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An analytical description of the evolution of magnetization in
1,S spin systems (1 = n = 3) during the course of an adiabatic
pulse applied on spin S is provided. Calculations show that multi-
ple-quantum terms are created during the pulse and that the rate
at which in-phase and antiphase I-spin magnetization components
interchange during spin-echo-based pulse sequences is decreased
relative to the case where a hard inversion pulse is substituted for
the adiabatic pulse. This has important consequences for purging
schemes making use of such frequency-swept pulses. Simulations
demonstrate that the evolution of in-phase I magnetization is es-
sentially independent of N.  © 1998 Academic Press

Key Words: adiabatic pulses; purging; multiple-quantum coher-
ences.

Recently adiabatic frequency-swept pulses have assumed
an important role in high-resolution NMR spectroscopy (1—
14). This is largely the result of the fact that these pulses
have outstanding inversion profiles over large bandwidths
despite the use of relatively low RF amplitudes. This prop-
erty has also facilitated their use in wideband decoupling
schemes which is of practical importance for heteronuclei
with large chemical shift dispersion, such as *C (2, 7—
9, 11, 12). In contrast to nonadiabatic pulses which require
careful calibration, the RF amplitudes of these frequency-
swept pulses must only be adjusted past a certain threshold
which satisfies the adiabaticity condition (15). These pulses
are therefore significantly less sensitive to RF-field inhomo-
geneity than aconventional () pulse, for example. Provided
that the adiabaticity condition is respected, i.e., that the mag-
netization vector follows the time-dependent effective field
wer (1), each individual spin is inverted by the end of a
frequency-swept inversion pulse. The RF amplitude of such
pulses can be apodized at the beginning and the end so that
complete inversion of the magnetization is obtained. Several
shapes that improve the frequency profile and power require-
ments have been suggested (3, 6, 7, 11, 12, 16), including
sech/tanh (3), apodized CHIRPs (6, 16), and WURST
pulses (11, 12). As described in detail elsewhere (14), dur-
ing the time course of such pulses spins resonating with
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different chemical shiftsare not inverted simultaneously. For
example, for a pulse swept downfield the inversion of the
most upfield resonating spins will occur prior to the others.
The exact time profile of magnetization will depend on the
pulse specifications, including the frequency at which the
sweep begins and the sweep rate, in addition to the chemical
shifts of the spins in question. We have recently made use
of these features, in addition to the fact that the relation
between **C chemical shift and the one-bond *H—"C scalar
coupling, *Jyc, is to good approximation linear in biomole-
cules, to design pulse schemes which separate signal from
protons directly coupled to **C from those that are not (14).
This is of particular importance in the study of molecular
complexes by NMR in which intermolecular NOES are es-
tablished on the basis of selecting for through-space magneti-
zation transfer between protons coupled to **C and protons
that are uncoupled (17-19). In a related study Kupte and
Freeman (13) have designed experiments for improved mag-
netization transfer in *H—'3C spin systems which make use
of the linear *J,c vs chemical shift profile often found in
organic molecules.

Previous analysis of the evolution of magnetization during
the course of a frequency-swept pulse has assumed either
that the spins are isolated or that spin systems are of the
1S’ variety [two-spin approximation] (2, 4-7, 14). In the
present article we build upon the earlier work by deriving
relations which allow the facile calculation of the evolution
of magnetization for a spin system of the form 1,S (1 = n
= 3) and show that during the course of the pulse transverse
magnetization of spin | evolves in a manner which is essen-
tialy independent of n. Although we have published analyti-
cal expressions for the IS case previously (14), for com-
pleteness we briefly summarize this case as well in the pres-
ent work. The resultsindicate that in the design of sequences
for magnetization transfer (13) or for purging *H—"*C spin
pairs (14) the details of frequency-swept pulses can be ap-
preciated by considering only the IS spin system. In this
regard it is noteworthy that Bendall has recently considered
how the one-bond IS scalar coupling constant is affected by
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the adiabatic field (7). In this work a reduced coupling
constant is derived which is related to the scalar coupling
constant that is operative in the absence of the field. In the
present article, we demonstrate that a complete description
of the evolution of coherences is more complex than might
be anticipated on the basis of asimple scaling of the coupling
constant. In addition to the in-phase and antiphase transverse
magnetization terms that are generated by evolution due to
scalar coupling a large number of additional terms are cre-
ated by the adiabatic pulse. We provide complete expres-
sions describing the evolution of each of these density terms.
The evolution predicted under the simplifying assumption
that inversion of magnetization occurs instantaneously when
the carrier of the adiabatic pulse is swept through the on-
resonance condition is compared with what is obtained on
the basis of the rigorous analysis described below.

IS SPIN SYSTEMS

For two coupled spins | and S where the S spin is irradi-
ated by afrequency-swept pulse, the system can be described
by the following Hamiltonian:

The Hamiltonian, H¥, is expressed in a doubly rotating
frame [referred to as the ** sweep frame,”’ (SF)] rotating at
the resonance frequency of spin | and for spin S at a fre-
guency given by the instantaneous frequency of the S-spin
carrier, wo(t). INnEq. [1] *Jsisthe scalar J coupling between
| and S, I, is the @« component (e« = X, y, z) of the I-
spin magnetization, S, is the « component of the S-spin
magnetization, Aw(t) = (Qs — wo(t)) isthe time-dependent
frequency difference between the chemical shift of spin S,
Qs, and the carrier frequency, and w, (t) isthe RF amplitude.
The exact form of w,(t) can vary dightly; in our laboratory
we have employed a profile given by

wl(n):wTaxsin<;—7fT>, l1=n<f
=wi™, f=n=np-f
= wpmsin( 24 TN (R 2D
2 2 f

np— f <n=np,

[2]

where f/np corresponds to the fraction of the pulse during
which the B, field is ramped up or down, typically 20%, and
np is the number of points in the profile. It is clear from
Egs. [1] and [2] that the Hamiltonian of EqQ. [1] is time-
dependent. In order to compute the evolution of the density
matrix, the pulse must therefore be divided into sufficiently
small time intervals, At, during which the Hamiltonian can
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FIG. 1. Representation of the two reference frames used in this work.
The x, y, and z (accelerating or sweep frame, SF) reference frame follows
the S-spin carrier during the time course of the time-dependent frequency-
swept RF pulse. The x’, y’, and z’ frame is tilted so that the z’ axis is
aligned along the effective field By (t) which pointsin the direction defined
by the vector sum of x and z components with magnitudes given by the
RF amplitude, w;(t) (x axis), and the frequency difference between the S
spin resonance frequency and the carrier, Qs — wo(t) (z axis).

be considered time-independent. In this case numerical diag-
onalization of the Hamiltonian at each step, At, must be
performed, avery inefficient and time-consuming approach.
In contrast, calculation of the time dependence of the density
operator with the relations presented here is far less time-
consuming than the diagonalization approach and, in addi-
tion, provides insight into the magnetization behavior during
the time course of the frequency-swept pulse. Taking the
approach described abovein which the Hamiltonian is parsed
into small steps, an analytical calculation can be performed
for any arbitrary interval, At. The result is a finite number
of product operator terms describing the evolution of various
coherence orders.

At time t;,; = t; + At from the start of the frequency-
swept pulse, the Hamiltonian can be diagonalized by rotating
into a tilted frame whose z axis coincides with the axis of
the effective field. This is achieved by the operator

U = exp{if;:1S}, [3]

where 6, ,, is the angle between the effective field and the
static magnetic field B, at time t;,,;. The angle ¢ is depicted
in the graphical representation of the tilted frame (Fig. 1)
and is given by

A(J.}(t'+l)
cos 6, = —1=2 = ¢,
j+1 &,J(thrl) 0
: wl(tj+1)
sinf, = —21= =5,
T ()

& (1) = VAW (Ga1) + wi(faa). [4]
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Using Egs. [1], [3], and [4], the Hamiltonian in the tilted
frame, H', is expressed as

Hi. = UHS,U
= 2111, Shcy — 2r1 sl S s
+ S (Aw(t11)C + wi(lii1)Sy)
+ Si(wa(t+1)C — Aw(tii)sy)

= 27'Jsl,S,ch + @15, [5]
where S, is the « component of the S spin in the tilted
frame. The nonsecular part of the Hamiltonian in the tilted
frame—the term 27 J;sl, S, s;—can be neglected. This has
been established by performing full density matrix simula-
tions with and without this term in the Hamiltonian.

Assuming that the Hamiltonian H/ ., is time-independent
(Eq. [5]), the evolution of the density matrix between the
intervals t; and ., = t; + At is given by

O'SF(tj+1) =U 7leXp{ —i Hj’+1At}

X Uo S (t)U texp{iH/ At} U. [6]

The density matrix o ¥ (t;) is therefore rotated into the titled
frame by the transformation matrix U, allowed to evolve for

atime At under H/.,, and subsequently rotated back into
the sweep frame. It can be shown that if the density matrix
immediately prior to the pulse is given by

o (0) = Aolx + Bo2l,S, [7]

then at atime t; = jAt after the start of the pulse the density
matrix can be expressed as

oF(jAt) = Al + B2L,S, + G21,S + D;21,S,. [8]

It is of interest to note that the magnetization evolves within
a closed subspace spanned by in-phase and antiphase compo-
nents (I and 21,S,) and a combination of zero- and double-
quantum coherences (21,S, and 21,S,). Carrying out the
transformation described by Eq. [ 6] yields an expression for
the density matrix at time (j + 1) At,

o ((j + 1)AL) = Aulx + Ba2l,S
+ G.121,S. + D;.121,S, [9]
with the coefficients
A= Ac — (B + Cs) sy,
Bj.1 = [(Bicy + Gs)cy + Asi] gy
- [(-Bs + Gy, — Dislsy,
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C.1=[(-Bs + Cc)c, — Djs.]c
+ [(Bicy + Cs)Cy + As]s,

where
C, = €os(@j1At),
S, = sSin(@;1At),
¢, = cos(mtsAtcy),

1,S SPIN SYSTEMS

For 1,S spin systems where the two | spins have identical
scalar coupling to the S spin (*J;15 = *J;25 = *J;s) and where
only the S spin isirradiated by a frequency-swept pulse, the
Hamiltonian during the pulse is given by

HS = 27T1~]|s|z,1$ + 27T1J|s|z,zsz

+ Aw(t)S + wi(t)S. [12]
As before, transformation to the tilted frame yields
Hj’+1 = UHJ-SflUfl = 27TlJ|s|Z'15£C0
+ 27T1J|3|212S£C(9 + cT)j+1S£. [13]

Inserting the Hamiltonian of Eq. [13] into Eq. [6], and
assuming that the initial density matrix is given by Eq. [ 7],
establishes that the evolution of the density operator can be
described by a basis set involving the following product
operator elements: (I,1 + Ix2), (21,18 + 21,,,S), (21,:S
+ 21,.S), (21,1§ + 21,.S), (41y11,,S + 41,41,,S),
(4|y,1|z,28< + 4|z,1|y,ZS()| (4|y,1|z,281 + 4|z,l|y,281)a and
(2|x,1|z,2 + 2Iz,llx,2)-

The density matrix at time (j + 1) At after the start of
the pulse is given by

o ((J + 1)AL) = Aa(lxa + Ix2)
+ Bi11(21y1S + 21,,S) + Cia(21y1S + 21,,S)
+ Dj41(21y4§ + 21y.§) + E11(4ly 41,25
+ 4l,41y2S) + Fijia(4lyal2S + 41,41y2S)
+ Gi11(41y11,2S + 41,411,,S)

+ Hi11(2lk1lz2 + 21541x2), [14]
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with coefficients

A1 = Ac — (Bic + Cs) sy,
Bi.1 = [(Bicy + Gs)cy + Asi]c
—{[(=Bs + Cic))c, — Dis.]c
- [(Fics = Gs)s. + Ecsi}t s,
G = [(BiG + Cs)C + Ass
+ {[(-Bjs + Ccy)c, — D;js.]c;
— [(Fics — Gsy)s. + B} G,
Dji1 = [(—Bys + Cicy)s, + Dic]c
+ [(Fjcy — Gisy)c, — Esl] s,
E.1 = [(-Bs + Gcyc, — Dis]s
+ [(Ficy — Gs)s, + B,
Fioo= {-[(-Bs + Gcy)s, + Dic]s
+ [(Fjcy — Gsy)c, — Es]c} ¢y
+ [(Fjs + Gicy)c; + Hisgl sy,
G.1={[(-Bs + Ccys, + Dic]s
- [(Fics — Gs)e, — Bslat s
+ [(Fjsy + Gjcy)c; + His] ¢y,
Hjs1 =

- (Fs + Gjcy)sy + Hcy, [15]

where A, B;, C;, ..., H; are the coefficients of the density
matrix at time (j)At. Note that the rotation of the density
matrix into the tilted frame modifies the coefficients of half
of the terms, mixing B; with C; and F; with G;. The subse-
quent evolution in the tilted frame affects al terms. It is
important to realize that the coefficient A, is the same for
both IS (Eqg. [10]) and I,S (Eq. [15]) spin systems, indicat-
ing that the evolution of I, will be very similar in both cases.
In fact, ssimulations demonstrate that the time evolution of
the four terms {1, 21,S,, 21,S,, and 21,5} is essentially
the same for IS and 1,S spin systems. The terms described
by coefficients .1, Fj11, Gj+1, and H;.; have a negligibly
small intensity relative to the two-spin double- and zero-
quantum terms ( coefficients C;,.; and D; ;) and the in-phase
and antiphase 1-spins coherences, with coefficients A, and
B;.1, respectively. These results are illustrated in Fig. 2.

15S SPIN SYSTEMS

For 135S spin systems (1,25 = 1,25 = ;35 = 1J,5) where
the adiabatic frequency-swept pulse affects only the S spin,
the Hamiltonian in the sweep frame is
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FIG. 2. Time evolution of product operator terms obtained from the
analytical expressions described in Eq. [10] (1S), Eq. [15] (1,S), and Eq.
[19] (15S) with the initial condition A, = 1 and all other coefficients 0.
(a) —(d) Evolution of the four terms of Eq. [8] for 1,S spin systems calcu-
lated according to Egs. [9] and [10] for n = 1, Egs. [14] and [15] for n
= 2, and Egs. [18] and [19] for n = 3. Results for 1 = n = 3 are
superimposable. (e) Time evolution of product operator terms (Q) with
<Q> = @ for an IS qjln SyStemv <Q> = 4|y.1|z,2$/r 4|z,1|y,25/1 4|y.1|z,zsm
4l,11,,S0 4y 11,2S, 81,41,5S,, 21el,, and 21,41, for an 1,S spin system,
and <Q> = 4|y.1|z,23/v 4|y,l|z.33/r 4|z,1|y.23u 4|y,2|z,3$/r 4|z,l|y,33/r
4|z,2|y,3S/x 4|y,1|z,25(1 4|y,1|z,3s<x 4|z,1|y,23<v 4|y,2|z,3s<x 4|z,1|y,3s<v 4|z,2|y,3s<v
4|y,1|z,ZSzr 4|y,1|z,35u 4|z,l|y.231 4|y.2|z,35u 4|z,l|y,SSzr 4|z,2|y,3sv 2|x,1|z,21
2'2,1'2,31 2|z,1|x,21 2|x,2|z,31 2'2,1')(,3: 2'2,2')(,31 8|y,1|z,2|z,3sjv 8|z,1|y,2|z,3a/x
8'2,1'2.2')/,33/! 8|y,l|z,2|z.3S<r 8|z,1|y.2|z,ssm 8|z,1|z.2|y,ssm 8|y.1|z,2|z.351
8|z,lly,2|z,3Sy 8|z,1|z,2|y,331 4‘|x,1|z,2|z,31 4|z,1|x,2|z,3y and 4|z,1|z,2|x,3 fOr an
15S spin system. The following parameters were used: sweep of 60 kHz,
sweep rate v = w/2r = 3-107 s72, center of sweep at 20 ppm, shape of
the frequency-swept pulse given by Eq. [2] with apodization of the first
and last 20% using a sine function, pulse duration 2.0 ms, maximum RF
amplitude w,(max)/2r = 5 kHz, *Js = 125 Hz, and Qs = 20 ppm.

HSF = 27T1J|s|z,1$ + 27T'1\]IS|2,2SZ

+ 27T1J|SIZ’3$ + AW(t)SL + wl(t)s(, [16]
and in the tilted frame,
Hj’+1 = UHJ'S_':1U71

= 27Tl~]|s(|z,1 + 1,0 + 1,3)S56 + @015, [17]

It can be shown that for the initial condition at the start of
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the pulse described by Eq. [ 7] the density matrix at time (
+ 1) At later is given by
o ((J + 1A = Aa(lea+ Ixz + Ixa)
+ B+1(21,1S + 21,5, + 21,5S,)
+ G121y 1S+ 21, .S + 21, 5S))
+ D;+1(21,1S, + 21, .S, + 21,55)
+ E1(4ly11,2S + 41y 11,3 + 41,41,.5
+4ly2l,3S + 41,41y 2S + 41,51, 3S)
+ Fie1(8lyal,2Sc+ 41y 11,38+ 41,41, .S
+ 41y 21,38+ 41,11y 3S + 41,51y 3S))
+ Gii1(4ly 11,25 + 4ly11,3S, + 41,41,,S,
+4lyo1,5S + 41,1135, + 41,21,3S)
+ Hi1 (211l + 21113+ 2151142
+ 2l2l3+ 21,41k + 21,5143)
+ 1+1(8ly1l21,3S + 8l,1ly 21,3, + 8l,11,21y3S)
+ J11(8ly 1l 21,35+ 8,11y 21,35+ 81,411,210y 5S)
+ Ki11(8ly1l,21,3S + 81,41y 21,35, + 81,411,214 3S)
+ Lira(Blxalzzlz+ 4l + 41,10500k8). [18]

The coefficients A4, . . ., Lj.1 arerelated to the correspond-
ing values A, . .., L; evaluated at time j At according to
A1 = Ac — (Bic + Cs) sy,
Bj.1 = [(Bicy + Gs)c + Asi]cy
—{l(-Bs + Ccyc., —
— [(Ficy — Gisy))s. + Eicu] sy
+ [-(Jo — Kis)c, + is]ss} s,
C.1= [(Bc + Cs)c; + Asi]ls
+{[(=Bs + Gcyc, — Djs.]ccy
- [(Fics — Gy)s. + Eclsy
+ [-(Jc — Kis)c, + |js.]sS:} ¢y,
[(-Bjsy + Cicy)s. + Djc.]cicy
+ [(Fics — Gs)e, — Es]sy
- [ — Kis)s, + lic.]ssss,
E.1 = [(-Bs + Gcyc, — Dis.]csy
+ [(Fjco —

Dijs.]cicy

Dj+1 =

Gs)s. + ey
+ [(Jo — Kisy)c, — ljs.] sy,
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Firi = —{[(-Bs + Ccys, + Djc.]css
+ [-(Fics — Gs)c. + Es]cy
+ [(Jc — Kis)s, + ljc] e} 6
+ [(Fjsy + Gjcy)c; + Hisil s,
G = {[(—Bs + Cicy)s, + D;c.]css
+[=(Fc — Gs)c. + Bs]cy
+ [(Jc — Kis)s, + ISt s
+ [(Fis + Gicy)cy + Hiss] ¢y,
Hi.1 = —(Fs + Gcy)sy + Hicy,
liz1 = —[(-Bs + Ccy)s, + Djc.]sss
+ [(Fics — Gs)c, — Es]sy
+ [(Jc — Kis)s, + e ]cycy,
{[-(-Bs + Ccy)c, + Dis]ssss
- [(Fics — Gsy)s. + Ec.] sy
+ [(Jc — Kisy)c, — ljs.]cics} e
+ [(Is + Kicy)cy + Lisi] s,
Ki+1 = {[(-Bs + Ccy)c, — Dis]ssS
+ [(Ficy — Gsy)s, + Eclsy

‘]j+1

= [(Je — Kis)c, — ]t} s
+ [(Is + Kic)cs + Lis)]cy,
Lj+1 = _(J]SQ + KjC@)SJ + LjCJ, [19]
where
Cyy = COS(27T lJ|sAtC9),
Sy = sin(271JsAtcy). [20]

Rotation into the tilted frame again modifies the coefficients
of half of the terms, mixing B; with C;, F; with G;, and J;
with K;. The subsequent evolution under H/., affects all
terms.

The time dependence of the 12 coefficients of Eq. [19]
can be summarized asfollows: the four terms |y, 21,S,, 21,S,
and 21,S, have essentially the same time evolution for IS,
1,S, and IS spin systems (Fig. 2). (Note that the expression
for the term A, is identical in all cases considered.) The
coefficients of the three- and four-spin terms (Ej.1, Fj.1,
Gii1s lj+1, Ji41, Kjsq, and Lj1;) have a negligibly small
intensity, as does H;.,, in relation to the two-spin double-
and zero-quantum terms (coefficients C;,,, D;.,) and the
in-phase and antiphase I-spin coherences (coefficients A,
and B;.4).
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APPLICATION OF ADIABATIC PULSES
TO FILTERING EXPERIMENTS

Isotope filtering experiments are extremely important in
the study of molecular complexes in which only one compo-
nent is labeled, since these schemes allow for the separation
of magnetization associated with labeled and unlabeled com-
ponents. It is crucial that the separation be as artifact free
as possible. One of the most common (and most difficult)
applications is in the selection of **C-bound protons from
an ensembl e of **C-bound and **C-bound protonsin a macro-
molecular complex consisting of **C-labeled and unlabeled
(i.e., ¥C) components (14, 17—-21). We have recently de-
veloped such afiltering pul se scheme (elimination of magne-
tization originating from | spins coupled to S spins), the
basic element of which is illustrated in Fig. 3a (14).

Theinitial *H (1) 90° pulse excites proton transverse mag-
netization which subsequently evolves due to the one-bond
"H—*3C scalar coupling until the final 90° (1) pulse immedi-
ately prior to gradient g2. During this spin-echo period of
total duration 27,, proton chemical shift evolution is refo-
cused by the*™H (1) 180° pulse and can therefore be neglected
in what follows. As discussed in detail previously (14), to
first approximation evolution due to *Jyc proceeds for a
given *C—*H pair for aduration of 27, — 2t, wheret is the
time between application of the proton 7 pulse and the point
at which the carrier of the frequency-swept pulse passes
through the carbon resonance. This approximation assumes
that inversion of the carbon magnetization occurs instantane-
ously and neglects the fact that the adiabatic pulse ‘‘dows
down’’ the rate of J evolution (see Fig. 3b and Eq. [10]).
Figure 3b illustrates the time dependence of the four im-
portant terms { I, 21,S,, 21,S,, 21,5} during the course of
the pulse scheme indicated in Fig. 3a. Results for IS, I,S,
and |3S spin systems are superimposable and the coefficients
for the higher spin-order terms are essentially zero through-
out the scheme. Note that the center of the frequency-swept
pulseisat 20 ppm. Thus, aclassical description of the trajec-
tory of | magnetization in an |,S spin system (dashed lines
in Fig. 3b) (which assumes instantaneous inversion of the
S spin when the carrier of the frequency-swept pulse is on
resonance for spin S) predicts that for an S spin resonating
a 20 ppm and for 27, = 1/(2'Jxc), I«(272) = 0 and 21,S
(27,) = 1. The antiphase term is subsequently removed by
the action of the gradient g2 and in this way **C-coupled
proton magnetization is eliminated. The utility of the adia-
batic S pulse lies in the fact that it is possible to tune the
sweep rate so as to minimize the amount of in-phase proton
magnetization at the end of the spin-echo period in a manner
which is insensitive to the value of *J,c (14). A complete
description of the evolution of | magnetization is, however,
more complex as illustrated in Fig. 3b (solid lines). There
is a decrease in the rate at which in-phase and antiphase |
components interchange, partly the result of the creation
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FIG. 3. (a) Purging scheme using a carbon frequency-swept pulse to

minimize residual magnetization from | spins (*H) attached to an S spin
(*C). Magnetization from different S spins is inverted at different times
during the pulse in a manner dependent on the S-spin chemical shift, the
sweep rate of the pulse, and the start of the sweep (see text). The shape
of the frequency-swept pulse is given by Eq. [2], with apodization of the
first and last 20% using a sine function. Gradients g1 eliminate I-spin 180°
pulse artifacts, while gradient g2 dephases magnetization originating from |
spinsscalar coupled to Sspins (*H—°C), leaving only proton magnetization
originating from | spins which are not directly coupled to **C. (b) Time
evolution of product operator terms during the filtering sequence of (a).
An initial condition of A, = 1 after the first 90°(l) pulse is used, the
evolution timein the spin-echo sequence of (a) isT, = 2 ms, and the 180°(1)
pulse is considered to be ideal and infinitely short. All other conditions are
asin Fig. 2. The solid lines correspond to results obtained from a quantum
mechanical calculation, while the dashed lines describe results derived on
the basis of a classical treatment.

of double- and zero-quantum terms, with the exact details
depending on the sweep rate employed, the resonance fre-
quency of the S spin, and the magnitude of *J;s. This estab-
lishes the importance of considering afull quantum treatment
in the design of sequences involving frequency-swept inver-
sion pulses, especially where the goal isto purge *H magneti-
zation coupled to *3C. In addition, the derivations and simula-
tions presented in the present article establish that the magne-
tization behavior for I,S (1 = n = 3) spin systems during
an S-spin frequency-swept pulse is described adequately by
atwo-spin (IS) approximation.
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