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Abstract A pair of pulse schemes that spin-lock
magnetization efficiently are presented. The design of
the sequences benefited from a particularly simple
relation that is derived describing to first order the
evolution of any magnetization component due to the
application of an off-resonance 90° pulse. The se-
quences are shown theoretically and experimentally to
significantly outperform the 90°-delay-90° element that
is often used in current applications. It is shown that
alignment of magnetization to within 1° of the effective
field can be obtained over a bandwidth extending
between [-wg, ws ], where wgy is the strength of the
spin-lock field using a simple scheme that is an order of
magnitude shorter than an adiabatic pulse that might
also be used for a similar purpose.

Keywords Magnetization alignment - Spin-lock -

R, relaxation - Off-resonance 90° pulse

Introduction

It has long been known that *C and "N spin

relaxation experiments can provide useful informa-
tion about protein dynamics (Allerhand et al. 1971;
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Gust et al. 1975; Richarz et al. 1980; Henry et al.
1986). However, the widespread utility of such
experiments had to await the development of het-
eronuclear two-dimensional NMR methods (Ernst
et al. 1987) that provide access to motion on a per
residue basis and that increase the sensitivity of such
measurements by probing the relaxation properties
of the heteroatom through a series of 2D 'H-
detected correlation spectra (Nirmala and Wagner
1988; Kay et al. 1989b). Over the past two decades,
since the establishment of the initial experiments, a
large number of methods have been presented for
quantifying motion over a wide spectrum of time-
scales (Dayie et al. 1996; Palmer et al. 1996; Ishima
and Torchia 2000; Palmer et al. 2005). Among the
most important of experiments are those that mea-
sure heteroatom spin—spin relaxation properties that
form the basis for the extraction of order parameters
that provide information on the amplitude of
dynamics at a given site in the molecule. Included in
this set of experiments are those that measure Rj,
values where the decay of magnetization aligned
along an effective magnetic field is monitored
(Deverell et al. 1970; Peng and Wagner 1992). These
experiments are also of interest in the study of ms—ps
time-scale processes that are quantified through the
dependence of R;, on the effective field (Palmer
et al. 2001).

A prerequisite for the extraction of accurate R,
values is to ensure that magnetization is aligned
properly along the effective magnetic field prior to
the spin-lock period. During the spin-lock interval
the effective magnetic field experienced by a nuclear
spin in the rotating frame is the vector-sum of two
orthogonal components, that are in turn proportional
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to the offset from the radio frequency (RF) carrier in
the rotating frame, Q, and to the field strength of the
continuous wave RF field used for the spin-lock, dgy ,
so that @egsL = Q + dsL. Of primary interest is
the component of the nuclear magnetization that is
parallel to the effective field that relaxes due to Ry,
processes, while the component of the magnetization
that is orthogonal to the effective magnetic field is
dephased during the spin-lock period from in-homo-
geneities in the spin-lock field and R,, processes.
Components orthogonal to the effective field that are
present at the beginning of the spin-lock period can
lead to non-exponential decay of signal intensity for
initial time points that, in turn, hamper the extrac-
tion of reliable R, relaxation rates.

With this problem in mind pulse schemes have
been developed for placing magnetization compo-
nents along their effective fields prior to the spin-
lock interval in R, relaxation experiments. These
make use of adiabatic sweep techniques (Mulder
et al. 1998) or alternatively pulse trains (Griesinger
and Ernst 1987; Yamazaki et al. 1994; Akke and
Palmer 1996) that are based on a combination of
high power RF pulses and delays. The alignment
obtained with the adiabatic sweep technique is
superior to that generated with the second approach,
however, the required duration of the adiabatic pulse
is often considerably longer (several ms) (Mulder
et al. 1998; Palmer and Massi 2006) than for the
method that uses delays/high power pulses, leading
potentially to larger sensitivity losses due to relaxa-
tion. In addition, in cases where ms—ps dynamics are
of interest, exchange during the (lengthy) adiabatic
sweep interval can potentially lead to initial magne-
tization conditions that do not reflect the equilibrium
distribution of spin states. Finally, because the
relaxation properties during the adiabatic sweep must
be accounted for, at least two different spin-lock
relaxation times points must be obtained for each
effective field or a correction scheme must be em-
ployed if only a single point is recorded (Korzhnev
et al. 2003). With these issues in mind it is of con-
siderable interest to develop new alignment schemes
that utilize RF pulses/delays that offer improvements
in alignment over existing pulse/delay methods and
that approach the adiabatic sweep methods in terms
of degree of alignment, but that can be executed in
much shorter intervals. In what follows we present
the theory to understand how such sequences can be
constructed, along with a number of elements that
offer significant advances over approaches that are
currently available.
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Results and discussion
The off-resonance 90° pulse

Prior to a discussion of new pulse/delay alignment
schemes we first consider a few basic rules that de-
scribe in a very simple way how an off-resonance 90°
pulse affects magnetization. Although the formalism
for the description of off-resonance effects is well
known (Ernst et al. 1987) and off-resonance excitation
is well understood (Ernst et al. 1987; Marion and Bax
1988) a review is in order because the relations that we
will derive will become very useful when we consider
more complex pulse schemes. For an isolated spin an
off-resonance 90° RF pulse applied with x-phase causes
rotation of magnetization according to

R (0- PR (51 B )RG-0). w

where R, () and R, () are the conventional matrices for
active rotations about the x- and y-axis by o radians,
respectively, Q is the offset of the spin from the RF
carrier (rad/s), @ is the field of the RF pulse (rad/s), and
0 is the angle between the z-axis and @err1 = &1 + Q.
i.e. tan(6) = w1/Q. More specifically, R%x describes the
rotation of the magnetization about the axis
Deff 1 / ||(I)eff"1 || by mwegr1/2w;. The rotation generated by
an off-resonance 90° RF pulse with y-phase is described
in a similar manner by three consecutive rotations.

Equation (1) can be recast in terms of the standard
product operator formalism (Sgrensen et al. 1983).
With iyt the initial density operator of the spin system
prior to the application of the pulse and 6yina the
density operator immediately after the pulse,
6inal = UainiU™!, where U is the propagator

o2
U = exp(igl,) exp (—ig \/1+ w_flx> exp(—igly), (2)

and ¢ = n/2-0 is the angle between the x-axis and
Def 1-

Application to longitudinal magnetization

The commutation relationship, [L, I,] = i I, implies
that

exp (iglx> exp(—iopl;) exp(—iglx) = exp(—ipl,)
(3)
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so that from Eq. (2) the propagator for the application
of an off-resonance 90° x-pulse can be written as

. LT Qz T
U = exp(igl,) exp (—li 1+ cu_%lx> exp (lzlx> @

x exp(—ipl;) exp (—iglx) .

In what follows we assume that Q << ®;, which

implies that ¢ ~ tan(p) = Q/w;. Thus, \/1+ Q*/w?

~1+Q*/20? ~ 1, and the propagator of Eq. (4)
reduces to

U ~ exp(ipl,) exp(—igpl,) exp(—iglx). (5)

The first exponential (from the right) in Eq. (5)
describes an ideal 90° x-pulse, the second
corresponds to evolution for a period of length 1/w,
and the last term, exp(i¢l,), describes a clockwise
rotation about the y-axis in the amount ¢; this rotation
can be neglected since for ¢ << 1 the vast majority of
the magnetization is aligned along the y-axis when the
y-rotation is applied. In conclusion, the rotation of
equilibrium z magnetization by the off-resonance 90°
x-pulse is described, to a good approximation, by

a Q/wllz

L= -1, 75 I, cos(Q/w;) + L sin(Q/a)
Q/wn 1,
Plol —I, cos(Q/wy) (6)

+ I sin(Q/w;) cos(Q/wy) + I, sin*(Q/wy)
~ —I, cos(Q/w;) + L, sin(Q/wy).

The fact that off-resonance effects can be treated in
terms of evolution periods has enormous practical
importance in the design of pulse sequences. As an
example, off-resonance effects cause first order phase
distortions in the indirect dimensions of a multi-
dimensional NMR spectrum that can be removed
easily by taking into account the evolution period that
accompanies each 90° pulse (Marion and Bax 1988; Kay
et al. 1989a). Finally, it is worth noting that we can write

. Q T - Q
U = exp (_lw_llz> exp(—zzlx) exp (—zw—llz> (7)

since [exp(—i(Q/w1)I;),I;] = 0; the reason for doing
this will be come clear shortly.

Application to transverse magnetization

Let us first consider the off-resonance effects of a 90° x
pulse applied to magnetization along the y-axis. We

begin by taking the propagator, U, for the off-
resonance 90° x pulse, Eq. (2), and rewriting it as

2

Q
1+ zlx) exp(—ioly)
o1

T

U = exp(igl,) exp <i2
= exp(—iglx) exp(—iol;)

X exp (iglx) exp (—ig

~ exp (—iglx) exp(—iol;) exp(—igl,).

2

Q
14 —21x> exp(—igl,)
o1

(8)

The first exponential in Eq. (8) has no effect when
applied to magnetization aligned along the y-axis,
because [I,, I,] = 0. Thus, so long as Q << wy, the off-
resonance 90° x-pulse can be treated as an evolution
period of length 1/w, followed by an ideal 90° x-pulse

Q/oly, _ Q/onl,
Iyﬂi y/—lilycos(Q/wl)—Ixsin(Q/wl)

. (9)

i>Izcos(Q/w1)—I,(s.in(Q/wl).
It is worth noting that for Q << w; the component of
magnetization along the z-axis is very much larger than
the x-component and it follows, therefore, that a sub-
sequent rotation about the z-axis (by ¢) changes the
final magnetization state very little. Thus, the rotation
propagator U, Eq. (8), is also very well approximated
by Eq. (7).

Finally, this formalism can also be used to
understand how an off-resonance 90° x-pulse affects
x-magnetization. As above, the propagator is rewritten
in order to better understand the induced rotation

; T Q?
U = exp(ipl,) exp (—12 1+ CU%IX>

X exp (iglx) exp(—iply) exp(—iglx) (10)
~ exp (iglx) exp(ipl;) exp(—iglx>
x exp(—ipl,) exp(—igl ),

and UL U™ gives

Ll 1. .
I —— 1, 21, cos(e) + I sin(o) (1)

EIX .
—— T, cos(¢) + I, sin(¢p)
“ 1, cos(g) — I, cos(g) sin(p) + L sin(p) (12

_q,
—— 1, cos?(¢p) + I, sin(p) + I, cos(o) sin(). (13)
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The first rotation has no effect on x-magnetization,
while the subsequent two rotations describe an
evolution period of length 1/w, followed by an ideal
90° x-pulse. The final pair of exponentials in the
second expression of Eq. (10) can be replaced to
first order (i.e, for Q << w;) by an additional evolu-
tion period of duration 1/w;. That this is the case
can be seen by starting from the final density
term of Eq. (11), evolving for 1/w; to produce
L cos?(¢p) + I, cos(¢) sin(p) + I sin(p), and noting
that cos(¢) sin(¢@) = sin(¢) . Once again we see that the
propagator of Eq. (7) provides an accurate description
(to first order) for the evolution of magnetization
(in this case the x-component) during an off-resonance
90° x-pulse.

Thus, the application of an off-resonance 90° x-
pulse to any of the Cartesian basis vectors of an iso-
lated spin system can be treated as (1) an evolution
period of length 1/w; followed by (2) an ideal 90° pulse
and finally by (3) a second evolution period of length
1/wq, Eq. (7). In a similar manner Eq. (7) can be
modified to account for an off-resonance 90° y-pulse
by replacing I, with L. The validity of this approxi-
mation is demonstrated in Fig. 1, where Eq. (7) is used
to evaluate UL,U™" and the result compared with the
case where the genuine propagator, Eq. (2), is em-
ployed. As seen from Fig. 1, the approximate propa-
gator describes quite well the induced rotation of
magnetization in situations that are normally encoun-
tered in solution state NMR studies when high power
pulses are applied.

Pulse schemes for magnetization alignment

The general approximation that an off-resonance 90°
pulse can be treated as an ideal pulse flanked by two
evolution periods of length 1/, allows us to optimize
pulse schemes for alignment of magnetization along an
effective field. In what follows below we first briefly
review an existing scheme to highlight its limitations
and then proceed with new approaches that offer
significant improvements.

For a spin with a small offset from the RF carrier,
-04wsp, < Q < 0.4wg, the pulse-scheme (Yamazaki
et al. 1994; Akke and Palmer 1996)

902, — 7 — 905, (14)

where y = l/wsi—2/w; rotates to a reasonable
approximation magnetization from the +z-axis to the
effective spin-lock field, @ests1 = dsr. + Q (to within
several degrees, see Fig. 2 below). Here, the phase of
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the initial 90° pulse is inverted together with the
receiver. The total rotation of the magnetization
caused by this pulse scheme is described by the three
consecutive unitary rotations, RngZ(XQ)Ri%, where
the y delay is treated as a pure z rotation. Thus, the
propagator for the alignment scheme can, to a first
order approximation and according to the discussion
above, be written as

—iQ —mi —iQ
U =~ exp (w—llz> exp <71x> exp (w—llz>
(g an)®)
xexp| —i| ——— |1
wsL W1
—iQ Fni —iQ
X exp (w—llz> exp <le> exp (w—llz>.

(15)

The evolution periods following and preceding the 90°
y and 90° x-pulses, respectively, that account for off-
resonance effects, are included in the y delay by
subtracting 2/wq, while the initial evolution period [first
exponential in Eq. (15)] is neglected since the pulse
scheme is applied to equilibrium z magnetization.
Thus, we can write

_io . _io ;
U=exp (C;IIZ) exp <2mlx> exp (wls]dlz> exp (:Fzmly)

so that magnetization evolves according to

+I0, (,,i_QIz
I, —5 41, —— +1, cos(Q/wsr) £ I, sin(Q/wsy)

I
— 5 41, cos(Q/wst ) + I, sin(Q/wsy)
ok
—— +1, cos(Q/wst) cos(Q/w)
+ I, cos(Q/wst) sin(Q/w;) £ I, sin(Q/wsy.)

(17)

Mx S], sy, 3 ng
— ~tan (2) ~ 2
MX w1 w1

It should be noted that for perfect alignment along the
effective field M./M, = Q/wg, and M,/M, = 0. Equa-
tion (18) establishes that for nuclei with small offsets
from the RF carrier (Q << w; and Q < 0.4wg;) the
pulse scheme aligns each magnetization component

(18)



J Biomol NMR (2007) 37:245-255 249
1.0 ' ' ' ‘ = T
w
(] 6 I 4
0.8} ) N 5
_g“ 5¢p \ " ’
< 06} = al e & ’ )
0.4 - ’ .
. - = AS
1S 3t \ 4
w % ’
R 5 i /
0.2 T?? E Y /
S
0.0 } AV
1.0}
@
0.8 Q
Q
<)
06} o)
s s
0.4} ~
B
£
0.2} 1=
%
18
0.0 Q
1.0}
0.8} Q/2r (kHz)
0.6 Fig. 2 Alignment of 'H magnetization along the effective
N Sl magnetic field, @ersr, quantified by ﬂcalculating the angle
E between @i and the magnetization, Mfinal, that immediately
0.4} follows application of the alignment schemes of Egs. (14), (19).
The dashed (blue) and continuous (red) lines correspond to the
02} alignment obtained using 90°:, ——90°c and 90°.,—
! x —90°, —180°., — {, respectively. The field strength used for
high power pulses is /2% = 35.7 kHz, while wg;/2n = 10 kHz
0.0 . . . . 1 (a) and 5 kHz (b)
0.0 0.2 0.4 0.6 0.8 1.0

Q/o,

Fig. 1 Magnetization components generated by the application
of an off-resonance 90° x-pulse to I,. The red, continuous line
derives from simulations that consider the full propagator,
Eq. (2), while the dashed blue lines are obtained using the
propagator of Eq. (7). It is seen that the approximate equation is
valid in the range Q /o, < 0.3, that holds in many solution NMR
applications that use high power pulses

along its effective spin-lock field reasonably well.
However, the component of magnetization orthogonal
to the effective field and proportional to Q/w; causes
artifacts and a non-exponential decay of magnetization
in the R;, experiment for spins with larger offsets. This
misalignment appears because chemical shift evolution

during the final off-resonance 90% pulse converts M, in
part to M, as detailed in Fig. 1.

Removing artifacts to first order

The pulse scheme of Eq. (14) can be modified so as to
remove the misalignment caused by chemical shift
evolution during the final 90° pulse

907, — 7 — 902 — 1807, — ¢, (19)

where { = 1/w¢, and the phase cycle +y is executed
together with an inversion of the receiver. The accuracy
of the alignment obtained by the sequence in Eq. (19)
can be evaluated by considering a Taylor expansion of
the final density operator for spins with an offset smaller
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than the spin-lock field strength, Q < ws; . Here, the final
density operator is calculated by treating the off-
resonance pulses rigorously, Eq. (2), and a Taylor
expansion to third order is performed for the three
individual Cartesian components
1@ ™ Q @
Flt—— (247 )——+
za)%L ( 2) COSLG)%
Q Q og
08, (2 2,
WS, W1 4 wl

Q mo 1@
wsL 2/ i 6wy

Ofinal = (Ix I Iz)

(20)

Only those terms with alternating signs are retained so
that the only undesired terms are of third order and
higher:

M, Q 1@ 200@ 1@

M. os. 30y oso? 30}
M, (n QQ (17 n\@
2 (G- St ()

Mx 4 wsL, CO% 6 4 0)?

(21)

The major improvement in this scheme originates from
the removal of the component proportional to Q/m,
and orthogonal to the effective field.

Figures 2, 3 compare the alignment schemes of
Egs. (14), (19) for both 'H and N magnetization,
respectively, using spin-lock field strengths and offsets
that are appropriate for each class of spin. Each curve in
the figures shows the angular deviation of magnetization
from the spin-lock field calculated using Eq. (2) to
describe each pulse, while evolution of magnetization
during delays was given by z-rotations with angular
frequency Q; relaxation was neglected. It is quite clear
that the “‘refocused” alignment scheme significantly
outperforms the simple two-pulse method.

The results from the computations have been con-
firmed experimentally by measuring each of the mag-
netization components following alignment in a series
of 'TH-"N correlation maps. A standard "H-">’N HSQC
pulse scheme was employed with the alignment
schemes of Egs. (14), (19) inserted after the first IN-
EPT magnetization transfer ('H to '°N), where the
term of interest is 2I,N,. Subsequently only one of the
three orthogonal components is returned to 'H for
detection. As can be seen in Fig. 3 there is an excellent
correlation between theory and experiment.

Removing artifacts to higher order

The goal of the alignment schemes described
above is to create pairs of orthogonal magnetization
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components in the ratio Q/wg;, so that magnetiza-
tion from each spin can be placed along its effec-
tive field prior to the application of the spin-lock.
Thus, for an x-spin lock we require that M,/M,

= Qlog, M, = 0 so that M, =1/4/1+ (Q/wsL)’,

M. = (Q/ws.)/\/1+ (Q/wsL)?, assuming that the
magnetization is normalized (| M| =1). In practice
alignment is achieved through a chemical shift evolu-
tion period (y in the sequences above) that can be
thought of as an interval during which magnetization is
transferred between orthogonal components, so that
their ratio becomes tan(Q/wsr). The efficiency of
the approach is predicated, therefore, on a linear
buildup or transfer, tan(Q/wsy) ~ Q/wsr. For nuclei
with 1Q | > 0.4wg; the transfer of magnetization from
the ‘‘starting” component to the second orthogonal
component [M, to M, in the schemes of Egs. (14),
(19)] becomes ‘‘too efficient”, so that the linear
approximation, tan(Q/wsy) ~ Q/wsL, is violated lead-
ing ultimately to M_/M, > Q/ws;, Egs. (18), (21). It is
straightforward to show that a linear magnetization
transfer occurs initially, but that as the transfer pro-
ceeds and the orthogonal component builds up, the
linear approximation becomes progressively less valid.
Clearly the situation is worse for large values of
Q because the build-up occurs more rapidly. One
approach for maintaining linearity would be to
decrease the transfer time in a manner that relates to
offset so that y would effectively be shorter for spins
with larger Q. Alternatively, for a constant transfer
period one could “remove” a portion of the trans-
ferred magnetization in an offset dependent manner at,
say, the midpoint of the transfer period and store this
component along the z-axis. At the end of the yx
interval the stored magnetization would be combined
with the component transferred during the second half
of the period to generate the appropriate magnetiza-
tion components for spin locking. This is the approach
taken here.

The basic idea is illustrated in Fig. 4 where we
focus on the fate of M, (i.e., the component that is
not transferred) during a “modified” 903, -y -90%
scheme. Let us suppose that for each offset Q there
are two fractions of spins with populations that depend
on Q. One fraction evolves uninterrupted during the
y period (trajectory denoted by the red line for
Q27 = wsr 2n = 1 kHz), while the second fraction is
acted upon by a 90° x-pulse at the midpoint of the y
interval. The fraction of spins in each pool must be
chosen so that at the end of the jy period
M (t=1/ws ) =1/1/1+ (2/wsL)* where M, is the
sum of x-components of magnetization from the blue
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Fig. 3 Alignment of >N magnetization (details as in Fig. 2)
using 90°4, — x — 90°¢ (blue) and 90°;, — y — 90°, — 180°, — {,
(red) schemes. The field strength used for high power pulses is
w/2n = 6.25 kHz, with ws;/2n = 2.0 kHz (a) and 1 kHz (b).
Calculations are shown with continuous lines, while experimental
data are indicated with circles and squares. Experimental data
were acquired using a 1 mM sample of the WT Fyn SH3 domain,
50 mM sodium phosphate, 0.2 mM EDTA, 0.05% NaNj3, 5%
D,O, pH 7, 25 °C, prepared as described previously (Maxwell
and Davidson 1998; Di Nardo et al. 2004). Spectra were recorded
at 600 MHz ("H frequency)

and red pools of spins. Clearly it is not possible to
execute the experiment as described. But it is possible
to apply an x-pulse with an offset dependent flip angle
Qd/wgy, to all the spins, where ¢ is a factor that is
chosen as described below. In this case the trajectory of
M, as a function of ¢t (0 < ¢ < 1/wgr) is given by the
green solid line (sum of the blue and red lines) and the

value of M, is equal to 1/4/1 + (Q/ws)* at the com-

pletion of the y period. Of note, the green dashed line
shows the trajectory of M, during the ‘‘simple”
90°+, — x —90°, scheme where it is clear that
M,(1/wsL) <1/4/1+ (Q/ws)* (i.e. magnetization has
been transferred from M, too rapidly, depleting M,
beyond that optimal for the spin-lock).

Figure 5 illustrates the pulse scheme that has been
developed with these considerations in mind. It is

90y

0 20 40 60 80
t (us)

Fig. 4 Trajectory showing the depletion of x-magnetization
during the y element, for 0 < ¢ < Vwgy, ws /2n = Q27 =
1 kHz. The total magnetization is divided into two pools, red
(27%) and blue (73%). The magnetization in the red pool
follows a trajectory identical to that during the 905 —y -90%
sequence, while the application of a 90, pulse in the middle of the
7 period effectively reduces the depletion of the x-magnetization
in the blue pool. In practice, the magnetization is divided into the
two pools by applying a rotation proportional to Q/wg; around
the x-axis at the half-point in the y delay, as shown by the green
trajectory that includes the total magnetization (red + blue).
Optimal alignment is achieved at the end of the sequence, i.e,

M, =1/y/1+Q*/w} =0.71. As detailed in the text, the
component of the magnetization that is orthogonal to M,,

M — M with HM — M

z-axis prior to the spin-lock (||d|| =

100 120 140 160

=0.71, must be placed along the

@-a)
worth noting at the outset that all of the delays in the
sequence have been compensated to first order for off-
resonance effects of the pulses (via the terms propor-
tional to 1/w) using the rules established above. Be-
fore presenting a detailed analysis of the scheme we
provide a brief description so that a qualitative “‘feel”
for the sequence can be obtained. The initial 90° x-
pulse at point A creates —y magnetization, with
“transfer to x via chemical shift evolution” occurring
during the interval between A and D. At the midpoint
of this interval, between points B and C, a y-rotation
element is inserted that rotates in an offset dependent
manner a portion of the magnetization that has been
transferred (-M, to M,) to the z-axis where it is stored

01 O
1 _2fs8_2Q1_2 i _2j L
2(0SL O)SL 20)SL m1 2(05,_ , @,

E F

Fig. 5 Pulse scheme for improved alignment of magnetization
along the effective magnetic field, @egsi = ws X + Q2. The
factor J is determined as described below. Narrow (wide) bars
indicate 90° (180°) pulses. The phase cycle is ¢ = (v, -y)
together with inversion of the receiver
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for the duration of the transfer period. This effectively
decreases the rate of transfer (i.e., ) of magnetization
between orthogonal components as averaged over the
whole transfer period, y, with the transfer among spins
with larger offsets affected more significantly. Follow-
ing the transfer period the pulse at point D rotates —y
magnetization to the z-axis, while the magnetization
that has been stored along the z-axis (i.e., transferred
during A to B) is returned to the transverse plane
where it is orthogonal to the magnetization transferred
during points C to D. At this point all the transferred
magnetization resides in the x—y plane and during the
ensuing delay between points D and E it is refocused
along the x-axis. Finally, the subsequent pulses
between E and F ensure that x and z-magnetization
components are in the appropriate ratio so that net
magnetization resides along the effective field.

In a more detailed manner, initially at point A the
density operator is proportional to I, and at point B it
is given by
op = I,sin(Q/2ws;.) — I, cos(Q/2wsL.). (22)
The y-rotation element inserted between points B
and C rotates I, to I, in a manner which depends on
offset, Q; as the offset of magnetization from the
carrier increases and hence the ‘linear transfer”
approximation described above becomes worse, an

increasing amount of the transferred component is
stored along the z-axis

oc =+ 1,sin(Q/2ws1.) cos(Q0/wsy) — I, cos(2/2wsr.)
+ 1, sin(Q/2wgy) sin(Qd/wsy).
(23)
The scaling factor, ¢, is determined as described below
so as to optimize the alignment for nuclei within a
specified frequency range from the carrier. The second

interval of the 1/wg;, evolution delay is between points
Cand D

op = + L sin(Q/2ws1 ) cos(Q2/2ws)[1 + cos(Qd/wsL)]
— I, sin(Q/2ws1.) sin(Q6 /wsy)
— I[cos?(R/2wsL) — sin®(Q/2wsy ) cos(Q5/wsL )],
(24)

where

EZE:?; _ 7tan(95/2wSL) ~ tan(—Q5/2wgL). (25)

cos(Q/2ws1)
Thus, at point D the transverse coherence, that
comprises essentially all of the transferred
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magnetization, forms an angle of approximately
—Q0/2wgy with the x-axis and the delay between
points D and E serves to refocus this magnetization
so that it aligns along the x-axis. The 90°4;-pulse brings
the z-component of magnetization along X, the
x-component along z, and the 180°4; — 1/w; element
refocuses the evolution that occurs during the 90°4,
pulse. The small remaining y-component of
magnetization is eliminated by the phase cycle so that

or=+1I[cos’(Q/2wst ) —sin®(Q/2wsy ) cos (25 /wst)]
+ I {sin(Q/2ws1 ) cos(Q2/2wmsy.)[1+cos(25/wsL)]
x c0s(Q0/2wsr,) +sin(Q/2wsr ) sin (26 /wsL)
x sin(QJ/2wsy) } (26)

It remains to determine the length of the delay é/wgr.
between point B and C in the sequence of Fig. 5 so as
to obtain optimal alignment. In particular, the factor
0 is chosen for optimal alignment of nuclei in the
range of frequencies from the RF carrier given by
Q € [-awsy, owsr]. The components of the density
operator at point F that are parallel and orthogonal to
Depr g1, are defined as

(0'F|waSL + IZQ>
Losy +1; Q|waSL + IZQ>

Oeff,|| = < (waSL + IZQ) (27)

and

Ocff | = OF — Ocff | (28)

respectively, and the factor § that results in the optimal
alignment, 4y, is the one that minimizes

osL,
/ 40| e | (29)

—owsL,

7(0) =

It is noted that J,p is solely a function of «, and in
particular J,p is independent of wg;. since the density
operators or and oci | are given entirely in terms of
Q/wgy.. The dqp is shown in Fig. 6 for different values
of the scaling factor o.

Figure 7 shows the alignment obtained with the
improved scheme in Fig. 5 for spin-lock fields of 500
and 250 Hz, with the alignment optimized for different
frequency ranges. Alignment of the magnetization
within 1° from the effective field can be obtained for all
nuclei in the frequency range [-wsr, wsp], using
0 = 1.35. Alternatively, the spins can be aligned within
five degrees from the effective field when the sequence
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1.7 ———————————r—r
16
15
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13
12
1.1
1.0
0.9

8opt

00 04 08 12 16 20
Frequency range, o

Fig. 6 The factor . for optimal alignment of magnetization
over the range of frequencies [-awsy, awsy], along with the
angle, @max, between @gp (x-axis in the discussion above) and
magnetization from spins with offset awg; from the carrier. The
dopt 1s that 6 producing a global minimum for %*(8) in Eq. (29)

is optimized over the
[—20)SL, 2COSL].

As a final note Fig. 8 compares the performance of
an adiabatic pulse (red; 1 kHz maximum field, 25 kHz
sweep from Q27 = +25 kHz to 0 kHz for a duration
of 4ms) and the pulse/delay scheme of Fig.5
(blue; wsr = 1 kHz, o = 1, duration of 481 ps) for an
“on-resonance” spin-lock. It is worth noting that
although the adiabatic pulse ensures that M /M, ~ Q/ws.
over a wider bandwidth (a), the angle between the
magnetization and the spin-lock field (which is the
important criterion for evaluating performance) is
smaller over a frequency range of +wg for the pulse/
delay sequence (b).

larger frequency range,

Concluding remarks

A formalism has been presented that enables an
“intuitive’” understanding of the evolution of magne-
tization due to off-resonance pulses. Building on this
intuition improved schemes relative to the standard
90°-delay-90° element for magnetization alignment
have been constructed. It remains clear that for
applications involving very large off-resonance spin-
locks, such as would be the case in off-resonance Ry,
measurements, alignment via adiabatic schemes is
preferred. However, for on-resonance studies the
sequence of Fig. 5 generates alignment that is very
competitive with what can be achieved using adiabatic
pulses and on a time-scale that is approximately an

20 \
2
o 15 a
[@))
[0}
o
- 10
o
@
g 5
0
8 s
o
3
3 6
-
© 4
2
18
0
‘® 25
o
> 20
o
-~ 15
©
3 10
13
?a 5
0 . .
-1.0 -0.5 0 0.5 1.0
Q/2n (kHz)

Fig. 7 Alignment of N magnetization along the effective
magnetic field, @egrsp, calculated as the angle between efrsp
and the magnetization that is produced immediately following
the alignment scheme of Fig. 5. Calculated and experimental
data are shown with continuous lines and circles, respectively. (a)
wst/2n = 500 Hz, with 6 optimized for the range [-500 Hz,
500 Hz], i.e., « = 1.0 and Jop = 1.35. (b) wsi/2n = 500 Hz, o
optimized for [-750 Hz, 750 Hz], i.e. & = 1.5 and dqp = 1.16. ()
ws1 /27 = 250 Hz with § optimal for the range [-500 Hz, 500 Hz],
ie,a= 2.0and dop = 1.0

order of magnitude shorter. This could have important
implications in studies where relaxation losses are an
issue or where evolution during the course of the
lengthy adiabatic pulses must be taken into account
(Korzhnev et al. 2003).
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1.0

M, [ My

0.0

-1.0

—3

A (Berr, Mina) (degrees)
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-1.0 -05 0 0.5 1.0 15
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Fig. 8 Simulations of alignment of magnetization with the
scheme of Fig. 5 (blue) or by an adiabatic sweep (red). Values
of wi/2n = 6.25 kHz, wsr/2n =1 kHz and o = 1 were assumed.
The adiabatic pulse had a tan(f)/tanh(f) profile (Mulder et al.
1998) with a 4 ms sweep from +25 to 0 kHz in time steps of 20 ps
and a maximum amplitude of 1 kHz. (a) M,/M, ratio obtained
for the two alignment sequences along with the ratio that
corresponds to ideal alignment in the x—z plane (dotted line). (b)
The angle between the spin-lock field, @efrsr. = wsp.X + Qz, and
the magnetization following alignment as a function of offset.
For the adiabatic sweep the residual M, component is the
primary contributor to misalignment when /27 < 800 Hz, while
for Q/2n > 800 Hz both M, and the component orthogonal to
Gefis. in the x—z plane contribute. The M, component is
eliminated by the +y phase cycle in the sequence of Fig. 5; in
this scheme the misalignment is due to the component orthogonal
to @egrsLin the x—z plane
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