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HOHAHA distortions in conventional (CW) ROESY experi-
ments are known to be prominent when the frequency of the spin-
lock field is near the midpoint between the resonance frequencies
of a pair of coupled spins. That the disappearance of these distor-
tions with offset from the midpoint is more rapid for large mole-
cules than smaller ones is less widely known, and less well under-
stood. We provide a quantitative explanation of the latter phenom-
enon using a combination of theory and numerical simulations.
The cause of this effect can be found in the differential relaxation
of the various magnetization modes which are involved in HO-
HAHA transfer. These modes experience enhanced relaxation far
from a Hartmann—-Hahn match. This enhancement is larger for
molecules which have long correlation times. © 1997 Academic Press
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modes; average relaxation time.

INTRODUCTION

A long standing problem in the quantitative interpretation
of rotating frame Overhauser, i.e., CAMELSPIN (1) and
ROESY (2), experiments in scalar coupled spin systems is
that the peaks induced by cross-relaxation are distorted due
to antiphase COSY -type and inphase HOHAHA-type (3)
transfers. The distortions of the latter kind are more signifi-
cant since the COSY -type distortions have no significant
effect on the crosspeak volume integral. Several pulse se-
guence modifications have been proposed to obtain ROESY
spectra with minimum HOHAHA distortions (4-6). It is
important to note that there exists a theoretical minimum
amount of HOHAHA distortion which must be accepted in
ROESY spectra (6). HOHAHA transfers may also be re-
duced in conventional ROESY spectra by a careful choice of
the spin-lock transmitter offset (7). Chan et al. (7) recently
proposed a simple procedure based on a COSY spectrum to
make this choice. Crosspeaks between coupled resonances
inaCOSY spectrum lie on aline perpendicular to the diago-
nal at a transmitter position which is exactly halfway be-
tween the resonances. This line also corresponds to the con-
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dition of maximum HOHAHA transfer. Thus, choosing a
transmitter position where there are no crosspeaks perpen-
dicular to the diagona minimizes HOHAHA distortions in
conventional ROESY spectra. In this same publication Chan
et al. report the observation of a molecular weight depen-
dence of the range of transmitter positions over which the
HOHAHA distortions occur. The effects drop off more rap-
idly for large molecules than for small molecules. This de-
pendency is of some practica utility, since avoiding the
HOHAHA distortions becomes easier for larger molecules.
Only a qualitative explanation for this molecular weight de-
pendence could be given at that time. Here we make that
explanation more quantitative using a combination of theory
and numerical results utilizing the magnetic resonance simu-
lation library GAMMA (8).

THEORY

For the pulse sequence shown in Fig. 1, the portion of
the density matrix capable of generating a k — | crosspeak
in a simple two-spin (k, I) system is given by I, at the
beginning of thet, period with evolution during the t; period
generating additional terms such as Iy, 2lyl;,, and 2lyl,,.
It should be realized that terms evolving as antiphase during
the t; period (2lyyl\,, 2lk«li;) have vanishing integrals and
hence do not contribute to the crosspeak volume. Also, under
relatively strong spin-lock conditions, with the spin-lock
field along the y axis, only those parts of the density matrix
which are proportional to |, at the beginning of the detection
period (i.e., t, = 0) contribute to the volume of the k — |
crosspeak. The measured volume of the k — | crosspeak is,
thus, proportional to the sum of the expectation value of I,
evaluated using adensity matrix o which evolved from either
lkx OF lyy &t the start of the spin-lock period. Mathematically,
the k — | crosspeak volume can be represented by

Trlyo(7)] ]
o(7=0)=lyy

TrlI 1]
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FIG. 1. Basic pulse-sequence used in the experiment of (6) and also
in the full 2D simulations.

where K; and K, are constants of proportionality which de-
pend on the evolution during t;. In the most general case,
for long enough evolution times, I, and I, are sampled
equally, in which case K; = K,. On Fourier transformation
in t;, the same holds true, since the functional dependence
of K; and K, on t; is transferred to the lineshape in the
indirect dimension.

During the spin-lock period, terms such as 21,1, and
211\, are generated from Iy, and l,,. As is shown in the
Appendix, most of these terms do not commute with the
spin-lock Hamiltonian and hence precess during the spin-
lock period. In most probes the applied RF field of the spin
lock is inhomogeneous in both phase and magnitude, i.e.,
the spin-lock field varies as function of position in the sam-
ple. The magnitude variation causes most of the density
matrix components from the above terms to have different
oscillation frequencies at different positions in the sample,
and this alone will result in the net signal from most of these
components averaging to zero over the sample volume at
sufficiently long spin-lock times (9). However, those parts
of the 21l,, term which transform to zero-quantum coher-
ence in the spin-lock frame behave differently. These zero-
quantum components (in the frame of the spin lock) precess
very slowly for homonuclear systems and are therefore far
less sensitive to field inhomogeneity. They, along with I,
persist at the end of the spin-lock period and are primarily
responsible for crosspeak intensity in the strong field limit.

It isto be mentioned here that for sufficiently strong spin-
lock fields, when both spins are locked near resonance (with
the spin-lock field along the y axis) there is no appreciable
interconversion between |, and |, during the course of the
spin lock. The interconversion between Iy, and 2l,l,, still
occurs, but since both these terms are significantly affected
by the inhomogeneity, their effects on the expectation value
of 1,, average out over the sample volume. Under those con-
ditions the first term of [1] may be neglected. However,
when spin-lock fields of moderate strength are used, it is not
possible to lock both spins on or near resonance. Even when
the density operator at the beginning of the spin-lock period
is I, evolution during the spin-lock period generates terms
such as Iy, which are far more efficient than I, itself in
creating |,,. Under these moderate spin-lock conditions, it is
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not possible to neglect the first term of [1]. This is because
even though the net signal from I, is attenuated by the field
inhomogeneity, some of the terms created from it lead to
signal (i.e., l;y). Thisis the case in our simulations.

The above discussion lays abasis for the proper prediction
of the crosspeak intensity as a function of the coupling be-
tween the spins, RF field strength, and precession frequen-
cies of the spins in question. It does not, however, address
the differencein this functional dependence when molecules
of different molecular weights are examined. In order to
understand the molecular weight dependence, we need to
explicitly consider relaxation effects during the spin-lock
period.

Formally, the evolution of the density matrix in the pres-
ence of spin relaxation can be obtained by integrating the
Liouville—von Neumann equation (10)

do

E: —iHo + T[o — o4],

[2]

where o is the density matrix at thermal equilibrium, and
H and T" are the Hamiltonian and relaxation superoperators
respectively. The solution to [2] is given by

o(t) = eo(t) — 0.] + 0., [3]
where L is the Liouville superoperator given by L = —iH
+ T, and o.. is the steady-state density matrix (which is
different from o, in the presence of the RF field of the spin
lock). We have used functions included in the GAMMA
(8) library to simulate the effects of relaxation during the
spin-lock period. Therelaxation properties of the spin system
were determined using the full Redfield relaxation matrix
(11) modified to account for the mixing of the various spin
states in the presence of the RF field of the spin lock (12).
The secular approximation was not invoked since the mixing
of the spin states caused by the presence of the RF field could
cause certain nonsecular terms to contribute significantly to
the relaxation. o.. may be formally expressed in terms of o,
as (13)

0. =L Togl. [4]
However, since L is singular and so does not possess an
inverse, [4] cannot be evaluated directly. The calculation of
0. was performed using the method outlined by Ravikumar
et al. (14) as implemented in the GAMMA routines.

SIMULATIONS AND DISCUSSION

The spins k and | were taken to be protons with chemical
shifts of 1800 and 600 Hz respectively, and the size of the
coupling between them was taken to be 7 Hz. The spectrome-
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FIG. 2.

Plot of the expectation value of |, against offset from perfect Hartmann—Hahn match when the field at the edges of the sample tube was

20% of its maximum value (at the center of the sample tube) and the initial density operator was |y, .

ter frequency was 400.13 Hz, and the k — | internuclear
distance was 2.3 A. The calculations were performed for
positions of the spin-lock carrier from 1150 to 1250 Hz in
2-Hz increments, for correlation times of 0.5, 0.8, 1.0, 1.5,
2.0, 2.5, and 5.0 ns (isotropic Brownian mation assumed).
A spin-lock time of 400 ms was used, and the strength of
the spin-lock field was taken to be 2300 Hz. In order to
include the effects of inhomogeneity, the amplitude of the
spin-lock field was taken to be quadratic with respect to
position in the sample:

wi(r) = wi[1 — kr?]. [5]
k was chosen such that the field at the edges of a 1-cm
sample drops to either 40 or 20% of its maximum value at
the center of the sample (r = 0). The sample was divided
into 1000 volume elements, and the results were averaged
over these volume elements. Inhomogeneity in the spin-lock
field could in principle originate from variation of the phase
of the spin-lock field in addition to its amplitude. Random
phase variations also contribute a reduction of the amplitude
of the effective field along the spin-lock direction. While
there may be some unique contributions due to phase varia-
tions, we have, for simplicity, considered only the effects of
a somewhat exaggerated amplitude variation in this paper.
Representative results of the simulations are shown in
Figs. 2, 3, and 4. Figure 2 deals with the I,, — |, transfer.

A detailed product operator analysis of coherence transfer
effects in the presence of a spin-lock field has been carried
out by Bazzo and Boyd (15), we will not reproduce it here.
Instead, we will explain the general features of the simulated
curves. It is observed that the expectation value of 1, at the
end of the spin-lock period is an oscillating function of the
spin-lock carrier position. This is especially evident for the
shorter correlation times. This arises primarily because trans-
fer to and from Iy, during the spin-lock isitself an oscillatory
function of + and the frequency of this oscillation is offset
dependent. For sufficiently strong spin-lock fields, it can be
shown that the frequency of the temporal oscillationsisgiven

by (16)
wez_wez 271/2
Q=1+ *—" ,
2le

where wi and wy are the effective precession frequencies
(in the frame of the spin lock, see Appendix) of the spins
k and | respectively. It is evident that this frequency can be
very large at large offsets and approaches the coupling con-
stant J as one approaches Hartmann—Hahn match. When we
detect |, after afixed spin-lock time, these offset dependent
temporal oscillations transform into offset oscillations. The
oscillations are significantly damped with the introduction
of lock field inhomogeneity, especially those oscillations
which occur at large offsets. Those which arerelatively close

[6]
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FIG. 3.

Plot of the expectation value of |, against offset from perfect Hartmann—Hahn match when the initial density operator was |, for various

values of the amplitude of the lock field at the edge of the sample as a fraction of the maximum amplitude (at the sample center). Correlation time =

1.5ns.

to the Hartmann—Hahn match condition (i.e., at an offset of
0) seem to be less susceptible to inhomogeneity effects.
They are caused by the creation of 21I, from I,. Parts of
21«1z which transform to zero-quantum terms in the frame
of the spin lock are not affected by lock inhomogeneity.
These parts persist and are partially converted to I, at the
end of the spin lock. The zero-quantum terms also have a
temporal oscillation which is dependent on carrier position,
but the dependence is more subtle in this case. The oscilla-
tion depends on the lock angles of the two spins and the
scalar coupling between them. The amplitude of this oscilla-
tion (as a function of offset) increases sharply as one ap-
proaches a position where the spin-lock carrier is exactly
halfway between the two spins, i.e., where the Hartmann—
Hahn match condition is fulfilled.

Superimposed on the above oscillatory (as a function of
offset) transfers is the creation of 1, from I, due to cross-
relaxation, i.e.,, ROESY effects. This does hot have an appre-
ciable dependence on the carrier position for sufficiently
strong spin-lock fields. These cross-rel axation effects (which
tend to raise the baseline of the plots in Figs. 2, 3, and 4)
become more pronounced for longer correlation times, and
this explains the large expectation values of |, even at rela-
tively large offsets. These cross-relaxation effects also tend
to have a damping effect on the oscillations caused by
through-bond HOHAHA effects (16). The transfers due to
cross-relaxation effects have an opposite sign compared to

those due to HOHAHA effects. The net contribution of these
two effects to the expectation value of I, is what is depicted
in Fig. 2.

The pronounced oscillations seen in Fig. 2 are rarely ob-
served in experimental data. A possible explanation for this
could be the fact that in experimental situations, the spin-
lock field is somewhat unstable over the spin-lock time in
addition to being inhomogeneous (in phase and amplitude)
over the sample volume. The effect of RF field amplitude
inhomogeneity on the oscillations in the expectation value
of I,y is depicted in Fig. 3. It is also seen from Fig. 3 that
there is a change in the expectation values of 1, even at
large offsets as the inhomogeneity in the RF field changes.
This is because, in the presence of inhomogeneity, spins
closer to the edge of the sample experience only a fraction
of the spin-lock field; this affects their cross-rel axation prop-
erties.

Figure 4 shows the effects of carrier position on the
lkx = 1y transfer. These curves display alack of pronounced
oscillations (compared to the I, — |, case). Far from Hart-
mann—Hahn match, the expectation value is seen to increase
with the increase in correlation time due to the fact cross-
relaxation effects become more efficient with an increase in
the correlation time. Close to Hartmann—Hahn match, there
is a mutual transfer of magnetization between 1, and I,
which was created from I, during the spin-lock period. The
lack of oscillations in these curves is due to the fact that
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FIG. 4. Plot of the expectation value of |,, against offset from perfect Hartmann—Hahn match when the field at the edges of the sample tube was
20% of its maximum value (at the center of the sample tube) and the initial density operator was |y.

they are dominated by cross-relaxation. It is evident that
effects of the zero-quantum terms do not play a major role
in this case since these terms cannot be directly created from
l«x (for reasonable spin-lock field strengths).

Having simulated the basic features of the buildup of the
expectation values of I,, we now proceed to tackle our origi-
nal problem, namely the fact that the onset of HOHAHA
effects is attenuated more effectively with frequency offset
for larger molecules with longer correlation times than for
smaller molecules with shorter correlation times. It is possi-
ble to see trends toward a sharper offset dependence with
an increase in correlation time from the plots with different
correlation times in Figs. 2 and 4. However, in order to
present this more clearly, it is necessary to sum the expecta-
tion values of |, obtained from the two pathways, shown in
Figs. 2 and 4. In summing the contributions from the two
pathways we have assumed that K; = K, in [1]. The curves
obtained by plotting the sum of the expectation value of I,
obtained from the two paths namely I, — I, and I, — 1y,
as a function of offset from Hartmann—Hahn match, were
fitted to Lorentzians in order to have an uniform measure of
the*‘bandwidth at half-height’’ of HOHAHA onset. Figure 5
shows a plot of the bandwidth of HOHAHA onset plotted
against correlation time for various degrees of RF field inho-
mogeneity. It can be seen that the effects of inhomogeneity
tend to decrease the bandwidth irrespective of the correlation
time. Thisis because several pathways which cause creation
of 1,,, especially those involving some of the antiphase terms

which are susceptible to inhomogeneity effects, tend to be-
come less efficient as the inhomogeneity increases.

In order to provide some insight into the origin of the
change in the bandwidth of HOHAHA onset with correlation
time in the simulations and discussion above, it is useful to
transform into the frame of the spin-lock field (see Appen-
dix) and describe the dynamics of the spin system in terms of
specific magnetization modes. In certain limiting situations,
these modes have a simple relationship to the regular spin
operators we have used in the presentation above. We focus
on the magnetization mode responsible for HOHAHA trans-
fer and apply previously derived anaytical formulasin those
specific limits. Transforming into the doubly tilted frame of
the spin lock, this mode is given by 1/2(l,, — l,) where
I and I, are the spin operators in the tilted frame (see
Appendix); we cal this mode M;. The inversion of this
mode (in the absence of relaxation effects) corresponds to
a complete transfer of magnetization from k — 1. M, is peri-
odically converted into two other modes M, and M5 which
are given by 1/2(l - + I/ L,) and i/2(1 1y —
I 1— ) respectively. The evolution of M, , M., and M5 during
the spin-lock period 7 is given by (17)

M.(7) = My[cos’p + sin®p cos(2qr)]
+ Mz[% (1- COS(ZQT))1|

— Ms[sin ¢ sin(2g7)] [7a]
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Plot of the bandwidth of HOHAHA onset against correlation time for the change in the summed expectation values of 1,, with change in the
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as a fraction of its maximum value (at the center of the sample).

M,(7) = Ml[@ (1- cos(ZqT))}

+ My[sin’$ + cos’p cos(2q7)]
+ Ms[cos ¢ sin(2qr)]

M,[sin ¢ sin(2g7)]

— Mj[cos ¢ sin(2gr)]

+ Mj[cos(2q7)],

[ 7b]
Ms(7) =

[7c]

where ¢ = tan {7 J[sin(8)sin(8)]/(w — wf)} and g
1/2{ (wfwf)? + [wJ sin(F)sin(6,)]%} 2. The other
terms are the same as those defined in the Appendix. In
addition to the above three modes, a fourth mode must be
considered; this mode, although not converted into the above
three modes due to evolution during the spin-lock time, is
linked to M; by cross-relaxation. This mode, which we call
M,, is given by 1/2(l,,s + |,,»). The time evolution of the
various modes is given by the coupled differential equations

M, —R% —-RY -J — RY
d[™m |_[ -RZ -RY¥ &-RY
dt | M Y -RY -6-RY —R¥

M, —R% 0 0

_ av
14

where 6 = (wg — wf) and J' = wJ sin(6,)sin(d,). Since
the various modes interconvert during the course of the spin
lock (asisevident from [7]), the auto- and cross-relaxation
rates of the modes are the averages of the relaxation rates
of the individual modes weighted by the time spent as each
of these modes. These average relaxation rates R, in [8]
can be written as (18, 19)

R =

ereem)r [ M @ T @lat. (9]

0

Thus the average relaxation rates may be calculated using
[7] and [9]. These rates are given in Table 1.

It is more convenient to analyze the relaxation rates in
terms of those in the regular rotating frame rather than in
the spin-locked frame. It should be realized that the relax-
ation rates when written in a spin-locked frame have an
implicit dependence on the position of the spin-lock carrier
and on its strength, hence on ¢ and q. This is because the

av av

Ml 11 12 ?\é ?411 M ?1
0 M, % R% RE 0 |[ Mg
+ av av av , 8
0 Ms » RE RE 0 || Mg | [8
- R%, M, & 0 0 R%, Mg
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TABLE 1

a) Average auto-relaxation rates

+ cos(¢)sin(¢)s n(qr) | s n'(¢)s ﬂ(4q7)] .
qr 8qr

R = |:cos“(d>) + Si";(d’)

sin’(2¢)

+ W [1297 — 8 sin(2q7) + sin(4q7)] Rz
+ 3 gy — sintaanRe
sin’(2¢)

R = [12gr — 8 sin(2g7) + sin(4q7)]Ru.

32qr
n [sin“( o) + cos'($) . sin’(¢)cos(¢)sin(2qr ) cos'(¢)sin(4qr )] >
2 qr 8qr
+ =0 gy - snaarIR
R = qu‘f) ~ sin(dqr)IRy + Cfg ) faqr — sinarIR
+ |:£ + M:I R33
2 8qr
R = Ru
b) Average cross-relaxation rates
RY = sggd» [8ar + 24qgr cos(2¢) — 2 sin(4qr) — sin(2¢ — 4qr)
+ 85sin(2¢ — 2q7) — 8§n(2$ + 2q7) + sin(2 + 4q7)]Ru
ng}@ [8qr — 24 cos(2¢) — 2 sin(4qr) + sin(2¢ — 4qr)
— 8sin(2¢ — 2q7) + 8sin(2¢ + 4qr) — sin(2¢ + 4q7)]Rx
+ S fsin(dar) - 4er]Re
S [5 sin(¢) + sin(3p)  cos’(2qr)sin’(¢)  cosi(¢p)cos(2qr)si n(d>)}R
B g 16 4 2 -
+ SNCOCAL) 15 costacr) — costaqr) — 1R, — SNASTE)
8qr 4qr

Ry =SS n($)sin‘(ar) Ru
qr

1 [cos(¢)cos(2qr)s’nz(¢) cos’(¢)cos’(2qr)  cos(3¢) — 5 cos(¢)]
+ q—T + + Ry,

2 4 16

, cosld)sin’(2ar)
4qr

R = [cosz(qb) + W]RM

2qr

projection of the locked frame operators onto the simple
rotating frame operators is dependent on the strength and
the carrier position of the lock field (see Appendix).

The change in the bandwidth of the HOHAHA onset as
the correlation time changes can be understood by the fact
that while the sampling of the various modes (the coeffi-
cients of the R; in Table 1) isindependent of the correlation
time, the relative magnitudes of the R; are not.

We will interpret the relaxation behavior of the mode M,
in two specified limits where the magnetization modes and
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hence their relaxation rates have a simple relationship with
the regular rotating frame operators, in order to illustrate
this effect. In the limit when both spins are unlocked, i.e.,
(6 =6, =0and ¢ = 0), M, isuncoupled from all the other
modes, and is represented by 1/2(l,, — 1,,). R = Ry, in
this case, is given by

Ry = d[2J(0) + 3J(w)], [10]
where d = 1/4(Ay?/r®)?. In this limit, R% = Ry, which is
equal to haf the difference between the relaxation rates of |,
and |,,, which are equd. Hence R, = 0 and the relaxation of
M, is monoexponentia. Thus, in this limit, which is far from
Hartmann—Hahn match the relaxation rate of My, which we
cal [R]" = Ry,. This is rate is equivalent to 2dJ(0) and
5dJ(0) for large and small molecules respectively.

In the limit of perfect Hartmann—Hahn match (¢ = «/2,
0. = 6, ~ w/2), the mode M,, which may be written in
terms of the regular rotating frame operators as 1/2(ly, —
ly), is periodically converted to M3, which can be written

as 1/2(21li, — 2lly). In this case, the relevant average
relaxation rates are given by
& 1 N sin(2xJr) Ry + 1 sin(2rJr) Ry,
2 47 I 2 4 T
[118]
sin?(wJ
% = M (Rll - Rss) [11b]
27 dr
sin(wJ
& — sin(rJr) Ry [11c]
T

and R% = 0. In this limit, R;; and Rs; are given by

Ry = Ry = g [J(0) + 3J(w) + 6J(2w)]. [12]

Hence, we see from [11b] that Riz = 0. Ry, in this casg, is
equal to half the difference between the relaxation rates of I,
and I, which are equa and hence Ry, = 0. Thus the relaxation
of the mode M, is dso monoexponential in this limit. The
decay rate [R;]™" = Ry, which is dJ(0)/2 and 5dJ(0) for
large and small molecules respectively. Thus the ratio [R,] "/
[R]" = 0.25for large molecules and 1.0 for small molecules.
It istherefore evident that large molecul es experience enhanced
rdaxation far from Hartmann—Hahn match, whereas there is
no such enhancement for small molecules.

In the preceding paragraph, we did not consider the effects
of transfers orthogonal to the spin-lock axis, in our discus-
sion. These terms do have an effect on the bandwidth of the
onset of HOHAHA effects. Thisis evident from the fact that
the introduction of field inhomogeneity effects to which
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FIG. 6.

Plot of the change in the k — | crosspeak volume with change in offset for a correlation time of 1.0 ns. Depicted are the calculated crosspeak

volumes for various values of the offset and the Lorentzian fitted through the data points.

these terms are susceptible causes a decrease in the band-
width irrespective of the correlation time, a fact mentioned
previously. However, our objective here was to simply pro-
vide a simple rationalization for the offset dependence of
relaxation effects.

For completeness, and to allow a more direct comparison
to experimental observations of Chan et al. (7), we per-
formed a simulation of the complete 2D experiment depicted
in Fig. 1. It is to be remembered that the initial conditions
for thetransfer are also alittle different in this case, since the
sampling of Iy, or I, and — I, or — I, depends on precession
during t;. Also, no inhomogeneity effects were included in
the simulations, since their inclusion increases CPU time by
several orders of magnitude. The data were collected using
the same spin-system parameters mentioned above, acquir-
ing 512 points in both dimensions. The data were processed
using a Kaiser window with a window parameter of 8 and
zero-filled to double the size in both dimensions. All data
processing was carried out using Felix 95.0 software from
Biosym/MSI, San Diego, CA. The k — | crosspeak volume
was measured as a function of carrier offset. The bandwidth
of HOHAHA onset was determined by fitting a Lorentzian
through the data (an example is shown in Fig. 6); thisis
plotted as a function of correlation time in Fig. 7.

The changes with variation in the correlation time, as seen
in our simulations, are in qualitative agreement with those
reported by Chan et al. (7); the bandwidth increases with
decreasing correlation time. The absolute magnitude of the

bandwidths of HOHAHA onset in our simulations are, how-
ever, quite different from those obtained experimentally
(they are about a factor of 3 less—calculated using rigid
isotropic tumbling for the experimental peptides). This
could be due to several factors, foremost among them is the
fact that in the experimental work (7) Chan et al. looked at
the methyl —methine crosspeak which would be an AX; sys-
tem as opposed to the AX system treated here. Preliminary
calculations do show that if the spins considered in our dis-
cussion cross-relax with a third spin, the magnitude of the
bandwidth isincreased. The principles of simulation outlined
here could obviously be extended to AX; and AX; systems.

APPENDIX

The Hamiltonian for two scalar coupled spins k and | in
the presence of a spin-lock field of amplitude w,, applied
aong the y axis, is given by

H = (WO — (,L)k)lkz + (WO - WI)IIZ
[1]

To study the behavior of the various density operator compo-
nents it is more convenient to work in the frame of the spin-
lock field. This is achieved by the unitary transformation

+ wl(lky + ||y) + 27TJ|k||.

Hr = URHU§1
UR:

e i)

[2]
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FIG. 7.
position of the spin-lock transmitter.

where the lock angles and the effective fields are given by
0 = tan [wi/(wo — wi)] and wi® = [wi + (wo — wi)?]
respectively, wherei = k, | . The complete transformed Ham-
iltonian in the frame of the spin lock (including all nonsecu-
lar terms) is given by

HR= wﬁlkzr + u}thr + 27TJ|ka||Z'COS(9k_ 6|)

N wJ[1 + cos(f— 6))]
2

+7dsin(0 — O ) [l iz + 1 1hz]

[l hor + e y]

+7J Sin(ﬁk— ol)[lkz’IH—’ + Ikz’ll—’]

N 7rJ[cos(9k2— 0,)—1]

[N b+l =] [3]

The spin-operators in the frame of the spin lock are repre-
sented by I;s wherei = k, | and 6 = +, —, z. These may
be written in terms of the regular rotating-frame operators
as

li,cos(8;) + lysin(6;)
lycos(6;) — l.sin(6;)

[4]

Plot of the bandwidth of HOHAHA onset against correlation time for the change in the volume of the k — | crosspeak with change in the

The single- and double-quantum terms in [3] oscillate too
rapidly to perturb the eigenstates of the system and may be
neglected. Thus [ 3] transforms to

HR = wﬁlkz/ + w.ehz/ + 27TJ|ka||Z'COS(9k - 0|)

N wJ[1 + cos(f, — 6))]
2

[l i+ Lo b ] [5]

For weakly coupled spin systems, [ 5] may be further simpli-
fied to yield

HR = WEIkZ' + CL)|eI|Z' + 27J COS(Gk)COS(0|)|ka||Zr

L s‘n(ezk)gn(e.)

[0+ Lelit].

[6]

For the very first t; point the relevant part of the density
meatrix is given by |, which transforms as I, cos(6x) —
lierSin(6,). Asis evident, |, lies along the axis of the spin
lock, whereas I,y is orthogonal to it and hence precesses
about the effective field with frequency wg. For other t;
points, ignoring relaxation effects, evolution of |, during t;
creates terms such as lyy, 21y l,, and 21l .. Taking these
terms one by one we see |y, transforms as Iy, which pre-
cesses about the effective field with frequency wi. The be-
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havior of the two antiphase terms under the influence of the

spin-lock field is given by

i
2l = E [(leslisr

— o) = (el = L i) 1sin(d)
+ [ls h + L1 ] cos(6)) [7a]
2|ky|.ﬁ% (P P )
— (heg h—r + Loy )] cos(6,)sin(6,)
—i[lgs liz = Lo 1] cos(6,) cos(6,)
+ il s — le'l_]siN(8)sin(8))
+ 2l Lz sin(6) cos(6,). [7b]

Thus, it is evident from [7a], [7b] that under relatively
strong spin-lock fields, i.e., cos(6y), cos(6,) ~ O, the bulk
of 2ll;, transforms as antiphase and precesses about the
effective field with frequency wi or wf. On the other hand
most of the 21,,l,, component transforms as a mixture of
zero- and double-quantum terms which precess with fre-
quencies (wg — wr) and (wi + wr) respectively. The preces-
sion frequency of the former term is quite small in the case
of homonuclear systems under these conditions.
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