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The development of atomic magnetometers has led to nuclear magnetic resonance (NMR) in zero and
ultralow magnetic fields without using cryogenic sensors. However, in-situ detection, meaning that a
sample locates in the detection space beside a vapor cell, has been conducted only with
parahydrogen-induced polarization. Other hyperpolarization techniques remain unexplored yet. In this
work, we demonstrate that Overhauser dynamic nuclear polarization allows in-situ NMR detection with
an atomic magnetometer at less than 1 uT. The 'H NMR signal of a nitroxide radical solution was
observed at 13.83 Hz, which corresponds to 325 nT. Signal-to-noise ratio was 32 after sixteen averages.
On the Larmor precession of 'H spins, a decaying oscillation was superimposed. We attribute it to a tran-
sient 87Rb spin precession in response to a non-adiabatic field variation. This work shows a new capabil-
ity of zero- and ultralow-field NMR.
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1. Introduction

Nuclear magnetic resonance (NMR) is generally performed in
high magnetic fields to increase chemical shift resolution and to
maximize detection sensitivity by enhancing thermal polarization.
For this reason, commercial NMR and magnetic resonance imaging
(MRI) instrumentation has focused on increasing the main mag-
netic fields of the systems. The poor magnetic sensitivity of rf
coil-based NMR detectors in low magnetic fields, however, has
been an obstacle to many possible applications at low frequencies
ranging from DC to below 1 kHz [1-4]. The first detection system
which utilized a superconducting quantum interferometer (SQUID)
[5,6], was able to directly detect NMR signals in the zero field and
was leading sensor for a long time. Unfortunately, SQUIDs require
helium cryogenics, which required costly maintenance.

In recent years, atomic magnetometers (AMs) have proven to be
competitive with SQUIDs in terms of sensitivity, without the need
for cryogenic operation. To date, several NMR/MRI studies based
on AMs have been reported [7-17]. Savukov et al. performed
NMR detection using a flow system such that the sample is prepo-
larized using a permanent magnet outside of the shields to avoid
the magnetization of magnetic shields [12-14]. Liu et al. detected
NMR signals using a shuttle system whereby samples were prepo-
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larized using a permanent magnet outside the magnetic shields,
and pneumatically shuttled into the detection region [10]. The
use of AMs facilitates an acceptable signal-to-noise ratio (SNR)
with single-shot NMR sampling due to their high sensitivity in
the low frequency range. However, these remote detection
schemes require strong permanent magnets which complicates
the experimental setup. In addition, a broadened NMR spectral
linewidth was observed in these systems due to the dispersion of
water while flowing in the tube. Even if a permanent magnet
was not used, a pre-polarization field (B,), electrically switched
on and off, must be applied to magnetize the sample before acqui-
sition. A strong B, cause side effects such as eddy current induction
in the magnetic shielding wall, which broadens the NMR linewidth
and has an adverse effect on NMR measurements [18,19].
Recently, there has been growing interest in the high efficiency
of dynamic nuclear polarization (DNP) that boosts signal intensity
in NMR experiments by transferring spin polarization from elec-
trons to nuclei via cross-relaxation. DNP-NMR provides an alterna-
tive approach to measurement techniques with inherently poor
sensitivity at low magnetic fields down to sub-millitesla [20-24].
In this work, we take advantage of the fact that as the magnetic
field approaches zero, the difference between the resonance fre-
quency of the Rb atom and the nucleus becomes smaller. However,
at room temperature, the polarization of protons is too small to be
measured, so we use DNP, which can be classified as a hyperpolar-
ization method. DNP-NMR makes it possible to transfer the Boltz-
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mann polarization of the electron spin to the nuclear spin, thus
providing a boost in the NMR signal intensity by several orders
of magnitude. Many studies on DNP measurement using SQUID
have been reported [25-28], but to the best of our knowledge,
there are no reported studies based on AMs. Herein, we demon-
strate the in-situ detection of NMR signals from a water sample
using an AM by utilizing spin-exchange relaxation free (SERF)
regime, which achieves a noise level of 20 fT/Hz'/? at 10 Hz. Sig-
nals with a SNR of about 32 and a spectral width of 0.7 Hz were
obtained in a 2 mM TEMPOL solution.

2. Methods

Fig. 1(a) shows an experimental setup for in-situ measurements
of ultralow magnetic fields (ULF)-NMR. To avoid the effects of
external magnetic noise, the equipment for ULF-NMR experiments
was installed inside a specially designed magnetically shielded
room [3]. The equipment includes two major parts: One is the
AM which serves as the magnetic sensor for NMR detection. The
other part is the ULF-DNP’s magnetic field generation system con-
sisting of a Helmholtz coil, solenoid coil, and circular coil.

A commercial SERF cm-scale AM (QZFM, QuSpin) was employed
as the NMR signal detector based on zero-field resonance with a
single laser beam. The measured noise level was less than
20 fT/Hz"/? in the range from 1 to 150 Hz. This atomic magnetome-
ter is primarily sensitive to a static or slowly varying magnetic
field, more specifically, to the y-component of the magnetic field.
In the presence of a ULF along the Z direction, the Larmor preces-
sion of spins in the sample produces a low-frequency signal from
several hertz to a few hundred hertz, corresponding to alternating
magnetic field, whose projection in the y direction can be moni-
tored using the atomic magnetometer.

B, and the measurement field (B,) were generated using the
Helmholtz coil and the solenoid coil, respectively. The Helmholtz
coil generates a magnetic field of 58 uT in the axial direction, with
an inhomogeneity of about 3% within 50 mm of the coil’s center.
The length of the solenoid coil was set to 130 mm in order to min-
imize the influence of B, on the atomic magnetometer. The B,
strength was about 325 nT, which corresponds to the NMR fre-
quency, Wm = ,Bm ~ 13.83 Hz, where 7, is proton’s gyromagnetic
ratio. We generated rf field (B,¢) using a circular coil to increase the
rf power efficiency for saturation of the ESR transition.

(a)

circﬁit‘\\

The rf resonance circuit is shown in Fig. 1(b). It has a tuning
range from 65MHz to 125MHz and a target frequency of
74.4 MHz. The directions of By, and B, were perpendicular to each
other where only 7 transitions will occur [22]. Taking into account
the skin depth of the copper windings, the coils should be designed
so that not only does B,s reach the sample, but B, has a minimal
effect on the magnetometer. Since in-situ detection is utilized,
there is no significant signal loss due to T; during the experiment,
as well as the ability to quickly measure multiple samples.

We used commercially available 4-Hydroxy-2,2,6,6-tetramethyl
piperidine-1-oxyl (TEMPOL; Sigma-Aldrich), which has an
unpaired electron. 2 mM of TEMPOL solution was prepared with
deionized water and placed inside the solenoid coil.

The timing sequence for the ULF-DNP experiment was the same
as in Ref. [27]. (More detailed description can be found in the Sup-
plementary Material.) For the pre-polarization, we apply B, in the X
direction and simultaneously apply B;s in the Z direction during the
polarization period to cause the electron spin of the TEMPOL radi-
cal to saturation. After these fields are turned off, the NMR signal is
detected while applying B, during measurement time. The free
induction decay (FID) signals were averaged after sixteen measure-
ments with and without B, respectively, and were Fourier trans-
formed with FID time traces.

3. Results and discussion

Fig. 2(a) and (d) presents the NMR and FFT signal, respectively,
when By is turned off. As shown in the figure, when B, is as low as
58 uT (Boltzmann distribution ~107® at room temperature), the
NMR signal is not observed at the resonance frequency wpy,.
Instead, we can observe an exponentially decaying signal which
oscillates at 5.45 Hz. Generally, the transverse relaxation time of
the Rb spins is much shorter than that of the protons in water,
so the transient signal of the magnetometer decays faster than
the water spin-precession signal. However, the behavior of the
magnetometer is different when B,y and B,, which is far beyond
the dynamic range (45 nT) of the magnetometer, is applied. The
behavior of the atomic spin is described phenomenologically by
the Bloch equation and we can express a steady state solution with
optical pumping rate (align the spin direction along the pumping
axis), total relaxation rate (randomize the spin direction) and an
ambient magnetic field (induces the spin to precess in the plane
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Fig. 1. (a) Schematic of the ULF-DNP experimental setup. The directions of B, and By are parallel, and these of B and B, are perpendicular to each other. The sample was
contained in a bottle with an outer diameter of 27 mm and a length of 70 mm and was centered inside of the solenoid coil surrounded by an 1f coil. The AM’s 3 x 3 x 3 mm?
Rb vapor cell is located approximately 12 mm away from the center of the sample. (b) The diagram of the circular-coil and resonance circuit used to generate a rf field. Cy is
the matching capacitor (0.8-38 pF), and Cr is the tuning capacitor (2-120 pF). All components include coil support and the adjust rods are made from non-magnetic materials.
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Fig. 2. The in-situ DNP measurement for an average of 16 samples and its FFT spectra. (a) The background signal without B. The signal oscillates at a specific frequency,
which can be described in terms of the Larmor frequency of the Rb atoms and spin-spin exchange relaxation (red dashed line). (b) The DNP-NMR signal with B,;. The Dashed
line shows a fitting curve of the DNP-NMR signal with Eq. (1) from which the value of T; and the residual field were determined to be 130 ms and 0.8 nT, respectively. (c) The
pure NMR signal was obtained by signal processing which entailed subtracting the fitting value from the experimental results. (d), (e), (f) The FFT spectra corresponding to the
signals shown in (a), (b), and (c), respectively. The unprocessed raw data is in the Supplementary Material.

perpendicular to the field) [29]. The net direction of the atomic
spin vector is determined by the competition between those three
parameters, in our experiment the strong ambient field is domi-
nant in atomic spin direction. When B, and B, were turned off,
the Rb atoms return to the polarized state satisfying SERF condition
with a narrow magnetic linewidth. As in the SERF regime, a suffi-
ciently low relaxation rate (within a few hundred ms), the AM’s
polarization will exhibit oscillations at its natural frequencies
due to the residual magnetic field. This occurs at the Zeeman res-
onance frequency (Larmor frequency) of the Rb atoms. Thus,
switching off B, reveals oscillations at the Larmor frequency. The
red dashed line in Fig. 2(a) represents the calculated solution for
the X-component (direction of the pump beam) of the polarization.
The solution is expressed with the oscillating frequency w and the
relaxation time T3 as follows: [30]

Se(t) = Soxsin(wt + d)e 5 + 0, (1)

in which Sy, is the steady-state value of S,(t), ® is the phase angle
and O is the offset. The oscillating frequency o = yB is the Larmor
frequency of the ®Rb atoms with a gyromagnetic ratio of
y =7 Hz/nT under the influence of the residual magnetic field B.
From Fig. 2(a), it determined that the AM has a T; of 110 ms and
the residual magnetic field near the AM is about 0.8 nT.

Fig. 2(b) and (e) shows the DNP-NMR and FFT magnitude mea-
sured with B;s. We obtained an enhanced NMR signal at 13.83 Hz
via the saturation of a selective excitation of electrons of nitroxide
radicals. Based on the good agreement of the fitting results in Fig. 2
(a), the background oscillation of the signal was fitted as shown in
Fig. 2(b). In order to investigate the pure DNP-NMR signal while
excluding the effect of the residual magnetic field, we subtracted
the fitting result from the raw signal as shown in Fig. 2(c). The sig-
nal, measured in 30 cc of a 2 mM TEMPOL solution, is due to an in-
situ hyperpolarized nuclear spin.

Fig. 2(f) shows the FFT of the NMR signal shown in Fig. 2(c). Its
SNR is approximately 32, which was calculated by the signal
amplitude divided by the root mean square of the noise amplitude
at the frequency range between 30 and 40 Hz. (The experimental
results and SNR value obtained by shifting the NMR frequency

higher than 13.83 Hz to avoid the influence of Rb oscillatory mag-
netic field are in the Supplementary Material.) The value of T from
Fig. 2(c) is approximately 450 ms and exhibits a linewidth of
approximately 0.71 Hz. Considering that T, is typically 2.6 s (line-
width is 0.12 Hz) for water, a linewidth expansion of approxi-
mately 0.6 Hz was observed. This can be explained by an
inhomogeneous B, in the sample area, which corresponds to
AB=9nT.

4. Conclusions

In this work, we experimentally demonstrated in-situ measure-
ment of an enhanced 'H NMR signals of water in 2 mM TEMPOL
solution using an atomic magnetometer. From our results, in-situ
measurements were shown to drastically reduce the single sam-
pling time to obtain AM-based NMR signals, and this is advanta-
geous for acquiring averaged signals. This is expected to directly
facilitate the measurement of rapidly changing signals and sample
of low molar concentration. Since AMs provide an alternative
approach to low field NMR due to their intrinsic sensitivity at
low frequencies, the experimental results are promising for poten-
tial application to hyperpolarization with AMs for ultralow field
NMR and MRI without the limitations imposed by high magnetic
field requirements.
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Supplementary data associated with this article can be found, in
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