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Abstract

Interest in nuclear magnetic resonance measurements at ultra-low magnetic fields (ULF, �lT fields) has been motivated by various
benefits and novel applications including narrow NMR peak-width, negligible susceptibility artifacts, imaging of samples inside metal
containers, and possibility of directly imaging neuronal currents. ULF NMR/MRI is also compatible with simultaneous measurements
of biomagnetic signals. However the most widely used technique in ULF NMR—prepolarization at high field and measurement at lower
field—results in large transient signals which distort the free induction decay signal. This is especially severe for the measurement of
signals from samples and materials with short T1 time. We have devised an approach that largely cancels the transient signals. The
technique was successfully used to measure NMR signals from liquids and gases with T1 in the range 1–4 ms.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

There has been increasing interest and progress in ultra-
low field (ULF, �lT fields) NMR and MRI in recent
years. Conventional approaches to magnetic resonance
imaging (MRI) have strived for ever greater magnetic field
strengths [1]. Higher magnetic fields (commonly 3–10 T or
more) are sought to improve signal-to-noise by increasing
sample polarization and Larmor frequencies (xL). Greater
imaging fields also increase resolution by decreasing the
voxel size required to obtain a given signal-to-noise. In
contrast, ULF MRI has been motivated by a variety of
potential benefits such as smaller magnetic field induced
artifacts, narrow NMR line widths, simultaneous detection
of multiple nuclei, and the prospect of systems with
reduced cost and size [2]. Important medical motivators
include the desire to avoid complications caused by high
field (HF) MRI of subjects containing metal (i.e., metal
pins or implants), that would be essentially eliminated at
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low fields. Not only can samples containing metal be
imaged at ULF, we have also demonstrated that samples
entirely contained within metallic containers can be imaged
at ULF [3]. The ability to measure NMR signals through
metal enables noninvasive detection of contraband or mon-
itoring of flow and mass transport in chemical processes.

Magnetic resonance imaging at ULF also offers other
advantages. For a fixed relative inhomogeneity, broaden-
ing of the NMR line scales linearly with the strength of
the measurement field providing very narrow NMR lines
(limited by the natural linewidth) with high signal-to-noise,
enabling MRI at lower gradients [4]. Susceptibility artifacts
caused by coupling between the applied magnetic field and
varying susceptibility within the sample, broaden reso-
nance lines at HF but are negligible at ULF. The absence
of such artifacts should provide opportunities for novel
forms of static and functional imaging at ULF such as
the possibility of manipulating T1 contrast to provide sig-
nificant contrast not always realized at HF [5]. All of these
effects combine to offer the prospect that MRI at low fields
may provide a regime of high sensitivity and resolution,
with unique applications.
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NMR and MRI detect the magnetic signature of nuclear
spins processing in the measurement magnetic field at the
characteristic xL. The difficulty of detecting NMR/MRI
signals at ULF is primarily due to the decreased spin polar-
ization. The superconducting quantum interference device
(SQUID) is a magnetic flux-to-voltage converter of exqui-
site sensitivity with a response that is independent of fre-
quency (hence, the sensitivity is independent of xL).
Consequently, a growing number of low-field NMR/MRI
systems have employed SQUID sensors (e.g., [3,4,6–11]).
The frequency independent response of SQUID detectors
readily enables one to simultaneously detect the signatures
from multiple nuclei, even when their NMR frequencies
may differ by factors of two or more [12].

The small signal amplitude of the ULF NMR signal
caused by low polarization ratios is largely offset by pre-po-
larizing the sample at fields significantly larger than the
measurement field and the extraordinary sensitivity of the
SQUID sensors. Switching the pre-polarizing field results
in large transients that distort the free induction decay
(FID) NMR signal. Distortion of the FID degrades all
NMR measurements and eddy-current transients are par-
ticularly problematic for materials with short relaxation
times because there may be no residual signal after the
transient effects decay away. In this paper we describe an
approach to largely cancel the transient signals and their
effect on the FID measurement. We focus on materials with
short relaxation times because the effect is most evident in
this regime for the simplest pulse sequences (as described
below). The technique is nonetheless important for all
relaxation times, especially when pulse sequences (such as
echo or gradient pulses) are used during the signal
acquisition.

2. Method

The most widely used NMR/MRI technique for low
fields consists of polarizing the sample in a large field Bp,
then, switching off Bp in a time short compared to T1 and
observing the free induction decay (FID) of the magnetiza-
tion of the sample at a low field Bm. If the polarization field
is switched off adiabatically (dB/dt� cB2) the bulk magne-
tization becomes aligned along the measurement field Bm

and it is then necessary to apply a p/2 pulse to observe
the precession of the magnetization. Alternatively, if Bp is
switched off non-adiabatically (dBp=dt P cB2

m) then the
magnetization remains aligned along Bp and, if Bm is not
parallel to Bp, the precession of the bulk magnetization is
directly observable [13]. In practice Bp is switched off in
two stages: first it is reduced adiabatically to some interme-
diate value, B0p, still significantly larger than the measure-
ment field, after which the remaining field decreases non-
adiabatically in a time that is short compared with
ðcB0pÞ

�1 [13–15]. However the total time to decrease Bp

below Bm should be short relative to the T1 of the sample.
Rapidly switching off Bp inevitably results in the tran-

sient field which arises from the currents proportional to
dB/dt induced in any conductive materials (e.g., other com-
ponents of the experimental apparatus and surrounding
equipment). The two stage switching of Bp significantly
reduces the magnitude of the observed transients for sam-
ples with moderately long T1 times (tens of milliseconds).
However, for samples with T1 times on the order of a
few milliseconds it is necessary to switch Bp off in a matter
of a millisecond or less resulting in large unavoidable
transients.

For example, a typical ULF NMR protocol we have
used [16], pre-polarizes a sample at Bp � 20 mT, then
non-adiabatically reduces Bp within 0.35 ms, resulting
in large transient-induced signals measured by the
SQUID sensors. We have carefully optimized our system
to minimize these transients; however they remain as
large as 0.1 lT in amplitude and �10–20 ms in duration.
While the transient fields are significantly smaller than
Bm (�1–10 lT), hence they do not significantly alter
the evolution of the spins, they are much larger than
the typical signal from bulk magnetization of the sample
(�1 pT or 10�12 T) thus impeding or even preventing
measurement of the NMR signal and the associated
NMR parameters.

To illustrate this in detail we write the measured signal
as follows:

SðtÞ ¼ F ðtÞ þ T ðtÞ þ nðtÞ;
where: S(t) is the measured signal, F(t) is the free induction
decay signal, T(t) is the transients, and n(t) is the noise sig-
nal. n(t) is usually assumed to be uncorrelated with the
measurements, hence averaging repeated measurements
effectively reduces the noise. In contrast, the transient sig-
nals are synchronized with the measurements and can not
be removed or reduced by averaging.

One approach to correct for the transient signals is to
approximate the transients and subtract them in post pro-
cessing. One can estimate T(t) with a sum of exponents
(typically 2–3)

~T ðtÞ ¼ aþ
Xn

i¼1

bie
�ki t; ð1Þ

where the approximation parameters fa; bi; kign
1 are fit by

minimizing the difference between the measured signal
S(t) and the transients approximation

fa; bi; kign
1 : min
fa;bi;ki>0gn

1

kSðtÞ � ~T ðtÞk:

The estimate of the FID is then given by: ~F ðtÞ ¼
SðtÞ � ~T ðtÞ—will then be largely free of the transient-in-
duced signals resulting in a much smaller overall dynamic
range and additional digital filters can be farther applied
to enhance the FID with only minimal filtering artifacts.

We have previously used this approach with good suc-
cess [3,12,17], however we have recognized some inherent
drawbacks. First, while approximating the transient signal
with a few exponentials works relatively well, it is only
effective �10 ms after the Bp cut-off time. Hence, for sam-
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ples with short T1 times (<10 ms) this approximation is not
adequate. The second drawback is apparent when the mea-
sured signal contains other low frequency signals (e.g.,
MEG signal in simultaneous MEG/NMR measurements
[17]), to which digital filtering cannot be applied without
distorting the desired signals.

We have devised a new approach that does not have the
drawbacks discussed above while removing the transients
even more effectively and potentially removing other corre-
lated noise sources as well. Our new technique largely can-
cels transient-induced signals by acquiring interleaved
NMR measurements at two different measurement fields
(i.e., two different xL) and differencing these two signals.
We write the measured signal as

SkðtÞ ¼ F kðtÞ þ T ðtÞ þ nkðtÞ; k ¼ 1; 2n;

where the subscript k numerates the measurements. The to-
tal number of the measurements is 2n, where n is the num-
ber of the measurements with one frequency. We assume
that the transient-induced signal does not depend on the
amplitude of the measurement field, thus it is the same in
all measurements. The FID signal for each measurement
can be expressed using Fourier transform of the ‘‘normal’’
measurements as

F kðtÞ ¼
Z

F 0ðx0Þeiðx0þðxk�x0ÞÞt dx0;

xk ¼
x0; k � odd;

x0 � Dx; k � even:

�

The estimation of the FID signal is the mean difference
between odd and even measurements

~F ðtÞ ¼ 1

n

Xn�1

k¼0

ðS2kþ1 � S2kÞ

¼ 1

n

X2n�1

k¼1;3...

SkðtÞ �
1

n

X2n

k¼2;4...

SkðtÞ

¼
Z

F 0ðx0Þeix0tð1� e�iDxtÞdx0: ð2aÞ

Or in the frequency domain

~F ðxÞ ¼ F 0ðxÞ � F 0ðxþ DxÞ ð2bÞ
The noise, n(t), is omitted from Eqs. (2a) and (2b) and sub-
sequent discussion because it is assumed to be removed by
averaging. Using this approach the transient-induced por-
tion of the measured signal will be largely removed from
the resulting signal, while the NMR signals will be retained
if the frequency shift is non zero (forced by measuring at
two xL).

We assume that the NMR signals consist of a finite
number of damped harmonic components

F 0ðtÞ ¼
Xm

k¼1

Akeð�akþixkÞt; ð3Þ

where m is the number of harmonic components, i.e., the
number of NMR peaks in the original spectrum.
The NMR signal parameters, fAk; ak;xkgm
1 can be esti-

mated using, for example, the direct exponential curve res-
olution algorithm (DECRA) [18]. The DECRA method
constructs a Hankel matrix from a single FID which is par-
titioned into two submatrices and then the decay constants
and the individual signals in the FID are recovered by solv-
ing a generalized eigenvalue-eigenvector problem for these
matrices. For our two-frequency approach, we will obtain
twice the number of components: fAk; ak;xkgm

1 and
f~Ak; ~ak; ~xkgm

1 which should satisfy to the following con-
dition:

Ak ¼ �~Ak; ak ¼ ~ak; xk � ~xk ¼ Dx; k ¼ 1;m: ð4Þ
This last condition can be used as a consistency check to
validate the estimation of the FID parameters or can be
used as an a priori condition in various maximum likeli-
hood techniques for estimating parameters of the NMR
signal either in time (discrete exponential fitting) or in fre-
quency (Lorentzian fitting) domains [19,20].

We note that in the limiting case Dx = x0, i.e., the sec-
ond measurement is performed with zero measurement
field, the estimation of the FID according to the Eq. (2a)
directly gives the ‘‘typical’’ single-frequency FID. Practical
considerations, however, dictate that to most efficiently
reduce transient-induced and other correlated signal noise,
DBm (and hence Dx) should be small to minimize changes
in the Bm coil circuit and adding new perturbations to the
system. While the Dx we used are presented below, the spe-
cific choice of Dx depends on the specifics of each applica-
tion. For example, as Dx decreases, separation of the two
NMR peaks becomes less accurate and hence related mea-
surements (e.g., relaxation time or spatial location in gradi-
ents) suffers similarly. Increasing Dx will result in less
effective transient removal. These competing factors must
be balanced appropriately for each application.

Finally we point out that another variation of this
approach is to change the direction of the measurement
field during the data acquisition

Bk ¼ ð�1ÞkB0; k ¼ 1; 2n;

and selecting the polarization field (and consequently the
initial magnetization of the sample) orthogonal to the nor-
mal of the pick-up coil, thus assuring that

F kðtÞ ¼
Z

F 0ðx0Þ sinðð�1Þkx0tÞdx0 � ð�1ÞkF 0ðtÞ:

In this approach the mean difference between odd and even
measurements immediately yields the ‘‘typical’’ single-fre-
quency FID.

3. Instrumentation

The data presented here were acquired using a system
illustrated schematically in Fig. 1. The system uses a single
low-Tc SQUID (Superconducting QUantum Interference
Device [21]) coupled to the second order axial supercon-
ducting gradiometer (25 mm diameter and 40 mm baseline)
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Fig. 1. Schematic diagram of the ULF NMR system. Current generators
provide current to the magnetic field coils producing Bp and Bm. Control
signals synchronize fields, the SQUID, and data acquisition. Auxiliary
signals are also acquired during the experiment (for example sample
temperature, etc.).
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[22]. The balance level is better than 0.1% and the field res-
olution is about 3 fT/

p
Hz that corresponds to the output

voltage noise 15 lV/
p

Hz. The sample was pre-polarized
in a magnetic field, Bp of up to 50 mT. The measurement
field, Bm, was about 3 orders of magnitude smaller,
<100 lT. Operation at magnetic fields comparable to or
less than the earth’s magnetic field was achieved by acquir-
ing data inside a two layer magnetically shielded room [23].
Bp was generated by a pair of coils positioned orthogonal
to the cryostat tail, and the sample was placed between
them. The coils were constructed with Litz (multistranded)
wire to minimize the thermal Jonson noise from the coils
[24]. Each coil consisted of �300 turns and the following
dimensions: OD � 220 mm, ID � 110 mm, and thickness
�55 mm. The coils were separated by 62 mm. The induc-
tance of the each coil was 8.7 mH; with a resistance of
0.46 X each. Bm was generated orthogonally to Bp by a
rectangular Helmholtz coil pair. Each coil consists of
�100 turns with �0.6 m sides. The inductance of the each
coil was 100 mH; and a resistance of 15 X each.

Samples were pre-polarized in Bp for a time >T1 of the
sample while the SQUID electronics were effectively turned
off. The experimental epoch was said to start at time t = 0,
after which Bp was switched off at some time later depend-
ing on experimental requirements. Following the shutdown
of Bp, the SQUID electronics were activated, and the pre-
cession signal about Bm was measured. The ‘‘dead time’’
associated with SQUID recovery and transients, the latter
depending on the magnitude of Bp, was observed to be
�0.5 ms. At the end of a pre-defined measurement epoch
time, the SQUID electronics were again de-activated, Bp

switched back on, and the process repeated to acquire the
next epoch. The measurement field was presented alter-
nately: odd epochs—Bm, even epochs—B0m ¼ Bm � DBm.
The typical change in the measurement field DBm was
3.70 ± 0.01 lT, which corresponds to the Larmor frequen-
cy shift for protons 157.5 ± 0.4 Hz, however in the experi-
ments with gaseous samples DBm was 3.81 ± 0.01 lT (the
Larmor frequency shift for protons 162.2 ± 0.4 Hz) due
to slight modification of the measurement field circuit.

4. Results

We have tested our technique, described above, on a
number of samples including distilled water, various
CuSO4 solutions (up to 0.5 M CuSO4 in water), butane,
and gaseous SF6.

The NMR data recorded for a 2 ml sample of distilled
water is plotted in the Fig. 2. The polarization time in this
experiment was 0.25 s mainly to test the system’s operation
at the high repetition rate. Also the short polarization time
ensured that the magnitude of the free induction decay sig-
nal is comparable with the one of gaseous samples. The
upper panel on the Fig. 2 shows the averaged signals
(175 trials) for two different frequencies (blue and green
traces), and the difference (red trace) with DC offset
removed. The difference signal is expanded in the center
panel, and the Fourier spectrum of the difference is shown
in the bottom panel. It is clearly evident in this figure that
the transient signal is reduced by more than a factor of 104

(80 dB), while the remaining signal shows the typical
‘‘beat’’ characteristic of a signal containing two frequen-
cies. Two peaks at 3037.86 ± 0.01 and 3195.04 ± 0.01 Hz
are well resolved using the Fourier transform. Note that
the width of the peaks and side lobes are associated with
the signal duration (�120 ms). The difference in the fre-
quency between these peaks is about 157.19 ± 0.01 Hz
which corresponds to DBm (the exact value of the frequency
shift was measured independently using relatively big sam-
ple �120 ml).

To test performance of our technique for measuring
weak NMR signals and estimating parameters of weak
FID signals with short relaxation times we used a 0.5 M
CuSO4 solution. The T �2 time of the CuSO4 solution was
first measured using a single-frequency technique for a rel-
atively large sample (�120 ml). Due to large amplitude of
the FID signal relative to the transient-induced signal, it
was possible to approximate and remove the transients
using the exponential approximation described above
(see, Eq. (1)). While the residual transient-induced signals
were much smaller than the FID signal, we could not accu-
rately fit a relaxation time to the FID. We estimated the
relaxation time to be T �2 approximately 1.5 ms with a very
poor v2 > 25. We were able to improve the v2 only after
removing the first 1ms of the acquired FID that contained
transients the exponentials could not fit. Removing the first
1ms of the FID and fitting the remaining transients with
the exponentials enabled us to accurately estimate the T �2
relaxation time to be 1.73 ± 0.01 ms with v2 � 1.2.

Fig. 3 shows the NMR signal recorded for a 2 ml sample
of the CuSO4 solution obtained using a two frequency mea-
surements and differencing the average signals of the two
frequencies (�1000 averages for each frequency). In addi-
tion a 1000–5000 Hz bandpass filter was applied. We mea-
sured the width of the peaks at half height to be
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Fig. 2. (Top panel) measured signals with the two different frequencies (blue and green traces), and the difference between these signals with DC term
removed (red trace), (middle panel) the difference plotted on an appropriate scale; (bottom panel) Fourier spectrum of the difference.
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Df1=2 ¼ 1=ðpT �2Þ ¼ 187 Hz which more than the difference
between the frequencies �157 Hz. It should be noted that,
the modulus of the difference of two complex Lorentz lines
with the same amplitudes and damping factors is a unimo-
dal function of frequency (i.e., a single peak with no ‘‘dip’’
between) when the difference between the central frequen-
cies of these lines is less or equal then Df1/2. To resolve
the frequency content of the FID signal and estimate the
relaxation time we used typical time domain algorithms.
We first applied the DECRA algorithm to obtain the initial
estimation of number of harmonic components, frequen-
cies, amplitudes and relaxation times (see Eq. (3)), and then
refined the estimation of the harmonic components’
parameters using discrete exponential fitting (DEF) tech-
nique [20]. We were able to resolve the FID into two har-
monic components with frequencies 3037 ± 5 and
3193 ± 5 Hz and with the T �2 relaxation time of
1.7 ± 0.2 ms for both components. The frequency shift
between these components equals 156 ± 6 Hz.

We successfully applied this technique to record NMR
signals and estimate relaxation times of samples of gaseous
sulfur hexafluoride (SF6). The samples were pure SF6 gas
with �4 · 1019 molecules per cm3 density at room temper-
ature. The measurements were conducted for 20 and
60 cm3 volumes. When we attempted to approximate the
transients with exponentials, the residuals were much larger
than the FID, hence we could obtain no meaningful results
from this approach. Furthermore, spatial sensitivity distri-
bution of the SQUID pickups prevented larger samples
from being used to increase the signal.

Fig. 4 shows the NMR signals recorded for these sam-
ples using the two frequency technique. To improve sig-
nal-to-noise ratio for the Fourier spectra (shown on the
bottom panel of the Fig. 4) we used additional apodization
of the measured FID with the exponential function:
exp(�(t/s)2), where the parameter s was 2.5 ms. It should
be noted that the apodization, while improving visual rep-
resentation of the spectra; also affects estimation of the
relaxation times.

We used a water phantom to calibrate the ULF-NMR
system immediately prior to measuring the SF6 samples.
The measured proton Larmor frequencies were:
F1 = 3131.70 ± 0.01 and F2 = 3293.88 ± 0.01 Hz (DF =
162.18 ± 0.01 Hz). The expected Larmor frequencies for
fluorine spins (based on the proton values) were:
F1 = 2947.82 ± 0.01, F2 = 3100.48 ± 0.01, DF = 152.66 ±
0.01 Hz.

Direct application of the DECRA, DEF, or Lorentzian
fit techniques to estimate the T �2 relaxation time for the
measurement we have presented does not result in robust
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Fig. 3. (Top panel) two frequency FID of a 2 ml sample of water doped with copper sulfate; (bottom panel) Fourier spectrum of the FID (blue trace) and
Lorentz line approximation (red trace), parameters of the approximation are found using the DECRA + DEF technique in the time domain.
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solutions because of the low signal-to-noise. For example,
we applied the DEF algorithm to data obtained for a large
sample. The resulting estimation of the T �2 time for the two
components was 3 ± 1 and 4 ± 1 ms, with the frequency
shift between these components DF = 167 ± 9 Hz.
Estimating these values from ULF-NMR data acquired
for a small sample was even worse. We achieved some
improvement by applying the Cadzow algorithm (iterative
signal enhancement algorithm based on a singular value
decomposition (SVD) of the Hankel matrix constructed
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from a single FID) [25,26], however the results remain very
sensitive to the specifics of the applied algorithms.

We significantly improved the estimation of the relaxa-
tion times by applying the conditions defined in Eq. (4)
as an a priori condition. Using this approach, we estimated
T �2 relaxation time of SF6 gas to be 4.2 ± 0.3 ms for the
large sample and 4 ± 1 ms for the small sample. This exam-
ple shows that the estimation of the relaxation times
became significantly more robust, that is the uncertainty
in estimation of the T �2 relaxation time is reduced by more
than a factor of 3, with the use of the above conditions.

Our results may be compared with the earlier results
obtained at high fields. According to [27] the ratio of 19F
T1 relaxation time to the density of the sample in amagat
numbers for pure SF6 measured at 4.7 T (188 MHz) and
300 K is 2.13 ± 0.02 ms amagat�1 (one amagat is
2.687 · 1019 molecules per cm3). It should be noted that
the experiments of both the cited work and this work are
in the extreme narrowing limit [28], where T1 and T2 are
equal. Taking into account the density of the samples in
our experiments (�1.5 amagat) the equivalent T2 time is
3.20 ± 0.03 ms compared to our measured value of
4.2 ± 0.3 ms. Since ours were proof of principle experi-
ments, little attention was paid to accurately determining
the sample temperature and density which likely contrib-
utes to the descripancy between the two values.

5. Discussion and conclusion

There is a growing interest in NMR measurements at
ULF spurred by several physics benefits and a large variety
of novel applications realized at these low fields. We have
pointed to the narrow NMR peak-width, virtual absence
of susceptibility artifacts (particularly important in mag-
netic resonance imaging), and the ability to image materials
inside metal containers, to name just a few. The typical
approach of prepolarizing the sample prior to measuring
the NMR signal results in large transient signals that inter-
fere with the measurement. Furthermore, this transient sig-
nal is correlated with the measurement, hence is not
reduced by typical averaging approaches.

The distortion is largely a consequence of eddy currents
induced in any conducting material near the sample,
including the magnetic field coils and the measurement sys-
tem. These effects are particularly pronounced in the first
few milliseconds of the measurement due to typical induced
eddy current decay times. While NMR signals from sam-
ples with long T1 times can readily be analyzed by remov-
ing (or not acquiring) the first few milliseconds of the FID,
this approach is not feasible for samples with short T1

times.
In this paper, we described a general approach that

largely cancels the transient signals. While the technique
is applicable to any sample, it is of most practical valuable
for samples containing materials with T1 in the range from
<1 ms to �5 ms. We described a method by which the FID
is acquired at two similar by different measurement fields,
Bm. By differencing the two FID’s, the correlated transient
signal is eliminated while the FID’s (which occur at two
slightly different frequencies) are retained. Successive
averaging of such data is used to remove uncorrelated
noise.

We have applied this technique to demonstrate the first
measurements of very short T1 time materials at ultra-low
field. We measured the NMR spectra of a variety of sam-
ples including 0.5 M CuSO4 in water and gaseous SF6 with
T1 times in the range of 1–4 ms. Our dual-frequency tran-
sient cancellation technique reduced the transient signal
by four orders of magnitude (�80 dB) for typical samples
and experimental conditions. This technique will be impor-
tant for broad application of ULF-NMR by enabling the
measurement of NMR signals from short T1 time materials
that would otherwise be impossible.
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