"ﬂ
s Pa_p2 2q %
2 | n“ﬂ “ea ot fo,
= 04{n=2 —ra Yy o
P p0p deger oo, ol I
-0. o 13 i3s3 Main-Decoupling
T e R VAVAVAVAY
Time (ms) 0 2 4 6 (ms)
FIG. 3. Frequency sweep of the main adiabatic decoupling as a function
of decoupling time (top) and the real sideband amplitud®g) as a function
of inversion timer (bottom) calculated using Eq. [12a] with= 139 Hz (open
circles) and experimental data (solid triangles)rfor 1, 2 and the sum of the
two. A single-pulse experiment withC decoupling was employed. The center W A
band of the methyl proton if-acetylglycine is normalized to the calculated f f f f f i
valueRy(T/2) = 0.96852. Thamain decoupling has a peridd= 2 ms and n=-4 n=-3 p=-2 n—-I1 n=l n=2 n-=3 n=4
has a WURST-2 decoupling shapgt) = fi..[1 — sin’(8t)] that is com
posed of 715 steps. [{772]-Main-Decoupling

(7 = T/2), the sum is almost constant as demonstrated exper-
imentally by Kupe and Freeman2@). However, it increases
symmetrically ag deviates fromIl'/ 2 and reaches much higher
values at edges contributed by the sidebands fer1. It will

be quite difficult to observe quantitatively the sidebands at
edges forn = =1 since adiabatic conditions will not be
satisfied at edges, and the sidebands will be reduced signifi-
cantly.

Figure 4 shows the proton spectra (methyl proton region) of
N-acetylglycine. A 10-kHz decoupling offset is used to exag: FIG. 4. Proton spectra (methy region) dFacetylglycine using different
gerate the subharmonic sidebands (top) obtained with the mify) adiabatic decoupling schemes under a 10-kHz decoupling offset. T|

. . . .. . spectrum at the top is obtained with the main adiabatic decoupling having
adiabatic decoupling. I_n addition to the subharmonic &debaqﬁ@RST_z ShApET = 2 M,y = 5.10 KHZ,fyme = 0.61 fu = 3.11 kHz,
located at-1/2T, the sidebands located a3/ 2T also appear and five phase cycles (0°, 150°, 60°, 150°, 0°). The spectrum shows ft
as predicted. decoupling sidebands fon = *1, =2, +3, =4 located at=*(1/2T),

The spectrum in the middle of Fig. 4 is obtained with ar(2/2T), +(3/2T), and *(4/2T), respectively. On the left side, there are
initial decoupling periodT,, = T/2 and the same frequencysome sidepands pelonging to .theprot'ons Ioc'at'e.d further dpwnfield. The

. . . . . spectrum in the middle is obtained using an initial decoupling pefigd=
sweep and dlrectpn as the main decoupllng. Al! the Sldebanﬁi i.e., [T/ 2]-Main-Decoupling. All the sidebands locatedrd®T for n =
located atn/2T, with n = =1, £3, 5, ..., disappear as +1, +3, +5, ..., disappear. The sidebands for *2 are inverted while
discussed above, while the sidebandsrfer +2 are inverted the sidebands fon = +4 remain unchanged. The spectrum at the bottom i

and the sidebands for = +4 remain unchanged as predicte@btained with additional initial decoupling periods to invert sidebands: fer
(18) +2 and =4, respectively. A total of four accumulations are used with four

different decoupling schemes, i.eT/R]-Main-Decoupling, T/4][T/4][T/2]-

The sum of the two curves for = 1 andn = 2 is shown 0 2 4 6 (ms)
in Fig. 3. AtT = T/2, the sum has a minimum, which is equal
to the maximum of the curve fan = 2. Close to the center -

1.0 08 06 04 02 o0 -02 -04 -06 -08 kHz

_ To cancel sidebands for = +2, two consecutive adiabatiC iy pecoupling, [/8][3T/8][T/2]-Main-Decoupling, and [5/8][5T/
inversions with a period of/4 for each are needed to construcg)1/2]-main-Decoupling. All the sidebands for = =1, +2, =3, and+4
a decoupling schemd[4][T/4][ T/ 2]-Main-Decoupling. The are canceled as predicted.
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opposite phase far = =2. Because of reduced intensities andnd  Smith  Foundation. Building funds were provided by NIH
larger offsets, it may not be necessary to cancel the sidebaH§P8CAS9098).

for n = *=4. To satisfy the adiabaticity conditiof7,(20, the
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according to the formuldy,m{Ti) = VT/Tii fimee WhereT REFERENCES

andf,, are the period and field strength of the main adiabati
decoupling, respectively. For example, the RF strength f
an initial decoupling withT,;, = T/2 is f,(T/2) =
VTI(T2)f1max = V 2f1ae After four accumulations with de
coupling sequences of [ 2]-Main-Decoupling, T/4][T/4][ T/ _ ]
2]-Main-Decoupling, [3/8][3T/8][T/2]-Main-Decoupling, 4. E. Kupce and R. Freeman, J. Magn. Reson. A 115, 273 (1995).
and [5|-/8][5T/8][T/ 2]'Main'DeCOUp|ing, the sidebands for 5. R. Fu and G. Bodenhausen, J. Magn. Reson. A 117, 324 (1995).

%. M. S. Silver, R. I. Joseph, C.-N. Chen, V. J. Sank, and D. |. Hoult,
OF' Nature 310, 681 (1984).

2. J. Baum, R. Tyko, and A. Pines, Phys. Rev. A 32, 3435 (1985).
3. M. R. Bendall, J. Magn. Reson. A 112, 126 (1995).

n= =2, +*4andn = +1, =3, =5, ... are all eliminated as 6. E. Kupce and G. Wagner, J. Magn. Reson. B 110, 309 (1996).
shown in Fig. 4 (bottom). 7. A. Tann(s and M. Garwood, J. Magn. Reson. A 120, 133 (1996).
8. S. Zhang, J. Wu, and D. G. Gorenstein, J. Magn. Reson. A 123, 181
CONCLUSIONS (1996).

9. F. Bloch and A. Siegert, Phys. Rev. 57, 552 (1940).
Adiabatic decoupling sidebands as a function of inversian. w. s. warren, J. Chem. Phys. 81, 5437 (1984).

time 7 can be calculated analytically for arbitrary decoupling; . Emsley and G. Bodenhausen, Chem. Phys. Lett. 168, 297 (1990).

schemes. Since the adiabatic decoupling phale 7) refo- 1, 5 rzesiek and A. Bax, J. Magn. Reson. 96, 432 (1992)
cuses at Z, all the sidebands appear at the mult!ple frequen%. M. A. McCoy and L. Mueller, J. Magn. Reson. 98, 674 (1992).
of n/ 2T rather than ab/T. The sum of the real sidebands for .
. . 14. G. W. Vuister and A. Bax, J. Magn. Reson. 98, 428 (1992).
n = 1 andn = 2 is approximately constant near on-resonance < 7n 4D.G. G win . M . 132 81 (1998
decoupling. However, it increases symmetrically as the decdy: - 2"ang and D. G. Gorenstein, J. Magn. Reson. 132, 81 (1998).
pling offset increases and reaches much higher values at tfie® Kupce and G. Wagner, J. Magn. Reson. B 109, 329 (1995).
edges. Because of the symmetry of the Sidebamd'ﬁ,— T) - 17. 21 l\/lagt;;o, E. Kupce, H. Li, and G. Wagner, J. Magn. Reson. B 113,
—I.(7) andR,(T — 7) = R,(7), the imaginary parts of the (1995). _
sidebands,, cancel while the real parts of the SidebaMST) 18. S. Zhang and D. G. Gorenstein, J. Magn. Reson. 138, 281 (1999).
add when the spectra from the opposite frequency sweep HeA Abrag?ma “Principles of Nuclear Magnetism,” Oxford Univ.
accumulated. Also, the counterparts of the sidebands have a"™s® f)x ord (1961).
symmetry OfRn(T) _ R,n(T) andln(r) — _|7n(T), forming 20. E. Kupce and R. Freeman, J. Magn. Reson. A 117, 246 (1995).
a mirror image of each other about the center and exchangfig E- Kupce. R. Freeman, G. Wider, and K. Wuthrich, J. Magn. Reson.
position between the counterparts when the sweep direction ig A 122, 81 (1996).

reversed. The problem of the adiabatic decoupling sidebarfds E- Kupce and R. Freeman, J. Magn. Reson. 127, 36 (1997).
becomes more severe at high magnetic fields dtg€T/2) o« 23 E. Kupce, J. Magn. Reson. 129, 219 (1997).

Bi. The phase defocusing(t, 7)|m can be minimized by 24. T. Hwang, M. Garwood, A. Tannus, and P. C. M. van Zijl, J. Magn.
inserting an initial decoupling witf,, = T/2 and with the Reson. A 121, 221 (1996).

same sweep width and direction as the main decoupling, cag-T- E. Skinner and M. R. Bendall, J. Magn. Reson. 124, 474 (1997).
ing all cos[d(t, 7)] [«<FID(t)], disregarding the inversion time 26. M. H. Levitt, G. Bodenhausen, and R. R. Ernst, J. Magn. Reson. 53,
7, to have the same peridH after an initial phase evolution. 443 (1983).

Consequent'y, all the sidebands located/&T with n = il, 27. M. R. Bendall and T. E. Skinner, J. Magn. Reson. 129, 30 (1997).
*+3, %5, ..., disappear_ The sidebands for= =2, =4 can 28. R. R. Ernst, G. Bodenhausen, and A. Wokaun, “Principles of Nu-
also be canceled in four scans with proper additional initial c!ear Magnetic Resonance in One and Two Dimensions,” Claren-
decoupling periods. The scheme of inserting initial decoupling 9°" Press. Oxford (1987). o
pulses can also be applied to double-band adiabatic decou-M- Mehring, “High Resolution NMR Spectroscopy in Solids,”
pling, such as in Double-WURST decoupling),(with fre- Springer-Verlag, Berlin (1976).

quency-shifted:{f%) decoupling in one decoupling band. 30. M. Goldman, “Quantum Description of High-Resolution NMR in

Liquids,” Clarendon Press, Oxford (1988).
31. R.Tycko, A. Pines, and R. Gluckenheimer, J. Chem. Phys. 83, 2775
(1985).

This research was supported by NIH (Al27744), NIEHS (ES06676), th#- 1- Fuliwara and K. Nagayama, J. Magn. Reson. 77, 53 (1988).
Welch Foundation (H-1296), the Lucille P. Markey Foundation, and the Sea@$. S. Zhang and D. G. Gorenstein, J. Chem. Phys. 105, 5659 (1996).

ACKNOWLEDGMENTS



	INTRODUCTION
	CALCULATION OF ADIABATIC DECOUPLING SIDEBANDS
	FIG. 1
	FIG. 2

	EXPERIMENTAL
	FIG. 3
	FIG. 4

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

