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A comprehensive survey is provided of the analytical expres-
sions for the orthogonal product operator states arising from any
initial state of an IS J-coupled spin system during arbitrary RF
irradiation of one spin. These equations exactly characterize the
effect of J coupling during the application of the RF field. The
survey differentiates two kinds of spin rotation, classical and
nonclassical, where the second kind comprises any interconversion
that includes the transverse two-spin coherence states, 2S,l, or
2S,1,, as initial, transient, or final states, and the first kind com-
prises all other rotations. Classical rotations are defined as linear
rotations of the nuclear spin magnetization vectors around effec-
tive fields and there is an exact correspondence between the re-
sulting vector model and the quantum mechanical (QM) equations
at all RF field strengths. The effect of scalar coupling can be
neglected for B, > 5J. Nonclassical rotations are nonlinear in time
for a constant RF field. At high field (B, > 50J), the effect of J
modulation is negligible, and the rotation of magnetizations is
classical to a very good approximation. At intermediate strengths
(5J < B, <50J), a semi-classical vector model of I-spin irradiation
is applicable in which the J-coupled precession of the S spins is
determined from a reduced coupling constant, but the effect of the
S spins on the | spins is ignored (this model has previously been
used to determine the effect of coupling during adiabatic pulses).
At lower powers, the exact QM-derived equations must be used for
nonclassical rotations, but continuous pictorial descriptions of the
rotation of magnetizations determined from the vector sum of the
product operator states are helpful in designing novel NMR ap-
plications. At all powers it is proven that the instantaneous re-
duced coupling constant acting on the S spins is J cos¢, where ¢
is the polar angle of the I-spin magnetizations, thus establishing
the central tenet of the semi-classical model applicable at moder-
ate power. Several spinstate transformations that combine the
effects of RF and scalar coupling to produce the overall rotation
can be generated in 100% vyield using low power irradiation.
Analogous transformations are also available using classical rota-
tions and, in combination with their nonclassical counterparts,
form a general class of frequency-selective pulses that we call J
pulses. Any combination of a 90° pulse and a consecutive (2J)™*
delay period can be replaced with a J pulse, and some initial
approaches to designing shaped J pulses with improved offset
profiles are explored. © 2000 Academic Press
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1. INTRODUCTION

In a quantum mechanical analysis of thenodulated be-
havior of weakly coupled S, spin systems during RF irradi-
ation on one of the spind), a general means was provided for
calculating exact analytical expressions for the evolution of th
product operator states of the system. Except for a few fra
mented studies detailed below, the complex effects of scal
coupling during RF pulses have been avoided: Most NMI
experiments employ high-power square pulses so that coupli
has a negligible influencdd( > J), and during soft frequency-
selective pulses]) modulation is often eliminated by decou-
pling or spin locking 2, 3). However, scalar coupling has been
shown to have a significant effect during adiabatic inversio
pulses even when these are high-power broadband pulses. T
J modulation can be described in terms of a straightforwar
semiclassical vector moded (5 and the results of the model
are indistinguishable from full quantum mechanical (QM) cal
culations b, 6). Insights gained from this physical model en-
abled the optimization of broadband adiabatic decoupling i
terms of numerous experimental variablés4) and exposed
the common error of expecting that no signal could be ok
served from decoupling antiphase or multiple quantum spit
states B, 6). In this vector model it was assumed that the
effective fieldB, > J. Here we extend this research to calcu-
late vectorial outcomes whedy, or B; is similar to or less than
J, and in doing so a complete picture of spinstate transform
tions in an IS system is established.

It is often stated that a coupled IS spin system cannot t
exactly described in terms of the evolution of magnetizatio
vectors. But the result of any NMR experiment is detected vi
the oscillating electric currents induced in a coil by rotating
nuclear magnetic fields in the sample. For NMR, the abstra
machinery of quantum mechanics embraces reality by exac
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predicting these macroscopic vectors. Since an NMR puldescribed in terms of evolving magnetization vectors, and th
sequence can be interrupted and the result measured at stmyuld be of assistance to those practitioners who are not entir
time, QM calculations should be able to provide a continuog®mfortable with a purely abstract QM approach.

assessment of the evolution of these magnetizations. The exthe study of IS spin systems subject to low RF powe
istence of a closed set of analytical expressions for the prodiltiminates a general means of combinihgiodulation with
operator spinstated) leaves no doubt that this is so and thafrequency selectivity and thus a new class of selectiv
the calculations will be exact. pulses, dubbedJ pulses,” is developeds]. Any combina-

A detailed examination of this set of expressions shows th@n of a 90° pulse and a (i} * free precession period in any
most RF-induced spinstate transformations correspond to simplise sequence can be replaced bypulse. The frequency
classical vector rotations around effective fields that are the f@sponse of these selective pulses can be improved
sultant of the coupling constant, resonance offset frequency, &jihping the RF and the need arises to calculate the offs
RF field. In these cases a simple predictive ventodelcan be profile from time-varying RF inclusive af modulation. By
employed. However, at moderate and low RF powers, transfgfa|ogy with 3x 3 rotation matrices for the three orthog-
mations including the antiparallel transverse spinstatéd,,2 gnal cartesian components produced in the absence of cc

ZS,IyI, are nonclassical in the sense that t.hey are not linear Vediahg (9), the six orthogonal product operator component
rotations around the vector sum of coupling, offset, and RF fieldjeyant to classical-modulated rotations can be listed as 2

At moderate power, the predictive semiclassioadel (4, 5 6 X 6 “J-rotation matrix,” and the four components for the
referred to above can still be used. But when the effective field |S - |assical group yields a> 4 J-rotation matrix. Listing

of the same order a% the complex evolution of magnetizations[h
must be calculated using the appropriate subset of QM-derivg culating the result of any shaped RF pulse by repetitiv

expresspngl(). Avector.des-cr|pt|onof the gvolut|on is obtained patrix multiplication and provides our general results in ¢
by associating magnetization vectors with the product operator

L o concise but explicit form. Some initial approaches to shay

states. Even though suckescriptionscannot quantitatively pre- . . . :
dict the path to some chosen final state, they may in favorable J-modulated pulses are explored in a final section of th
cases be used to indicate improvements or new variations of
initial experiment, by illuminating new aspects of spin physics. ) . : .
Accordingly, in this article, we draw a clear distinction betwee omena mvc_)lve(_j are _soug_ht, inclusive of prior vector model
the terms vectomodeland vectordescription: the former are he discussion is (_ent_|rely in terms of an JScoupIed_group,
generally predictive via simple rules; the latter serve as a guide¥d! the general principles can be extended 8, spin-half
new experiments that should be confirmed by exact calculatiopyStems: In the following it is assumed that the initial excita

Classical IS rotations are analyzed in the next section. TH@N i on the S spins and that the equilibrium I-spin magnet
general analytical expressior®) @re shown to include specificzat'on has been e_Ilmmated by no_rmal procedur_e (pregaturatl
cases that have been previously published, and examples&/0r phase cycling). The following treatment is applicable t
given of new useful experiments, all in terms of a classic&NY Weakly coupled IS spin system subject to arbitrary cond
vector model. The general solution for the density matrix infloNs ofJ coupling, resonance offset, and RF irradiation of on
terms of its orthogonal product operator componehts4cil- spin (including homonuclear systems), but neglecting rela:
itates a joint vector/QM picture of spin dynamics because thedéon effects.
components are readily identifiable as the magnetization vec-Standard product operator nomenclature is useyj but we
tors that are potentiallyneasurablén NMR experiments. In a group all the one-spin operatoi§, (i = X, y, or z), together
third section we use the basis provided by the exact classig@d describe them as in-phase magnetization, and we desct
vector model to explore the concept ofneasurability.We all the two-spin operators,S; (i = x,y, orz; j = X, y, or
conclude that, together with the QM-derived equatid)sthis 2) as antiparallel spinstates or magnetization. Soreesei.
concept provides sufficient tools for the generation of tH@0) further subdivided the two-spin operators as antiphas
vector descriptionsof nonclassical rotations. The prior litera-magnetization (e.g., l,), two-spin coherence (e.g.S3,),
ture in this area is limited and misleading so subsequent sead longitudinal two-spin order &I,). We find that there is
tions are devoted to a detailed analysis of nonclassical IS-spilue in stressing the division into the two major groups o
transformations. in-phase and antiparalfedpinstates because this directly yields

The result of this general analysis is a joint comprehensive Qiile magnitude and orientation of the totakasurablenagne-
and vector picture of classical and nonclassical 1S-spin rotatiaigation vectors.
under all possible conditions of RF irradiation on one spin. This
i”uminates.numerqus principles Conceming the. effects mid- . 'In recent work %, 6) we sometimes referred to the second group a:
ulation during RF irradiation that should yield improvements I@omprising “antiphas;-:-" spin states or magnetization, but this nomenclatu

PUlse_Sequence de‘_Sign_- mdeed: any IS p_Ulse sequence (not inq{ég‘be confused with that for the subse®,[2 and 25,1, as used by Sorensen
ing simultaneous irradiation of both spins) can be completadyal. and many others, hence our change to the term, “antiparallel.”

QM results in this way provides an obvious means c

he most straightforward pictorial explanations of the phe
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Z rotation of S by the resultgqt of the RF field,, .and the resonance offsetH
(Hz). Defining B, as the reciprocal of the experimentally
measured 360° pulse time on resonance,

angle 6" around B,

B.2= B,% + AH?, [1]

or equivalently, as pictured in Fig. 1, the tilt angleof the
effective field relative to they plane of the rotating reference
Y frame is

sina = AH/B,, or cosa = B,/B.. [2]

On resonance, the magnetization will rotate around the RF fie
FIG. 1. Single spin rotation during a pulse of constant RF amplitudyy an angle

Parameters are defined in Egs. [1] to [14] for a single S-spin magnetization
vector rotating around an effective radiofrequency figldor a pulse of length
t. B, is the resultant oAH along thez axis and the transverd®, field at a 0 = 2wByt, [3]
phase anglg to thex axis. Thus, the rotation is for a pulse of angleabout
an axis which is rotated a phase anglérom thex axis and tilted upward by . . . .
an anglex from thexy plane. Throughout this article, all fields are expresse}ﬂ\/he"n:"t is the Ieng,th Qf _tlme the RF is applled, and off
in units of hertz (not radians) with the gyromagnetic ratio eliminated, and ti€Sonance the rotation is increased to
orientation of effective fields is defined by an angle of tilt to #yeplane that
is zero on resonance wh&n= 0 (not the polar angle).

0’ = 2mwB4. [4]

2. CLASSICAL S-SPIN ROTATIONS An arbitrary rotation can be described in terms of x 3

he simul ff ¢ i irradiati q i rotation matrix to calculate the final orthogonal components c
The simultaneous effects of S-spin irradiation and couplinge g magnetizatiors;, from the initial componentsS?:
to an | spin are examined with reference to the exact analytical

equations 1) and pictorial representations of the rotating S-

spin magnetizations. Several spinstate transformations that oc- S ];XX ]fcxv IXZ gg
cur in 100% yield are described. The following brief recapit- S| = fyx fw fyz Sg , (5]
ulation of single spin rotations establishes conventions. A S, x lzy lzz z

minimal symbol set, as defined in the discussions of Figs. 1 and

2, is employed so that the trigonometric functiofs,to fs, Which in terms of linear combinations is

defined in Egs. [8] to [14], occur repeatedly throughout this

work. Pulse and tilt angles are in radians (or degrees) and all S=> ;S5 [6]
other quantities are in units of seconds, or reciprocal time, or i

are dimensionless.

wherei and| take the valuex, y, andz. Beginning with
simple 3X 3 matrices for rotations about thxey, andz axes,

It is well known that the torque on a magnetization vector af two straightforward steps it can be shown by basic mecha
a single spin, subject to continuous uniform RF irradiation, iss (9) that the matrix for the arbitrary rotation defined in Fig.
constant and proportional to the effective fiel], whereB.is 1 is

Single S Spin

facos?B + fpsin?B fs — fesin 28 fccosB + fesin B
f(0'[B], «) = | —fa—fesin28  fasin’B + focos’p  —fesin B + fecospB |, [7]
fccosB — fesin B —fesin B — fecosB fe
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fe = cosasin6’; [12]
fr = sina + cos’a cosh’; [13]
fo = cosfa sin0'/2] = (T, — fp)/ 2. [14]

The sign convention is that clockwise rotations are positiv
and thex axis is clockwise of theg axis as in Fig. 1. Changing
the sign of either of these changes the sign of all sine terms a
thus all sing and sin B terms in matrix [7] as well as the sign
of fc andfe. For RF ofx phase g = 0),

fo'[x],a)=|—fs fo fel. [15]
fc _fE f|:

In the absence of an RF fiel&8, = AH, and all the terms in
[15] are zero exceft = 1, f, = fy = cos[2mrAHt,], andf; =
sin[2rAHt,], which expresses the interchange $fand S,
magnetization via chemical-shift precession during tim
delaytp.

Phase cycling a single rectangular pulse can be analyz
by changingB to B = n*90° in matrix [7] and summing or
subtracting the correspondirig terms in the resulting ma
trices depending on the sign of the receiver phase. Th
eliminates some of thg, terms in the final 3x 3 matrix and
thus some orthogonal components of magnetization, and

FIG. 2. Classical S-spin rotations in an IS spin system and vector deplg—emons'[rateS how the r_eSUItS_ of pUIse sequences can
tions of product operator states. (a) In a coupled IS spin system the S sgims@nged by phase cycling single pulses—examples a
experience two effective fields during RF irradiation, depicteBasandB,.  given in Ref. ).

For on-resonance RF of phase, these fields are the resultant® palongx By digitizing shaped pulses into small time increments
and the coupling fields-J/2 and—J/ 2 along=z, respectively. On application each having constant attributes of amplitude and phas

of RF, theS, magnetization splits into two equal vecto&, andS~, which matrix [7] can be used to calculate the time course and rest
rotate aroundd, andB, in the normal classical manner. (b)Bf, = J/2, B,

andB, have tilt angles of=45° to thex axis andS' rotates 180° clockwise of any frequency/amplitude-modulated pulse (since phase
aroundB; to align with thex axis after a timet = (V2J)™'. S™ rotates the integral of frequency) by repetitive matrix multiplica-
clockwise abouB., which can be more easily depicted as an anti-clockwisgon. But the result of multiplying 3X 3 matrices is a 3X
rotation about—B;. (¢) After the 180° r_otapon the spln_state is an.tlpar_alleb rotation matrix, so the magnetization of a spin at ¢
2S5,1,, also known as “antiphasemagnetization” 10). During the RF irradi . .
ation the I-spin magnetization vectois, and |, have grown from zero to partlpular resonance OffSQt has undergone an ov_erall sing
maximum unit magnitude along z as discussed later with respect to Fig. 4fotation about some axis in 3D space and the logic concer
(d) Alternatively, if the same conditions are applied to iniiamagnetization, ing phase cycling applies to the overall shaped pulse. Thu
clockwise rotations of 18_0° c_SI aroundB; yield antiparallel 5,1 ,, shovyn_in for example, if '[hefxy term is eliminated for a rectangular
(e) and a_Iso called “Iongltudlnal twg-spm ordef'Q). (f) The vector deplctlo_n pulse by phase alternation, it will also be eliminated for th
of the third type of antiparallel spinstateS2,, also known as a “two-spin . .
coherence” 10)—this is provided here for completeness and is discussed %omplex pulse. These stralg_htforwar_d algorlthms als_o app\
Section 3. to the 4X 4 and 6X 6 J-rotation matrices developed in the
following sections.
Matrix [7] is a general analytical solution to the Bloch

equations, neglecting relaxation—the only input from quantur

where mechanics is that there is an initial Boltzmann distributior
f, = cosa + sin?a cos6’; [8] Producing a net magne_:tization. Rotqtion_ mgtrices explicitl
) o reveal the rotation of this net magnetization in 3D space ar
fe = sinasin 6'; [91  can be extended to include scalar coupling as described belc
fo = sin 2 sin[0'/2 - . .

¢ [67/2] Irradiation of an S Spin Coupled to an | Spin
= sinacosa (1= coso’); [10] The first step in any heteronuclear pulse sequence is t
fop = coso’; [11] excitation of the S spins prior to any RF on the | spins (apa
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from presaturation), but this has received only modest attentimmparallel with Egs. [1] to [3]. On resonance, the magnitudBof

for B, ~ J. Brondeau and Canel]) investigated the trans andB; is identical, s, = B2 = [B,* + (J/2)*]** will be used.

formation ofS, to 2S,1, under these conditions using a density The on-resonancg, to 2S,1, conversion is shown in Figs.

matrix treatment and showed that the conversion was comp2éa-to 2c to illustrate the two effective coupling fields and twc

ible with a simple vector modell@). Bazzo and Boyd13) of the possible spinstates. Matrix [7] can be applied to th

undertook a more general QM analysis to determine the @rdividual rotations ofS™ andS™, and the magnitudes of the

change between the six spinstat®s,S,, S,, 2S,1,, 2S,1,, and six spinstates are determined by noting that in Fig 2és the

2S,1,, via scalar coupling during selective pulses and summsum ofS; (the component 08" alongz) andS;, whereas in

rized their analytical formulae in a 8 6 matrix. Below, this Fig. 2c, the antiparallel stateS2,, is given byS; minusS;.

6 X 6 matrix is derived from the X 3 rotation matrix Eq. [15] Thus, scaling all vectors relative to unit positive magnitude, th

using classical principles—it follows thafll S-spin rotations orthogonal spinstates are given by

during irradiation of the S spins are classical and an exact

vector model is applicable. S=0.5S"+S) [19]
The basis of the classical vector model is that one half of the

S spins,S*, are coupled to | spins aligned with thez axis and

(and rotate around an effective fieRl), and the other half,

denoted byS, are coupled to | spins aligned with thez axis 251, =0.5(S — §7), [20]

(and rotate aroun®8.). This is the only additional input from

quantum mechanics and it is the same basic assumption magierei takes the valuesg, y, andz as usual.

for the Heisenberg vector moddl4). The magnitudes of these  Accordingly, the terms in the & 6 matrices for the inter-
effective fields are conversion of the six spinstates can be written down by ir

spection since they are given by the sums and differences of t
terms in the 3x 3 matrices, [7] or [15], for rotations arour]’

(Bo)2=B;2+[AH * (J/2)]3 [16] andB..In general, listing the spinstates in the ord&r,S,, S,,
25,1,, 25,1, and 5,1,, the 6 X 6 matrices will be

SUM of 3 X 3 matrix terms DIFFerence of 8 3 matrix termi [21]

f(6-[B], «*) = 0.5 [ DIFF. SUM

where the diagonally opposite quadrants are identical. For example, deffinasgthe appropriate member of Egs. [8] to [14]
with argumentsy™ and@™, the top-left term for the most general case resulting from matrix [7fisHf,) co$B + (f5+1p)
sin’ B, which simplifies tof; +f, for the 6 X 6 matrix resulting from Eq. [15] for RF of a single phase

[+ fa fi4fs foi4fo fi—fx fo—fs f&—fg
—fg—fg fi+fy fE+fz —f3+1fg f5—1f5 f&—1¢
. i fe+fc —fg—fz ff+f17 f&—fc —ff+fz ff—1F
FO7Ix) a®) =05 (x5 g fi—fo fi+fa fi+fs fo+fol| [22]
—fg+fs fo—fp fe—fg —fg—"fg fo+fy fL+fg
| fi—fo —fifo fi-fr fi+fo —fi—fg fi+fq

the tilt angles are The corresponding-rotation matrices for more than one cou-
pled | spin can also be written down by inspection and th
sina® =[AH = (J/2)]/BZ, or cosa® = B,/BZ number of coupled S spins does not affect the progress of the

- e e

classical rotations. For example, for &5, group the total
[17] S-spin magnetization splits into four components rotatin
around four effective fields which are the resultantsBaf
offset, and coupling fields=J/2 and +3J/2.
Off resonance the rotations &" and S are unequal,
*=2mB:t, [18] occurring about effective fields of different magnitude whict

and the rotation angles are given by
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are not symmetrically tilted with respect to tkeplane as they
are in Fig. 2a. An extreme example is described later in Fig. 3b.
For large frequency offsets or for larg®,, the difference
betweenB, andB, approaches zer&" andS~ follow iden-
tical paths, and can be ignored. Thus wheh= 0, or when
B, or AH is large, the top-right and bottom-left quadrants of
matrix [22] are all zeros and the other two quadrants reduce to
3 X 3 matrix [15]. Thus, there is no exchange of magnetization
betweenS, and 25| ,—this is the normal high-power approx FIG.3. Generalized 180rotations and the SPT method. (a) Bar> J/2
imation. the tilt anglea of the effective fields on resonand8, andB., is reduced
compared to those shown in Fig. 2b. Consequently, during a period of constz
RF irradiation,S* andS™ arrive at thexy plane before reaching thex axes.
However, a period of coupled free precession, which is a fraction f (2
will complete the spinstate transformation t8,2,. (b) Selective irradiation at
fA 0 0 0 fB fc a resonan_ce offset of J/ 2_ rotatesS™ around the h91rizonta3; = Bl+field. A
0 fD fE _fB 0 0 180° rotatlon_ to th?—_z axis occuzrs aft(;:‘r; (ZBl)_ s. However S rot_ates
it f 0 0 around the tllted??e field (= _[Bl + J7] 2 and |siretur_ned tp the aX|_s to
f(O’[ X] a) = 0 E F c [23] create the 3,1, spinstate of Fig. 2e only _Be = 2n_B_e . 'I_'h|5 defines particular
’ 0 fe fc fa o oy values ofB; = J/(4n®> — 1)°%, wheren is a positive integer.
_fB 0 O 0 fD fE
fc 0 O 0 _fE f|:

+

On resonance at lower pow&, = B}, a" = —a~ = a, SO
Eq. [22] reduces to

cal rotations as described in later sections. Recently we d
with ' = 27B2t. When bothB, and AH are zero, all the scribed potential uses dfpulses in multidimensional NMF8J
terms in the 6x 6 matrices are zeros excefif = f, = and further applications for the selective detection of infuse
cos[mJty] and fy = sin[wJt,], which corresponds to free labeled metabolites im vivo NMR can be expected—it was
J-coupled precession interconvertiSy <> 2S,1,, andS, <> shown in Ref. 8) that either a selective 9@r a selective 180
2S,1, during delayt,. This is easily demonstrated with thepulse can take the place of any combination of any hard O
vector model of Fig. 2, but some additional nuances are diulse and a consecutiveJR * free precession delay in any IS
cussed later in relation to Fig. 4. As noted for<33 rotation pulse sequence. A further advantage is that seledtipelses
matrices, the elimination of some orthogonal spinstates byly increase the length of the normalJj2" period to
phase cycling can be analyzed by adding or subtractingés (V'2J) *, an increase of a modest 40% compared to conve
matrices for RF of different phase, and the results will be trii@nal selective pulses.
for single rectangular pulses or shaped pulses simulated byrhe above 180 pulses take the place of entire J)2*

repetitive matrix multiplication. periods and are limited to selecting a single spectral bandwidt
of the order ofJ. This selected region can be expanded b

180’ Pulses: The S« 2Sl, and § < 2S/, increasing the pulse amplitude, decreasing the pulse leng
Transformations and adding a delay before or after the pulse to complete tl

spinstate transformation as illustrated in Fig. 3a &r—

Thefc term in the third column of matrix [23] corresponds,s | ncreased RF reduces the tilt angteof the effective
to the on-resonance transformatiorhto 2S.1, discovered by fio|4g 5o thas* andS™ intersect the transverse plane without

Brondeau and Canet ) and illustrated in Figs. 2a to 2¢. Fromyeching thet x axes. A delay periods, which is a fraction of
Eq. [1Q], the transformation occurs in 100% vyield wHen= 23)°%, is required forS* andS™ to precess tarx, and the
J/2 (sin 2 = 1) and the rotation is 180° for a pulse length of5 o5 parameters can be calculated for the on-resonar
t= (\/_i‘]) ' The fc term in the fogrth column of Eq. [2,3] mechanism depicted in Fig. 3a. Definiy = bJ/2, where
determines the inverse transformatio® — S,, not previ , — 1 “he calculation requires the application of matrix [23
ously described. Thé; terms in the f|rst. and last columns of¢, pulse timet, beginning with unitS, and then reapplication
matrix [23] reveal the new transformatiorss, < 2S,1,, and of the matrix for delay time, with B, = 0. Equating final

the forward conversion is illustrated in Fig. 2d. S, =S, = 0and B, = 1, the three simultaneous equations
The time course of the spinstate transformations in Fig'rgadi ’ '

ly yield
clearly demonstrate the contribution frodncoupling during vy
the pulse, a contribution which arises from the angle between _ a2 2 0.5 .
B. andB.. We will call the above matrices that include the te = (aco$ ~1/b7/(mI(b + 1)™); [24]
effect of J modulation ‘J-rotation matrices,” and we have tp = (aco$1/b])/ (7). [25]

named the corresponding RF pulsespulses,” or more spe-
cifically 180’ or 90’ depending on the extent of the idealThese equations provide the parameters for a’lpnstate
rotation on resonance—the 90Qariety arises from nonclassi transformation of any bandwidth greater than that provided b
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B, = J/2. The equations are applicable to all four of 8}~ Eq. [27] is for the exact 180° rotation d& around the
25,1, and S, < 2S,I, conversions in any pulse sequencejorizontal B, axis, whereas thd; term is for the partial
although for the inverse transformatior§,2, — S,, and the rotation of S around the tiltedB, axis. Clearly the overall
forward conversionS, — 2S,1,, the free precession delaytransformation will occur in 100% vyield if the latter rotation is
must precede the pulse ag,{180[S, t]}. n*360° so that @* + 1)°° = 2n, ora = (4n”> — 1)°®, with
If the 180’ pulses are phase alternated (or appropriate pulsed positive integer, giving a shortest pulse length/@(2J) *
gradients are employed), thé( — fz) and (f¢ + fc) terms for B, = J/\V3. Bildsoe (L6) identified the (4% — 1)°°
are eliminated from the phase-alternated equivalent of matredation using a density matrix approach and numerical anal
[22], assuming concurrent alternation of receiver phase. This. However, the exact selectivity profile of the SPT methoc
exact off-resonance selectivity of any general rectangular 18lso given by0.5(ff — f) as in Eq. [27], has not been
pulse is then given by established previously.
Other spinstate transformations can be derived from di
0.5[(f7 + fo) (b2 — 1)°5+ (f£ — fo)/b.  [26] 9ramssuch as Figs. 2 and 3 or calculated from matrices [22]
[23]. For example, selective irradiation &tJ/2 or —J/2 will
induce the interconversion &, and 25,1, in an analogous
fashion to the SPT experiment, and the = cos 6’ terms
; indicate thatS, and 25,1, can be cleanly inverted on resonance
25, ZSXI_Z >SS = 2.Szlz’ and 5,1, - S, re+spect1velly. at any RF field strength provided that therotation angle is
WhenB,; = J/2, Expression [26] reduces tb5(f¢ — fc) in . o : .
. : : . calibrated to 180°. There are also several rotations whic
agreement with the equation for the offset profile obtained In . ) .
convert a pure spinstate to a 50:50 mixture of two other stat
Ref. (11). . : S .
or vice versa. All are potentially useful as building blocks ir
selective NMR.

These fz + fz) and (f¢ — fc) terms are from column 3, row
3, row 6, and column 6, respectively, of matrix [22] f&r —

Selective Population Transfer: The & 2S], and

the Analogous S« 2§/, Transformations
3. VECTOR REPRESENTATIONS OF IS-SPIN

For a pulse of constant amplitude, the ideal 186tation EXPERIMENTS
requiresB; = J/ 2, and this is the lowest possible power for an
effectiveJ-modulated pulse on resonance. Below this level the A primary interest here is in the continuouseasurable
tilt angles ofB; in Fig. 2b are greater than 45° and theand evolution of magnetization vectors in real space, not in nucle:
S vectors do not ever reach thxg plane. A 100% spinstate spin evolution that takes place in abstract Hilbert or Louisvill
transformation cannot be achieved. Further increases in selggace. The knowledge gained of the path to any instantanec
tivity may only be obtained by irradiating individual lines of astate in real space may then be used for the purpose of des
coupled multiplet as in the SPT method, also known as seled-new RF methods for NMR. Thus all magnetizations that ar
tive population inversionl(). In this technique a 180° pulse isobservable or potentially observable, i.measurableare of
first applied selectively to the S spins off resonance at eithesncern. In the product operator formalisihO), spinstates
—J/2 or +J/2. This is equivalent to inverting eith& or S~ have been described as observable if they directly provic
in Fig. 2a to produce the-2S,l, or 2S,l, spinstate (Fig. 2e). detectable signal—for example, this did not include 8¢
The I-spin signal is then detected after a 90[I] pulse BS2 2S/l,, or 25,1, states. However, the concept of experimenta

For initial S,, the phase-alternated equivalent of matrix [22heasurabilityextends to each orthogonal IS spinstate, and ar
(with no receiver alternation) has only two nonzero terms mix of these spinstates, within the definition that a state |
column 3,0.5(f¢ + f¢) for final S, (row 3) and0.5(f¢ — fz) measurableif maximum detectable signal can be observe
for final 2S,1, (row 6). For a 180° pulse atJ/2, AH = J/2, directly, oris observable after a hard on-resonance pulse on t
Bs = (B, + J)°° B, = B, sina”™ = J/BJ, sina” =0, S spins and/or on the | spins.

cosa” = B,/BJ, cosa” =1, andt = (2B,) . SettingB, = For example, the R/, state (Fig. 2c) isneasureds directly

J/a gives observable antiphas8” and S~ signal at+J/2 and —J/2,
respectively, whose magnitude sums to unity, compared

0.5(ff — f7) = 0.5{(a% + cog m(aZ + 1)°%])/ in-phase signal at-J/2 of total unit magnitude foS,. The
same applies toR |, andS, except for a phase shift of 90°. In

(@®+ 1) — cod 2mB;t]}. [27]  contrast, potentially observab® and 2,1, (Fig. 2e) may be

measuredby applying a hard 90[S] pulse in the first case tc
For SPT it was common to use a very selective low-poweetect in-phase signal, or either a 90[S] or 90[I] pulse in th
pulse such thaa > 10 and Eq. [27] reduces to $[nrB,t] = second case to observe the antiphase S signal or the antiph
1. However, with a knowledge of the exact spin physic$,signal, respectively. (These hard 90° pulses must lie we
shorter, more efficient, 180° pulses can be found as drawnviithin the high-power approximation discussed above in rel
the vector diagram of Fig. 3b. THe = cos[27xB,t] term in tion to matrix [22].) Similarly, antiphase | signals fron82,
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and 5,1, aremeasurableafter a 90[S] pulse of or x phase, H z
respectively, and a 90[l] pulse of any phase. The transverse sz hor I,
spinstates, &1, and 25,1, can bemeasuredby a hard 90° :

pulse of appropriate phase on one spin and observation of the
antiphase signal from the other spin. (The notion that such
transverse states are unobservable or correspond to forbidden S
transitions harks back to the days of single channel spectrom-
eters when it was technologically difficult to apply a discrete a
pulse to one nucleus and observe the other.) All NMBa- FIG. 4. Coupled free precession. (&) is represented as two coincident
surementsare made after, or calibrated relative to, hard 9Gfagnetization vector§' andS, corresponding to the concept that a measure
pulses, and these hard pulses have themselves been calibragstof the S-spin signal is also a measurement of the probability of the I spi

experimentally by trial and error with respect to phase, fr&eing found along-z The VECtors| ma andl ., represent this=1/2 probability,
. . he=J/2 coupling fields of the | spins on the S spins, or the maximum potenti
quency, and pUIse Iength. There is no conceptual dlfferer\%e{#gth of the I-spin magnetization vectors that evolve when the S-spin vectc

betV\(een Observable and-potgntially observable spinstates. precess apart under the influence of thi?2 fields. Thez axis is the quantization
Mixed spinstates, as in Fig. 2b, are the vector sums &fis, which is compared with that in Fig. 10a in later discussion. (b) During sign:

individual spinstates. These, and in particular the resultaasguisition, or a pulse sequence deByandS™ precess apart under the influence

magnetization vectorSt and S™. can be measuredusing of the =J/2 fields and the angle is given by wJt. The I-spin magnetization

. . . ectors,|” andl™, grow in proportion to sinrJt and are maximum and of unit
fractional hard pl'”SeS of incremented phase. Assuming hagnitude equal t;,, whenS" andS™ are antiparallel, at which time the spinstate

!«.]Cl)Wledge of the prior experiment, FWO Signalﬁa_ﬂ 2willbe g 25, (which is the same as the antiparallel steig 2of Fig. 2c except for a 90°
initially detected. Then, concentrating on the signat-all 2, phase shift of the S-spin vectors).

both the pulse angle and the phase of a hard S pulsel&2
could be varied by trial and error until pulse angle phasep,
gives a maximum signaly" transverse) and pulse angle, 90
¢, phase, 180- ¢, gives zero signal§* alongz). The 3D
orientation ofS* is then known unambiguously, and the pro

X !
1
-Jr2 Y or I, -Jr2 Y

b

First, in the Heisenberg model for free precession of initia

o FYS, coupled to an | spinid), these vectors represented the
cedure could be repeated atl/ 2 to determineS . For arbt +J/2 coupling fields experienced by the S spins or, equive

trary conditions, the experimentalljeasuredorientations of lently, that a measurement of the S signalal/2 is also a

S* andS™ can be resolved into the six possible spinstates, or o - .
. : measurement of the equal probability of finding the | spin

the QM or vector calculation of the spinstates can be summe, , . . )
along +=z. In Freeman'’s physical picture of multiple-quantum

to determineS" andS™. Thus there is a straightforward match o
between gquantum mechanics, the classical vector model of Q erence3(9) (S|m|_lar fo Ref. @0)), these vectors_ are called
-vectors.” In Shriver’'s representation, these fields are n

preceding section, and whatnseasurableHowever the con- . L )
cept of measurabilityof the I-spin magnetization vectors ind?p'Cted' but are implicit in thﬁ( Is drawn as tW.O vector_s that
mixed spinstates requires further consideration with referentl! Precess apart under the influence of coupling. In Fig. 4 w
to previous vector pictures. now label these f|eld§ asJ/2 angi draw_them as das_hed
The Heisenberg vectanodel,which predated the popular-VeCForS_they are equivalent to tBg effective fields of Fig.
ization of the product operator (PO) formalisri0f, was 2 With zero resonance offsaH. _ _
developed as a rigorous QM model in that magnetizationsecond’ in the.He.|senberg model these stapc I-spin vectc
vectors are physically identifiable with operators in the Heiselyere called “polarization transfer vectord and '} was shown
berg picture of quantum mechanids}( 17. Indeed, except for that after a free precession period ol)(2 s, whenS' andS are
the PO spinstate nomenclature, and thus different vector lab@éiparallel, they can beneasuredas antiphase | signal after
(e.g., G and G in place of S* and S"), this vector model applying a 90[S];90][1] pulse pair as in the above discussion ¢
depicted the antiparallel IS spinstates identically to the dra®S!. and Sl,. However, within our present definition, they
ings in Fig. 2. More recently, Shrivel®) demonstrated that cannot bemeasuredat time zero. This aspect is resolved by
the PO states can be represented in this way as vectors inl@keling them as,. in Fig. 4. The Heisenberg model demon
Cartesian basis. However, a difference of convention exisigated that at any time the antiphase I-spin signal, observable a
between the pictorial representation used for the Heisenb&§0[S];90[I] pulse pair, is equal tg.sin 7Jt, where sinmJtis the
model and that of Shriver for in-phase transverse magnetizioportion ofS™ andS" that can be placed alongz by the 90[S]
tion—in the former,|* vectors of unit magnitude were -in pulse in agreement with a PO description.
cluded along the- z axis for theS, or S, picture, whereas these  The separation of these two concepts as in Fig. 4 improves t
are absent in the latter. Inclusion of thevectors for in-phase clarity of the pictorial model: Theneasurabld-spin vectors)
magnetization combined two separate concepts that are arell ", are depicted as growing in proportion to sit. There is
plained below with reference to Fig. 4 for coupled free praio measurabld-spin magnetization associated with in-phase S
cession. spin magnetization. The total length of tB8é and|™ vectors in
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Fig. 4 is given by the vector sum of the individu&l and|* 4. NONCLASSICAL I-SPIN ROTATIONS

vectors comprising the spinstates involvedand 51, and this ) S

is true for any classical rotation. This general rule is true becausdn @n IS-spin system, when the | spin is irradiated afte
the six spinstates, transformed by thex& J-rotation matrices, excitation of the S spin, nonlinear, nonclassical rotations a
are orthogonal—this orthogonality arises naturally from densityduced for both spins.

matrix theory (, 18. Thus the root-sum-of-squares of the term
in the columns of any of the & 6 matrices must be unity or, in
other words, beginning with a spinstate of unit magnitude, the The exact QM equationd) show that such an NMR exper-
total spinstate or vector sum must always be unity at any tirfraent interchanges four orthogonal spinstates. From Table 4
independent of the complexity of the RF pulses applied. Furth@®ef. (1), an explicit 4X 4 J-rotation matrix can be written for

more, themeasurablé-spin signal (the magnitudes bf plusl”) these interconversions. Listing the spinstates in the dger

is the vector sum (root-sum-of-squares) of the antiparafigl 2 2S1,, 2S1,, and S5,1,, the most general matrix is given by

6uantum Mechanical Analysis

f, f,cospB + fysin B fsinB — fcosB fy
. o —f,cosp + fsin f5 + fecos 28 fesin 28 + f,  fgcosB — fgsin B
f(07[B], a”) = 0.5+ —fsing — ficosB fesin 26 — f; fs — fecos B fgsin B + focosB | [28]
—f, fgcosB + fosin B fgsin B — focosB f1o
(i = x, y, andz) states, whereas theeasurableS-spin magneti- which, for an RF pulse ok phase, simplifies to
zation (the magnitudes @' plus S) is the vector sum of all
spinstates. Stating this in alternate fo®nh,andS™ are of constant f f f f
. n _ . 1 2 3 4
amplitude, whereas™ and |~ vary as sine of half the angle . foof f f
subtended bys" andS ™. The orientation ofS", for example, is f(0°[x], a®) = 0.5 * _f2 5_f 6 ‘ - ; fg ,
. " . 3 7 5 6 9
given by the vector sum of th&" portions of each pure PO —f, fq —fy i
spinstate, and the orientation and magnitudeadre obtainable
from the vector sum of thé" parts of all the pure antiparallel [29]

states.

The resulting pictorial vectomodel unambiguously illus- where
trates the evolution of theneasurablel-spin vectors. The
addition of this I-sp'in evoluti_on (as ericted in Fig. 4) to yectlor f,=(1+coda’ — a ])cos 0.56% — 6]
diagrams for classical S-spin rotations (as exemplified in Figs.
2b and 2d) provides an exact correspondence with all aspects ~+ (1 —coda” — a ])cos 0.56" + 6], (30]
of the 6 X 6 J-rotation matrices and completes the vector f
model of classical rotations. In the following sections, nonclas- 2
sical IS-spin rotations that interchange four orthogonal spin- + (cosa” —cosa)sin0.96" + 6], (31]
states' are addregsed. We.have been ungble tq deduce tl?ge: siMa* — a ](cos 0.50% — 0]
associated analytical equations on the basis of linear vector
rotations. However, the general rule (and its subrules) that the —c0s 0.50" + 67]), (32]
measurabld- and S-spin vectors correspond to the vector sum
of the four PO states holds true and provides a minimal but *
adequate representation. For example, experimemtalsure- + (sina™ —sina")sin0.96" + 6], [33]
mentsof 1© magnetizations in mixed spinstates, as described
below, are similar to the above theoretical discussio8ofn
mixed spinstates. Although the resulting vecti@scriptions + (1 +sina*sina”)cos 0.560% + 671, [34]
are not readily predictive in all cases, because they depend o?
nonlinear rates of rotation, they are nevertheless helpful in'®
many circumstances. —c0s0.50" +07]), [35]

= (cosa’ + cosa)sin 0.0 — 0]

= (sina™ +sina”)sin0.960% — 67]

fe=(1—sinasina)cos 0.50" — 6]

cosacosa (cos 0.5 — 0]
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f;=(sinat —sina")sin0.96" — 0] An Experimental Measurement of the-S 2§/,
Nonclassical Rotation, Yielding a Vector Description

+ (sinat+sina7)sin0.960"+ 071, [36]
. _ _ In parallel with the QM analysis, the disappearancespf
— + + _
fo = sifla™ + a~](cos 0.56 0] during on-resonance CW irradiation of the | spins was inve:
—cos0.50" + 07]), [37] tigated experimentally. At the time, the functibn(Eq. [30]),
was known 22, 23, reducing tof, on resonance, ang, goes
to zero whenB, = J/2 for a period of irradiationt =
+ (cosa™ + cosa”)sin 0.0 + 671, [38] (2B.) ' = (V2J)'. The study showed that a nonclassica
e N N L vector evolution could be deduced experimentally, indeper
fio=(1-coda”+ a"])cos 0.56" — 67] dent of quantum mechanics, so validating the literal viev
+(1+codat+a])cos0.50" +60°], [39] discussed above concerning theeasurabilityof individual
magnetization vectors associated with the PO states.
and sina*, cosa”, and@™” are defined in Egs. [16] to [18]. On  Writing out thef, function for the on-resonance condition
resonancef’ = 0- = 0, @ = —a’ = —a, S0 the 4x 4 With Be = B,
matrix reduces to

fg=(cosa™ — cosa)sin0.90" — 6]

_ AN J\° J
f.0 —fo f fa= B3 + 282 cog 2mB.t]. [43]
(i e=| 5 ¢ 2 2 o
_fC 0 _; fE The effect of CW decoupling during signal detection is giver
B E D

by the Fourier transform of Eq. [43], yielding a centerbanc
_ with amplitude, 1— (J/2B2)? and sidebands at B with
where the terms are given by Egs. [8] to [13] aiid= 27Bt  5mplitude0.5(3/2B2)2 B, can be determined from the fre
in which B, = B, = B as for the discussion following EQs.quency difference between these sidebands, Bnd= J/2
[16] to [18]. The anglea is analogous to the residual onyyhen the difference is/2J. This provides a convenient means
resonance tilt of the effective field shown in Fig. 2 for classicgjs calibrating this low RF amplitude, and we have recentl
rotations, arising from the-J/2 coupling fields, although, as gescribed several extensions to completely characterize
described in subseql_Jen_t _sect|o_ns, n+o _classmal rotations Car?r@ﬁuency, amplitude, and homogeneity of an insensitive I-sp
found around these individual tilte, fields. channel by observing signals with a sensitive S-spin chann
In the absence of an RF fieldsrotation matrix [40] reduces 24y |n most of the following experiments the spins are als:

to labeled as="C and S="H to correspond to the matrix lists of
spinstates as, and 3S,1;.
cogmJt] O O sifndt] Denoting a discrete on-resonance CW pulse on the | spins
(1) — 0 10 0 [41] length (V/2J) * and amplitude)/ 2, as a 90 pulse (for reasons
0 0 1 0 : outlined below), with the S spins also on resonance, the s
—sinf@7Jt] 0 0 co$wJt] quence
Columns 1 and 4 describe frdecoupled precession intercon- 90[S, —y]: 9071, x]; acquire S N

verting S, < 2S5,1,, whereas columns 2 and 3 correspond to

the well-known invariance of the transverse antiparalgjl 2 )
and 25,1, spinstates during time delays4; 20, 2). generated no observable signal—note that Eq. [43] only e

For largeB,, the high-power limit, or larg&H, matrix [29] SUrés no in-phasésx signal..Assuming that the origiqal S
reduces to magnetization must now be in one or more of the possible P

spinstates, the only possibilites ar€&,2 (j = x, y, or 2),
1 0 0 o which is unlikely since the | spins and not the S spins wer
0 f A irradiated, or &1, or 2S,1,. Trial and error quickly showed
f(0'[x], @) = 0 _’f‘ fB fc , [42] that maximum antiphase S signal was returned by adding
0 ch _?E fE hard 90[I] pulse as in

whereJ has been eliminated as insignificant aBgdin 0’ = 90[S, —y]; 90°[I, xJ; 90[I, yJ; acquire S, [B]

27B.t is given by Eqg. [1]. Note that the bottom right-hand
corner of [42] corresponds to 8 3 matrix [15] rotating the where the phase)j, is =X, whereas zero signal was obtained if
antiparallel I-spin magnetizations. ¢ = *y. The antiphase S signal atJ/2 was phase-shifted
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90° from theS, signal generated by the 90[S,y] pulse, so the
spinstate after the 9Qpulse was identified as puresg,.

The addition of 90[Sx] to sequence [A] produced maxi-
mum antiphase | signal as in polarization transfer pulse se-
quences, so questions arise as to where do the | magnetizations
come from, and how do they get to they axes? Presumably
they originate from thetz axes, and it might be assumed by
analogy with classical rotations (and has been in R28) és
discussed later) that they rotate around tilted axes as in Fig. 2.
The latter is not the case because it is impossible to transform
antiparallel vectors alongr z to antiparallel alongty via axes
tilted at 45° since such tilts always interconvert antiparallel and
in-phase vectors. Experimentally the question was resolved
with the pulse sequence

90[S, —v]; a*907[1, x]; b*90[I, ¢]; acquire S. [C]

When the 90 pulse was stopped part way through the conver
sionS, — 2S/l,, i.e,, 0< a < 1, it was always possible to
find a value ofb between 0 and 1 such that whén= —x
maximum S-spin signal was regenerated. This ensured that the
I-spin vectors had been returnedta by the reverse fractional
hard pulse. Alternatively, a hard pulse of length{1b)*90°

and phasel = x generated fractional in-phase signal corre-
sponding to the I-spin vectors being rotated down toytlaeis FIG.5. The nonclassical rotation during a 9fulse on resonance. (a) The
of the transverse plane—the S signal associated with the partigdual vectors,” I .. and | .., define the initial orientation and maximum
precession of the S spins was removed as partal,2 This amplitgde <_)f t_he I-spin m_agnetizati_on vectdrﬁ,an_dl’, Which_evolve_during
proves that the I-spin vectors always lie in tie plane, I-spin irradiation. The axis of rotation of the I-spin vectors is Bieaxis, not

h . h d b d fectl d- the B axes as for classical rotations in Figs. 2 and 3. (b) During the applie
otherwise they could not be rotated perfectlyta and +y, RF, 17 and|~ rotate aroundB, and increase in magnitude in proportion to

respectively, withh*90° and (1— b)*90° pulses of+ x phase, siny as the S-spin vectors precess apart under the influence of coupling to 1
respectively. I spins. (c) IfB, = J/2,1" andl ~ obtain maximum unit magnitude at tinhe=

The vectordescriptionof the 90 pulse follows as in Fig. 5. (V2J) ' s after a rotation of 90°, an8" andS™ have also precessed 90°, but

The QM-derived matrix [40] confirms that the rotation axis in opposite senses, to produce the pure antiparallel spins$gte(@hich is the

he | is th is b h . same as the antiparallel stat8,R, of Fig. 2f except for a 90° phase shift of the
the | vectors Is the axis because on resonance the Sp“']Stage—spin vectors). If the RF irradiation is continuesl, and S~ reverse their

28,1,, is never produced. Detailed experimental informatiodirection of precession and refocus alorgat 2. Meanwhile,1™ and |-
on the precession of t&" andS™~ vectors was obtained from continue to rotate arour8, while decreasing in magnitude. They arrive at the
analyzing the S signals atJ/ 2 throughout the gbpu|se using —z and +z axes as their amplitude returns to zero. (d)Bif > J/2, the
the sequence midpoint of a complete cycled( = 180°) differs from Fig. 5¢ in that™ and
I~ have not reached maximum unit magnitude when their orientation i
transverse, an8” andS™ have not precessed 90° when they stop and revers
90[S, —vy]; a*90 J[|, x]; acquire S, [D] direction. (e) IfB, < J/2, at the cycle midpoint the situation is similar to Fig.
5d for1* andl~, butS* andS™ have precessed more than 90°, although les:
. . than 180°, when they reverse direction.
where a was varied from 0 to 2. The total signal may be
resolved into in-phase components alogd.e., S, = 0.5(S;
+ S,), and antiphase signal aloggi.e.,0.5(S, — S;), asin
Fig. 6. The latter can only beSI, since 5,1, is not directly
observable. From the data in Figs. 6a and 6b,

In the spirit of the preceding section, th&2, state can be
measuredy adding a hard 90° pulse on S or | to convert the
spinstate to 3,1, or 21,S, as in

S.= cos{mBet] = 0.5(1+ cof2mBt]),  [44]  gq[s, —y]; a*907I, x]; 90[I, =x]; acquire $=], [E]

in agreement with Eq. [43] foB, = J/2, and or

2S1, = (|2/12)sif27B]. [45] 90[S, —y]; a*907[I, x]; 90[S, +x]; acquire [*], [F]
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100 SRagg P Nonlinear rotations. From Eq. [44] the precession angle,
4 Sy e OOOOOOOOOO + _ . .
< o v, of theS™ andS™ vectors is given by
g 5()j “"‘ S( = COSsvy = COSz[WBgt], [47]
'do, -‘.l. u';;
2 S N, K so the rate of precession inducedbgoupling is not constant
Tén 0 voor’ o \°~;a~f“ as it is in the classical examples of Figs. 2 and 4. The prece
® "._ e sion angle, of | " andl™ may be calculated from Eqgs. [44]
E ., .,-" to [46] or measured in additional experiments. The total of th
> 5o (a) —— 5 ", o antiparallel spinstates for Fig. 5b is sjnwith the magnitude
Tl oy e 2s fee, W of 2S,1, as siny cos ¢, and the magnitude ofl, equal to
(c) — - 251 sin y sin ¢. Thus
=100 — — A B e R . e R
o ; ) s . . . ; sin ¢ = sin[ wBt]/sin vy [48]

Pulse length (ms)
FIG. 6. Interchange of spinstates during I-spin irradiation vth= J/2. a.nd’ agaln., ur?hke CIQSSICal rOtatlonS,’ the rotation of the irrz
(a) In-phases, signal, observed at J/ 2 using pulse sequence [D], curve fitteddIated I spins Is not linear. The rotation anglasind ¢, may
to 100 co§28.3*10%] (R® = 0.99). (b)Antiphase 3,1, signal observed at also be measured with reasonable accuracy using sequence
=J/2 using pulse sequence [D] curve fitted to 70.736*10°t] (R* = with ¢y = —X. As noted above, the return 6f andl~ to the
0.99). (c)Measurement of the I, spinstate by observing antiphasB,b.  +7 axes ensures detection of all®f andS™ so that the phase

signal at+J/2 using pulse sequence [F] curve fitted to 100°[@8.1*10°] : ; sal/
(R® = 0.999). Thex axis is the length of the I-spin irradiation. The argumentéjncference between these two Slgnal 2 equals 3, andd)

of the cosine and sine functions indicatd aalue of 221.5 Hz frommB] = can be determined from the fractional mUItlp"br'However'
V2md = 28.1*10°, compared to a spectral value of 222 Ha, was ¢ can be measured with greater accuracy using a combinati
calibrated to within 1 dB 08/2 Hz using the method in Ref24) discussed in of sequences [C] and [E]:

relation to Eq. [43]. Spectra were obtained using a standard HCN triple-

resonance PFG probe on a 500-MHz Varian INOVA spectrometer using a 2%

sample of the isopropyl ester of %CO,H in CDCI, doped with 0.2% 90[S, —y]; a*90 71, x]; b*90[I, —x];

Cr(AcAc), relaxation agent.

90[1, *£x]; acquire $=]. [G]
respectively, where the phase alternations ensure elimination
of undesired spinstates. The experiment in Fig. 6¢ for sequence 180" ' R
[F], with the spin labels swapped te=3°C and ="H, showed 1 o) rotation of /
that ]l . experimental ¢
o @ rotation of §*
g’ a . .
zsyly — Sinz[TrBét], [46] s experimental y
c
S ]
and the same experimental result was obtained from sequen@ 90°- IR S
[E] with |="C and S='H. Equations [45] and [46] agree with £ ] s
the fg andfc terms of the first column in matrix [40] when g o
B, = J/2 (signs not determined experimentally) as further§ ] o
confirmation of the QM analysis and the vectw@scription. ] s
Some Aspects of Spin Physics .
L L S
The Fig. 5 vectodescriptionof a 90’ pulse corresponds to 0 0.5 1 ] 1.5 2
the evolution of vectors in real space, since the orientation and Fraction, a, of 90" pulse

magnitude of t.hES+, S, |+3 anq I magnetizations can be FiG. 7. Nonlinear rotations of I-spin and S-spin vectors. (a) Angle
measuredxperimentally. With this experimental proof, vectomeasured as half the phase difference between signaisi/at generated by
descriptionsof I-spin irradiation beginning with any of the sequence [C] when thie parameter is adjusted to provide maximum signal.

other three spinstates can also be obtained with confiderJég theoretical curve is acos{cga/ 2]} from Eq. [47]. (b) Angle $ mea
directly from matrices [28], [29], or [40]. Some other gener Tred by adjusting parameterto obtain a signal null with sequence [G]. The
y ! ! ) 9 q eoretical curve is asin{sthan/2]/sin vy} from Eq. [48] assuming a theoret

properties of nonclassical rotations are of great interest, ig§ value of y from the curve in (a). Experiments were accomplished a:
follows. described for Fig. 6.
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Whenb = 0, fractional 5,I, produced by the partial 90 inating theo™ terms shows that for this to be true, two equa

pulse is measured asS@, as in sequence [E]. Wheb is tions written as

adjusted to exactly reverse thie angle, a signal null is ob-

tained. The rotation angles measured in these ways are plotted _. coda —a DB T BS) = J(sina™ = sina-

in Fig. 7 in agreement with Egs. [47] and [48]. eﬂ =coda’ —a ])(Be  Be) =J(sina’ zsina)
Spinstate orthogonality. Despite fundamental differences, [52]

the orthogonglity. of the four spinstate; ensures that there Bt be correct simultaneously for all valuesdt Expanding
some properties In common W'f[h c!assmal .rotatlons.. A 9ENeLRL o * functions demonstrates that this is so. Indeed, for ea
rule of conservation of magnetization applies to unitary anst the three other initial spinstates, the equations that parall

formations and so, beginning with unit magnetization, thI?q. [51] are also true. Since the four spinstates are orthogon

vector sum of all the spinstates is unity. Consequently, ﬂﬁ?e theorem is proven for any mixture of spinstates and thus

sumsz-gf-sggarejoof Tle te”gs;; each row or Co";mnholrenatﬂbssible conditions. Alternatively, Eq. [50] (and analogou:
ces [28], [29], [ ,]’ [41], an _[ lis unltyjust as or the equations governing the evolution of the three other spinstate
3 gnd 6X 6 matrlcgs governing clasglcal rotations. MagnetEan be obtained most generally from the relatidsidt = i[p,
zation does not disappear mtp forbldqen QM space b!“ , Where %€ in the system Hamiltonian in Refl), and the
conserved. Thus, for nonclassical rotations, the I-spin signgl, i operatap is a linear combination of the four spinstates.

(magnitude ofl ™ plus |7) is the vector sum (root-sum-of- ; i X
squares) of the antiparallel2, (i = x, y, andz) states, and The_ effective field and the tor+que onithe I-spin v_ectorf
the total S-spin signal (magnitude 8f plusS~) is the vector Equal'qon r[]49]ddem%nstrates th& and S precess via "1 ‘
sum of all spinstates, as for classical rotations. Similarly, tff@UP!INg that depends on the instantaneous orientation of t
alternate rules th&" andS~ are of constant amplitude, ahd I-spin vectors relative to the axis. But, returning to the
andl~ vary as sine of half the angle subtended3jyandS- on-resonance condition, there is nothing in the vedascrip-

apply. The property of orthogonality also ensures that pha@%n of Fig. 5 to determine the rate of rotationlof andl ~ that

cycling, to eliminate signal from some spinstates, can be afgust drr]lve lthe_velctor devlo(ljutl_on. I?or smhgle Spin mz?jgnetéza
lyzed by adding or subtracting the corresponding terms flpns, the classical model derives from the torque induced ¢

matrices for each phase in the same manner as for class_ﬂ? | magnetization by the RF field. l_:rom Eq. [48!¢/dt
rotations. indicates an instantaneous torque acting on the I-spin vectc

N : ;
The reduced coupling constant acting on the S spirfor equal toB,/(cosy + 1), which doubles fron,/2 toB, during

N t#e 90 pulse and averages/2B,/2 compared toB, =
the most general distribution of vectors that occurs on or A58 Thus the phenomenon is an interactive one in which tt
resonance, the transverse half angknd polar angle in Fig. !

) o ion of the S spi ively depends on the orientat
5b remain as useful parameters, with thepair twisted by precession o1 the > Spins passively depends on e arientat

h I8 about th is Th itude of th of thel~ vectors, but the rotation of the | spins depends on th
some phase ang|g about thez axis. ihe magnitude ot tN€ ;0 yiation of thes* vectors and the strength of the RF field.
vector sum of the transverse antiparallel stateS,|,2plus ] R -
2S,1,, is now siny sin ¢, but importantly, the magnitudes of The comple.x vectgr evolution off resonanc?{_hel andl _
S, and 25,1, remain as cog and siny cos ¢, respectively. A vectors remain antiparallel under all conditions, otherwis
central tenet of the semiclassical vectaodel applicable at More than four spinstates would be generated, but their m
moderate field strengths (discussed in Section 6) is that $#f¥S are even more complex during off-resonance irradiatiol

instantaneous coupling constant acting on the S spinsSnulations using column 1 of matrix [29] for initid, indi-

p S '
J cos ¢. Recasting this proposed theorem in terms of tHete that thel ™ and I pair rotate around an axis whose

instantaneous angular rate of precession oftheectors gives orientation also varies with timg producing spiral trajectories
For large offsets such th&, ~ B, > J, | " andl ~ spiral from

+z and become spin-locked to the effective fiBldsoon after
application of the CW irradiation and the picture reduces to ot
previous vectormodel of decoupling—this is explored in
greater detail in Section 6. However, in general it is impossibl
to draw a predictivanodelfor off-resonance irradiation when
B, =~ J/2 and simulations using matrix [29] are necessary. |

dy/dt = 7J cos¢. [49]

Substituting the magnitudes 8f and 25,1, including the sign
convention consistent with matrix [29] and Fig. 5 yields

diSg/dt = m{2S,}. [50] all cases at lovB,, on and off resonance, tieeasurablé-spin

magnetizations do not rotate around constant effective fiel

If Eq. [50] is correct then from matrix [29] for initia,, and this negative property is independent of the initial spir
state. For classical IS rotations, individual terms in thg &

df/dt = —mJf,. [51] matrices are either sums or differences of terms for sing

vector rotations, e.g., sin“sin 6" = sin a”sin 7. In com
Expanding these functions using Eqgs. [30] and [33] and elirparison, the individual nonclassical terms suclf,as Eq. [33]
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z is increased thJ/ 2, whereb = 1, thel /I~ vectors of Fig. 5b
x rotate faster and arrive at the transverse plane beforg it
vectors have precessed to thaxes, as depicted in Fig. 5d. It
might seem that a short delay would enaBlgS™ to precess
the remaining distance. They do, but the final result is not th
required one—from Fig. 5d or matrix [40], the system is ¢
mixture of onlyS, and 5,1, after the pulse and from Fig. 4 and
matrix [41], S, can only precess toI,, and 5,1, is invark
ant. However, if the delay is imposed first as in Fig. 8, the valu
FIG. 8. Generalized 90pulse. A period of coupled free precession as irP]c b necessary t? rotate’/I - to the Xy plane in the tlr_ne

Fig. 4 produces a mixture @&, and 25,1, magnetization. As described in the N€C€Ssary foB'/S to precess to thg axes can be determined
text, it is possible to calculate an RF fieR), > J/2, and pulse length such that from matrices [40] and [41]. The derivation of the equation:
thel” and| - magnetization vectors rotate to they axes during the pulse in for t  andt, for a generalized 9Dpulse is similar to that
the same time aS" andS" precess tory to produce pure-2S,l, magneti  gegcribed in Section 2 for 18@ulses. Indeed, with the for
zation. .

ward and reverse conversions f8 < 2S5, enabled as

{t,—90°[1, te]} and {90°[I, t,]-to}, respectively, the pulse and

both d diff d th tati | delay times are exactly determined by Eqgs. [24] and [25] c
are both sums and ditferences, an € rotation angie argil ion 2. However, off resonance, signal intensity follows

. i ;
ments, 6" and 6°, are added and subtracted instead of tgﬁerent equation to that for the 18@ransformations and is

trigonometric terms. This is the mathematical expression of t Ren by
entanglement of the | and S spins that provides the complexity
of the spin physics off resonance. The collapse of@.5f 6]

to zero and 0.5]" + 67] to 6 on resonance, yielding % 4 0.5 fo(b? — 1)°° + f,]/b. [53]
matrix [40], permits the simple vector picture of Fig. 5 and

gengrates the same trlgonometrlg_funcuons as in the 6 This equation is discussed in Section 7 in comparison to shap
matrix [23] for on-resonance conditions. At least in part, the%J pulses

parallels ensure that there are 100% spinstate transformation,'fhe facile invention of generalized rectangular 3ilses

fgr nonclassical rotgnon; analqgous to the classical COnv%'ginning with a proposed vector diagram illustrates the valt
sions already described in Section 2. of the on-resonancdescriptionsof the type given in Figs. 5
and 8. In actuality, these vector pictures and their confirmatic
preceded the development of the analogous generalized 1§
case. On-resonance vectescriptionsfor continuous RF of
any amplitude applied to initigb, can also be obtained from
the first-column terms of matrix [40]. For all values Bf,
S*/S™ always reverse midway through each cycle, depicted i
Figs. 5c, 5d, and 5e, to refocus to p&ewhen the rotation of

As noted in Section 2, it has been shown that eitherla/l~ is 180° atd’ = 360°. The cycle begins again from Fig.
frequency-selective 180r a 90 pulse can take the place of5a. Althoughl */I ~ terminate along th& z axes but originate
any consecutive combination of a hard 90° pulse andJ3 (2 along *+z, this transition at the end of each cycle is not
free precession delay in any pulse sequer@e dnd either discontinuous becaus$é/l ~ are of zero magnitude at this time.
substitution increases the overall length of the delay byFor B, > J/2, S'/S™ do not reach thery axes by the time
modest 40% toY/2J) . Classical 180 pulses are restricted | */I ~ are transverse—the system is a mixture f and
to excitation and polarization transfer steps, whereas 962Sl,, sol /1~ are less than unit magnitude, as shown in Fig
pulses involve the transverse antiparall&l2 or 2SI, states 5d. For very largeB,, the precession d8'/S™ during the RF
and so are restricted to polarization transfer and multiple quareduces to zero and, at the midpoint of the rotatior| ~ are
tum steps. In triple resonance pulse sequences it is possibledaishingly small (the high-power approximation). Fy <
entirely nest a 90pulse (but not a 180pulse) in a long free J/2,S'/S™ have precessed past thig axes at the midpoint of
precession period determined by an independent shorter ceaeh cycle as in Fig. 5e, and agdiiVl ~ are less than unit
pling constant. This completely avoids increasing the timeagnitude because the system is a mixture -0, and
length of the pulse sequence even though the frequency of on2S,l,. TheS'/S™ vectors never precess as far as theaxis
nucleus has been restricted to a bandwidth of the ord@(®)f before reversing their motion, except in the limit®f — 0 in

As for 180’ pulses in Section 2, the bandwidth of Qfulses which case the vector motion becomes continuous free prec
can be increased by increasing the RF amplitude, decreassimn. Pure—2S,l, is only produced for the specific case of
the pulse length,, and adding a delaty. If the RF amplitude B, = J/2.

5. SPINSTATE TRANSFORMATIONS USING
NONCLASSICAL ROTATIONS

The 90 Pulse, the S<> 2S/, Transformation, and
Continuous Uniform I-Spin RF Applied
on Resonance to Initial,S
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z 2 Continuous Arbitrary 1-Spin RF Applied on Resonance
to Other Initial Spinstates

Vector descriptionsof the outcome of RF applied to any of
the other three spinstates can be generated as for i§itial
Fig. 5. Some examples have already been included above as
reverse transformations e.g.52, — S,. On-resonance irfa
diation of 25,1, is of interest for comparison with the moderate

FIG. 9. General description for on-resonance RF applied to initil 2 power vectormodeldiscussed below. A vectatescriptionis
(a) Thel * andl ~ vectors rotate around theaxis, the axis of application of the readily generated using the terms in column 4 of matrix [40
B, field, and decrease in magnitude as the initially antipardleland S and is drawn in Fig. 9. There is no special caseBor= J/2
vectors precess toward each other. (bpAt= 90° |~ are transverse and have . Lo . _
reached their minimum size. At this point tB& vectors reverse their direction as there is for initialS,. In all cases the precession 8f/S
of precession to return to they axes, butl* continue rotating in the same r€verses at times given by = 2z7B.t = (2n + 1)*90° (n
direction increasing in size until they are of unit magnitude and inverted alogg integer) and becomes antiparallel again*a_180°, At high
thez axes. Iffhe RF is continued frofi = 180° to 360° the picture is the same RF power the precession 6f/S™ becomes vanishingly small
except thalS™ precess toward the x axis and reverse, arld rotate through . .
the ¥y axes. At very low powerS" andS™ almost reach the-x axes atp’ = and the system oscillates betweefajlg and ZSYIY (the hlgh'
90° and 270° and* andl~ become vanishingly small. power approximation). With decreasing R%,/S™ have pre

cessed further aé’ = (2n + 1)*90°, but never quite con-
verge on the axis except in the limit oB, — 0 in which case
Irradiation of One Multiplet Line: The S« 2S], and the the vector motion becomes coupled free precession. The ro

Analogous 23, <> 2§, Transformations tion of I /I is continuous, in propeller fashion, but nonlinear

in time, revolving once folB’ = 360°.

Further complexity is added for off-resonance irradiation. gqr initial 2S,l,, the I-spin magnetization vectors remain
For example, the outcome for initid, is given by the first- |ocked along thé, x axis despite the contribution of thed/ 2
column elements of matrix [29] rather than matrix [40] for th%oupling fields of the S spins to the effective fields. This
on-resonance case. However a simplification might be €xyariance to RF irradiation is given by the term of unity in
pected alH = J/2 whereB, = (B,® + J%)"* andB. = Bi. column 2 of matrix [40] with all other terms zero.

In particular, 5,1, is generated off resonance from initi& Initial 2S,1,, given by the terms in column 3 of matrix [40],

and, puttingd, = J/a, the equation for this spinstate simplifieg, o\ ides the most complex vectescriptionof the four initial

as spinstates and, to conserve journal space, has not been dre
here. However a complete cycle occurs for ev@ry 360° (as
. 05 for initial S, and 25,1,) and it is notable that wheB, < J/2
281, = —0.5f, = cog /2] = cog (1 + a*)**m/ 2], thel * vectors reverse their direction of precession twice durin
[54] each cycle. This double reversal of the rotation of the I-spi
vectors at low RF amplitude provides significant evidenc
against the notion that these rotations could be explicable
terms of a classical torque.

when 9~ = 7, i.e,,t = (2B,) *. The transformation is ab
tained in 100% yield fora = (4n*> + 1)°°, n a positive
integer. There is a remarkable parallel with the classical SPT
experiment in thaB, = J/\V/3, J/\V/15, J/\V/35, J/V63, . . .,
gives maximum conversion, but Eq. [54] differs from [27
providing alternating=2S,I, with incrementedn. The fre
quency profile, given by the function-0.5f,, also differs.
These solutions illustrate the complexities off resonance. For

example, foB, = J/\/35, thel /1~ pair originates on-z as There have been few previous studies of RF-induced rot
usual and rotates 1.25 revolutions around zhexis, passing tions that include the transverse antiparallel stat8g,2and

]6. PREVIOUS STUDIES OF NONCLASSICAL ROTATIONS
AND APPROXIMATIONS AT HIGH AND MEDIUM
FIELD STRENGTH

twice through the transverse plane, to arriverat aftert = 2S/1,. Some are in error and all are misleading in that th
(2B,) . The rotation aroundz increases by an extra 0.5different effects at high, medium, and low RF power have nc
revolutions for each increment of been adequately addressed. A quantitative analysis of the v

The conversion 81, <> 25|, is similar to theS, <> 2SI, ious results available from the QM-derived matrix [29] now
transformation. Beginning with theSl, state, the yield of shows that there are four important regimes: high RF pow
2S,1, is given by 0.5, for irradiation atd/ 2, which reduces to with B, > 50J; medium RF corresponding to 30> B, >
Eq. [54] under the same conditions. 5J; low RF for whichB, < 5J; andB, = 0
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High RF Field Strength, B> 50J, and the High-Power
Approximation

In their study of the illusions of spin decoupling, Le\ttal.
(26) showed that a variable period of CW decoupling applied
to spinstateS, prior to signal acquisition had no effect on the
final signal. As a counterexample they applied the same ex-
periment to initial 5,1, magnetization and noted that the
system oscillated between this initial spinstate asll 2ac FIG. 10. Off-resonance vectamodelof I-spin irradiation. (a) For initial
cording to S,, the effective field axi®, is the quantization axis of the | spins, whég
and tilt anglea are defined in Egs. [1] and [2]. The S-spin vectors precess ¢
a reduced coupling rate given lysin «. During this precession the I-spin
cod2wB, t[{2S/1,} — sin27B,t]{2S1,}. [55] vectors grow along thB, axis in proportion to siry and are maximum and of
unit magnitude equal tb;,, whenS" andS™ are antiparallel. (b) For ease of
. . display, initial 5,1,, instead of &,1,, is depicted. The preexisting and| -
However, their work was based on the premise Bashould vectors rotate orthi)gonally aroﬁlfqyin the normal way at a rate &, Hz. The
be “sufficiently strong.” Although presumably not intended fog-spin vectors precess to and fro at a coupling raté ais ¢ whered is the
CW decoupling, this premise corresponds to the high-poweirying angle that the I-spin vectors make to #exis.| * and| ~ decrease in
approximation summarized above in the form of matrix [425iz€ in proportion to siry asS" andS™ precess apart. In the figui®, andS"
which on resonance reduces to will reverse direction whem™ andl~ reach thexy axes, and * and|~ are
depicted as having reduced in size slightly—they will increase in length bac
to unit magnitude wheS~ return again to the-x axes. The I-spin vectors for
0 0 0 initial 2S,1, and 25,1, have a component aligned with tBe axis and another
1 0 0 orthogonal. The aligned component acts on the S-spins similarly to (a) and t
0 CO$27TBlt:| SiI’[ZTrBlt] . [56] orthogonal component similar to (b) with the overall time-dependent reduce
0

fo[x]) =
. coupling constand, being the resultant of both components—an example i
—sin2mwByt] cog2mBt] provided in Fig. 4 of Ref.%). Note that for clarity we have now explicitly
added the magnitude &f to themode] as in the discussion of Fig. 4, rather
g 9
With a trivial change in sign convention, Expression [55] ig1an rely on the previous implicit notiodt(5) that the antiparallel spinstates
. . . ' . . e given by siny.
identical to the terms in column 4 of [56], and the invariance 5t 9 y sty

initial S, is given by column 1. Beneath the layer of pherom

ena observ_ed by Le""ﬁ“ al. lies two other nomllusor_y layers after the spin is instantaneously invert@d)( The effect of RF
corresponding to medium and loB, power. To avoid a 1% . AT .
on the strength of the coupling modulation is ignored and thi

error for a*®C'H spin system, the CW RF applied to initial,

25,1, must have an amplitude of more than 7.5 kHz, otherwis'sé a poor approximation when the cycle time of the spir

signal in the form ofS, will be observed during decouplingmversmns are significant comparedXas in adiabatic decou-

: pling. For CW decoupling, the detailed analysis by Anderso
(calculated from column 4 of matrix [40]). In broadband adi nd Freeman2) for all power levels indicated that the con-

abatic decoupling, 5% sidebands are easily generated from this

source 6). Setting the lower boundary of the high-field apS:Gpt of spin flips is unnecessary, so there appear to be

S S . separate mechanisms for decoupling.
proximation to 50 limits simulation or spectral errors to less . s . .
We introduced an intuitive semiclassical vectoodelof J

than about 1-5%. . . A L . o
It is now well-known that the conditions expressed in matrimedmatlon during I-spin irradiatiord, applied to initialS,,

[56] are sufficiently extreme as to provide our ability to precisef\%?d showed that, pro.wdéﬁ? >J the model was in agreement
measurethe “unobservable” 1, state by applying a hard 90° ith the exact equationf( in matrix [29]) derived by Ander
y

pulse to convert the spinstate t§,2 as mentioned in Section 3’son and Fregman using Sttimeger QM. The model was based
above. This conversion is given by the sine term in column 3 aF the previous He|§enberg vectpTodeI for IS .p.ulse se
[56]. quences, which had in turn been ngorqusly_ posmoned withi
the Heisenberg QM picturd 4, 17. In the intuitive model, the
quantization axis of the | spins is assumed to be the axis of tl
effective fieldB,, which in turn determines an instantaneous
reduced coupling constadt acting on the S spins. The pieto
RF of moderate power is most commonly encountered ial aspect of the model is displayed in Fig. 10a. The mode
decoupling schemes, broadband adiabatic pulses, and selean@urately predicts the effective coupling constant during an
broadband pulses. Typical descriptions of the mechanissmEn-lock field (or CW decoupling) wheB, is constant in time
underlying decoupling methods assume that the RF instanésd also during a single adiabatic pulse in the adiabatic lim
neously changes the state of the spin to which it is applied, wten the I-spin vectors remain aligned with a time-varyihg
that coupling evolution proceeds with strengdtin one direc- field that inverts during the course of the puldg Extensions
tion (before the spinstate flips) and then reverses and refocuskthe model to initial B,1; (j = X, y, z) spinstates as depicted

OO o

Medium RF Field Strength, 503 B, > 5J, and the Vector
Model of Nonclassical Rotations
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in Fig. 10b, and to adiabatic decoupling, provided results thatexcept for the 0.5% difference in cycle period correspondin
were nearly identical to those of exact QM simulations. The 6' = 360° and a similarly small variation in rate of rotation
visual approach of the model guided the optimization of adituring each cycle given by the QM result. However, for ai
abatic decoupling schemes, often without need for detailef-resonance comparison it has been necessary to calculat
calculation 6—7). Thus, by tracking the reduced coupling con4 X 4 matrix of expressions for the vectorodelanalogous to
stantJ, acting on the S spins during I-spin irradiation, thisnatrix [29] and to do a numerical comparison between the QI
vectormodelhas consolidated the two separate mechanismsefpressions and the model expressions. This showed that
decoupling, mentioned above, into one picture. resonance the vectanodel equations are accurate to better
The formulation of the exact QM equations, expressed than 2% for the simultaneous combination®f > 2J, B, >
matrix [29], provides the opportunity to place this intuitive8J, andt < (4J)'. On average the vectanodel performs
picture in a rigorous framework. The rules governing thieetter than this because these limits represent worst cases
vectormodelin the terms of our present nomenclature are: in cyclic applications such as adiabatic decoupling the time
length errors are repeatedly refocused. Indee®, ibr B, >

e Forinitial S, (Fig. 10a), the effective fiel8, acting on the ’ S .
. . o S . 5J, we have found no practical applications where the limit ol
| spins determines the quantization axis (in place ofzlais
ulse lengtht causes any concern.

in Fig. 4) such that the instantaneous coupling constant actr%qzor initial S,. the vectormodelassumes that the® vectors

on the S spins i, = J sina, whe_rea Is the ?ormal angle of are aligned wittB.. We have termed this the quantization axis
tilt of B, from the xy plane. I-spin vectors,™, equal to the . . ) .
. . analogy with thez axis for coupled free precession—i.e.,
vector sum of the antiparallel spinstates, are formed along e L e
L . . - hé vectormodelassumes that I-spin irradiation of initig} is
B. axis in proportion to siny, where % is the angle between . - -
b - o an experiment that measures the equal probability of findir
S™ andS™ as a result of any coupled precession; . . ; .
L : o . the | spins aligned wittiB, and —B,. But the QM-derived
e For initial 2S,1; (Fig. 10b), the preexisting I-spin vectors : . . . .
. ] . expressions in matrix [29] are inscrutably silent about th
rotate linearly abouB. in the normal way (i.e., at an angular_"". o . . .
notion of a quantization axis. Again, on resonance there is r

rate que Hz). The |nstant+aneous coupling constant is given taffficulty. The model depicts the quantization axis for on-
the sine of the angle thie™ vectors make to they plane, or

J cos¢ whereg is the polar angle. The magnitude of the I_Spirr]esonance RF as being transverse, and so the S spins ex

. ; : ence no coupling. This is the well-known on-resonance C\
vectors decreases in proportion to sinwhere the 3 angle

i o decoupling result. The relevant QM equation predicts side
betweerS" andS™ decreases from 180° as a result of couplebdf:mdspatfBJ (discussed above i(n? rela?ion to E[?J [43]), but
precession during the irradiation. ¢ : '

these are less than 0.5% fBr > 5J and by discarding terms
The justification of this vectomodelis greatly facilitated by in (J/[2BJ])? the two results agree. Although we have previ
the general proof given in Section 4 that the precession of thesly proven that a similar close correspondence arises
S spins entirely depends on the orientation of ithevectors resonance for initialS, and B, > J (5), it is vital for the
with respect to the axis and that, under all conditions of RRtheoretical rigor of the vectamodelthat we finesse the tilted
amplitude and resonance offset, the instantaneous couplgntization axis from the exact QM expressions.
constant is) cos¢. Since this is a central premise of both of the Again, a numerical approach suffices. Calculation of th
above rules, the only remaining task is to show that the modaitiparallel spinstates beginning with initig| from the terms
accurately predicts the™ vectors. In the model, the effect ofin column 1 of matrix [29] yields
the =J/2 coupling fields of the S spins on the | spins is
ignored, soB, does not include a contribution frothand is

- _ 2 2 205
defined asB2 = B,? + AH? If B, = 5J, failure to include total 1 */1 = vectors= 0.5(f3 + f5 + f4) ™% [57]

*+J/2 produces an error of 0.5% iB; on resonance and a S, = 0.5*f, = cosv, [58]
maximum error of 5% at about I®ff resonance. However, it
has been noted in Sections 4 and 5 that it is difficult to predict tan ¢ = f,/(f5 + £5°%, (59]

the orientations of “ off resonance from the QM expressions
without recourse to exact repetitive calculations, so the suspi-
cion remains that larger errors might accumulate during long
periods of I-spin irradiation between the vectoodeland the wherey and¢ are as normally defined atlis the phase angle
QM equations, even wheB, > 5J. of the transverse componentlof to they axis. Typical results
For initial 25,1, on resonance there is no difficulty. Forare shown in Fig. 11 foB, = 5J. The growing I-spin vectors
initial 2S,1,, the RF is on the I-spin axis, the | vectors areapidly rotate to theB, axis, which is at 45° tilt above the
spin-locked, and both the vectorodeland the QM equations axis, and then make small pseudo-circular precessions arot
predict an invariant spinstate. For initiaB2, and 25,1, the this axis of about 7° amplitude indicated by the oscillations o
propeller model of Fig. 10b applies with a horizontal effectiveb and 3. In terms of the total product operator states, the larg
field. This is identical to the QM vectatescriptionsas in Fig. excursions of the I-spin vectors from tBg axis at the begin-

tan B = f3/f2, [60]
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FIG. 11. Off-resonance plots of I-spin and S-spin vector positions during nonclassical rotations. Plots of the magnitude of the I-spin edteersagle
¢ thatl* make to thez axis, the phase angfgof | * to they axis, the magnitude of th8, spinstate, and the angie which is half the angle betwee®’ and
S™. The plots are versus the length of time the I-spin irradiation is applied in unitsJo$.IThe plots result from calculations made using Egs. [57] to [60
assumingB; = 3.5J, AH = 3.5J, which ensures th&. = 5J. The plots would be in exact agreement with the vector modél#f 45° (B, at 45°) and3 =
90° throughout. Projection of the linear segmentsyianto the time axis indicates that andS™ effectively refocus a\/2/J s and 2/2/J s as expected. At
the midpoint of each cycle the magnitude of tiedoes not quite reduce to zero so ti&itdo not quite refocus on the x axis. Instead “ rotate rapidly and
invert along theB, axis andS™ reverse their direction of precession. Data points used to construct the plots are not sufficient to accurately depict this
inversion and for ease of presentatiprand 8 are plotted as though the inversion has not occurred. Numerically, there is only a minor difference I&twee
precessing continuously through thex axis (zerol ©) or reversing just short of refocusing (very small invertirig.

ning, middle, and end of each cycle are when these vectors aratrix, i.e., the equivalent of matrix [29], there is no need sinc
small and so these excursions represent only a small departhiee exact QM matrix now exists—there are no situations i
from the vectormodel. Thus the I-spin vectors are almostwhich a good approximation would be advantageous over :
continuously spin-locked alorig,, the postulated quantizationexact treatment when the two methods are applied in the sal
axis, with the S-spin vectors precessing steadily at the expecteay and the effort of numerical calculation is similar. The
reduced coupling rate, which is an average of the exact instaimique value of this vectanodel,separate from an exact QM
taneous rate given by Eq. [49]. treatment, arises in situations where it is possible to numel
If B is doubled, all excursions from the ideal vectoodel cally (4) or analytically g) integrate the reduced couplirly
pattern are approximately halved and the quantization axiger an entire amplitude/frequency-modulated RF pulse. Th
dominates. Indeed the spin-locked pattern can still be discerreggproach obviates the need to repeatedly apply a rotati
for effective fields as low asJ2. This pattern must inevitably matrix for each time increment in the pulse, and it was used:
break down closer to resonance, and it undergoes a dramativantage in this way in the detailed analysis of adiabat
change, as\H is reduced tol/ 2, to the cyclicS, <> 2SI, pulses 4) and adiabatic decouplindg{7).
interconversion described in Section 5. Nevertheless, we carn addition, we now suggest that the vectoodelshould be
say that, near enough, the vectoodelprovides a predictive used in combination with the exact QM equations of matri;
picture of I-spin irradiation of initialS, off resonance for the [29]. The latter are too complicated to readily convey ai
simultaneous combination &, = J/2 andB, = 3J/2. overall picture of IS spin behavior off resonance and it i
The above serves to determine the limits of analytical acciedious to repeatedly calculate exact veatescriptions.The
racy of the vectomodel,and the model does better than mighproposition is that foB. greater than & 2, the picture is, near
be expected—the initial assumption thH&t should be much enough, that of the vectamodel. For B, > 5J, numerical
greater thard tends to underestimate its striking performancerrors in using thenodel are less than about 1-5%, so the
relative to the more precise limits described above. Howevegctor picture may be considered exact. Examples of the col
even though it is straightforward to derive and list a complet@ned use of thenodeland matrix [29] are provided in the next
set of analytical vectomodelequations for a 4X 4 J-rotation section.



VECTOR EVOLUTION IN AN IS SPIN SYSTEM DURING RF IRRADIATION 347

Low RF Field Strength, B< 5J states (as expressed in matrix [29]) and observe that all me
) - netization was exclusively in theSl, state at the midpoint

. For f'.EId strengths less thad Ait is clea_r from the e>_<amp|es between the two pulses. These pa?syof Pdlses were used by

n Se_ctlons 4 and 5 that th_e QM equatlo_ns of matrix [2.9] ASavis to import selectivity into the standard heteronuclec
required to exactly determine the behavior of an IS spin Sy%')in-echo difference experimerg1(, 32

tem. Apart from the pioneering work of Anderson and Freema e :
(22) and later Waugh23), which yielded the equation for the A recent QM study by Zwahleet al. (33) has the appear

. ance of relevance to low-power calculations by claiming te
f, term of matrix [29], there appear to have been only three b y 9

. . . fovide “complete expressions describing the evolution c
other studies at lovB, amplitude relevant to nonclassical ISD . . g : . g
; density terms” during adiabatic pulses applied $9 systems,
rotations 25, 28, 29. Y g P pplied3q sy

. . . . but falls short of this goal. In transforming to a tilted frame anc
I-_|en_r|f:hs and Schwgrtzz(%) stu_d|ed selegtlve experlrr_]en_t ack again in a standard density matrix approach, Zwadten
on individual multiplet lines but did not obtain any quantltatw%l

. ! |. discarded important terms—for example, their treatmer
g;a;i;%rczonclassmal rotations. Stell al. (29) used the pulse does not predict any observab® signal when irradiating

2S,1, and thus is more consistent with the high-power appro»

imation expressed in matrices [42] or [56]. In acknowledgin
90[S]-CWI, J/2, t]-18( S]-t-acquire S signal, our vectormodelapplied to adiabatic pulsed)( and in partic-

Hl ular our concept of a reduced coupling constant, they stat

“We demonstrate that a complete description of the evolutic

where CWI[l,J/ 2, t] signifies RF of constant amplitude appliedbf coherences is more complex than might be anticipated

at a resonance offset @f 2 Hz for timet. The acquired S the basis of a simple scaling of the coupling constant,” but latc

signal, which is refocused by the 180[S] pulse andtttelay, “that there is a decrease in rate at which the in-phase al

comprises only§, and 25,1,. These are given by column 1 ofantiphase components interchange.” Fortunately the seco

matrix [29] (with a sign change of one term for the 180° pulsepotion is equivalent to a reduced coupling constant, no

multiplied by rows 1 and 4 of [41] for thedelay, to yield  proven above in Section 4 for all conditions. Paradoxically
their QM treatment is not as accurate as the veotode)

S, = 0.5( f,cod wJt] + f,sin #Jt]); [61] Which does predict the evolution of all “coherences.” Indeec
) their final result thatS, spin systems behave similarly with
2§1, = 0.5(—f;sin 7Jt] + f,cod mJt]). [62] respect to adiabatic pulses is assured without the effort

calculation by the vectomodelin which it is assumed that if

These simple exact equations are not in agreement with 8g> J, the S spins do not affect the | spins at all, and so the
complex expansions provided by Steli al. number cannot matter. But, to be precise, if the exact QI

A study by Davis 25) at low power did not discern the expressions of matrix [28] are used for simulations, there is ¢
fundamental differences between classical and nonclassietiect from then spin number when using adiabatic pulses. Fo
rotations. The classical 180S-spin rotation was correctly spins within aboutl Hz of an edge of the bandwidtB, ~ J
identified asS, — 2S,1,. But the nonclassical 90otation was at the beginning or end of an adiabatic pulse and so sp
incorrectly assumed to b8, — 2SI, (I, — IS, in the numbern must affect the frequency profile at the extremes o
terminology used in Ref26)), instead of5, — 2S,|,, via 180° bandwidth. This will be an important factor in the design of
rotations around effective fields tilted a¥45°, by analogy with selective narrowband adiabatic pulses when these edge effe
the previous work of Brondeau and Cankt)( It is impossible dominate.
to rotate vectors around fields tilted at different angles and keep
them ant.iparallel, so the cpnfusipr_] seems to have been with e Field Strength and a Comparison with Classical
expectation that the | spins originate in-phase from the Rotations
axis, as in an initial Boltzmann distribution, rather than anti-
parallel from=*z as required for coupled partners to the initial The PO statess, and 25,1, are common to both the six
S-spin Boltzmann distribution. Again by analogy to classicarthogonal spinstates involved in classical rotations and tt
rotations, the correct pulse amplitude and length were used Er spinstates comprising the nonclassical kind. It was note
the pulses were designated aH" pulses for 180° rotations of in Section 2 that a description of classical rotations require
lengtht. These 90 (or tIT pulses) were employed in pairs andwo initial QM inputs, the Boltzmann distribution of the S
the offset dependence of the pairs was calculated by thgins and the equal probability of finding the coupled | spin
method of Shaka and Keele3(). That type of treatment dealsalong =z. With these two properties taken into account, the
exclusively with the observable signal from initial in-ph&&e system is purely mechanical, hence classical. The more co
magnetization and does not calculate the density matrix aplex nature of nonclassical rotations arises because of t
function of its complete product operator components. Thusyolvement of the transverse antiparallel stateS,l2and
there would have been no opportunity to evaluate intermedi@s,|,, which are pure QM states with no mechanical analogut
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The transverse S-spin vectors comprising classical spinstates , . _ (a) —— B,=0.50J

undergo free coupled (mechanical) precession in the absence of N T (b) --eeer B,=0.83J

an RF field, but those of |, and 25,1, do not. This third QM SRR T A N ~ ~ (€) --m-m- By =11

input for nonclassical rotations or transformations completely RN ~ (d)----- B, =2.24J

dominates aB, = 0 such that there are no rotations. With_ Voo “~ (:) “““ By =4.47

increasing RF the influence of this input weakens and rotatiogs 08 Ly N o E ; : 51 j?fgj

occur more readily and eventually become classical. = T \ { L
In the discussion of classical-rotation matrix [22], the § o418 - \\ ~

high-power approximation was mentioned but its limits werg | N ~

not quantified. We should use the same standard as in §e,, | [ii N N ~

discussion of nonclassical limits: |, = 5J, failure to include ¢ IR N

+J/2 produces an error of 0.5% iB; on resonance and a 1l - \ ~ o

maximum error of 5% at about I0ff resonance; and so the FACA S o

high-power approximation for classical rotations is operative ]

for B, > 5J. This highlights a second major but related 27 _ ‘ ‘ [ ‘ ‘

difference with nonclassical rotations: For classical rotations 0
the passive coupled | spins are always alahg, but for
nonclassical transformations the passive S spins are transverse _ . .

. . . . FIG. 12. Frequency offset profiles for generalized half-gaussiari 90
an.d the.ll' variable raFe of precession, which depends on tHﬁ’ses. These were calculated by dividing the profile ofBhamplitude (Eq.
orientation of the I-spin vectors, must be assesse8fdields [63]) into 100 equal time increments of const&t amplitude and applying
up to 5Q1. Thus, for the nonclassical kind, it would be fair tamatrix [29] for each increment beginning wiy magnetization of-1 units,
state that the rotations of the | spins become classica& for €. [S, 2S1)] =[-1,0, 0, 0]. The signal amplitude axis corresponds to the
5J but the nonclassical behavior of the passive S spins persREgunt of B, produced. For an assumed timeandAH = 0, t, andB,

. .. . . . were obtained by iteration and values were accepted for §pahd 5,1, <
to 500: This is the regime of the semi-classical vectoodel. 10* units on resonance. (a) The ideal rectangular p0ise obtained by

setting the truncation factor of Eq. [63] to 100% € —log 1; B, = J/2 Hz;
t, = (V23)!s;t, = 0). (b) A half-gaussian pulse truncated at 1086=
—log 0.1; B, = 0.83Q Hz; t, = 0.625) ' s;t, = 0). (c) A half-gaussian
o e truncated at 1%a(= —log 0.01;B; = 1.113) Hz; t, = 0.593) 's;
New general methods can be expected from the provisionff* 0). (d) As for (c)( with the bandwidth at half height doublety .
general pictorial representanons of IS spin rotatlons at any @717 5.8, = 2.241 Hz t, = 0.275 " s). Thet, time was inserted
power level: In Sections 2 and 5, 100% spinstate conversigRS the calculations with an initial application of matrix [29] for thevalue
have been calculated for uniform on-resonance RF of strengiith B, = 0. (e) As for (d) with the bandwidth doubled,(= 0.3877* s;
B, = J/2 and at offsets oftJ/2 for more selective conver B: = 4.47J Hz;t, = 0.136) 7" s). (f) As for (e) with the bandwidth doubled
sions whenB, < J/2. The former can take the place of anyto = 0-444 * s: B, = 9.00) Hz; t, = 0.0673 s). () As for (f)
" 1 1 . . . with the bandwidth doubledt{ = 0.4737" s; B, = 18.5J Hz; t, =
90°—(2J) " or (2J) "-90° combination in any pulse sequUence) 5,g;-: 5).
(8). The selectivity profiles of these various rectangular
pulses are given by Egs. [26], [27], [53], and [54]. The profile
for an ideal rectangular 9ulse (Eq. [53]p = 1; B, = J/2) pulse increment during the pulse shape (frequency modulati
and the highly selective nature of this pulse, suitable foequires the input of phase for each increment as in matr
applications in protein NMR, has been demonstra8@dHow- [28]). Computer simulations show that, at least for simple puls
ever, simulations using Egs. [26], [27], and [54] for the otheshapes like gaussian or sinc, the lenggthnd the maximuni,
J pulses produce large sinc wobbles off resonance typical afhplitude, RE,, can be found by iteration converging on
rectangular waveforms and generalizing the’ 9fulse to 100% yield for a required spinstate transformation. This is tru
higher power also introduces these wobbles. Thus in genefafl, any delayt, between zero and (3 ' s thus proving,
rectangularJ pulses are not of a standard that would beumerically, that any classical or nonclassical spinstate tran
acceptable for present-day selective NMR. But by analoggrmation may be obtained with these RF shapes. The iterati
with normal amplitude modulated pulses, these sinc wobblssarch is assisted by starting with parameters for a rectangu
can be suppressed by shapihgulses. For brevity, the fol- pulse given by Egs. [24] and [25], assuming the same avera
lowing summary is restricted to 180and 90 pulses and RF amplitude for the shaped and the rectangular pulse.
concentrates mainly on the latter. The mechanism of a shaped’9gulse on resonance is still
All of the calculations in the preceding sections for constaiilustrated by Figs. 5a to 5¢. Thie' vectors rotate to thery
RF amplitude utilized the terms in single columns of thaxes at a nonlinear rate, which is a combination of the nonlir
various rotation matrices. The calculation of the effect afar rate for a rectangular pulse and the varying rate imposed
amplitude modulation requires the repeated application of tttee RF amplitude modulation. The length of the pulse i
appropriate rotation matrix, [22] or [29], for each rectangulatetermined by the time required f&" to precess 90°, and

10J 15J

Resonance offset (Hz)

7. AMPLITUDE MODULATED J PULSES
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maximumB, is governed by the overall RF power to ensure 1

90° rotation of | “—the iterative search matches these two -

values. 08 -
The cause and suppression of sinc wobbles for @ises :

can be discovered using the pictorial veatoodelestablished

in Section 6 as being applicable f@, > 3J/2 and thus

resonance offsets 3J/2. The reason for the attenuated woba

bles for the ideal rectangular pulse in Fig. 12a compared °-4j

other rectangular pulses (e.g., see R8]J) (s that, off reso- i

nance) * are locked td,, B. is tilted in thexz plane as in Fig.

10a, and so no &/, signal is generated. The wobbles in Fig. -

12a are produced to the extent that the | vectors rotate around . /N

B. as the locking breaks down closer to resonance as discussed -

in relation to Fig. 11. For generalized 9@ulses there is a -

mixture of S, and 25,1, at the beginning of the pulse. The 027 ————t

previous remarks apply t8,, but off resonance a component -6J -4y -24 0 24 4y 6J

of the | vectors of 3,1, rotates aroundB, as in Fig. 10b, Resonance offset (Hz)

sinusoidally producing 3l,as a function of pulse length or FIG. 13. Frequency offset profile for an optimized half three-lobe sint 90

frequency offset, hence increased wobbles. pulse. The profile for a half three-lobe sinc was calculated similarly to those |
Similar reasoning shows that shaped pulses such as gaussign2 assuming, = 0. By iteration it was found that the squareness of the

or half gaussian suppress the sinc wobbles even fopases profile could be improved by doubling the amplitude of the minor initial lobe

generalized to higher power. In addition, Friediehal. (34) With the conditions for the overall pulse given by RF= 1.8) andt, =

have shown that the large negative side lobes (signal mag%?—a‘J :

tude~ —0.8) produced by a normal gaussian pulse are much

reduced for half-gaussian shapes, and this is also found to be ) ) )
true forJ pulses. Thus, the offset profiles for te < 2SI, exactly; and the connection via generalized rectangular 18

transformation for a series of generalized half-gaussiah 9@HISes backto the work of Brondeau and Cafiéf (L9 has not
pulses are shown in Fig. 12. Figure 12c is the profile for hgen made. Ca!culahons usidgrotation matrices determine
half-gaussian when there is no free precession petipes(0) that for a gaussian shapig, = 0.584. att, = 0 andte =
for the spinstate conversion. This has a greater bandwidth ttthr 7 3» for to close to () s for both 180 and 90 pulses.
the ideal rectangular 9Qulse (Fig. 12a) because of the highefOr half-gaussian pulses the; values are considerably

maximum RF amplitude, R, The RF amplitude modulation changed t¢0.36+ 0.02),, over the fullt, range for 180and
is given by tote = (0.838= 0.005Y%, for 90’ pulses as in Fig. 12. This

result indicates that unsymmetrical 9pulses will have the

advantage of increasing J2 ' s periods by the smallest pro
B, = RFnacexy —a(t/t, — 1)]%, [63] portion when inserted into pulse sequences. Overall, the

simulations also show that using the assumption made |

where a determines the truncation factor at the start of tHéessler and co-workers3%, 39 that ts = 0.5ts, simple
pulse, set at the 1% level (Id@.01 = —a) for Figs. 12c to shaped pulses designed for single spin rotations can be sub
12g. Setting this factor to 100% returns a rectanguldrfiise tuted for any 90° pulse in a sequence with less than 10% lo
as in Fig. 12a and intermediate factors produce intermedidteS/N on resonance provided thaf is less than or about half
profiles as in Fig. 12b. of (2J) * s. This loss can then be eliminated by experiment:
Increasing RF amplitude and reducing the pulse length ag@ustment of, and RF,., and the actual offset profile for the
fraction of (2J) * as in Figs. 12d to 12g must eventuallypulse will be very similar to that for a single spin with the same
eliminateJ modulation as a significant factor during the pulsé}Fmax
and the 3x 3 rotation matrix [15] again becomes applicable This conclusion would seem to obviate the need for exa
for simulations. Prior work has shown that the initial rectargnalyses of semi-selective 90° pulses in cases when the ba
gular 90° excitation pulse in a sequence can be replaced bwyidth at half height is about B or more. However, if a
gaussian 35) or a half-gaussian3g) pulse that occupies abandwidth greater thanJds chosen, the nominaj}, period for
small part of a (3) * delay and that allowance should be mada simple shape such as half-gaussian can be used for
for the effective period of]J-coupled precession during theapplication of an additional period of modulated RF to obtai
pulse,te;, Wherety; + to = (2J) . However, the period.; a squarer selectivity profile. An example is provided in Fig. 13
was assumed to be @5for these shaped pulses; we have nathere a half one-lobe sinc calibrated fgr= (4J) * has been
found a prior theoretical analysis that calculates this tinteplaced by a half three-lobe sinc for whith= 0.

% 0.6 =
>
]

[—

0.2 -

Signal @m
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8. CONCLUSIONS At low power, vectordescriptionspbtained by tracking the
I- and S-spin magnetizations in time using the QM equation:
A weakly coupled two-spin system is central to high-res@re helpful in analyzing the 100% spinstate conversions ava
lution NMR because almost all pulse sequences used for tifele via nonclassical rotations. Taken together with the clas:
elucidation of molecular structure depend on the transfer cdl transformations, the overall analysis yields a general mea
information between nuclear spins via the scalar coupling. Thaé substituting frequency-selective pulses into existing puls
study provides a comprehensive survey of the analytical forresquences. Potentially, by utilizinggmodulated precession
for the orthogonal states produced from any initial produduring selective pulses, any combination of a 90° pulse and
operator IS spinstate under arbitrary RF conditions applied (@J) ' period in any pulse sequence can be replaced with
one spin 1). The complete set of exact equations encompasstmped selective pulse of any bandwidth. One important res
all previous research on a two-spin system and is applicableigothat, provided that the length of the shaped 90° pulse
homonuclei and heteronuclei. approximately half the length of the Jp* period or less,
The analysis clearly separates two kinds of spin rotations sglective pulses that have been calibrated for single spin ex
transformations that we have described above as classicatation can be inserted directly in place of any 90° pulse in
nonclassical. The first kind can be considered as including afliquence. The modest loss N resulting from the single
spinstate interconversions except those involving the antipapin assumption can be regained by experimental calibratic
allel transverse statessd,, 2S)1,, 2S,1,, or 2S,1,. Two QM However, the remainder of the delay period may be used
assumptions are required for the initial conditions prior to immpose a longer RF pulse and so improve the squareness of
classical rotation: The magnetization of one of the spins waff-resonance profile at the selected bandwidth—for noncla
derived from a thermal Boltzmann distribution; and one of th&cal rotations, this concept is guided by the vectescription
spins has an equal probability of being found alang During on resonance and the vectopdeloff resonance. These pulses
the rotations, no further QM principles are needed, and theay be designed by numerical simulation using the analytic
result can be exactly determined as the classical rotation of foems of Egs. [22] and [29] or the more efficient algorithms of
magnetizations of one spin about two effective fields, whidRef. (1).
are the resultant oB,, resonance offset, and theJ/2 cou Beginning with the work of Freeman and coauthors ol
pling fields of the other spin along-z. Various spinstate J-coupled evolution 2 decades ag®7(38, vector pictures
transformations that occur in 100% yield can be found frotmave played a major role in the invention of the fundament:
this vectormodel or from the corresponding equations. Founits of heteronuclear pulse sequences: for example, vario
B, > 5J the influence of scalar coupling during the RFspin-echo methods (e.@1, 32; INEPT (38); the basic four-
irradiation can be neglected: the high-power approximation psilse HMQC sequence(); and the IS spin version of DEPT
operative. (20). Physical pictures, such as the Heisenberg vector moc
Nonclassical rotations always include the transverse antiffa4), combined the notion of classical rotations at high powe
rallel states, either transiently or as an initial or final stataiith quantum mechanical principles at zero power (to cop
Thus, for irradiation of an | spin, the nonclassical kind involvewith the transverse antiparallel states) to provide an over:
interconversions of the four spinstate, 2S1,, 2S,1,, and semi-classical description of heteronuclear experiments. The
2S,l,. The nonclassical behavior arises from the well-knowphysical descriptions were less important in the developme
invariance in time of the 8 |, and 25,1, spinstates wheB, = of coupled homonuclear experiments because of the add
0, which is strictly quantum mechanical. Within the Heisencomplexity of the numerous signal pathways generated |
berg picture of quantum mechanics, for example, this phenosimultaneous |I/S pulses, but are still valid, as illustrated b
enon is ascribed to the physical concept that whenever ong=oéeman 19). Recently we extended the ambit of IS spin
the IS spins flips its orientation in the transverse plane, tector pictures with the semi-classicabdelthat is applicable
other spin must also fliplé, 20, 2). The nonlinear RF-in- to adiabatic pulses and decoupling at intermediate power leve
duced rotations for small, are dominated by such QM effects(4, 5). The comparison of these vectoodelswith calculations
from the correlated spins, but these effects become less impafr-measurablemagnetization vectors using exact QM equa
tant with increasing RF field. At intermediate strengths, corréens, presented here, shows that these pictonadielscover
sponding to 3 = B, = 50J, a semi-classical vectanodel the entire range of IS spin experiments except any RF-induc
(4, 5 can be employed with a high degree of accuracy in whigbtations involving the transverse antiparallel states at lo
the rotations of the | spins are classical or they are spin-lockgmhwer in the range 6< B, < 5J. The evolution of I- and
At all field strengths, the passive S spins precess via a redu&dpin magnetizations in this modest region can be calculat
coupling constant that is exactly determined by the cosine difectly from the analytical equations or envisaged from th
the polar angle of the I-spin vectors. FBy > 50J the I-spin various examples illustrated in the figures in this article, s
rotations may be considered to be instantaneous with no sigeviding a continuum of physical pictures over all possible
nificant S-spin precession from coupling during the applicatiamonditions. These pictures comply with an accelerating trer
of RF to the | spins. toward a “visual language” which, according to HoB%) is



VECTOR EVOLUTION IN AN IS SPIN SYSTEM DURING RF IRRADIATION

more efficient in summarizing data and conveying comples8
ideas.

N -
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