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ABSTRACT: Low-field NMR has emerged as a new analytical technique for
the investigation of molecular structure and dynamics. Here, we introduce a
highly integrated ultralow-frequency NMR spectrometer designed for the
purpose of ultralow-field NMR polarimetry of hyperpolarized contrast media.
The device measures 10 cm × 10 cm × 2.0 cm and weighs only 370 g. The
spectrometer’s aluminum enclosure contains all components, including an RF
amplifier. The device has four ports for connecting to a high-impedance RF
transmit-receive coil, a trigger input, a USB port for connectivity to a PC
computer, and an auxiliary RS-485/24VDC port for system integration with
other devices. The NMR spectrometer is configured for a pulse-wait-acquire-
recover pulse sequence, and key sequence parameters are readily controlled by
a graphical user interface (GUI) of a Windows-based PC computer. The GUI
also displays the time-domain and Fourier-transformed NMR signal and allows
autosaving of NMR data as a CSV file. Alternatively, the RS485 communication line allows for operating the device with sequence
parameter control and data processing directly on the spectrometer board in a fully automated and integrated manner. The NMR
spectrometer, equipped with a 250 ksamples/s 17-bit analog-to-digital signal converter, can perform acquisition in the 1−125 kHz
frequency range. The utility of the device is demonstrated for NMR polarimetry of hyperpolarized 129Xe gas and [1-13C]pyruvate
contrast media (which was compared to the 13C polarimetry using a more established technology of benchtop 13C NMR
spectroscopy, and yielded similar results), allowing reproducible quantification of polarization values and relaxation dynamics. The
cost of the device components is only ∼$200, offering a low-cost integrated NMR spectrometer that can be deployed as a plug-and-
play device for a wide range of applications in hyperpolarized contrast media production�and beyond.

■ INTRODUCTION
Low-field (LF) NMR spectroscopy offers an innovative
approach for the analysis of molecular structures and reaction
dynamics.1 The distinct advantage of LF NMR lies in its
operation at significantly lower frequencies, where digital and
analog signal data processing is cheaper and more stream-
lined.1 Moreover, low magnetic fields can be readily
established by inexpensive small-footprint electromagnets or
Halbach array magnets, versus the comparatively large and
expensive superconducting magnets usually employed in high-
field NMR.2−4 The field of LF NMR has seen many
developments over the years.2 Indeed, LF NMR devices have
found application in biomedical research,5,6 materials science,7

environmental studies,8 food science,9 medical imaging,10 and
many other areas.4,11−15

LF NMR has also been used in NMR hyperpolarization
studies.16−22 NMR hyperpolarization increases the nuclear spin
alignment with the applied magnetic field (termed nuclear spin
polarization P) significantly above the thermal equilibrium
level.23,24 Since the detection sensitivity is directly proportional

to the nuclear spin polarization,25 it follows that the detection
sensitivity of LF NMR can be similar or even surpass that of
high-field NMR when hyperpolarized contrast media are
utilized.26,27 This feature becomes possible because in HP
NMR the nuclear spin polarization is not endowed by the field
of the primary magnet (B0).

26

There is a wide range of NMR hyperpolarization techniques,
including Dynamic Nuclear Polarization (DNP),28−30 Signal
Amplification By Reversible Exchange (SABRE) and SABRE in
SHield Enables Alignment Transfer to Heteronuclei (SABRE-
SHEATH),31−35 Spin Exchange Optical Pumping
(SEOP),29,36,37 and ParaHydrogen Induced Polarization
(PHIP).38,39 DNP is the most developed and widely used
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technique, which utilizes microwave irradiation of free-radical
electrons followed by electron spin polarization transfer to
target nuclei, e.g. 13C.28−30 A variant of DNP known as
dissolution DNP (d-DNP)30 enhances polarization levels
through an additional dissolution process of frozen hyper-
polarized contrast agent. In SEOP, the electronic spin angular
momentum of an alkali intermediary (e.g., rubidium) is
transferred to the target nucleus of a noble gas (typically
129Xe,40 which is also employed in this work) via gas-phase
collisions, in the presence of circularly polarized laser light.37 In
PHIP, the spin angular momentum of parahydrogen (p-H2) is
transferred to an unsaturated substrate via a fast hydrogenation
reaction.38,39 In the SABRE-SHEATH hyperpolarization
process (also employed in this work), spin polarization also
originates from the p-H2 molecule. In SABRE-SHEATH a
transient polarization transfer catalyst complex is formed
between the p-H2-derived hydrides and the catalyst-bound
substrate (e.g., [1-13C]pyruvate studied here), resulting in the
spontaneous transfer of polarization from the p-H2-derived
hydrides to the target 13C nuclei.33,41−44

The NMR hyperpolarization process is typically performed
using a hyperpolarizer device, and in situ or ex situ NMR
polarimetry is utilized to quantify the P value and its dynamics,
including polarization build-up, decay, and its dependence on
specific experimental variables.45−49 Moreover, before an HP
contrast agent (prepared by any hyperpolarization technique)
is administered in vivo, NMR polarimetry is greatly desired to
confirm the HP agent’s potency; i.e., that it has sufficiently
high polarization and concentration for the HP scan to be
successful with a satisfactory signal-to-noise ratio (SNR).50

A number of ultralow-field (ULF) NMR spectrometer
designs have been demonstrated for hyperpolarization
detection, and they have their own merits.3,51−55 However,
many spectrometer designs are open-ended for a broad range
of applications, whereas purpose-built designs are sometimes
desired, e.g., for Nuclear Quadrupolar Resonance (NQR)
applications.12,56 Here, we introduce a miniature (10 cm × 10
cm × 2.0 cm), low-cost (∼$200 in component cost), ULF (1
to 125 kHz) NMR spectrometer. The capability validation was
performed by conducting ULF spectroscopic quantification of
produced polarization level, polarization buildup, and
relaxation studies of (1) in situ HP 129Xe production using
SEOP, and (2) ex situ HP [1-13C]pyruvate production using
SABRE-SHEATH. We envision that the reported spectrometer
can be potentially utilized with other HP techniques57 and
other ULF applications.11

HP 129Xe MRI is a highly sensitive tool for imaging of lung
diseases.58−61 The HP 129Xe MRI exam has recently received
FDA approval for clinical use in lung ventilation imaging in the
US. This achievement has further increased the investments
from academic and medical institutions, along with ongoing
assessments of primary outcome measures to evaluate
therapeutic responses.60−62 The HP 129Xe gas contrast agent
can be produced via batch- or continuous-flow Spin Exchange
Optical Pumping (SEOP37) methods.61 In this study, we
conducted HP 129Xe production with a batch-mode hyper-
polarizer device.63,64 During the HP 129Xe gas production, the
in situ polarimetry and hyperpolarization dynamics assessment
were performed using the Xenon ultimate Spin Exchange
(XeUS) ULF NMR spectrometer at a 40.8 kHz resonance
frequency.
HP [1-13C]pyruvate has emerged as a next-generation

molecular contrast agent, primarily owing to its safety profile

and its central location in metabolic pathways.65−67 The
assessment of pyruvate metabolism has led to remarkable
breakthroughs in the identification of cancerous regions within
prostate, breast, and brain tissues.65,66,68 More than 50 clinical
trials are underway according to cliniclatrials.gov, employing
HP [1-13C]pyruvate as an injectable contrast agent. SABRE-
SHEATH hyperpolarization of [1-13C]pyruvate has emerged
recently as a new cost-effective (<$50k)69 and ultrafast (1 min)
technology43 to produce sufficiently high levels of 13C
polarization70−72 for in vivo metabolic imaging.73,74 For the
present work, HP [1-13C]pyruvate was prepared via SABRE-
SHEATH using a benchtop hyperpolarizer operating in
microtesla fields.69 A 30 mM [1-13C]pyruvate sample in
methanol was hyperpolarized as described previously,69,70 and
the ex situ polarimetry (to measure P13C level, and the
dynamics of P13C build-up and decay) was performed using the
presented spectrometer, using an electromagnet operating at
3.9 mT, corresponding to 42 kHz 13C resonance frequency;
the obtained results were compared to those obtained via ex
situ 13C polarimetry using a more established technology of
benchtop 13C NMR spectrometer operating at 1.4 T,
corresponding to 15 MHz 13C resonance frequency.42

■ EXPERIMENTAL SECTION
Design of the ULF NMR Spectrometer. The NMR

spectrometer shown in Figure 1a-1d operates from 1 to 125
kHz, and utilizes a pulse-wait-acquire-recover experiment. The
spectrometer houses a single receiver channel with a digitally
controlled gain of the detected NMR signal. These signal
amplifier gain values are +74 dB, + 86 db, and +98 dB. The
spectrometer RF input impedance of 1 MΩ, ensuring
compatibility with various high-impedance RF coils and
experimental setups. The amplified NMR signal is digitized
using a 17-bit Analog to Digital Converter (ADC) at 250 kilo-
samples per second sampling rate. The spectrometer has an
internal RF amplifier, capable of delivering up to 160 mW of
power in 100 steps (ranging from 1 to 100% settings), and
precise control over RF pulse duration (ranging from 1 to 80
half-period pulse durations: for example, at 42 kHz, the pulse
length ranges from 11.9 to 952 μs in increments of 11.9 μs).
The frequency stability of this device is 10 ppm. The
spectrometer power is supplied via a USB-C connection of a
PC or through an external +24 VDC source. The spectrometer
aluminum body measures 10 cm × 10 cm × 2.0 cm and weighs
370 g. The overall device schematic is shown in Figure 1e.
The device has two communication options: USB-C and RS-

485, which are marked as USB and EXT in Figure 1d. The
spectrometer connects to a PC computer via USB-C by using
the Windows 10 operating system. An intuitive graphical user
interface (GUI, for control of the NMR experiment) and PC-
based spectrometer software are developed for Windows 10,
Figures 2a,b. Moreover, the USB-C port can be used for device
firmware updates using DFU software (Dfuse Demo v3.0.5,
STMicroelectronics). The RS-485 communication extends the
capabilities to command line operations, enabling further
control of the acquisition parameters, aiding in experimental
automation integration (to be discussed in future publica-
tions).
NMR acquisition parameters can be loaded either through

the GUI (via USB-C) or via the command line through RS-485
communication. When operated from a PC and following the
application of excitation RF pulse, the raw FID data are
recorded by the NMR spectrometer and streamed to the PC,
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where the custom-made software performs automated data
processing to plot the Fourier Transformed (FT) spectrum,
identify the highest-intensity data point, integrate the NMR
signal, and perform T2* analysis. The postprocessing also
includes a selection of displayed spectral range for the FT
spectrum, line-broadening, and computing full-width-of-half-
maximum (FWHM) of the highest-intensity resonance peak
(the detailed discussion of the T2* calculations can be found in
the section 2.3 of the Supporting Information (SI)). Following
the NMR acquisition and data postprocessing, the PC software
saves two CSV files containing all the acquisition parameters:
one for the time-domain signal and the other one for the FT
spectrum. When the spectrometer operates via the RS-485
port, all of the above data processing is performed on the
spectrometer directly, and the obtained data can be
communicated to other devices via the RS-485 communication
protocol. Additional ports, labeled TRG and RF in Figure 1d,
are used for NMR pulse-sequence triggering by an external
source and to connect the transmit-receive RF coil using SMA
connections. The complete schematic of the device, T/R
switch arrangement, and PCB layout is shown in Figures S1−
S4 respectively.
The GUI allows for manual control of the following pulse-

sequence parameters: number of scans (1-999,999) for signal
averaging; transmitter RF pulse frequency (1,000−125,000 Hz

with increment step of 1 Hz); relative RF power (Figure 2d,e);
and RF pulse duration. The spectrometer power calibration is
performed using an oscilloscope (Figure 2c) by changing the
transmitted percent of the power applied during RF pulsing.
The details of these calibrations are further discussed in the SI,
and also shown in Figure 2c-e. Furthermore, the receiver
acquisition time is adjustable from 1 to 131 ms (set values are
1, 2, 4, 8, 16, 33, 66, and 131 ms). The preacquisition delay,
recovery time, and spectral region selection range are open for
unrestricted input.

Design of 129Xe Polarimetry Studies. HP 129Xe gas was
produced by stopped-flow SEOP using a batch-mode
generation-2 (GEN-2) clinical-scale 129Xe hyperpolarizer
device, Figure 2a.47,48,75 Briefly, the device was equipped
with a high-power CW pump laser (nominal output ∼170 W,
Bright-Lock Ultra-500, QPC Laser Technologies, Sylmar, CA)
equipped with a 2” beam expanding telescope, an ∼0.5-L
SEOP cell (Pyrex cylindrical structure with 2” inner diameter),
a high-capacity water chiller (1.4 kW, K−O Concepts DMC-
14-G2, Titusville, FL), B0 electromagnet coil (four-coil Barker-
arrangement electromagnet75), power supply for magnet and
laser, and an open-source microcontroller (Arduino Mega
2560 rev3, P/N 1050-1018-ND, Digi-key, Thief River Falls,
MN).47

A custom-built “butterfly” RF coil was positioned under-
neath the SEOP cell inside the hyperpolarizer to record the
NMR signal from HP 129Xe in the SEOP cell during the
hyperpolarization process, Figure 2b. The RF coil was tuned to
40.8 kHz and connected directly to the spectrometer via SMA
cable, Figure 2c and 2d.47

HP 129Xe gas production was performed at an optimized
temperature of 65 °C.47 During this process, a Xe:N2 gas
mixture (1:1 mol ratio, 2000 Torr total pressure) was loaded in
the SEOP cell. The loaded gas mixture then was irradiated with
polarized laser light, and the entire bolus of 129Xe gains the HP
state over time via a two-step process. Initially, the circularly
polarized laser photons were absorbed by Rb metal.
Subsequently, the electron spin polarization was transferred
to 129Xe noble gas nuclei via gas-phase Rb−Xe atomic
collisions.36,37 In order to sufficiently vaporize the Rb,
polarization was performed at a temperature typically ranging
from 60 to 80 °C for stopped-flow hyperpolarizer designs.61
129Xe polarization increases over time until it reached steady
state, where the rates of 129Xe polarization and T1 relaxation
were in balance. Once the HP state was created, the SEOP cell
was cooled to condense the rubidium metal. Following this cell
cool-down, NMR spectral data were recorded every 4 min to
monitor 129Xe T1 relaxation.
Equation 1 was employed to quantitatively convert the

recorded signal to %PXe. Moreover, fitting the polarization
buildup data (acquired over the course of 60 min) to a
monoexponential model also allowed the measurement of the
polarization buildup rate (γSEOP). Throughout the NMR data
acquisition (both buildup and relaxation), low pulse length
(245 μs (20 half periods) with 66% power setting (63 mW))
was utilized without any substantial HP 129Xe gas depolariza-
tion.63

Collisions of HP 129Xe with the inner surfaces of the SEOP
cell contributed to the HP gas T1 depolarization, which was
determined largely by paramagnetic centers within the cell
walls. The SEOP cell wall was thus protected with a siliconized
coating (SurfaSil) to mitigate the effects of these collisions,
thereby engendering longer T1 values and maximizing the

Figure 1. (a) 3D rendering of ULF spectrometer; (b) photograph of
the device with the top cover removed; (c) 3D rendering of the
printed circuit board (PCB) of the ULF spectrometer (see Figures S2
and S3 for additional close-up views); (d) photograph of the device
with the protective cover on (overall dimensions of 10 cm × 10 cm ×
2.0 cm); (e) overall block diagram of the ULF spectrometer (see
Figure S1 for complete details).
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efficiency of the 129Xe polarization process. Therefore, the
measurement of T1 relaxation provided information regarding
the “health” of the SEOP cell, reflecting the integrity of the
surface coating and overall Rb quality. The SEOP cell was
replaced once the 129Xe T1 value is below 20 min (the
condition at which the maximum attainable %PXe is
substantially decreased), indicating the “end of life cycle” for
that SEOP cell.
A reference NMR signal obtained from a thermally polarized

water sample with an identical geometry allowed the % PXe
value to be calculated using eq 1:

P P
C
C

S
S

Corr T( )Xe REF
REF

HP

REF

HP

HP

REF
2= · · · *

i
k
jjjjj

y
{
zzzzz

(1)

where PREF is the thermal polarization of protons at 40.8 kHz
frequency, CREF (110 M) and CHP (14 mM) represented the
concentrations of the reference water protons and HP
polarized 129Xe gas, γREF (42.6 × 106 Hz·T−1) and γHP (11.8
× 106 Hz·T−1) were gyromagnetic ratios, and SREF and SHP
were peak integral values of signal-reference water protons and
HP 129Xe, respectively. The T2* correction factor (Corr(T2*))
was employed in eq 1 because our measurements employed a
significant (usually 4 ms) preacquisition delay and because the
T2* values of the proton reference signal and the HP 129Xe
signal were generally different.48,49

The reference 1H signal was obtained from a thermally
polarized water sample (doped with 10 mM paramagnetic
CuSO4 to reduce the proton T1 for more efficient signal
averaging) using 190,000 scans (for example, requiring an

“overnight” 16-h-long total scan time; of note the number of
averages did not affect PXe computation as the spectrometer
averages the scanned NMR signal). For proton signal
acquisition, a 245-μs excitation RF pulse length (i.e., the
same pulse duration as the one used for HP 129Xe detection)
and reduced RF power (35% power setting, corresponding to
8.2 mW) were used, Figure 3e. The reduction of the power
level was necessary to match the effective excitation RF B1 field
for both 129Xe and 1H spins by the ratio of the gyromagnetic
ratios (γ129XE/γ1H = 3.6; unfortunately an RF pulse voltage
ratio of 2.8X was used in practice accidently (power setting of
66% or 63 mW), which has led to systematic underestimate of
129Xe polarization by a factor of 1.1). Note that this water
signal was acquired at a lower B0 magnetic field than HP 129Xe
(but at the same 40.8 kHz resonance frequency) because of the
difference in gyromagnetic ratio of 1H and 129Xe (γ1H ≈
3.6·γ129Xe).
The plot of the % PXe values versus time (acquired during

129Xe polarization buildup) exhibited an exponential polar-
ization buildup curve fit, Figure 3g. During HP 129Xe T1
relaxation, plotting %PXe versus time exhibited exponential
decay (the T1 decay experimental time was 60 min), Figure 3h.
All the curve fittings were performed using an automated
MATLAB code.76

Design of 13C Polarimetry Studies. A schematic
representation of the HP [1-13C]pyruvate SABRE hyper-
polarization process is shown in Figure 4a. The SABRE-
SHEATH hyperpolarizer setup and the [1-13C]pyruvate
sample preparation have been described previously,69,71 and

Figure 2. (a) graphical user interface (GUI) of the NMR spectrometer showing an NMR signal acquired during the SEOP of 129Xe; (b)
corresponding example of acquired reflected power frequency response of the [1-13C]pyruvate polarimetry RF coil, operating at 42 kHz. In displays
a and b, (left) control menu, (top right) FID, and (bottom right) FT spectrum; (c) RF pulse waveform of the NMR spectrometer transmitter at 40
kHz (recorded using digital oscilloscope); (d) RF transmitter voltage (volts peak-to-peak) as a function of RF pulse transmitter power setting (%);
(e) RF transmitter power (milliwatts) as a function of RF pulse transmitter power setting (%).
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they are briefly summarized in Figure 4b. This setup allowed
bubbling of p-H2 gas through a [1-13C]pyruvate solution
(typically methanol-based) in a static (or programmable)
submicrotesla magnetic field.69−71

Briefly, the experimental setup of the SABRE-SHEATH
process employed a regular 5 mm NMR tube adapted with a
1/4” outer diameter (OD) Teflon tubing jacket, fitted to a
push-to-connect wye connector from the hyperpolarizer
apparatus.69,77 To initiate the hyperpolarization, 0.6 mL of
the[1-13C]pyruvate sample (30 mM) with IrIMes catalyst78

was loaded into the NMR tube and allowed activating for 10
min by bubbling p-H2 through the sample at a flow rate of 130
standard cubic centimeters. A polarization buildup study was
performed by bubbling p-H2 through the already-activated
sample for different time durations inside the hyperpolarizer
magnetic field (optimized to be 0.42 μT42), until a steady-state
13C polarization level was reached, Figure 4g and 4i. The total
time required for each buildup study (not accounting for
sample activation) was approximately 1 h.
First, the detection of the NMR signal from the HP

[1-13C]pyruvate sample was performed using a 1.4 T benchtop
NMR spectrometer (SpinSolve Carbon, Magritek, Germany)
operating at 15 MHz. Next, we employed our ULF polarimetry
setup (to be fully described elsewhere in more detail). Briefly,
the ULF polarimetry station employed a shielded RF coil
operating at 42 kHz frequency. The polarimetry setup featured
a B0 electromagnet coil that generated a homogeneous
magnetic field. The coil consisted of four electromagnetic
coils (two 199 turns 16.0 cm apart from each other and two
88-turn cols 1.0 cm away from the center coils, using a Barker
design arrangement47,79) where each magnet turn was wound
with 18 AWG wire and is positioned between two wooden
supports, each measuring 1.0 cm in height (this design is a
scaled down version of the previously reported Barker magnet
arrangement;47 specifically, the magnet, diameter, length and
wire diameter were scaled down by a factor of 3). The inner
diameter of the magnet was 200 mm. The magnet had an
inductance of 63.1 mH and a resistance of 9.8 Ω. A 1.86-Amp
current was applied to generate an ∼4.0 mT field. A small
opening at the top-middle section of the coil allowed the NMR
tube with the sample to be positioned in the center (most
homogeneous part) of the magnet. An RF coil, supported by a
3D-printed support piece, ensured precise positioning of the
sample NMR tube for robustness and reproducibility. To
detect at 42 kHz frequency using the RF coil (connected to the
ULF NMR spectrometer), we used a parallel LC circuit with a
resistance of 20 Ω (XR = 20 Ω), a tuning capacitor of C =
33,000 pF with an impedance XC of ∼130 Ω (at 42 kHz), and
a multiturn inductor of L = 0.5 mH with an impedance XL of
∼130 Ω (at 42 kHz). The RF coil was enclosed with an
aluminum cover for shielding.49,63 A small rectangular opening
in the aluminum enclosure allowed one to detect the NMR
signal from the sample NMR tube, Figure 4b. The RF coil
tuning was performed by adjusting the tuning capacitors of the
RF coil circuit and performing spectral analysis of the reflected
RF power (by setting the preacquisition time to 1 ms or less),
which was too short, allowing detection of the “ringdown” of
the RF coil. This reflected power (and the detected NMR
signal) was maximal at the RF coil resonance frequency, Figure
4l and Figure 2b.
The acquisition of NMR spectra of HP [1-13C]pyruvate

employed a single scan, e.g., Figure 4d. Following a given HP
sample activation, a corresponding polarization buildup study

Figure 3. (a) Annotated photographs of second-generation (GEN-2)
hyperpolarizer device’s open upper chassis with B0 magnet to show
important components required for the SEOP process e.g., SEOP cell,
laser (with beam expander), in situ NMR coil, heating jacket, etc. (b)
Schematic diagram of the HP 129Xe detection process using the XeUS
spectrometer. A representative GUI-enabled acquired NMR signal
during the in situ NMR polarimetry of HP 129Xe using the ULF NMR
spectrometer is shown in the laptop window. (c) A photograph of the
ULF spectrometer with annotated dimensions and weight. The
spectrometer is connected to the RF coil interfacing the SEOP cell
jacket via a SMA connection; the spectrometer is also connected to a
PC computer via a USB C-type interface that provides power and
GUI-enabled features. (d) An annotated photograph of the SEOP cell
oven. (e) NMR spectrum of 190,000-scan water 1H NMR signal
detected at 40.8 kHz resonance frequency. (f) Single-shot HP 129Xe
NMR spectrum detected at 40.8 kHz resonance frequency. (g) 129Xe
polarization buildup (at 65 °C) and (h) T1 relaxation at room
temperature (25 °C) plotted using NMR acquisition every 4 min.
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Figure 4. Quantitative 13C NMR polarimetry of HP [1-13C]pyruvate in CD3OD using a XeUS spectrometer. (a) Schematic of SABRE-SHEATH
hyperpolarization process. (b) Overall schematic of experimental setup of 13C hyperpolarization followed by sample transfer to 15 MHz NMR
spectrometer or 42-kHz electromagnet-based setups for polarimetry. (c) 1H NMR of thermally polarized signal-reference water sample (20,000
scans, 110 M) and (d) 13C NMR signal of HP [1-13C]pyruvate (1 scan, 30 mM) using the ULF spectrometer at 42 kHz (note 12,000 ppm
corresponds to approximately 500 Hz). (e) 13C NMR signal from HP [1-13C]pyruvate (1 scan, 30 mM) and (f) 13C NMR signal from signal-
reference thermally polarized [1-13C]acetic acid (1 scan, 17.5 M) obtained using a 15 MHz benchtop 13C NMR SpinSolve NMR spectrometer. (g)
13C %P13C buildup of HP [1-13C]pyruvate at 0.42 μT detected at 42 kHz. (h) 13C %P13C T1 decay of HP [1-13C]pyruvate at 0.42 μT detected at 42
kHz. (i) %P13C buildup of HP [1-13C]pyruvate at 0.42 μT detected at 15 MHz. (j) %P13C T1 decay of HP [1-13C]pyruvate at 0.42 μT detected at 15
MHz. (k) 13C RF pulse duration sweep at 42 kHz using the sample of HP [1-13C]pyruvate. (l) Frequency response of the RF coil at 42 kHz using
preacquisition time of 1 ms, showing the reflected power maximum at a resonance frequency (one scan). (m) 13C NMR signal intensity of HP
[1-13C]pyruvate as a function of B0 magnetic field current. (n) The comparison between average %P13C values obtained from five repeat
experiments using 15 MHz (blue: 10.0 ± 0.2%) and 42 kHz (green: 8.4 ± 0.5%) experimental setups, respectively.
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was performed, where %P13C grew with increasing p-H2
bubbling time. This exponential increase of %P13C was
observed until the sample reached steady state polarization.
During a given experimental run, the sample was transferred
manually from the SABRE-SHEATH hyperpolarizer to either
(1) a 15 MHz benchtop setup or (2) a 42 kHz ULF
polarimeter setup for NMR detection, Figure 4g and 4i.
Next, a T1 relaxation study of HP [1-13C]pyruvate was

performed by bubbling p-H2 through the activated sample for
60 s. Following the bubbling, the sample was allowed to
depolarize at the 0.42 μT field for different time durations
(each time corresponded to an individual data point) before its
immediate transfer to a 15 MHz benchtop NMR spectrometer
or 42 kHz ULF polarimeter setup for NMR detection; see
Figure 4h and 4j. The total time required for each decay study
(not accounting for sample activation) was approximately 1 h.
The polarization quantification of HP [1-13C]pyruvate at 15

MHz was performed by using eq 2. A single scan from a neat
thermally polarized [1-13C]acetic acid sample was used as a
signal reference, Figure 4f:42
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where PREF was the thermal polarization of carbon at 15 MHz
frequency, CREF (17.5 M) and CHP (30 mM) represented
concentrations, SREF and SHP were signal peak integral values,
and VREF and VHP were effective solution detection volumes
inside the NMR RF coil of the NMR spectrometer (see SI) of
signal-reference [1-13C]acetic acid and HP [1-13C]pyruvate,
respectively.
For the ULF setup, eq 3 was used for polarization

quantification because the signal from the thermally polarized
water protons (doped with CuSO4 to reduce T1) was utilized
in a manner similar to that of HP 129Xe studies described
above. A 20,000-scan signal-reference spectrum (to boost SNR
of thermally polarized protons at 42 kHz) was obtained, Figure
4c:
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where PREF was the thermal polarization of protons at 42 kHz
frequency, CREF (110 M) and CHP (30 mM) represented
concentrations, γREF (42.6 × 106 Hz·T−1) and γHP (10.7 × 106
Hz·T−1) were gyromagnetic ratios, and SREF and SHP were
signal peak integral values of proton signal reference and HP
13C scans, respectively. Both proton and 13C spectra were
recorded at 42 kHz using the same effective RF B1 value (13C
power = 88% (130 mW), 1H power = 35% (8.2 mW); 13C/1H
RF pulse voltage ratio = γ13C/γ1H = 7.2/1.81 = 4.0, Table S4).
Moreover, the difference in the rates of transverse signal decay
of 1H and 13C was compensated by using a correction factor,
Corr(T2*) similarly to that in eq 1. Additional details of the
calculations for the 42 kHz experiment can be found in section
2.3 of the SI.

■ RESULTS AND DISCUSSION
The NMR spectrometer transmitter RF output exhibits small
waveform distortions (Figure 2c), and linear voltage output
(from 0 to 8.1 Vpp) in the range of the power settings from
16% to 94%: the corresponding power calibration chart is
shown in Figure 3d. Below 16% power setting, the power

transmitted power drops to zero, and there is an amplifier
saturation above 94% power setting. Figure 3e shows the
corresponding quadratic dependence of the RF output power
on the percentage power setting: note the deviation from the
expected quadratic relationship below 16% (due to voltage
drop) and above 94% (due to saturation).
The performance of the ULF spectrometer was evaluated for

NMR polarimetry in two applications: SEOP hyperpolarization
of 129Xe gas and SABRE-SHEATH hyperpolarization of
[1-13C]pyruvate. These assessments involved conducting HP
NMR signal acquisition for polarization quantification,
followed by successive NMR acquisitions during polarization
buildup (to measure the Tb constant) and relaxation decay (to
measure the T1 constant) by using the ULF spectrometer. For
the 129Xe SEOP application, these evaluations took place in the
40.8 kHz (3.6 mT) B0 magnetic field of the GEN-2
hyperpolarizer.
However, for the SABRE-SHEATH experiments, the

polarization measurements were performed using two different
B0 magnetic field setups (15 MHz and 42 kHz for 13C,
corresponding to fields of 1.4 T and 3.9 mT, respectively) to
enable an additional back-to-back comparison.

In Situ SEOP 129Xe Polarimetry Studies. A representative
HP 129Xe spectrum during polarization buildup is shown in
Figure 3f. Comparing the HP spectrum SNR of 312.4 with the
signal-averaged reference water scan signal integral (Figure 3e)
yields %PXe ∼ 52.9% according to eq 1.
The HP 129Xe polarization buildup at the optimized

temperature of 65 °C was fit to a monoexponential function,
revealing a buildup time constant of Tb = 21.4 ± 3.3 min�
corresponding to a buildup rate γSEOP = 0.047 ± 0.007 min−1

(γSEOP = 1/Tb), Figure 3g. These findings were consistent with
previous GEN-2 polarizer studies, which employed a Kea2
NMR spectrometer.47 The corresponding relaxation dynamics
analysis of HP 129Xe polarization decay shown in Figure 3h
yielded the T1 relaxation time of HP 129Xe in the SEOP cell of
100.4 ± 4.6 min, affirming the overall “good health” of the
SEOP cell.63

Based on these findings, it was established that the presented
low-cost ULF spectrometer was a viable option for in situ
polarimetry in 129Xe hyperpolarizers. Moreover, the potential
integration via the RS-485 command line between the driver
and spectrometer can significantly enhance the hyperpolarizer’s
automation, making it more appealing for clinical research and
applications (e.g., ease-of-use without the need for specialist
training). Work is in progress in our laboratories toward
achieving this goal for next-generation 129Xe hyperpolarization
instrumentation.

Ex Situ HP [1-13C]Pyruvate Polarimetry Studies.
Detection of HP [1-13C]pyruvate NMR signals allowed
quantifying the level of 13C polarization during both polar-
ization buildup and T1 decay in SABRE-SHEATH studies.
Following the hyperpolarization of [1-13C]pyruvate in an
optimized submicrotesla field, p-H2 bubbling was stopped and
the sample in the NMR tube was transferred to either a low-
field (15 MHz) or ULF (42 kHz) setup for further
investigation.
Figure 4e and 4f respectively show the acquired NMR

signals from single-scan HP [1-13C]pyruvate and thermally
polarized [1-13C]acetic acid at 15 MHz using a commercially
available benchtop NMR spectrometer, with %P13C = 10.1%
for HP [1-13C]pyruvate. For comparison, we conducted the
ULF polarimetry at 42 kHz using the presented ULF
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spectrometer and using the same sample, p-H2 flow rate, p-H2
bubbling time, and other experimental parameters except that
the sample transfer time was ∼2 s longer. Figure 4c and 4d
respectively show the NMR signals of thermally polarized
water (signal reference) and HP [1-13C]pyruvate samples using
the ULF spectrometer at 42 kHz, yielding %P13C = 8.9% for
HP [1-13C]pyruvate. This experiment was repeated four more
times for each method, yielding an average %P13C of 10.0 ±
0.2% (with individual values of 10.2%, 10.0%, 10.1%, 9.7%, and
10.0%) for 15 MHz polarimetry and 8.4 ± 0.5% (with
individual values of 8.0%, 8.8%, 8.2%, 8.0%, 8.9%) for 42 kHz
polarimetry (Figure 4n). The 15 MHz setup yielded
approximately a factor of 1.19 ± 0.06 higher polarization
values than the 42 kHz setup, which is likely because the
sample transfer from the hyperpolarizer to the 15 MHz
detection setup was at least 2 s faster compared to the delivery
into the 42 kHz setup; the additional 2-s delay that the sample
spent in the Earth’s magnetic field (T1 ∼ 20 s) effectively
caused more sample depolarization via T1 relaxation.
Moreover, the comparison of SNR of the HP [1-13C]-

pyruvate spectra showed an SNR of 502 for the ULF setup and
7592 for the 15 MHz setup, demonstrating that the ULF setup
was approximately 17 times less sensitive. The key reasons for
reduced detection sensitivity were the low sampling rate of 250
kHz in the ULF setup, lower detection frequency25 and lower
field homogeneity (in units of Hz) of the B0 field in the ULF
setup. Potential ways to improve the SNR in these ULF
measurements (using this NMR spectrometer) were to
increase the resonance frequency of the polarimetry detection
and/or increase the reference sample size: Indeed, Figures
S16−S17 show the feasibility of detecting the signal from an
∼50 mL thermally polarized water sample at 90 kHz using only
a single scan and an optimized solenoid coil.
Following SABRE-SHEATH polarization of HP [1-13C]-

pyruvate at 0.42 μT, we conducted NMR detection in both
ultralow-field and low-field to measure both polarization
buildup (Figure 4g and 4i) and T1 relaxation decay (Figure
4h and 4j). The polarization buildup was performed by varying
the p-H2 bubbling time of the sample inside the polarizer.
However, for the T1 measurements, the p-H2 bubbling was
performed for 60 s each time (to establish P13 steady state) and
then the sample was kept inside the polarizer’s magnetic field
for different time intervals (e.g., 5 s, 10 s, 15 s, etc.) before
sample transfer from 0.42 μT field into a detecting
spectrometer for NMR quantification using either the 15
MHz or 42 kHz setup. The polarization buildup Tb for the 15
MHz and 42 kHz measurements was found to be within the
margin of error: The Tb for the 15 MHz setup was 12.8 ± 2.4 s
(Figure 4i), whereas for the 42 kHz setup it was 13.3 ± 5.5 s
(Figure 4g). In terms of the T1 relaxation values, the results
showed 25.8 ± 1.6 s at 15 MHz and 25.6 ± 2.9 s at 42 kHz�
again, well within the margin of experimental error. The T1 and
Tb studies demonstrated excellent agreement between the two
detection setups, clearly demonstrating the ULF spectrom-
eter’s utility for polarization/relaxation dynamics studies.
Outlook. Besides the applications in the area of HP NMR,

we envision that the NMR spectrometer maybe potentially
utilized for a number of other applications, including teaching
the concepts of MR resonance to entry-level students, Nuclear
Quadrupolar Resonance (NQR) for the nuclei that resonate
within the frequency range of the NMR spectrometer, and low-
field relaxometry. The primary limitation of the presented ULF
NMR spectrometer is its low upper-frequency cap of 125 kHz,

which reflects compounding limitations of CPU, memory, and
ADC. Nevertheless, the design of this purpose-built
spectrometer was intended to cater to ultralow-field NMR
experiments while also maintaining a low-cost design. Second,
the signal detection is limited to 131 ms, corresponding to 8
Hz FWHM spectral resolution, which at 42 kHz corresponds
to approximately 190 ppm. Another significant drawback of the
spectrometer is the suboptimal SNR, limited by the ADC rate
of 250 kHz, as discussed above. As a result of this limitation,
signal averaging over a long period of time was necessary on a
thermally polarized sample (for example, utilizing 190,000
scans in Figure 4e). Finally, the RF power transmitted output is
limited to 0.16 W, which is sufficient for a wide range of
ultralow-field NMR applications, but this power cap is likely to
become a limiting factor for higher-frequency applications that
generally demand substantially more RF excitation power. We
anticipate addressing these limitations in a future-generation
device that will employ substantially faster CPU, external high-
power amplifier, faster and larger capacity RAM and storage
components, and faster ADC�indeed, AD9083BBCZ (Ana-
log Devices, 2 Gigasamples/second rate, 16 bit) is readily
available (at the cost of $400), potentially allowing a future
design to cover the frequency range of up to 1 GHz, i.e.,
covering the frequency range of modern high-field MRI
scanners and NMR spectrometers. We also envision that such
a next-generation low-cost spectrometer may utilize multiple
RF transmit and receive channels, gradient channels, external
RF amplifier control, RF coil tuning channels, and lower
impedance operation, typically preferred for higher-frequency
NMR and MRI.
All-in-all, the ULF spectrometer demonstrates robust

performance for measurements involving both HP [1-13C]-
pyruvate and HP 129Xe, prepared using SABRE-SHEATH and
SEOP hyperpolarization techniques, respectively. This suc-
cessful demonstration paves the way for using this ULF NMR
spectrometer design for experiments with PHIP, d-DNP, and
other hyperpolarization techniques.

■ CONCLUSION
In conclusion, the presented ULF NMR spectrometer has been
demonstrated as a versatile, low-cost, and easily accessible
instrument tailored for ultralow-field NMR polarimetry
applications below 125 kHz. The ultracompact design
complemented by its USB-powered plug-and-play convenience
and RS-485 integration versality position it as a valuable tool
for researchers spanning a wide range of scientific applications
in the area of NMR hyperpolarization. The successful
utilization of this spectrometer in SEOP hyperpolarization of
129Xe gas and SABRE-SHEATH hyperpolarization of [1-13C]-
pyruvate has demonstrated its efficacy in ultralow-field NMR
experiments. Specifically, the quantitative assessment of in situ
and ex situ polarimetry was demonstrated: the measured %P13C
values were additionally quantitatively benchmarked by a
secondary NMR detection method: benchtop NMR spec-
trometer. Based on the outcome of these pilot studies, the
spectrometer can be utilized for a rapidly expanding palette of
nuclear targets where low-field polarimetry can be particularly
valuable, including 15N, 131Xe, and many others, which we
anticipate in the future. Although certain limitations such as
detection range and spectral resolution exist, the prospect of
addressing these constraints opens up avenues to expand its
applications and democratize access to ultralow-field NMR
technology. With ongoing refinements and developments, this
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NMR spectrometer design holds the potential to catalyze
scientific research and inspire innovation across a multitude of
scientific disciplines.
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