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We present NMR signals from a strongly coupled homonuclear spin system, 'H nuclei in adaman-
tane, acquired with simultaneous two-photon excitation under conditions of the Lee-Goldburg exper-
iment. Small coils, of inside diameter 0.36 mm, are used to achieve two-photon nutation frequencies
of ~ 20 kHz. The very large rf field strengths required give rise to large Bloch-Siegert shifts that
cannot be neglected. These experiments are found to be extremely sensitive to inhomogeneity of the
applied rf field, and due to the Bloch-Siegert shift exhibit a large asymmetry in response between
the upper and lower Lee-Goldburg offsets. Two-photon excitation has the potential to enhance both
the sensitivity and performance of homonuclear dipolar decoupling, but is made challenging by the
high rf power required and the difficulties introduced by the inhomogeneous Bloch-Siegert shift. We
briefly discuss a variation of the frequency-switched Lee-Goldburg technique, called four-quadrant
Lee-Goldburg (4QLG) that produces net precession in the z-y plane, with a reduced chemical shift

scaling factor of 1/3.

Introduction

The acquisition of high-resolution NMR spectra in the
solid-state is made difficult by strong internuclear dipo-
lar couplings. Heteronuclear dipolar interactions can be
removed by continuous rf irradiation applied to the non-
detected nuclei. This is a common situation in organic
samples, where one often observes nuclei such as 13C,
5N or 3'P in the presence of an abundant 'H reser-
voir. A variety of irradiation schemes have been de-
veloped over the past dozen years to improve the ef-
ficiency of such decoupling, examples include two-pulse
phase-modulation (TPPM)!, small phase incremental al-
teration (SPINAL)?, XiX®, and symmetry based adia-
batic rf schemes?5.

The acquisition of high-resolution spectra in the pres-
ence of strong homonuclear dipolar couplings, as often
exist between abundant 'H spins, is more challenging due
to the strength and symmetry of the 'H-'H homonuclear
couplings. A number of rf irradiation schemes have been
developed for this situation, but the design of such se-
quences is more complicated, as the goal is to eliminate
the homonuclear dipolar Hamiltonian while simultane-
ously maximizing the scaling factor of the chemical shift
Hamiltonian. Many such methods are based upon Lee
and Goldburg’s off-resonance irradiation scheme®, where
an effective field at the magic angle in the rotating frame
makes the time-averaged homonuclear dipolar Hamilto-
nian vanish, leaving a chemical shift Hamiltonian scaled
by 1/ /3. This effect has formed the basis of a number of
homonuclear decoupling sequences. To actually acquire
'H spectra with these types of sequences, decays must
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be acquired point-by-point in a two-dimensional fash-
ion, or the sequences must be modified to incorporate
an rf-free window during which the signal is observed, as
has been done with the frequency-switched Lee-Goldburg
(FSLG)” and phase-modulated Lee-Goldburg (PMLG)3
sequences. In contrast to the continuous irradiation of
the Lee-Goldburg based methods, a second approach has
been to use cycles composed of short rf pulses to create
a time-averaged Hamiltonian in which the homonuclear
dipolar interaction is absent. A great number of such se-
quences have been developed, among the best known of
these are WAHUHA®'°, MREV!"12 BR24' and Cory’s
24 pulse scheme'®. A third successful approach has been
to numerically!® or experimentally'® optimize the time-
dependent phase of a continuous rf field. Again these
sequences have used windows in the rf'®'7 to allow sig-
nal detection. In all of these cases, the desired signal can
only be detected when the rf excitation is turned off. This
restricts the sensitivity of the experiment, as the receiver
is generally only turned on for a very small fraction of
the total acquisition time. In addition, the performance
of the sequence may be negatively impacted by the re-
duction in duty-cycle required for the detection windows,
and also by the rf transients introduced by the rf turn-off
and turn-on at the beginning and end of the detection
windows.

Two-photon excitation has recently been shown to be a
feasible tool for manipulating nuclear spins while simulta-
neously acquiring NMR signals from them!81?. A major
challenge to applying two-photon excitation generally is
the very small effective excitation field that is achieved
with moderate rf power due to the B?/By scaling of the
effective field. This excitation efficiency has been in-
creased somewhat by the use of two-colour excitation'?,
where two different frequency rf fields, having frequen-
cies that sum to or differ by the resonance frequency,
are simultaneously applied, at the expense of additional



hardware complexity.

In this work, we demonstrate two-photon homonuclear
decoupling with simultaneous acquisition of "H NMR sig-
nals. This technique has the potential to allow acquisition
of high-resolution 'H NMR spectra without the sensitiv-
ity trade-off required by windowed acquisition. In prin-
ciple, maximal sensitivity can be achieved because the
receiver is turned on at all times, and the cycle-time of
the decoupling can be made as short as possible with the
given rf power available, because the rf excitation is also
turned on at all times. This strategy is demonstrated us-
ing Lee-Goldburg irradiation of an adamantane sample
in a micro-coil, in which the very large rf field strength
allows two-photon effective fields of useful amplitude.

Theory
Lee Goldburg Irradiation

Lee and Goldburg® devised a method by which
homonuclear dipolar interactions could be efficiently de-
coupled, while chemical shifts and heteronuclear cou-
plings remain. When an rf field is applied off-resonance,
a transformation into a frame aligned so that its z axis
points along the effective field in the rotating frame, at
an angle 0 to the static By, shows immediately that
the secular part of the homonuclear dipolar Hamiltonian
is scaled by a factor of (3cos?6 — 1)/2, while the het-
eronuclear dipolar and chemical shift Hamiltonians are
scaled by cosf. If the resonance offset is chosen so that
6 = acos(1/v/3) ~ 54.74°, the secular part of the homonu-
clear dipolar Hamiltonian vanishes, while the chemical
shifts and heteronuclear dipolar couplings are reduced
by a factor of 1/v/3. Mehring and Waugh” showed that
by reversing the direction of the effective field following
each 27 rotation around it, the first order correction term
to the average homonuclear dipolar Hamiltonian may be
canceled, dramatically improving the performance of the
sequence. Mehring and Waugh initially carried this out
by applying their rf field at the resonance frequency of
the sample, and then shifting the main field either up or
down in synchrony with 180° rf phase shifts to satisfy the
magic angle condition. A similar effect can be achieved by
switching the frequency of the irradiation from above the
resonance to below with a simultaneous reversal in the
rf phase. This technique, shown in Fig. 1a, is known as
frequency-switched Lee-Goldburg (FSLG)?° irradiation.
In practice this is often most easily implemented by mod-
ulating the phase of a fixed-frequency rf signal. When
the cycle time becomes short, hardware limitations can
restrict the number of phase increments used in each cy-
cle and it is perhaps not obvious that approximating a
smoothly varying phase ramp by a small number of dis-
crete phase steps is reasonable. Vinogradov et al.2!:22
have done detailed calculations and experiments in this
regime to show that homonuclear decoupling can still be
achieved. This manner of implementation of FSLG is
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FIG. 1: 1: Pulse sequences. The arrows indicate the direction
of the effective field in the rotating frame. A traditional fre-
quency switched Lee-Goldburg sequence is shown in (a). (b) is
a modified sequence formed by concatenating two FSLG cycles
and reversing the rf phase in the latter half. In (c), the rf is ap-
plied at a single resonance offset. The sequences of (b) and (c)
result in a net precession about the z axis with a scaling factor
of 1/3. 71 is the time taken for one full rotation about the
effective field, given by 1/2/3/v1. ¢ is the duration of a com-
plete cycle, and is 271 in (a) and (c) or 471 in (b). (d) shows
the pulse sequence strategy used for averaging of the rf feed-
through in the two-photon NMR experiments. The shaded re-
gion represents simultaneous signal acquisition and excitation,
with either simple continuous irradiation, or with one of the
LG sequences shown. (d) includes an optional tipping pulse of
duration 1 and phase ¢, to prepare the magnetization along
the x axis (p = 90°, ¢ = —y), the y axis (p = 90°,¢ = x), or
along the effective field (¢ = 54.7°, ¢ = —y). The rf frequency
offsets shown in this figure (vog) are measured from the rf-on
(i.e. Bloch-Siegert shifted) resonant frequency.

known as phase-modulated Lee-Goldburg (PMLG).

These Lee-Goldburg based sequences share the prop-
erty that the net precession due to the chemical shift is
about an axis that forms an angle § with the static field
axis, complicating any spectrum that might be simulta-
neously acquired. Recently, Bosman et al.?® have shown
that imperfections in the rf pulses can be exploited to
produce a net precession about the static field axis, while
maintaining a relatively large chemical shift scaling fac-
tor.

Another way to produce a net precession about the
z-axis is to interleave these flip-flop Lee-Goldburg cy-
cles with identical but phase reversed cycles as shown



in Fig. 1b. This sequence, in the absence of rf imper-
fections, results in a net precession around the z axis
with a scaling factor of 1/3, and maintains the cancel-
lation of the first order correction term to the average
Hamiltonian. We refer to this sequence as four-quadrant
Lee-Goldburg (4QLG) irradiation, because the effective
field spends equal times in each of the four quadrants of
the z-z plane in the rotating frame. In some of the ex-
periments discussed below, it is advantageous to restrict
the rf to only the upper or lower frequency side of reso-
nance, and a sequence such as that shown in Fig. 1c is
used, where the effective field is switched between magic
angle conditions, but only by switching the rf phase by
180°. In this case, the sequence lacks the requisite sym-
metry to completely cancel the first order correction to
the average Hamiltonian. While we have not evaluated
this correction in detail, there does appear to be at least
a partial cancellation of the first order correction (it ap-
pears that 48 of 80 possible contributing terms cancel).
This latter sequence also results in a net precession about
the z axis, with a scaling factor of 1/3. We refer to this
sequence as phase-switched Lee-Goldburg (PSLG).

Two Photon Excitation

It has been known for years that NMR signals may be
excited with rf excitation at frequencies not near to the
resonance frequency. In his well-known book, Abragam
explains three-photon excitation with a classical vector
description?*. More recently, two-photon excitation has
been shown to be a practical technique for exciting NMR,
signals'®1!? and has the advantage over on-resonance ex-
citation of allowing simultaneous acquisition and excita-
tion. Multi-photon excitation may be performed with a
single rf excitation frequency at a sub-multiple of the res-
onance frequency, or with multiple rf frequencies that sum
to or differ by the resonance frequency. Here we confine
our discussion to the case of two-photon excitation using
rf fields at one-half the normal resonance frequency. The
effective field produced by the half-resonance rf in this
case can be found easily by transforming into a “phase-
modulated rotating frame,”'® and is given by
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in which « is the angle made by the rf coil and the static
magnetic field By, v is the gyromagnetic ratio, and B is
the amplitude of the linearly oscillating rf. We will refer
to the amplitude of the physical rf field applied at the
half-resonance frequency by the symbol By, to emphasize
that v1 # vB;1 /2. If the coil was aligned so that it was
perpendicular to the z axis and the static magnetic field
By reduced to half its value, the nutation frequency (in
Hz) would be given by vB;/4r. From Eq. 1 it is clear
that no two photon excitation will occur if the rf field lies
either parallel or perpendicular to the static field axis.
This may be understood in terms of the conservation of

angular momentum; two rf photons involved in the tran-
sition of a nuclear spin between states having angular
momentum projection difference Am = %1 cannot both
carry angular momentum. Hence rf fields both parallel
and perpendicular to the static field are required.

The application of any far-off-resonant rf field (one
where the strength B; and angular frequency w satisfy
vB; < |w — vBy|) leads to a shift in the resonance fre-
quency known as the Bloch-Siegert shift2°. Because a lin-
early oscillating resonant field may be decomposed into
one rotating resonant component and a second counter-
rotating component that is off resonance by 2vBy, a lin-
ear, resonant field leads to a Bloch-Siegert shift as well.
These shifts are small enough to be ignored in many NMR
experiments, but in two-photon excitation they are al-
ways significant. With our single-coil, half-resonant ex-
citation arrangement, the Bloch Siegert shift, when ex-
pressed as Apgs = vpg /1y, the fractional shift in resonant
frequency, is given by
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The ratio of the Bloch-Siegert shift to the nutation fre-
quency provided by the rf is
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If the coil is oriented for maximum excitation efficiency
(v = 45°), then tan o = 1, and the ratio becomes simply
2/3.

Experiment

Experiments were performed using a home-built NMR,
spectrometer, having fast small-angle phase-shifting ca-
pability. The rf transmitters employ AD9854 digital
synthesizers (Analog Devices, Norwood, MA), having
phase shifting resolution of 0.02°. The spectrometer in-
cludes a fully digital receiver, similar to one described
previously?®. These devices are controlled by two Pulse-
Blaster PB-24 pulse programmer boards (SpinCore Tech-
nologies, Gainesville, FL). A 4.7 T superconducting mag-
net (Oxford Instruments, Oxford, UK) was chosen over
higher field strengths to increase the two-photon effective
field. A coil was constructed from 5 turns of 40 gauge
wire wound around a short section of polyimide-coated
glass capillary, having an outside diameter of 358 um
and an inside diameter of 248 ym. (Polymicro Technolo-
gies, Phoenix, AZ). Small grains of adamantane (Fluka-
Chemie, Buchs, Switzerland) were packed into the capil-
lary by hand under a microscope, and the capillary then
sealed with a two-part epoxy (Devcon, Danvers, MA).
The coil was mounted in a home-built doubly resonant
(100 and 200 MHz) probe so that the coil axis made an
angle of ~ 45° with the main field axis.



500 W of rf excitation at 100 MHz produced by
a Kalmus model LP1000 (Kalmus Engineering, Wood-
inville, WA) amplifier led to two-photon nutation frequen-
cies of ~ 20 kHz. If the coil was oriented with its axis
perpendicular to By and the main field lowered from 4.7
to 2.35 T, this rf would produce an on-resonance nuta-
tion frequency of approximately 2 MHz, corresponding to
a 90° pulse width of 0.125 us.

Significant care was required in the set-up of the sig-
nal paths between the rf power amplifier, the probe, and
the pre-amplifier. Selective 200 MHz band-pass filters
were employed on the receive side of the probe to elimi-
nate any 100 MHz rf leakage through the probe. During
excitation a small amount of 200 MHz rf is generated
due to nonlinearities in the materials of the probe, ca-
bles, connectors, and filters. This 200 MHz signal is very
small, but does appear at essentially the same frequency
as the NMR signal of interest. For this reason, our exper-
iments are phase-cycled in a way to allow the subtraction
of the near-resonance rf leakage. All experiments were
performed with the sequence shown in Fig. 1d, which con-
sists of a pair of 90° pulses with either identical phases,
or a 90° phase shift (which produces a 180° shift in the
rotating frame at the resonance frequency) to alternately
prepare the magnetization along —2 or +2. The receiver
was cycled by 180° on alternate scans to enable the co-
addition of the true NMR signals. These pre-pulses were
followed by a 50 ms delay to allow any remaining in-plane
magnetization to decay before the decoupling sequence
began. We found that even minor adjustments to any
of the connections could cause relatively large changes in
the amount and stability of the 200 MHz parasitic rf.

Because the Bloch-Siegert shift is always significant
with two-photon excitation, tuning up the spectrometer
for Lee-Goldburg excitation is less straightforward than
in the usual near-resonance case. The problem is that
usually one knows the resonance frequency of the nuclear
spins to high precision, and only the rf field strength needs
to be measured. But in our case, since the frequency is
shifted during irradiation by the Bloch-Siegert shift, one
initially knows neither the strength of the rf field nor the
resonance frequency during irradiation. The two values
are connected by Eq. 3, but unfortunately, unless the ori-
entation of the coil (i.e. the angle «) is known to very
high precision, both values must be determined. Sim-
ply setting the transmitter and receiver frequencies (set
to differ by exactly a factor of two) so that the received
NMR signals are on resonance produces a nutation plot
with large pulse-width dependent phase shifts, as found
when the NMR signal is off resonance by a frequency
similar to v1. For calibration here, we simply turn the
rf transmitter and receiver on simultaneously, and mea-
sure nutation curves for various values of the frequency
offset. A maximum in the nutation period is observed at
the correct Bloch-Siegert shift, thus providing both the
magnitude of the shift as well as the strength of the rf
field.

Unless otherwise noted, each data set shown is the re-

sult of the co-addition of 1000 scans, acquired with a re-
ceiver spectral-width of 500 kHz. Each data set has been
subsequently low-pass filtered at 100 kHz and phase cor-
rected.

Results and Discussion

The NMR signals received during continuous excita-
tion for various rf frequency offsets (Av) are displayed
in Fig. 2. In each case the sequence of Fig. 1d was used,
with the transmitter frequency set to approximately com-
pensate for the Bloch-Siegert shift during the initial pair
of 90° pulses, and then shifted to the desired offset fre-
quency shown. The magnetization is observed to nutate
around the effective field in the rotating frame. A decay
is observed in the amplitude of the nutation signal, and a
portion of the magnetization becomes spin-locked along
the rf. When the rf is turned off at the 500 ps mark, a
free-induction decay is observed. The first 400 us of the
y-component of each nutation plot has been fitted to a
function of the form:

S(t) = So cos(2mt/T + &) exp(—t/7) + ¢, (4)

in which Sy represents the amplitude of the oscillatory
signal, T is the period of the oscillation, ¢ is a phase
offset, 7 is a decay constant, and ¢ is a constant offset.
The period of oscillation as a function of transmitter offset
frequency is shown in Fig. 3a, where a maximum is clearly
seen at an offset ~14 kHz. A fit of these data to a function
of the form

1
T(Av) = N/ e ek (5)

yields a best fit of vgg = 14.4 kHz and v, = 20.7 kHz. The
ratio of these two: vpg/r1 = 0.695 is in relatively good
agreement with the value of 2/3 expected from Eq. 3.
This value is only expected if the coil is aligned at ex-
actly 45° from the static field axis. A value of o = 46.2°
would yield the observed vgs/vy ratio. This degree of
misalignment is certainly possible as the coils are quite
tiny and aligned by eye only.

The nutation amplitude decay constant, 7, is shown
as a function of Av in Fig. 3b. An asymmetric pattern
with a broad maximum at Av ~ 30 kHz is observed. The
position of this maximum corresponds roughly to the up-
per Lee-Goldburg offset (14.4 kHz + 20.7 kHz//2 = 29.0
kHz), but only a hint of a maximum can be observed
on the lower frequency side. The dramatic asymmetry
in the decay constant between upper and lower offsets is
understood upon consideration of the effects of B; inho-
mogeneity. Two-photon excitation is more sensitive to
rf homogeneity than on-resonance excitation because the
effective field strength scales according to the square of
the half-frequency rf amplitude. In addition, the Bloch-
Siegert shift is linearly proportional to v, and similar in
amplitude. Thus the resonant frequency as well as 14 vary
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FIG. 2: NMR signals acquired from an adamantane sample
under continuous rf irradiation at the offset frequencies shown.
The receiver reference was set at exactly twice the transmit-
ter frequency in each case, and offset frequencies correspond
to offsets of the receiver reference. Offsets are measured so
that a short pulse at an offset of zero produces an NMR sig-
nal centered at the receiver reference. Each trace is the result
of 400 scans. The arrows indicate the point at 500 pus where
the transmitter was shut off. The solid and dashed lines cor-
respond to the x and y components of the magnetization re-
spectively.

over the active volume of the coil. Locations in the coil
having B; below the average value have both a smaller
vps and vq. At the upper Lee-Goldburg offset, a reduced
vps and v; means that the transmitter frequency is too
high for the Lee-Goldburg offset, so the angle between
the effective field and the static field axis is reduced, as
illustrated in the upper row of Fig. 4. The amplitude of
the effective field is relatively insensitive to this variation
though, because the reduction in v is partially offset by
the increased z component of the effective field.

On the lower frequency side however (middle row of
Fig. 4), it happens that the Bloch-Siegert shift is almost
exactly equal to the Lee-Goldburg offset (for a coil ori-
ented near 45°) and the orientation of the effective field is
very insensitive to the By inhomogeneity. The amplitude
of the effective field however, is very sensitive. The de-
pendencies of the effective field orientation and amplitude
on v strength are shown in Figs. 4c and 4f.

At the upper offset, nuclei at different positions in the
coil experience effective fields pointing in different direc-
tions, but having similar amplitudes. Their magnetiza-
tions follow slightly different paths in the rotating frame,
but rephase along the z axis each nutation period. At the
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FIG. 3: Calibration of rf field strength and Bloch-Siegert shift.
(a) shows the period of nutation observed as a function of
transmitter offset, (b) is the decay constant of the nutation,
and (c) is the amplitude of the signal that remains following
turn-off of the irradiation. The solid lines are fits to equations
describing the expected behaviour as explained in the text.
The asymmetry of the decay constant at the two Lee-Goldburg
offsets is due to rf inhomogeneity.

lower offset, the magnetizations all follow the same path
very accurately around the effective field at the magic
angle, but at widely differing rates, thus explaining the
asymmetry in the decay constant seen in Fig. 3b.

In addition to the upper/lower offset asymmetry in
7, the peak near 29 kHz is itself asymmetric. The
amplitude compensation effect of the effective field at
the upper offset continues to improve as the offset is
further increased, reaching an optimum at an offset of
v1(9 + 4tan® a)/6tana (~ 45 kHz here). This fact, in
combination with the homonuclear decoupling effects of
the Lee-Goldburg irradiation, is likely responsible for this
asymmetry. The detailed characteristics of both of these
asymmetries will depend on the orientation of the coil in
the magnetic field (i.e. the angle o) as well as on the
details of the B; homogeneity.

The amplitude of the free-induction decay following
the 500 ps irradiation of Fig. 2 is shown versus offset
frequency in Fig. 3c. These data have been fitted to a
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FIG. 4: Illustration of the asymmetric effects of rf inhomo-
geneity at the upper and lower Lee-Goldburg offsets. At the
upper (a) and lower (b) offset frequencies, the z component
of the field in the rotating frame may be considered to arise
from two pieces. The first is the Bloch-Siegert shift, 14.4 kHz
here. The second piece is due to the transmitter offset, Av,
29.0 kHz at the upper offset and -0.2 kHz at the lower. In (d)
and (e), both v1 and vgg have been reduced by 10% and it is
clear that at the lower offset, 6 is insensitive to inhomogene-
ity, but veg is perturbed. At the upper offset 6 is significantly
altered while vog is only slightly affected. (c) and (f) show
the dependence of the 0 and v, on v; at the upper and lower
Lee-Goldburg offsets, assuming vgg = 2v1 tan(46.2°)/3.

function of the form

B . - v1(ves — Av)
§ = Sosin(6) cos(9) = So a7 Ay

(6)
in which the cos accounts for the projection of the magne-
tization (initially along z) that ultimately becomes spin-
locked along the effective field. The sin accounts for the
projection of this spin-locked magnetization into the z-y
plane. This function fits the data well, with vgg = 14.3
kHz and 11=20.1 kHz. These values are in good agree-
ment with those found from the fit to the nutation period
data in Fig. 3a (of vps = 14.4 kHz and v;=20.7 kHz),
with the differences most likely due to the effects of By
inhomogeneity.

Next, the receiver and transmitter offsets were in-
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FIG. 5: NMR signals acquired under Lee-Goldburg irradi-
ation. (a) and (c) show signals acquired under traditional
FSLG irradiation, while (b) and (d) employ PSLG. In (a)
and (b) the z and y components are both plotted as func-
tions of time, while in (c) and (d), the signals are shown in
the z-y plane. (e) and (f) show the signals expected for ideal
sequences. The frames of observation of the upper and lower
rows are different from each other: in the upper row, the trans-
mitter frequency was fixed at the Bloch-Siegert shift and the
frequency offset produced by rapid modulation of the phase of
the rf transmitter while in the lower row, the transmitter and
receiver frequencies were set at the upper Lee-Goldburg con-
dition and the transmitter phase switched by 180° following
each 27 nutation.

creased by 14.4 and 7.2 kHz respectively, and an FSLG
sequence was performed with simultaneous signal acqui-
sition. These data are shown in the top row of Fig. 5,
plotted versus time and in the x-y plane, along with the
expected path of the magnetization. The measured mag-
netization appears to follow the expected path initially,
but after just a couple of nutation periods a fraction be-
comes spin-locked along the effective field and the nuta-
tion about the field rapidly disappears. The failure of this
sequence is almost certainly due to By inhomogeneity, as
the effective field can have different amplitudes and ori-
entations in the two halves of the cycle, dependent upon
position inside the coil. In the lower row of Fig. 5, sim-
ilar signals from the PSLG sequence are shown. This
sequence appears to perform relatively well, as here we
maintain the rf transmitter always at the positive offset,
where the cycle time is relatively insensitive to inhomo-
geneity. When plotted in the z-y plane, the magnetiza-
tion is observed to follow a nearly symmetric dumb-bell
shaped pattern.

These latter data may be visualized in three dimen-
sions. Because the magnetization passes through the z-y
plane twice per rotation, it is straightforward to fit the
envelope of the signals to a decaying function, from which
it is possible to infer the z component of the magnetiza-
tion. The envelope of the data shown in Fig. 5b is well
described by a function of the form

M(t) = Mye t/™ 4+ Mye /7™, (7)

and the z component of the magnetization inferred as:
M.(t) = £/M(t)> — M,(t)? — M,(t)?, where M, (t) and




FIG. 6: Stereoscopic view of the path followed by the net
nuclear magnetization in three dimensions under the PSLG
sequence. The x and y components are the directly measured
values shown in Figs. 5b and 5d, while the z component is
derived from a fit to the envelope of the z and y components,
as described in the text. The straight lines make an angle of
54.74° with the vertical. The first complete cycle has been
omitted for clairity.
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FIG. 7: Spin-locked Lee-Goldburg NMR signals. (a) shows
the = and y components of the signals received in a single
scan of the FSLG experiment. The observed signal is almost
entirely due to feed-through of the transmitter signal. (b)
shows signals from the same experiment, following co-addition
of 1000 acquisitions. (c) and (d) are the same signals as those
in (a) and (b), plotted in the z-y plane. Data in (b) and (d)
are increased in scale by a factor of 100, after normalizing by
the number of scans, compared to (a) and (c). (e) and (f)
show the expected signals for comparison to (c¢) and (d).

M, (t) are the measured x and y components. Negative
values of the z component are assumed between the two
nearby maxima of the in-plane component in each cycle.
M, (t), M,(t), and M, (¢) are plotted on a sphere in Fig. 6
in a stereoscopic image, allowing direct visualization of
the path of the magnetization.

In Fig. 7, signals are shown using the FSLG sequence
with the initial magnetization tipped to lie along the ef-
fective field in the rotating frame. Along with the NMR
signals is a trace showing the feed-through of the rf exci-
tation observed in a single scan. The NMR signals are a
factor of ~ 40 smaller than the single-scan feed-through.
When these signals are plotted in the a-y plane (Figs. 7c
and 7d) it becomes immediately clear that the signal av-
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FIG. 8: Lee-Goldburg NMR signals with magnetization pre-
pared in the z-y plane. Signals in (a) and (b) were acquired
using the FSLG sequence with the magnetization placed on
the z and y axes respectively. (c) and (d) are the same as (a)
and (b), but used the PSLG sequence of Fig. 1c. (d)-(h) are
the same data as (a)-(d), but plotted in the z-y plane. (i)-(1)
show the paths in the z-y plane the magnetization is expected
to follow.

eraging technique employed is effective in eliminating the
rf feed-through. In this case the B; inhomogeneity does
not appear to produce the catastrophic effects observed
when the magnetization begins along the z axis. These
data were acquired in the same way as in the upper trace
of Fig. 5 where the transmitter was fixed at the Bloch-
Siegert shift frequency, and then phase modulated to pro-
duce the off-resonance shifts. The receiver was turned on
during the initial 54.7° pulse, and this tip of the magne-
tization is obvious when the data are plotted in the z-y
plane.

The evolution observed when the magnetization is ini-
tially placed in the z-y plane, for both the FSLG sequence
and the PSLG sequence, is shown in Fig. 8. A large
fraction of the magnetization prepared along the x axis
rapidly becomes spin-locked under the FSLG sequence,
in a similar fashion to that observed with the z starting
point in Fig. ba. The y magnetization clearly follows the
correct path, but rapidly decays away, again most likely
due to By inhomogeneity. With the PSLG sequence, the
magnetization follows the expected trajectory for much
longer from both starting points. It is clear however, that
these sequences do not maintain the magnetization in the
z-y plane for nearly long enough to allow the collection of
spectra that might be thought of as high-resolution. The
4QLG sequence of Fig. 1b produces the expected tra-
jectories (the expected paths are identical to those of the
FSLG sequence in Figs. 8i and 8j for magnetization start-
ing along x or y; when begun along z, the expected path
is identical to that in Fig. 5e but with a second branch ro-
tated 180° from the single branch shown), but the signals
decay with time constants more similar to those observed



with the PSLG sequence. The decay rates of the magne-
tization of these sequences depend not only on the per-
formance of the sequence itself, presumably through the
first order correction term to the average Hamiltonian,
but also on the detailed inhomogeneity of Bj.

It is clear from the data shown above that two-photon
Lee-Goldburg NMR is possible, but made challenging by
the effects of rf inhomogeneity. It is likely that decoupling
sequences can be found, perhaps through an optimization
procedure as was used in the development of eDUMBO16,
that will be much less sensitive to these effects. Unfortu-
nately, the variations in Bloch-Siegert shift that accom-
pany rf inhomogeneity will likely limit the achievable res-
olution even so. In this work we have not made serious
efforts to optimize the homogeneity; winding the coil with
flat wires and restricting the sample to its center area
are two straightforward changes that would likely make
a marked improvement.

The 4QLG sequence may find application with ordi-
nary near-resonance excitation, as it does provide chem-
ical shift evolution about the z axis, although with a re-
duced scaling factor. We have not yet investigated the
performance of this sequence in any detail.

Conclusions

We have presented NMR signals clearly showing the
behaviour expected under rotating-frame magic-angle rf

irradiation. Inhomogeneity of the applied rf field has been
shown to be very important, due to the fact that both
the effective rf field, as well as the resonance frequency
(via the Bloch-Siegert shift) depend on the square of the
amplitude of the half-resonant rf field applied. While
it is clear that two-photon Lee-Goldburg decoupling is
likely to remain a curiosity for some time, and is not
currently suitable for everyday use in the collection of
high-resolution spectra of strongly coupled spin systems,
it is possible that further developments in instrumenta-
tion and pulse sequences will allow two-photon excitation
to become a useful technique in the spectroscopist’s tool-
box.

We have demonstrated two-photon nutation frequen-
cies of > 20 kHz, representing a dramatic increase over
earlier results of ~ 2 kHz'? and ~ 100 Hz'3. It is likely
that further efforts will produce additional increases in
two-photon nutation rates.

A new variation of the FSLG sequence, 4QLG, has been
introduced. Because it produces a net evolution of the
chemical shift about the z axis, this sequence may provide
advantages over other homonuclear decoupling sequences.
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