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Magnetic sensors are important for detecting nuclear magnetization signals in nuclear magnetic reso-
nance (NMR). As a complementary analysis tool to conventional high-field NMR, zero- to ultralow-field
(ZULF) NMR detects nuclear magnetization signals in the submicrotesla regime. Current ZULF NMR
systems are always equipped with high-quality magnetic shields to ensure that ambient magnetic-field
noise does not dwarf the magnetization signal. An alternative approach is to separate the magnetiza-
tion signal from the noise based on their differing spatial profiles, as can be achieved using a magnetic
gradiometer. Here, we present a gradiometric ZULF NMR spectrometer with a magnetic-field-gradient
noise of 17 fT/cmHz!/? in the frequency ranging from 100 to 400 Hz, based on a single vapor cell
(0.7 x 0.7 x 1.0 cm®). With applied white magnetic-field noise, we show that the gradiometric spec-
trometer achieves 13-fold enhancement in the signal-to-noise ratio (SNR) compared to the single-channel
configuration. By reducing the influence of the common-mode magnetic-field noise, this work enables
the use of compact and low-cost magnetic shields. Gradiometric detection also proves to be beneficial for
eliminating systematic errors in ZULF-NMR experiments searching for exotic spin-dependent interactions

and molecular parity violation.
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I. INTRODUCTION

Nuclear magnetic resonance (NMR) is conventionally
operated in large magnetic fields and is a powerful analyt-
ical technique in chemistry, biology, and medicine [1-3].
As a complementary tool to conventional high-field NMR,
zero- and ultralow-field (ZULF) NMR offers improved
spectral resolution and untruncated spin interactions [4-9].
Combining with recently developed quantum-control tech-
niques [10-14], ZULF NMR is shown to be promising in
probing the frontiers of fundamental physics. For exam-
ple, the absence of a large applied magnetic field in ZULF
NMR allows for the measurement of antisymmetric spin-
spin couplings, which are related to chirality [15] and have
been proposed as a means for detecting molecular par-
ity nonconservation [16]. Furthermore, ZULF NMR has
been recently applied to searches for ultralight dark matter
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candidates such as axion and axionlike particles [17] and
the spin-gravity coupling effect in nucleons [18].

ZULF NMR typically involves low frequencies, so non-
inductive sensors are necessary for detection. Early ZULF
NMR systems used superconducting quantum interference
devices (SQUIDs) as magnetic-field sensors [19-22]. One
drawback is that SQUIDs must operate under cryogenic
conditions. Recent years have seen increased develop-
ments in atomic magnetometers, both in sensitivity and
portability [23]. A spin-exchange relaxation-free (SERF)
atomic magnetometer with a measurement volume of
0.45 cm® has a demonstrated sensitivity of 0.16 fT/Hz!/?,
comparable to the most advanced SQUIDs [24-26]. The
condition for SERF is that the rate of the spin-exchange
(SE) collisions greatly exceed the rate of Larmor pre-
cession. An individual atom thus precesses only a small
angle between collisions. Under this condition, it turns
out [27,28] that SE relaxation, a dominant factor that
degrades the sensitivity of the atomic magnetometer, is
eliminated. In order to have a large SE collision, a cell
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with high atomic number density is used and is heated
to a temperature above 400 K. A coated cell also opens
up the possibility of operating in the SERF regime at low
alkali density near room temperature, which is with a coat-
ing of sufficient quality that relaxation at the wall is much
slower than relaxation due to SE collisions and provides
observed T, lifetimes as long as 77 s for rubidium at nat-
ural abundance [29]. Considering the low-magnetic-field
requirement and the high sensitivity, SERF atomic mag-
netometers have been recently used in ZULF NMR to
detect pure J-coupling (indirect spin-spin coupling) spec-
tra at zero field [30,31] and determine the spin-coupling
topology at near-zero magnetic field [32,33].

In ZULF NMR, the noise level of a measurement is fre-
quently dominated by the ambient magnetic-field noise.
Although such noise can be suppressed with magnetic
shields, there is additional magnetic-field noise due to
Johnson currents from the shields themselves [34]. There
is also magnetic-field noise from heaters, thermistors,
and the magnetic nulling coils. To reduce the sensitivity
to this noise, we use a gradiometric NMR spectrome-
ter based on a two-channel SERF atomic magnetometer.
Important steps toward multichannel magnetometers have
been shown [25,26,35,36]. A recent work in Ref. [37]
introduced a compact microfabricated magnetic gradiome-
ter that consists of two chip-scale atomic vapor cells,
with a demonstrated magnetic-field-gradient noise level of
5fT/cmHz!/? at frequencies above 20 Hz (hereafter, we
use the root-mean-square value of noise). The method of
gradiometric measurement is widely used in other areas
such as atom interferometry [38,39] and optical lattice
clocks [40]. Considering these already existing achieve-
ments in the gradiometric measurement, our work does
not focus on further sensitivity enhancement, but instead,
on extending the practical applications of this method,
specifically, in ZULF-NMR. Compared with previous
ZULF-NMR spectrometers, our gradiometric spectrome-
ter is sensitive to the magnetic-field gradient produced by
the NMR sample but insensitive to homogeneous magnetic
fields. The magnetic-field-gradient noise level is mea-
sured to be 17 fT/cm Hz!/2, which is less than the typical
magnetic-field gradient produced by the NMR samples,
e.g., 4pT/cmHz!/? for 1*C-formic acid in this experiment.
By using the gradiometric spectrometer, we demonstrate
high signal-to-noise ratio (SNR) measurement of liquid-
state. NMR samples under the application of spatially
homogeneous white magnetic-field noise, with a noise
spectral density of approximately 0.3 pT/Hz!/?, compara-
ble to the noise level in an unshielded environment [41,42].

II. EXPERIMENT

The apparatus of the gradiometric spectrometer is shown
in Fig. 1, which consists of two basic parts, the NMR
sample and the sensor. The NMR sample (approximately
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FIG. 1. Schematics of the gradiometric NMR spectrometer.
The 3"Rb vapor cell is resistively heated to 180°C. A four-layer
magnetic shield (not shown) isolates the vapor cell from exter-
nal magnetic fields. The inset shows that the probe beam (with a
1/€? waist radius of 0.4 cm) is split into top and bottom channels
using a D-shaped mirror.

200 wl) in a standard 5-mm glass NMR tube is polar-
ized in a Halbach magnet (B, ~ 2.0 T) for about 30 s,
after which the sample is shuttled into the magnetically
shielded region, such that the bottom of the sample tube is
about 0.3 cm above a ®’Rb vapor cell; see Fig. 1. A guid-
ing magnetic field (approximately 3 x 10~* T) is applied
during the transfer and is turned off within 10 us. Such a
suddenly switched-off magnetic field serves effectively as
a radio-frequency pulse in conventional high-field NMR.
The initial state of the sample at zero field thus remains
the high-field equilibrium state and evolves automatically
under the J-coupling interaction between nuclear spins,
which generates an oscillating magnetization signal and is
detected with the sensor [9].

The sensor consists of a 8’Rb vapor cell, with an outer
dimension of 0.7 x 0.7 x 1.0 cm? and a wall thickness of
1 mm. It is more advantageous to use a cell with a rectilin-
ear geometry rather than spherical in this experiment, since
for the latter case, the expanded probe beam is distorted
and scattered when transmitted through the cell. The cell
is optically pumped with a circularly polarized laser beam
propagating in the —z direction, of which the frequency is
tuned to the center of the buffer-gas (500 torr N,) broad-
ened and shifted D1 line of 8’Rb. The magnetic field is
measured via optical rotation of a linearly polarized probe
laser beam at the D2 transition propagating in the x direc-
tion. The probe beam is expanded to have a 1/e* waist
radius of 0.4 cm, which is able to cover the inner area of
the vapor cell. After the cell, the probe beam is split into
two channels, top and bottom channels, respectively, using
a D-shaped mirror. The sensing volume of each channel is
about 0.1 cm?®. The inclusion of the buffer gas sets the diffu-
sion length of rubidium atoms in one relaxation time to be
about (DT5)!'/? 2 0.01 cm (D is the diffusion constant [43]
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and T is the atomic spin relaxation time), which is much
smaller than the spatial separation of the two channels
(approximately 0.4 cm). As a result, each channel provides
a local measurement of the magnetic field. It is worth not-
ing that the rubidium atoms in both channels have the same
buffer-gas broadened and shifted resonance profile. This
situation is beneficial for canceling some common-mode
technical noise, converted from the frequency and intensity
noise of the pump beam through the light-shift effect [44].

Gradiometric measurements are performed by sub-
tracting the signals measured with the two channels. In
order to perform efficient gradiometric measurements, the
responses of the two channels with respect to an oscillat-
ing magnetic field need to be calibrated. The difference in
the response of the two channels is measured by apply-
ing an oscillating y-magnetic field at different frequencies.
The oscillating magnetic field is generated through a func-
tion generator (DS345, Standford Research Systems), of
which the output is fed into a pair of Helmholtz coils
(five turns, with a diameter of 7 cm) around the sensor.
Figure 2 shows that the phase difference between the two
channels is a function of frequency f and can be fitted
with arctan[f(4 — B)/(f> + A x B)] (see the Supplemen-
tal Material for detailed derivations [45]). Here, 4 and
B are the bandwidths for the top and bottom channels,
respectively. The fit indicates that A = 206.9 Hz and B =
148.9 Hz. Since the response of the magnetometer is a
function of the pump intensity [46], the difference in the
bandwidth is due to the unevenly distributed power of
the pump beam in the two channels. The maximum phase
difference of approximately 0.16 rad happens when the fre-
quency is f=+/A x B &~ 175.5 Hz, which agrees well with
the experimental results in Fig. 2. Based on these fitting
parameters, we zero the phase difference between the two

0.15F
=)
£
e
2 010+
2
&
£
2 005 ‘
é o Experiment data

— Fitted curve
0 : ‘ ‘ ‘
0 200 400 600 800 1000

Frequency (Hz)

FIG. 2. The dependence of the phase difference between top
and bottom channels on frequency. The points (circle) are exper-
imentally measured phase differences through applying an oscil-
lating y-field at different frequencies /. The experimental results
are fitted to arctan[f(4 — B)/(f> + A x B)] (see Supplemental
Material [45]). Here, 4 and B are the bandwidths for the top
and bottom channels, respectively. The fit (red line) indicates
A = 2069 Hz and B = 148.9 Hz.

channels at different frequencies and perform gradiometric
measurements.

II1. RESULTS AND DISCUSSION

Figure 3(a) shows the magnetic-field noise of the
apparatus. A single channel has a noise floor of about
14 fT/Hz'/? [see the blue line in Fig. 3(a)], which is dom-
inated by Johnson noise of the shield (Twinleaf MS-1)
[34] and the intensity noise of the probe beam. The sub-
traction of the measured signals from the top and bottom
channels, after proper phase and amplitude calibration,
gives a noise floor of ~ 7 fT/Hz!/? [see the black line
in Fig. 3(a)]. We also measure the intensity noise of the
probe beam under the same conditions except that the
pump beam is blocked [see the red line in Fig. 3(a)],
which has almost the same level as that of the difference
of the two channels. By comparing the probe laser inten-
sity noise and the noise of the difference, we conclude
that the probe laser intensity noise shown in Fig. 3(a) is
the non-common-mode noise for the two channels. This
conclusion is valid considering that the two beams are
probed with different photodiodes, propagate along dif-
ferent paths, and experience different fluctuations from
the airflow and optical components. Dividing the noise
floor of the difference by the spatial separation between
the two channels gives the magnetic-field-gradient noise
of the gradiometric spectrometer, which is approximately
17 fT/em Hz!/? from 100 to 400 Hz.
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FIG.3. Magnetic-field noise and the noise reduction ratio of the

gradiometric NMR spectrometer. (a) Magnetic-field noise for the
single channel (blue line) and the difference of the two channels
(black line). The probe-beam intensity noise is measured with the
pump beam blocked and is shown with the red line. (b) The noise
reduction ratio for the gradiometric NMR spectrometer under the
application of white magnetic noise with different amplitudes.
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Figure 3(b) shows the noise reduction ratio under the
applications of different white magnetic-field noise. The
noise reduction ratio is calculated as Ngingle(f)/Nair(f),
where Niingle(f) 1s the noise level of the single chan-
nel and Ngg(f) is the noise level of the difference. We
can further expand Ningle(f) as Nc(f) + Nuc(f), where
N:(f) is the common-mode noise and Nyc(f) is the non-
common-mode noise. The noise level of the difference can
be as well rewritten as AN.(f) + Ny (f). The parameter
k describes the remaining portion of the common-mode
noise in the difference, the reciprocal of which is the
common-mode noise rejection ratio (CMRR) of the gra-
diometer. The noise reduction ratio becomes equal to the
CMRR if the common-mode noise is much larger than
the non-common-mode noise. This result is experimen-
tally verified by measuring the noise reduction ratio under
the applications of different white magnetic-field noise;
see Fig. 3(b). The white magnetic-field noise is gener-
ated from the same function generator and Helmholtz coils
introduced in Sec. II. Under the application of large white
magnetic-field noise, e.g., 6 pT/Hz!/?, which is nearly
three orders of magnitude larger than the non-common-
mode noise (approximately 7 fT/Hz!/?), the measured
noise reduction ratio is about 40 in the high-frequency
region. k is thus calculated as about 1/40 = 0.025. Based
on this, the noise reduction ratios under the applications
of 0.15 pT/Hz!/? and 0.03 pT/Hz!/? white magnetic-field
noise are estimated as 15.25 and 5.67, respectively, which
are almost the same as the experimentally measured results
shown in Fig. 3(b). Furthermore, Fig. 3(b) shows that the
noise reduction ratio is a function of frequency. For a
white magnetic-field noise with a given amplitude spec-
tral density, e.g., 6 pT/Hz!/?, the measured noise reduction
ratio is around 40 in a frequency range between 40 and
400 Hz; for lower frequencies, the noise reduction ratio
is lower than 40 and increases with the frequency. The
reduced noise reduction ratio is because of the frequency-
dependent non-common-mode noise in the two channels,
which is higher at lower frequency; see the black line in
Fig. 3(a). Moreover, as mentioned above, the performance
of the gradiometric measurement depends on the calibra-
tion of the response of the two channels. Since the system
is more noisy in the lower-frequency region, the calibra-
tion accuracy for the two channels also decreases, see the
increased discrepancy between the fitted curve and the
measured results in Fig. 2 at low frequencies.

With the gradiometric NMR spectrometer, high-SNR
NMR spectroscopy can be achieved even in a noisy envi-
ronment. ZULF-NMR spectroscopy of thermally polarized
samples is discussed in Refs. [32,33]. Compared with high-
field NMR, in which the spectroscopy is performed on
specific nuclei, the spectroscopy of ZULF-NMR is based
on coupled spins. For a typical XA, system, where X and A
are spin-1/2 particles, and each A couples to X with the
same strength J, the resulting zero-field J-coupling spectra
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FIG. 4. Single-shot zero-field NMR of *C-formic acid. White
magnetic-field noise is applied though Helmholtz coils along
the y direction. The '3C-formic acid time-domain signals are
observed in top (a), bottom (b), and gradiometric (c) channels at
zero magnetic field, which are filtered with a second-order band-
pass filter with cutoff frequencies at 220 and 224 Hz in order to
show the oscillating signals clearly. The signals are suppressed
at the beginning due to the use of the band-pass filter. The insets
in (a)(c) are enlarged plots of the signal within a time window
of 300 ms. (d), (e), and (f) show the frequency-domain signals,
which are obtained from the fast Fourier transform (FFT) of the
unfiltered original time-domain signals from the three channels.

consist of a single line at J for XA; a single line at 3J/2
for XA,; and two lines, one at J and the other at 2.J, for
XA; [6]. A single-shot NMR signal for '3C-formic acid
(H'*COOH, from Sigma-Aldrich) obtained with our gra-
diometric NMR spectrometer is shown in Fig. 4. White
magnetic-field noise is applied though the Helmholtz coils
along the y direction. The amplitude spectral density of the
noise is about 0.3 pT/Hz!/?. A clear oscillating signal is
observed from the gradiometric channel [Fig. 4(c)], com-
pared with the signals in the single channels [Figs. 4(a)
and 4(b)]. As shown in Figs. 4(d)}4(f), the fast Fourier
transform (FFT) spectra consist of a single line at 221.9
Hz and the signal-to-noise ratios for single shot are 15.1,
6.0, and 202.9 for the top, bottom, and gradiometric chan-
nel, respectively. This indicates a 13-fold improvement in
the SNR of the gradiometric channel compared with that
of the single channel. It is worth noting that the power-
line-frequency noise (the harmonics of 50 Hz) are as well
suppressed in the gradiometric channel.

The magnetization signals measured by the two chan-
nels have a 1//° dependence, where r is the distance
between the channel and the sample. In the current sys-
tem, the distance between the top (bottom) channel with
the sample is 0.85 cm (1.25 cm). Based on this, we
estimate that the bottom channel has about 33% of the
signal amplitude of the top channel, which agrees well
with the measured results; see Figs. 4(d) and 4(e). By
slightly increasing the spatial separation of the two chan-
nels, e.g., to 10 mm, the signal amplitude of the bottom
channel reduces to 10% of the top channel, which might
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enhance the SNR of the gradiometric channel. However,
there exists a trade-off, since increasing the spatial separa-
tion makes the noise from the two channels become less
correlated, which can in turn increase the noise level in the
gradiometric channel. The optimum spatial separation can
be found by changing the probe beam size and measuring
the SNR of the gradiometric channel. In order to do this, a
larger atomic vapor cell is required.

We also use the gradiometric NMR spectrometer to mea-
sure molecules with more complex structures, as shown
in Fig. 5. For the XAj case, the zero-field NMR spec-
tra of methanol ('3CH3;OH, from Sigma-Aldrich) is shown
in Figs. 5(a)-5(c). Each spectrum is the averaged result
from eight transients. Similarly, white magnetic-field noise
is applied to the gradiometric NMR spectrometer. The
observed signal-to-noise ratios of the peak at 140.5 Hz
are 13.7, 7.8, and 68.2 and at 281.1 Hz are 12.9, 5.9, and
82.2 for the top, bottom, and gradiometric channel, respec-
tively. We present a simple rule to identify noisy peaks by
comparing their gradient ratios with the expected values.
In Figs. 5(a) and 5(b), a dubious line at 117.7 Hz exists in
both channels and the amplitude ratio between the top- and
bottom-channel signals is nearly 1, which is sufficiently
smaller than the expected signal-amplitude ratio of the
top and bottom channels. This provides a good-confidence
approach to distinguishing lines of spurious origin from
NMR signals. Figures 5(d)—5(f) show the partial zero-field
spectrum of fully labeled acetonitrile ('*CH}*C'*N, from
Sigma-Aldrich) in the frequency range of 110 to 160 Hz.
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FIG. 5. Zero-field NMR spectra of '3C-methanol (a)—<(c) and

a portion of the spectra of fully labeled acetonitrile (from 110
to 160 Hz) (d)«(f). Each spectrum is the averaged result from
eight transients. White magnetic-field noise is applied though
Helmholtz coils along the y direction. At zero magnetic field,
the spectra of '3C-methanol ("*CH3;OH) are observed in the top
(a), bottom (b), and gradiometric (c) channels, respectively. The
portions of the spectra of fully labeled acetonitrile ('* CH;3 CN)
are observed in top (d), bottom (), and gradiometric (f) channels,
respectively. Both (c) and (f) show that the gradiometer channel
improves the SNR and reduces the spurious lines (the harmon-
ics of 50 Hz). The full spectrum of *CH}*C'>N is shown in the
Supplemental Material [45].

The full spectrum of '*CH}’C' N is presented in the Sup-
plemental Material [45]. The signal-to-noise ratios of a
peak at 131.0 Hz are 23.7, 12.0, and 52.0 for the top, bot-
tom, and gradiometric channel, respectively. The spurious
peak at 150 Hz, which is close to one of the NMR peaks,
is efficiently suppressed in the gradiometric channel.
Ultralow-field NMR spectroscopy is used for the identi-
fication of spin-coupling topology [32,33]. In the presence
of a small magnetic field B., the degenerate eigenstates
of 3C-formic acid split into corresponding manifolds. In
Figs. 6(a) and 6(b), the single-shot time-domain NMR sig-
nals are perturbed by the ambient magnetic-field noise.
However, we observe an obvious beating by using the gra-
diometric NMR spectrometer, as shown in Fig. 6(c). In
Fig. 6(f), a doublet with frequencies J £ B.(yg + yc)/2
is visible with a higher SNR than those in Figs. 6(d)
and 6(e). Here, yy and yc denote the gyromagnetic ratios
for proton and carbon nuclear spins, respectively. The fre-
quency splitting of the doublet is measured to be A =
B.(yuy + yc) = 1.724(2) Hz and then B, is calculated to be
32.36(4) nT. The full width at half maximum (FWHM)
of the single line is around 30 mHz, corresponding to
a coherence lifetime of about 10 s. Since the absolute
magnetic-field gradient is small in the magnetic shield, the
factors that determine the width of the ZULF-NMR sig-
nal are the residual magnetic field, intramolecular dipole-
dipole interactions, and/or externally fluctuating fields due
to paramagnetic impurities (the residual oxygen mixed
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FIG. 6. Single-shot ultralow-field NMR of '3C-formic acid.
White magnetic-field noise is applied though Helmholtz coils
along the y direction. The '3C-formic acid time-domain signals
are observed in top (a), bottom (b), and gradiometric (c) channels
in the presence of a small z magnetic field [B, ~ 32.36(4) nT]
and are filtered with a second-order band-pass filter with cutoff
frequencies at 220 and 224 Hz in order to show the oscillating
signals clearly. The signals are suppressed at the beginning due
to the use of the band-pass filter. The insets in (a)(c) are enlarged
plots of the signal within a time window of 300 ms. (d), (e), and
(f) show the frequency-domain signals, which are obtained from
the FFT of the unfiltered original time-domain signals from the
three channels.
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with the sample) or other nuclei [47]. Furthermore, it has
been experimentally investigated that the linewidth is also
a function of the temperature inhomogeneities [48]. In
order to see the doublet splitting, the minimum B, is about
0.6 nT, which gives a splitting of about 30 mHz. We notice
that the doublet displays an asymmetry; i.e., the amplitude
ratio between peaks atJ &+ B.(yy + yc)/2 isabout 1 : 0.7.
In previous works on ultralow-field NMR using SERF
atomic magnetometers [33,49], the asymmetry was also
observed in the spectra. Evaluating high-order corrections
to the eigenstates, the asymmetry of the doublet is found
to be 2A /J = 1.5%, which is sufficiently smaller than the
experimentally observed value (approximately 35%). We
found that the asymmetry is due to changes in the sensi-
tive directions in the SERF atomic magnetometers, i.e., the
SERF magnetometer is not only sensitive to magnetic sig-
nals along the y axis, but simultaneously sensitive to the
signals along the x axis when a z-magnetic field is applied
(see Supplemental Material [45]).

IV. CONCLUSIONS AND OUTLOOK

We experimentally demonstrate a gradiometric NMR
spectrometer with a magnetic-field-gradient noise of
17fT/ecmHz!/? and a measurement volume for a single
channel of 0.1 cm’. With this device, we demonstrate
high SNR NMR spectroscopy in the presence of white
magnetic-field noise. This opens the possibility of mak-
ing a robust and portable NMR spectrometer, particularly
in an unshielded environment where large common-mode
magnetic-field noise is introduced. Our spectrometer is
at an early stage of development and many improve-
ments are possible. For example, we can make the sensor
work under the closed-loop operation, as mentioned in
Ref. [37], which leads to a better reduction ratio to the
common-mode noise. Also, the amplitude of ZULF NMR
signals can be maximized by applying suitable magnetic-
field excitation pulses [8,30]. With further optimizations,
such as decreased probe-beam fluctuations, uniform pump
laser power, and optimized spatial separation between the
two channels, the gradiometric NMR spectrometer could
be capable of detecting NMR signals from samples with
natural isotopic abundance for dilute nuclei, which are
convenient for chemical analysis. The gradiometric tech-
nique is not restricted just to the detection of NMR,
but also opens up avenues of investigations of samples
that generate magnetic-field gradients, such as magnetic
nanoparticles used in biomolecular labeling and cell sepa-
ration [50-52]. Moreover, recent theoretical work suggests
that it is possible to measure molecular chirality and parity
nonconservation effects in ZULF NMR [15,16]. Obser-
vation of such effects requires an oriented sample that
can be obtained by applying a strong electric field, which
creates unavoidable magnetic-field noise [53]. An opti-
mized gradiometric spectrometer is promising for sensing

such chirality and parity nonconservation effects while
remaining robust against background magnetic-field noise.
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