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Fig. 1. Magnetic resonance phenomena under different magnetic field.
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Fig. 2. Chemical exchange scenarios in zero- to ultralow-
field (ZULF) NMRF: (a) Exchange affecting the entire J-

coupled network, where all atoms in a molecule can break

chemical bonds. Examples include symmetric molecules like
H,0 and NHI ; (b) exchange affecting a subsystem of the
J-coupled network, where part of the spin system ex-
changes while the rest of the molecule remains intact. An
example is proton exchange in molecules with multiple
coupled nuclei. Once dissociated, hydrogen (light blue) can
attach to a different molecule, making the exchange inter-

molecular.
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Fig. 3. Schematic diagram of Near-Zero-Field NMRI""'%: (a) Near-zero-field magnetic resonance based on an open-light path atomic

magnetometer; (b) near-zero-field NMR based on a miniaturized atomic magnetometer.
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Fig. 4. Schematic diagram of atomic magnetometers:
(a) NMOR-based atomic magnetometer; (b) miniaturized

atomic magnetometer.
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Fig. 5. Magnetic shields.
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Fig. 6. Coils used for near-zero-field NMR: (a) Flexible coil
for shielding; (b) photo of flexible coil; (¢) saddle-shaped
coil; (d) Helmholtz coil.
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Fig. 7. Polarization methods.
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Fig. 8. Schematic of the experimental apparatus/*l. The sample is hyperpolarized by dDNP and is transferred to the near-zero-field

NMR spectrometer for detection.
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Fig. 9. Principle of parahydrogen-induced hyperpolarization!*!

gen molecules and their corresponding rotational states.
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Fig. 10. Principle of parahydrogen-induced hyperpolarization/*!: (a) Hydrogenation reaction; (b) selective population of the spin

states; (c) "H NMR signal.
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Fig. 11. Schematic diagram of the signal amplification by
reversible exchange (SABRE) process.
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Fig. 12. Combination of continuous parahydrogen-induced hyperpolarization and near-zero-field NMRM: (a) SABRE reaction

scheme with pyridine as substrate; (b) experimental setup of computer controlled p-H, bubbling through a SABRE sample.
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Fig. 13. Photo-CIDNP hyperpolarization generated under

near-zero-field conditions”t.
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Fig. 14. Schematic diagram of weak spin-exchange optical
pumping of ?Xel®): (a) A gas mixture containing 400 Torr
N, and 200 Torr Xe (with *Xe at 26.4%) flows through the
pumping chamber and probe chamber, and eventually exits
the output chamber. The depolarized 'Xe entering the
pumping chamber becomes polarized through spin ex-
change with optical pumping of 8Rb, and then moves into
the probe chamber. (b) The silicon chip has dimensions of
3 cmx1 cm and a thickness of 1 mm. (¢) Pumping and de-
tection sequence for *Xe.
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Fig. 15. Combination and application of near-zero-field NMR and hyperpolarization technology.
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Fig. 16. Combination of continuous parahydrogen-induced hyperpolarization and near-zero-field NMR: (a) Imaging of sample tubes
at ZULF; (b) ZULF MRI of human brain; (c) imaging of flowing liquids using ZULF NMR.
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Fig. 17. Metabolic monitoring with near-zero-field NMRI™: (a) Monitoring of the fumaric acid-malic acid reaction process; (b) mon-

itoring of the pyruvate-lactic acid reaction process.

TSR, X AR TEHNE S E Y IsT, Put 555
F1 Burueva 5% 82 iy TAESHIE T IEZF 0 LR 153
(5 AT DAME—Hb 25 5] 73—, TERH TR R gt
P AE T s rT A TR S A R0, X ikl
TGl IR AT DL FH T A= A a2 B g e 2 19 5
FisF AT 1831,

0.02
FWHM
= 32 mHz
0.01 =
> . <5
=
3
= 222.2 Hz
& 0
0
o
=
= —0.01 |
—0.02 ;
0 5 10 15 20 25 30
Time/s

B 18 I I Ak b R 1 0
K
Fig. 18. Characteristic spectral peak in ZULF NMR can

reach a line width of sub-Hertz.

(HAF— S A2, 1ESLPRARIN SR s #e
V2l S YR R BRI S S AA —
SE RIFFIRAE I, T 2 3 WL PR B i) 55 5 A
i, SIS JE B IR AN AT DL Z g AN 34893 g2
IEFEGREAR AT S YA E’Jg"ﬂ‘&kﬂ’)ﬁﬁ%

PRtz oh, ekt & TR 5T
(10 2T B 08T e R IR S AR B AR T ]
TALF TN 19 s B PG YA PR E
NEBREIE, ENTZEAREE T — e A 5

AT LA )30 2% 19 28 58

e, HEWIPR N B TR AR S AT AT RE 2R B
T, EATRTHPGE TP A, X
—PEBO AL AR . (T O LAY
TR T WU AT S, ot el A5 T AR A LA BR
IE, PR R AR i LSS B T A L
FHELAT RS T PO AR R 9. T80
NRERBUEEA TR A BER 21 A s B AL R
. X=X FRE, PAT T I A X
R-Hl s- XA BAT AR AT 5. X BT XA
EFE IR SR S ARG, P — D2 RA
()% WA EAT AN TR M) B RO PRy, AT AT i
BEBYRE R X AN R B T 1

b

—CH, —OH/—NH,

Thermal

—CeHs

SABRE-relay

H NH,
oH H
u H
H
12 10 8 6 4 2 0 -2

'H chemical shift/ppm

& 19 G IR 5 R R AL B AR R T 43 B
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Fig. 20. Near-zero-field NMR, and hyperpolarization tech-

niques for spin-gravity couplings®!.
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SPECIAL TOPIC—Technology of magnetic resonance
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Abstract

Near-zero-field nuclear magnetic resonance (NMR) has become a rapidly developing spectroscopic and
imaging method, providing promising opportunities for portable diagnostics and fast chemical analysis. A key
technology is the atomic magnetometer, and its ongoing improvements have sparked growing interest in
potential clinical applications.

The near-zero-field NMR has long been limited by weak signal strength, but recent developments in the
hyperpolarization method have provided an effective solution to this problem. Dissolution dynamic nuclear
polarization (dDNP), parahydrogen-based polarization schemes (PHIP/SABRE), chemically induced dynamic
nuclear polarization (CIDNP), and spin-exchange optical pumping (SEOP) have all demonstrated preliminary
feasibility in this context.

By combining such hyperpolarization strategies with near-zero-field detection, strong signals can be
obtained without the need of traditional high-field magnets. This capability opens new pathways for applying
near-zero-field NMR, to both chemical sensing and biomedical imaging, enabling compact tools for rapid analysis
and diagnostic applications. Here, we review the recent progress of the intersection of near-zero-field NMR, and

hyperpolarization techniques.

Keywords: near-zero-field nuclear magnetic resonance, hyperpolarization, magnetometer, magnetic resonance

imaging
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