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Fig. 4 Zero-field NMR spectrum of natural isotope abundance "N-pyridine with SABRE polarization measured by commercial LPAS,

where the SABRE reaction scheme is shown in the inset™’!
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2022 4F , Picazo-Frutos 27 2¢ fiff H| dDNP 77 3 % /N 43
T IR AT e A 3 35 AR 5 1l LPAS X [ 4 B R 4 1k 17
TEGNMREW . FARBEAE T X @ Ak
fn HEAT G IR DNP, 88 J5 1 ff FE &, PR TR B i
I RE B W ) LPAS 83k &b, 47 % 3 - AL NMR
R &5 S B, X R RE A A ik T A ) f o R
FEF 2 T 7K H A R A 1 588 i 3 R A T 25 19 11000 4% .
3 B % 3 NMR 347 ) dDNP 5 PHIP % [t 52 5 %
B, dDNP J7 ik ] W EL B (1Y) 73+ Fh 280 £ T PHIP J7 ik
JIT AR A% 1), UE B T ADNP ik Al e T 2 Fh 2B ik &4
TN .

i F LP 1) SEOP J7 i B % B £k 38 5 FH T i 6
MRI (S 5 70 B A3 AR -129 303 20-3 1Y R

T 1 BE M Ak B B K 3, NMR {5 558 J3 A 1k 21 24
10759 . NMR 155 15 58 45 5055 2 8000 1% el it 75 =X
R 1R 5 SR S AR AT I o T T b - A
YW s A AT ) A — AR T B . A B AT A
1% 37 - BB A S Dl AN b R R e L A AU
FUAAT , HCmT AH X R B e A e o PR i R AR 1) 5
Yy A AL B K BT F R 4 B H P A — AN R R A
LPAS 1 #1LPAS 2 fy 2L [F/] & X, NMR #0155 5 1F
J BB ATRR R ; B SEOP 488 4% [ etk 1k 19 76 A <
2 i 54— A R R UE A LPAS 3 Fi LPAS 4 fi 3t
) 0 3 DX, AR A3 NMR B3 o 8 #48 fk 7K i F 1) NMR
Uik 5 SEOP ¥4 5 4% B e i Ak 09 76 A7 <A 1) NMR i
Bk EAT H R RS A A AR IR -129 50 203 19 NMR
HE R X R T LPAS R - 1K
U 1 AYCAT LS B MRT A 8 52 700 (6 -129 38 %
A -3) 1 NMR {55 55 34 5 A5 20000 I &, 33 Fp 7 35 52 it
R Bb T o O L A AR L RS . 2004 4T
Yashchuk %7 85 & LP £ A, i id SEOP L8 T K 8K
F B AR AR BE (M AR BE R 1%) Y 38 5, Ol o
LPAS i 8 e A R BN 5k B (9 1 pT) AT T
M. 2014 4F , Jiménez-Martinez 25" 38 15 78 S840 65 08
A b4 R SEOP 1 LPAS Ji %, A& il 2] T 4R -129 7¢
1 pT#E F A3 . 2017 4F , Kennedy % 78 2L
PEJE O P 0 R B AG I 2] T B AR AL TR -129 B9 NMR,,
WALEE R R T 7% NMRAG S BB 1 uT, Fak
ik 6 s,
6.2 #HmIBEFHISEILSH

BE % %37 - A% 3% NMR 7 8 19 & J2 , 158 I ke 5
B4 B A 58 5 2 A 5 A T L 3R AR R, R B A B
AN 7 ¥E T DL R 25 S S B E 3-8 (R 3 NMIR 3
THEASC A 5 A DA SR S AR AR X NMIR 3% 3% B4 4
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HE X E 585 R
Mr—HE— IR Bk . Bt RSN T E
B R F G0 I A b BEIE , OF H O & L8 P g e
WE A9 Ky F 55 5 4% 0y 7 1 &R 3 - K3 NMR
W 4y M ATE R — AN M o ATAE SR B0 AN A RE
i B 7 3 -8 A% B NMR F 58 K 0k 3% 43 i B /g 17— 2t
AR

2020 4 , Burueva 4 SCEL T 42 JE R 5L P AL 2
S NE )00 B, Bk DU A i B A3 B R IR A T D A R
B i T REAIG, I FLAAS 32 3% 238 A O T A R
A Al 2 0 1 A R R LIRS T 3 NMR J& — Fh B A 1k
ARV RRS I 59 . 2020 4F , Jiang %5V X FH R
W 2R R 2 X 4 B Ak 25 ) R E AT T O IR NMR
W), I 25 R 0 UE T AR S NMR 2L % 35 48 iR
15 A %F FR B0 42 (0 T . 2021 4F |, Alcicek 25 % 4 #L
WAL AT T 3 NMR K, GE B T £ E 3% T v 8
I DT R A T BRSO X A3 Ak 2 W I 5 ) 4R A A1)
X PR ZE AT NMR 8, 78 17— Fhoad o & ek A
TE I8 17 Ak 2 37 0 1% 1 O 9 L 1 i 2 2 AR R oy
TR ME T HE S 20224, Kurian 25 1]
& 2 ) LPAS X [ 48 R A & #5147 T % % NMR &
W IF % HgE AT T g4 M . 2023 4F, Alcicek 5 fiff
FHAE 48 X% 37 - B AKI NMR 3% 18 4060 A 2 i 3 47
T XY -BAL NMR o % 0 &, K5 7 & E e
NMR i3 .

TY-BIESNMR B EFESEEESNER,
(LS AR A7 — 2 30 3 BT A AR 2%, TG 3k O (9 b AR
XUEfE A E - AR NMR 48 938 5 oR o) DL E
i 2 A s ) O S B, HL T A5 Y 4 U 5 nT LR AR
— YT S, A Uk A R A T R, 7R AR OK R
L BEAR T B 4 BT B MEBE . 2017 4, Sjolander 4§
FIRHM T A LA ik S8 T -3 M E Y
NMR 48 33, 852 7 4 0 58 g Y
SPE R A H, 2020 48 A AT 38 A DU B AR AR T R -13 AR
LW R - BT NMR 4% %, IF R L% Y-
EBAK T NMR 4 % 3% 78 — 4 Uk 1% 20§ R 1 Lk -
A RT T A S BT R o 2021 4F, Zhukov 4
T Y- NMR 5 5 3 NMR M 254 0 2 &R A
Yy E AR, 45 B T T 4E NMR g O 5 AT T
I3 HT .

T -H AL NMR b 0] DL F X6 2 88 i 1k
FE B f b BRI . 1 i, 2023 4F , Mouloudakis
SENUE B LPAS X A AR TN R R AT T E -8
K3 NMR K, 925 & 2 2% 5 K B9 B 80 80 38 i
s il 2 A S BTN R A Ak R S B Ak BE Y I S
W
6.3 LPASHFZi#E

LPAS KR ZSCARANA, HIEERBRNET)
H B35 o R 1 LPAS 3 I R & — 15 5 1
F L N BB R LPAS 10 7 8508 1k o R —

220 1

210 1~

200 |

KI5 1-"C LB ZF-TOCSY i 2 2 U i P40 4 1y
Fig. 5 Detailed structure of the high-frequency multiplets in the
ZF-TOCSY spectrum of 1-"C ethanol™

M, JARSR  WF ST N Bt 22 o R R Y O iR R 3R T
LPAS 1 R ¥ S H AR Hr . 20104F, Dang & fifi H
B R T8 R P58 T SERF B LPAS, 52 i B 35 5
T 0.16 {T/Hz"*, X j& Bl A 2 % i 1) LPAS. [H
A, Griffith 257 #n R 7 78 R E 5 # T SERF A
LPAS, H R k8 17 5 fT/HZ", 4 56 29 M 200 Hz.
2012 4F , Wyllie %5l FH AN F 28 L= 5 & 7 SERF
A LPAS, H R 3 ik 8] 6~11 {T/Hz"*, 20134,
Liu 7l 4 7 7 22 R E 85 8 7 NMOR # LPAS,
HR MR K E T 150 (T/Hz'?, 2014 4F , Fang 26 fiff
FAR -4 IR & W & T SERF B LPAS, H 32 ¥
KRBT 5 IT/Hz"? 5 58 A4, ] SCfl F 4 )it 7 728 <&
$#5# T SERF # LPAS, H R & 4 55 {T/Hz"”*, #F
Be 2 140 Hz ™. 2017 48, BEAA 65 27 4 A R 7
EREWHE T SERF B LPAS, HA A5 T
18 IT/Hz"?, # 5 29} 150 Hz, 2022 4F , Wang 4 ff
A F 728 EH & T 56 45 1 1) SERF 7Y
LPAS, H 2 & v L3k 3 8.89 fT/Hz"*. 2023 4,
Tian 2l A HOCEN R F L EHHE T NMOR #
LPAS, HAE 50 pT W43 T 4k18 T 42.67 IT/Hz* iy R
.

XS LLPAS BAR A & 5 AR R 48 45, {2 i
TREEK EWE R AR B, KIS R
K. VTAER, R THRTFLPAS (S M A58 A 2208,
T AR 55 50w BR 35 b5 B[R] i 8% LPAS #4777 /N ALK
2017 4F, Li S0 0l FH dn 7 28 <= B T/ AL R
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SERF #I LPAS, H R 8 B 7] L3k 3 20 {T/Hz". [A)
4, Sheng %5 (# 4 R T 28 K E HEHI T /N AL AR
SERF # LPAS, H R & 7T LAk 3 40 fT/Hz"*, 2018
A SR AEOR) A R 22 S R T N A Ak
SERF 7 LPAS, H 2 % vl LIk 8 6 {T/Hz"?, [6] i)
AT X Ff LPAS SEEL T 1 6 0 4 . 2018 4, Quspin

INFEVTFE TS — B R 72 = LPAS, H R U
A LLIA 3 10 fT/HZY™ . 2020 4F |, Limes 27 F) ] 40
JFZ2E R E MR 7 /N4 SERF B LPAS, H R %
AT LLIA ) 16 £T/HZY, 2022 4 , Zhang 2™ ] J1] #n 5
FARREM T /N SERF B LPAS, H R %
Al LLIAF 25 {T/Hz"?, LPASBFFE#k R 1 iR .

#£1 LPASHFsEEE
Table 1 Advances in LPAS

LPAS Year Type Atomic vapor cell Sensitivity /({T/Hz"?) Rel.

2010 SERF K 0.16 [12]

2010 SERF Rb 5 [67]

2012 SERF Rb 6-11 [68]

2013 NMOR Cs 150 [32]

Conventional 2014 SERF K-Rb 5 [69]

2015 SERF Cs 55 [70]

2017 SERF Rb 18 [71]

2022 SERF Rb 8.89 [72]

2023 NMOR Rb 42.67 [73]

2017 SERF Rb 20 [74]

2017 SERF Cs 40 [75]

o 2018 SERF Rb 6 [76]
Miniaturization

2018 SERF Rb 10 [77]

2020 SERF Rb 16 [78]

2022 SERF Rb 25 [79]

6.4 =IF-HB{K3H MRI

A % - A% MR 7 3 fE R [l i DLk B/
HME T LPAS Xt % 3 -8 K 3 MRI#E 47 T 858
W, AATT B F 5 - H AR 3 MR K 3 217 A%
PG AR ) AT i AR B (FT) HAR , #
FE S 5 LPAS 75 [8] 43 B JF ok iff 47 7 32 & MRI 8
W4, 2013 4F |, Savukov 2SR FT-LPAS
i AR 7 O AR T ST T A MR 5T .
FT % B0 A8 55l 2, Horb s i A 2Bl
TS SR 0 T Ok B T E I NMR {55 5 f
0 2 P L TR R P AR, TR AR S e 4 il LPAS
CINDR R ORI R4 i A W o & s ot 1y @ e )
AP 55 2k = Ak 50 B 2 Tl g A 5, i A 2k
TN B 5 0T B AL 326 8 LPAS Ab , 28 5 Bods ik B s
fERT 15 2 FH A F - MRIEMER . M LT Z 6T
B K3 MRI, & 37 - # K 3 MRI7E R 8% 5 4 98 %
b BRSSO )

20134, Savukov 55 [Al AR H FT-LPAS By it 2
T2 J7 ORG24 A5 77 =S 30T %o A A i 5 1) 68
k3 MRI1. 2R e 10 A5 L 2 i (IS T2 % =
MRI, H X F % -8 K MRIEC &R T —E 0
MRS 7, Al LA 2 O Tl A Ah 14 i 4 R AN R B

Bt Ak P A5y SE— 2 4R = R BER . BT LPAS
9 A 37 MIRT 45 AR 1T L 52 0 A A 535 il 305 1) A% s 5%
18, FF AT LSS F 361 9 44 A ) 25 1 A% o

2022 4F , Wu % i Fj LPAS 523 T A [\ °F 2%
F EHEM B G BT A A IR R . 5
L B ot 3 A AR AN T] 33X s — Fof L4 X6 HL 7 [ e A £k
PEAT I B9 = 48 % % MRI, J& T4 i 4, 52 5 7 3%
Za ik E] 60 umo

2022 4F , Hori 26" {fi F LPAS 1 JCRE B i 3758 T
SCER TR RS B ) = AR MRICAN 1] 6 R ),
AT T EACA B T -85 MR, b A1 ZE A 58 v
K& FT-LPAS 3 F2 I 4 05 2, 38 i 2 (7] B B 4
AR T 2K F AR 4 =4k MRI,IEM T 6
T4 B W PR 55 F 7 1 LPAS 52 91 % 37 -8 (% 3% MRI ) 7]
(R

i 3 16 0 AR 308 2o 1 T 3 T 5 LS 1 R B R ik
52 LPAS TERE 16 FE T 11 B8, DT AT LA SE 30T 22 K
YRR MR . BeAh, LPAS AT T H i 2 0 A%
BEMD) , 2 8L H bR iy SR B 23 i, R 455 R
B R 38 BT DA A A 3D W2 451 RS, AT T S B
TG I —— 4 T JE et A B0 R B B A — G J AR
Tk
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(a) gradient coil &
B, coil
NMR samplc . r
]mp_ ) atomic cell | bias coil
| P | ————
I R o [ i pump beam
input cotl
OPM shield

MRI shield probe béam

K6 JCHEF MR B T B B B = 43 MR, (a) FT-LPAS K 3 MR 4 2% 5 (b) BUr A5 A A JUART 454 5 (o) B i Al
3D AR B YT R, J5 1] 2 MRS v i H S 1] 21 K S 1
Fig. 6 Magnetic shieldless 3D ultralow field MRI of digital model™”. (a) FT-LPAS 3D ultralow field MRI measuring device;
(b) geometry of the digital model; (c) digital model 3D imaging slices, the direction is from H plane to K plane of the model

T RS REY

LPAS HA il & A  4E b {8 50 5 T/ Ak 4%
P, IF B M AS 2 96 DL K (T /Hz P 8 9 ny v RAEUE .
BRI, LPAS J7 22 S S - L NMR .MRI B ¢
. BT LPASE AR, -l NMR fg 4% & & i
Sy — AR T AR Wl SR AR A AT TR SR,
LPAS SR A7 fe ek it LAy zs i), BT, SERF
FINMOR %I LPAS ) R i F ——LPAS 1Y & 245 5
z— IR AT I8 B T A B B R R Tk
FIHT A G, 3 8 o 1 9 37 OO R A
U A a] L — 22 45 /N LPAS i 52 560 R 0% (8 5 15
MO Z B 22 5. 500, 35 LPAS (9 5 45 58
ELPk R, R4 55 5 T LPAS i NMR J% 3% 4% . MRI{Y

T FH U LY e

W% TP . LP . DNP Fl PHIP % %% 1 e 1k 14 58
HAR G MERB ARG G T RS fEE -
A K 37 T I BE O AL BE R X DLk AT NMR I i
MRI B[] 8, WA T {75 3% F LPAS A NMR 1 i \MRI
J7 1 Re e A A0 5 R - AR I 1 0T B e 1 i
T W N AR S R . LPAS A] DL S B 45 8 25 0%
M ZFLA T 9 5 AR, R 7E A ) B 2 AL b kL 46
S5 % B NMR il MRIT$26E 7 B g . dk—£m
WF ¢ F s A TR DU R, DAL B8 N H FAK & &0 7 B
/BN ol [ | i A T TR = Tl R v 1 A %
LPAS 5 1% 45 Afi F 2 57 55 8y 26 Bl i) 7 i A 4 6, T
VIR 35 S R AR -8R 34 TAE#E 8
FBl P9 S8 NMR & \MRIT 5 8F5%
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X - B G H 5] A LPAS, 5B T NMR 7 %
AR MRTASCAY 5 B0k o i — 20 B BF 50 S R0H 2R £
£ 7% 5 - 18 NMR S 73 07 42 0 % 3 - 8 K
NMR i i umiﬁﬁﬁfﬁ%ﬁﬁ%NMR& ud

RIS T T . F - AL NMR B 5 B il Ak
Mﬁmm%ﬂ% wﬁﬁ%ﬂﬁmM@#ﬁfL
TFVEAN A BT o 30 2t 43 3 2R 1% 2 55 mT L) 3 Ao 16 B
wwﬁtﬁhﬁHMS%ﬁﬁﬁ%%ﬂo?%ﬁﬁ
Y NMR U 35 40/ B AR 19 4% .0 & LPAS ) 3/ 1 4k
AT LPAS RS a] 3k em 9251, bl 2 80 o4 BHG O R 5
T8 ARG AW 2, LPAS H A7 3F— 4 0N B4k 1y
TERE . /N AR ) T AL R R W R b A e s Y
Bl Can e 2 v s A 0 L 2 FL Ay ﬁmﬁmmmmmm
e P 490 KR T B A A5 ) 4 LA I R . BHETE
;@w%mﬁAﬁﬁmwg%%M%hﬁ¢ﬂ%%i
T A 4 B 5 7 2CHE A, B8 5 X W AR AT o) BE
MRI™,
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Abstract

Significance

Magnetic field quantum sensors, including superconducting quantum interferometers, laser-pumped atomic sensors

(LPAS), and nitrogen-vacancy centers in diamonds, utilize quantum systems or effects to precisely measure magnetic fields. Laser-

pumped atomic magnetometers, known for their high sensitivity, compact size, low power consumption, and ease of maintenance,

represent a rapidly evolving research area. LPAS are applied in nuclear magnetic resonance (NMR) for obtaining more accurate

magnetic resonance spectra of materials and for measuring samples under unique conditions. This expands the detection and analytical

capabilities in discerning the fine structure of biological and chemical substances. They are anticipated to serve as an effective

complement to high-field NMR techniques.

Progress

NMR based on LPAS has been developed rapidly in recent years. Researchers have integrated hyperpolarization

technology, sample transmission, and coding technology with high sensitivity and broad bandwidth LPAS. This integration enables

the performance of zero- to ultralow-field NMR on various chemical samples. It allows for the acquisition of the samples’ zero- to
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ultralow-field NMR spectra and facilitates the theoretical analysis of these spectra. Additionally, the researchers have successfully
conducted zero- to ultralow-field NMR measurements of chemical reactions within metal sample tubes. This advancement permits
non-destructive, real-time monitoring of the polarizability of hyperpolarized samples. Furthermore, combining this with image coding

in NMR, zero- to ultralow-field magnetic resonance imaging (MRI) of the human brain and hand has been realized.

Conclusions and Prospects LPAS method and technique are crucial for realizing zero- to ultralow-field NMR and MRI. LPAS
offers low manufacturing costs, simple maintenance, easy miniaturization, and boasts an ultra-narrow linewidth with high sensitivity
of approximately {T/Hz"*. Utilizing LPAS technology has transformed zero- to ultralow-field NMR into a powerful tool, especially in
fields such as biochemistry. Building on this, the integration of nuclear spin polarization enhancement technologies and sample
transport technologies addresses the challenges of performing NMR and MRI in the thermal polarization measurement environment of
the sample at zero- to ultralow fields. This integration effectively broadens the application scope of LPAS-based NMR and MRI
methods and technologies. By combining these with zero- to ultralow-field NMR coding techniques, high spectral and imaging
resolutions are achievable. Additionally, there are fewer restrictions on the materials of the substances being detected, offering
innovative directions for the development of NMR measurement and MRI methods in biomedicine and chemical materials.

The development of nuclear magnetic resonance spectrometers based on LPAS has progressed rapidly. However, there are still
areas for improvement, such as enhancing the analysis of zero- to ultralow-field NMR spectra, improving the measurement resolution
of zero- to ultralow-field NMR spectrometers, and achieving further miniaturization of these spectrometers. Zero- to ultralow-field
NMR spectroscopy necessitates the integration of the physical and chemical information of the sample being tested and detailed
analysis using controlled coded pulses. The resolution of the spectrometer can be enhanced through the application of
hyperpolarization technology and by increasing the sensitivity of LPAS. Miniaturization is a key development trend for zero- to
ultralow-field NMR spectrometers. The current size of LPAS has been reduced to centimeter scale, and with advancements in new

materials and manufacturing technologies, there is potential for even further miniaturization.

Key words medical optics; zero- to ultralow-field nuclear magnetic resonance; laser-pumped atomic sensors; enhanced polarization;

spectroscopy; magnetic resonance imaging
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