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Time-domain zero-field magnetic resonance is extended by applying radiofrequency pulses for the initiation and termination
of precession at zero field. Radiofrequency-pulse excitation is suitable for observing resonance in wide quadrupolar spectra and

for the design of more elaborate pulse experiments.

1. Introduction

We propose in this Letter a modification of the
basic scheme of time-domain zero-field magnetic reso-
nance [1—4] which should further extend its range of
application. Remote detection of zero-field resonance
at high magnetic fields has been used for many years
to enhance the sensitivity of pure quadrupolar reso-
nance [5—9]. In contrast to magnetic resonance in
high magnetic fields, zero-field experiments require
no single crystals for achieving highly resolved spectra.
More recently Pines and co-workers [1,2] proposed
time-domain experiments as alternatives to the con-
ventional continuous-wave zero-field experiments.
Time-domain experiments feature the advantage of
improving the resolution further as no saturation
broadening is possible. In addition, they are admissible
to all the trickery of modern pulse spectroscopy [10].

The first proposal of time-domain zero-field reso-
nance [1,2] employed a sudden field jump to zero
field for initiating free precession. The termination of
precession at the end of the evolution period was ef-
fected by a reverse field jump locking one component
of the coherence along the magnetic field. As an alter-
native, it has been suggested recently [3,4] to lower
the magnetic field adiabatically to zero and to em-
ploy two short dc magnetic field pulses for the initia-
tion and termination of free precession at zero field.
Apart from the greater flexibility in the design of ex-
periments, this procedure has the advantage of reduc-
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ing the power duration of the rapidly switched dc
field by as much as three orders of magnitude. The
reduced power requirements ease the coverage of
wide frequency ranges. However, even this improved
technique has still its limitations when applied to very
wide spectra as the length ™ of the dc pulses must
fulfil the condition

7o < Ufmax »

where fi.., is the maximum frequency of the zero-
field spectrum to be covered. In practice fy,,, may
easily exceed 1 MHz for quadrupolar spins such as
14N, thus requiring extremely short high-amplitude
dc field pulses.

In many situations it is sufficient or even prefer-
able to excite only part of the zero-field spectrum.
This can be achieved by replacing the dc field pulses
by radiofrequency pulses with the proper carrier fre-
quency. The resulting modified pulse scheme is
shown in fig. 1. After prepolarization at high magnet-
ic field By, the sample is transported adiabatically
into a region of zero field. The populations of the
high-field eigenstates are thereby transferred adiabat-
ically to the zero-field eigenstates. The first rf pulse
creates coherence on the selected transitions which
starts precessing under the zero-field Hamiltonian. A
second rf pulse reconverts part of this coherence into
populations. The following adiabatic transfer of the
sample to high field renders again Zeeman magnetiza-
tion, which can be measured as usual by means of a
spin echo or spin-echo sequence experiment.



Volume 123, number 3

»
>

t

Fig. 1. Timing diagram of time-domain zero-field magnetic res-
onance with rf pulse excitation. The adiabatic transfer of the
sample between high field and zero field is indicated by the
time course of the field Bg. The low-frequency 1f pulses BIQ
initiate and terminate the precession of coherence in zero
field. The high-frequency rf pulses BY are needed for the de-
tection of resonance at high field.

2. Efficiency of rf pulse excitation

The discussion is limited to the selective excitation
of non-connected transitions, a situation fulfilled in
many selective excitation experiments. It is then
sufficient to consider a two-level subsystem which
can be described in terms of single transition or virtual
spin-1/2 operators [10--12].

We further restrict the calculations to a purely
quadrupolar system with /= 1. The Hamiltonian in
the principal axis (PA) frame of the quadrupolar ten-
sor takes the form

HPA = g |12 - D) + 3002 - )] + wy ()
X [I;cosf +sinf (I cos¢ +I,sing)], (1)

where w, is the quadrupolar coupling constant, i the
asymmetry parameter, and w; (f) the oscillating am-
plitude of the applied rf field, w;(#) = wj cos (w,et),
with w; = —78 %. The orientation of the magnetic
field with respect to the quadrupolar principal axis
frame is indicated by the polar angles 6 and ¢.

For the description of the selective excitation, it is
of advantage to transform the full Hamiltonian into
the eigenbase (EB) of the unperturbed quadrupolar
Hamiltonian. Following ref. [3], we define the eigen-
values and eigenfunctions in the order of increasing
energy, leading to the eigenfunctions w}f‘B = |m=0),
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Y38 =2-12(11) - -1), v§B =2-12(1) + | -1).
In terms of the single transition operators I. (kl)z f11],
we obtain (see also eq. (5) of ref. [3]): ’

HEB = —cog (1 + Am 0D — o (1 - ) I — 1)
+ 2w; cos (wiff) [cos b 1§23) +sinf cos ¢I,(c13)
- sin @ sin ¢ 1},12)] . @)

We assume selective excitation of transition (1,3)
so that we can drop all terms referring to other transi-
tions as well as the unity operator of transition (1,3).
This leads to the reduced Hamiltonian

U = —og (1 + § 1D
+ 2wy cos(w,sf) sinf cos @ IJEB) . 3)

The effective field acting on transition (1,3), express-
ed in the frame rotating with the frequency w,g, is
then

""iff(egﬂb): Qe, +w;sinfcospe, , @)
where £ is the resonance offset,
1= _wq(l + %n) W - )

Eq. (4) demonstrates that the effective field depends
on the direction of the applied 1f field with respect to
the orientation of a particular microcrystailite in the
powder sample.

The signal observed at high field is finally obtained
by averaging the response over the isotropic powder
distribution. We discuss in the following the depend-
ence of the signal amplitude on the flip angle of the rf
pulses for two different experiments.

2.1, Application of a single rf pulse at zero field

Observing the effect of a single rf pulse while the
sample is at zero field, can be used for calibrating the
rf field strength. This reduced experiment shows
some characteristic features of zero-field resonance.
The signal Sﬁ,3)(1'p) detected at high field after apply-
ing one selective pulse of length Tp at zero field to
transition (1,3) measures the residual unperturbed
population difference AP at zero field. It is given
by the powder average
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2n 7
S?;’)('rp) o :é—r f do f sin@ d0 {cos?¢
0 0

+sin2¢ cos [w§T(8, ®)7pl}, )
where w3 is the amplitude and £ the orientational
angle of the effective field m‘}ff, and

Wit = [(w;sind cos¢)? + Q2]1/2
tan¥ = w; sinf cos ¢/ .

For exact on-resonance irradiation, £2 = 0, the pow-
der average can be evaluated analytically:

Sﬁ?)(a’p) = sin (wy 7p) W1 Tp - Q)

The signal decays according to a sinc-function when
increasing the pulse length Tp- This dependence im-
plies that the effective rf fields w‘i’ff across the pow-
der sample possess a rectangular distribution of uni-
form probability within the limits —w; < w‘lﬁ <wj.
For off-resonance irradiation, the expression for
M §1p3)('rp) becomes more complicated and has been in-
tegrated numerically. In fig. 2a, the results for a partic-
ular set of conditions are compared with the experi-
mental signal amplitudes obtained for deuterium reso-
nance of a fully deuterated malonic acid powder
sample. Qualitatively, the off-resonance behavior is
similar to the on-resonance sinc-dependence.

2.2. Application of a pair of rf pulses

We discuss the flip angle dependence of the signal
amplitude as observed in the proposed experiment of
fig. 1. Both pulses are assumed to be of equal length
Tps and the flip angle dependence enters twice, once
upon excitation and once upon termination. We indi-
cate an analytical resuit for on-resonance irradiation,
where we obtain the following intensity of the transi-
tion (1,3):

S5
1 27 T S
a4—7;'0[d¢‘! sin @ df sin” [cw] (9,¢)'rp]

=11 - sin (2w 'rp)/2wl'rp]. (8)
Comparing with eq. (7), we find
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Fig. 2. Dependence of the signal S(“)(‘rp) on the rf pulse
length 7p in a time-domain zero-field magnetic resonance ex-
periment. (a) Using the timing diagram of fig. 1, modified by
suppressing one of the low-field rf pulses. The experimental
values stem from a selective excitation of the transition (1,3)
in a powder sample of fully deuterated malonic acid using a
resonance offset of 1.2 kHz and a 1f field strength of 5.2 kHz.
The full curve has been calculated by a numerical integration
of eq. (6). The effects of rf field inhomogeneity and dipolar
line broadening have been taken into account by an expo-
nential damping of the signal as a function of p with a time
constant of 400 us. (b) Calculated signal intensity for the
two-pulse experiment of fig. 1. The same parameters have
been used as in (a). The pulse separation ¢ is supposed to be
sufficiently short to allow the neglect of relaxation and pre-
cession.

S5 =115yl ©)

This relation still holds for off-resonance irradiation,
Q#0, provided that in successive experiments one of
the two pulses is phase-alternated and the results are
alternately added and subtracted. This procedure eli-
minates undesired dc components as well as one of
the two quadrature components precessing at zero
field.

The dependence of the signal amplitude on the
pulse length 7, is visualized in fig. 2b for the same
conditions as for fig. 2a. It is apparent that the signal
rapidly increases and starts to oscillate about the
equilibrium value 1/2 approached for long pulses
7p <. This behavior is in contrast to the well known
sinusoidal dependence in high-field resonance. It is
obviously due to the distribution of effective rf field
strengths. As a consequence notions like “n/2” and
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“m-pulse” loose their strict significance for selective
irradiation in powder samples at zero field.

3. Experimental example

The practical performance of the proposed scheme
of fig. 1 is demonstrated on fully deuterated malonic
acid which contains four non-equivalent deuterons,
each leading to three resonance lines. Fig. 3a shows
for reference the entire zero-field spectrum as obtain-
ed with the dc field pulse technique [3]. The result of
a selective rf pulse experiment is presented in fig. 3b.
The two resonance lines visible correspond to the
(1,3) transitions of the two non-equivalent carboxyl
deuterons C; and C,.

Because of the distribution of effective rf fields
and effective flip angles some stationary spin order will
remain after the initial rf pulse irrespective of the pulse
length. To eliminate the resulting background signal
(leading to a 6-function peak at Aw = Q) the phase al-
ternation scheme mentioned in section 2.2 was ap-
plied.

The experiments used a pneumatic transport for

c ¢
N
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transferring the sample between the shielded zero-
field area and the high-field region provided by a 5.2
T superconducting Bruker magnet. The sample con-
tained in a Kel-F container was shuttled within 100
ms across the 70 cm between the zero- and high-field
areas.

The 1f field pulses were applied at 145 kHz with
an amplitude of 5.2 kHz, using a solenoidal transmit-
ter coil tuned to the carrier frequency. An input
power of 0.25 W was sufficient for producing the re-
quired rf field strength.

4. Discussion

Although the scheme of fig. 1 allows the investiga-
tion of systems with wide zero-field spectra, limita-
tions may arise due to the employed high-field detec-
tion process: In the case of extremely wide zero-field
spectra, the decay times of the signals at high field
may become very short, requiring excessively strong
tf pulses and leading to poor sensitivity. In this situa-
tion it is advantageous to transfer adiabatically the
spin order to a second nuclear spin species with a nar-

O

50

b)

T T
100 150 kHz

T
135

I
T 1
140 145kHz

Fig. 3. Deuterium nuclear quadrupole zero-field spectra of a powder sample of fully deuterated malonic acid. (a) Full spectrum
obtained with the dc field pulse method [3] featuring three resonance lines C%, C! and C? for each of the two carboxylic deute-
rons Cy and C,. The remaining lines originate from the two methylene deuterons. (b) Partial spectrum obtained by selective exci-
tation and detection using a pair of rf pulses with a frequency of 145 kHz (arrow in fig. 3a), an amplitude of 5.2 kHz and a pulse

length 7p = 35 us.
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row high-field spectrum and with inherently high
receptivity, such as protons [4]. Indirect detection
via a second spin species allows high-sensitivity detec-
tion irrespective of the width of the indirectly observ-
ed zero-field spectrum.

In some situations, it is possible to take advantage
of the two additional degrees of freedom that rf
pulses possess in comparison to dc pulses: the free se-
lection of phase and frequency. The availability of a
phase variable permits the design of quadrature phase
experiments extending the frequency range by a fac-
tor of two [10], and it renders feasible the design of
composite pulses requiring quadrature phases [13].
Although not impossible, such experiments are more
difficult to be realized with dc pulses. Heteronuclear
decoupling experiments may be conceived that use
zero-field rf pulse irradiation for eliminating the
heteronuclear dipolar broadening of half integer qua-
drupolar spins. In the case of integer spins, hetero-
nuclear dipolar interactions are normally quenched
when n#0 [14].

In summary, it is expected that radiofrequency
pulse excitation extends the applicability of time-
domain zero-field magnetic resonance. Its use seems
particularly appropriate in the case of wide quadru-
polar zero-field spectra and when more elaborate ex-
periments requiring selective excitation are envisaged.
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