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Fig. 1. Schematic diagram of the experimental setup.

5 B0 A FH T 4R R E AHEAIL (SH3-103) /Y
R, DA 3k S ik BE RO IR R0 A B
8%, FEW 600 Torr fY “He 2% w44 H1 150 Torr
(1 Torr = 1.33322x102 Pa) iy N, KSR, K5
A P S A B R A ol BLZ i AR g

Kl 2 (a) DMD M# 7R B (b) <

U A B I 2 A R A (—

R ZEMFE] 90 °C. PELOG AT A B IRE AN
HLIL, (EROEIR LR TE D1 2RIz, i/ 5 )27
E I 1 5 R 1T, 5 05 P ) — 2L 4 P A M o il
Iy M ER ARG, JFHY y B4R 1420 oT 935
%

SCHG P AN 2(a) B, b T SCEAT A B
FRE B IR, DMD 80z 1 4 e 14 i —
M ER, XEERELUIBRIZE A, T4
FLA TR 3 A 1) <UP B 2 800, FER RSy

B w1 Flws , Q0 2(b) Fizs. B, AS[E K BE Y
e Ty X O AR R T A [ R i ] 1 O 2R
WA, BTS20 K RO R R w,
TR A X A O AT wo , T 8 DX A ]
FORWOEIR R B C AR, Bl DMD -2k &l
R R 2R BUR/INIANTR] AR R 21 €8, DX 3 K /N 25 i

2. B R FRENEINES B RS
AR ), TR O AE 2S 8] _E & id i DMD SZ28
TAERRIE S, R, SCe e BRSO (T y Bl
SEWIET (0 25 WEON M E . YR
W% 0 SR TR HI 5 R E S % B
FHUCEC (B wy =~B) B, JRFIEHN IR T L
ARG, BRI, MR, AR w,
5 SR UE ST R AR VLS (RN wo # yB) B}, JRF
WA R A LR, B SHZ TRE. 7€ vy Tl

FVBET); (c) A ROLHRIN 25 0 Al s IR (M B8, Horh

dAZEWE, BARSRIE, 2n/wi B 2n/ws WA ], RS B =~ 1427 0T, 2r/wi = 200 ps, 2n/wa = 400 ps

Fig. 2. (a) Schematic of DMD loading images; (b) schematic of spatiotemporal distribution of light intensity inside the vapor cell
(one column of mirrors); (¢) schematic of spatial-temporal distribution of light intensity inside the vapor cell (two columns of mir-
rors), d represents spatial periodicity; B represents magnetic field intensity, 2n/wi , 2n/w2 represent time period, in this experiment
B =~ 1427 nT, 2n/wi; = 200 ps, 2n/w2 = 400 ps.
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Fig. 3. Schematic diagram illustrating the advance process

of spin in alkali metal atoms.
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of percent gray value.
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Fig. 5. Pictures to be loaded into the DMD when modulating the light field: (a) The character size corresponds to a binary picture

of 7 column mirror widths; (b) the character thickness increases, the character size corresponds to a binary picture of 15 column

mirror widths; (c) the character thickness increases again, the character size corresponds to a binary picture of 23 column mirror

widths.
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Fig. 6. Two-dimensional imaging of spin polarization in an atomic vapor cell: (a) The background image obtained without applying

a magnetic field, namely, the direct imaging of the laser light field; (b) the atomic spin polarization image after applying a magnet-

ic field; (c¢) the result of subtracting the laser light field imaging from the atomic spin polarization image.

Ko7 RAE T I RRIE  (a)—(c) FRFR/NAWHE I T 3 BE AL, [ (a) ARSI IEX N 7 MERBBE, 9054 95.9 pm

Fig. 7. Two-dimensional spin diagrams of atomic vapor cell: (a)—(c) Atomic spin polarization with increasing character sizes, the line

width of the stripes in the panel (a) corresponds to 7 columnar micromirrors with a width of 95.9 pm.
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Fig. 8. Atomic polarization plots at different frame rates: (a) 30 fps; (b) 150 fps; (c) 355 fps.
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Fig. 9. (a) Variation of pixel value extremes on line A at camera frame rates from 30 fps to 385 fps; (b) graph of pixel value changes

on line A at frame rates of 345, 355, 365, 375, and 385 fps respectively.

090702-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 74, No. 9 (2025) 090702

BEFEARDLMER 2252 T, SR IX SRR IX
P BE R 22 5 BB A I N . X — W
KW, R BRI T R BARE E , (H R i
AT RE TR X A G157 B4 RE 1 KA Xk
55. MWK F] 355 fps i, JEIIRIX IR Z
)RR R AR 22 5 1K B i/ IMEL, X —IRZS BRI 4
HIRGBCE T, fERIIE R G R > FeR A [, By
REZERF (19 85 = RS AR YT A AT RE ST O ITR,, RN 2R
GEB B A RO, BEAh, S T A R R
PERE, AL VAT T IS E AR S RIS,
AR EE 571, 151 T B0 bR iR
RIVES i 3t B P[] T = 1.36 ms . [B1A Ty iof i) B2
E 15500 E R 18] eI A 35, TSN 1 Bf5
T BT BRI S I T 1], i) DAPPAG R 5
TERFE IS 18] A I PREFRE TT , IR E UR R GEHY
R, X — B EAO SR AR A P {1
THEES% iR T RSV B R W i E
EBR. ARSI Bl e A 4 ek ) A0 2 8]
IR ZIA, A LR ICY BT R, TG
B P T BRSO 0.441 pm,

L8 L, ARLHIREN T 95.9 pm =S [E] 73 B
FH 355 WTAY I ] 73 R 5 JeRTAT 52 BT A E
AZERAN EE, HER AR RE et 2 18] 7 A il
7k, Tk SEHR T A e AL A5 Y s A i AR
R, ARSCRABETEFFIRDT T 28 GE A0 IR [ 4513 g

R, 38 X I [A] 7 51 A 23 18] e 81 L oA f
Fil, SCEL T T A e A A A sh AR 1, i
Xt N ER T3 BURE 0 A e PR 1R R (B
(04T, A3 1 — ot P {5 4 S S s L K
RGN ] AR ZR5 S0 5 ER R, ]
DA et HupPAS A AL R ST R PO B, LADIIA 3]
AERPERER L.

TERASL ZR G fi = R L e P 5 de /N vl 73
RGN BE A T, AR S0 R 0 IR 2l ) — 7 i P
BIm#EE DMD, 38 i 25 [HDEIA HHACKE B A B
BT A B AL 25 040 X — SR i S e
R SCHT IR A5 FBER AL R ATE R 2 |, il
TESC R B B RAERR T 00 B AR 1 T
P, BaOR TS A R B HER . TR RS b, 255
MR AR R GE, SEI T X BT @A 18] A1 F
(A1 AL ) s RE TR, W5 A e sl g 242
MBS k. BRI, AT, R
WA — MR AR 2 L fw) FiT A% S B RUBBORE (WL AN SERE
BT (online), IXFRHE/R T 85802 B ) IR DL
VA T3 25 UG S5 RV B0 A, i i 72
Wi B 977 3, B de Dy — R B A RE A4 2 14
B X — i R R 1 A T SR B A 2
BBAREEE, Z IR T e i — 25 A
Ji b % 3% DMD A S oG
ARG AR SIS P78 DX 1 T I 1 e Ak

B0 AE A B R T A B A AT, e oA R (R 0 D S AR A A DX, AR AR A XK, 1 T B P i
7R T TEMIA Sy 355 fps W, AN [ 6] T 19 405 452 2y 3

Fig. 10. Dynamic spin-imaging maps of atoms inside the vapor cell. The black part inside the ants is the region of low-polarized

state of atoms, the outside is the region of high-polarized state, and the spin-imaging maps show the ants’ motion trajectories at dif-

ferent times at a frame rate of 355 fps, respectively.
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Abstract

With the state-of-the-art quantum measurement devices, such as atomic clocks, atomic gyroscopes, and

atomic magnetometers, as their central components, the spatiotemporal evolution of atomic spin polarization in

the atomic vapor cell has a major effect on both increasing the bandwidth of magnetometer and improving the

accuracy of magnetic gradient measurements. However, the major factor impeding the further improvement of

* Project supported by the National Key Research and Development Program of China (Grant No. 2022YFC2204104), the

International Cooperation and Exchange Project of National Natural Science Foundation of China (Grant No. 62220106012),
the Shanxi Outstanding Youth Fund, China (Grant No. 202103021221007), the Shanxi International Joint Laboratory of
Quantum Sensing and Precision Measurement, China (Grant No. 202204041101015), and the Fundamental Research
Program of Shanxi Province, China (Grant No. 202203021212502).

1 Corresponding author. E-mail: mzmncit@163.com

1 Corresponding author. E-mail: liuj@nuc.edu.cn

090702-12


https://doi.org/10.1016/j.jmr.2015.03.012
https://doi.org/10.1016/j.jmr.2015.03.012
https://doi.org/10.1016/j.jmr.2015.03.012
https://doi.org/10.1016/j.jmr.2015.03.012
https://doi.org/10.1016/j.jmr.2015.03.012
https://doi.org/10.1016/j.jmr.2015.03.012
https://doi.org/10.1016/j.jmr.2015.03.012
https://doi.org/10.1109/TMAG.2014.2329856
https://doi.org/10.1109/TMAG.2014.2329856
https://doi.org/10.1109/TMAG.2014.2329856
https://doi.org/10.1109/TMAG.2014.2329856
https://doi.org/10.1109/TMAG.2014.2329856
https://doi.org/10.1109/TMAG.2014.2329856
https://doi.org/10.1109/TMAG.2014.2329856
https://doi.org/10.1109/TMAG.2014.2329856
https://doi.org/10.1364/OE.26.001988
https://doi.org/10.1364/OE.26.001988
https://doi.org/10.1364/OE.26.001988
https://doi.org/10.1364/OE.26.001988
https://doi.org/10.1364/OE.26.001988
https://doi.org/10.1364/OE.26.001988
https://doi.org/10.1364/OE.26.001988
https://www.doi.org/10.1109/FREQ.2010.5556310
https://www.doi.org/10.1109/FREQ.2010.5556310
https://www.doi.org/10.1109/FREQ.2010.5556310
https://www.doi.org/10.1109/FREQ.2010.5556310
https://www.doi.org/10.1109/FREQ.2010.5556310
https://www.doi.org/10.1109/FREQ.2010.5556310
https://www.doi.org/10.1109/FREQ.2010.5556310
https://www.doi.org/10.1109/FREQ.2010.5556310
https://www.doi.org/10.1109/FREQ.2010.5556310
https://doi.org/10.1063/1.3522648
https://doi.org/10.1063/1.3522648
https://doi.org/10.1063/1.3522648
https://doi.org/10.1063/1.3522648
https://doi.org/10.1063/1.3522648
https://doi.org/10.1063/1.3522648
https://doi.org/10.1038/nature01484
https://doi.org/10.1038/nature01484
https://doi.org/10.1038/nature01484
https://doi.org/10.1038/nature01484
https://doi.org/10.1038/nature01484
https://doi.org/10.1038/nature01484
https://doi.org/10.1109/TMAG.2009.2021404
https://doi.org/10.1109/TMAG.2009.2021404
https://doi.org/10.1109/TMAG.2009.2021404
https://doi.org/10.1109/TMAG.2009.2021404
https://doi.org/10.1109/TMAG.2009.2021404
https://doi.org/10.1109/TMAG.2009.2021404
https://doi.org/10.1016/j.neuroimage.2013.10.040
https://doi.org/10.1016/j.neuroimage.2013.10.040
https://doi.org/10.1016/j.neuroimage.2013.10.040
https://doi.org/10.1016/j.neuroimage.2013.10.040
https://doi.org/10.1016/j.neuroimage.2013.10.040
https://doi.org/10.1016/j.neuroimage.2013.10.040
https://doi.org/10.1016/j.neuroimage.2013.10.040
https://doi.org/10.1063/1.2392722
https://doi.org/10.1063/1.2392722
https://doi.org/10.1063/1.2392722
https://doi.org/10.1063/1.2392722
https://doi.org/10.1063/1.2392722
https://doi.org/10.1063/1.2392722
https://doi.org/10.1063/1.2392722
https://doi.org/10.1063/1.2392722
https://doi.org/10.1109/TMAG.2017.2659649
https://doi.org/10.1109/TMAG.2017.2659649
https://doi.org/10.1109/TMAG.2017.2659649
https://doi.org/10.1109/TMAG.2017.2659649
https://doi.org/10.1109/TMAG.2017.2659649
https://doi.org/10.1109/TMAG.2017.2659649
https://doi.org/10.1063/1.4958700
https://doi.org/10.1063/1.4958700
https://doi.org/10.1063/1.4958700
https://doi.org/10.1063/1.4958700
https://doi.org/10.1063/1.4958700
https://doi.org/10.1063/1.4958700
https://doi.org/10.1063/1.4958700
https://doi.org/10.1088/1742-6596/793/1/012032
https://doi.org/10.1088/1742-6596/793/1/012032
https://doi.org/10.1088/1742-6596/793/1/012032
https://doi.org/10.1088/1742-6596/793/1/012032
https://doi.org/10.1088/1742-6596/793/1/012032
https://doi.org/10.1088/1742-6596/793/1/012032
https://doi.org/10.1088/1742-6596/793/1/012032
https://www.doi.org/10.23919/MOC.2017.8244562
https://www.doi.org/10.23919/MOC.2017.8244562
https://www.doi.org/10.23919/MOC.2017.8244562
https://www.doi.org/10.23919/MOC.2017.8244562
https://www.doi.org/10.23919/MOC.2017.8244562
https://www.doi.org/10.23919/MOC.2017.8244562
https://www.doi.org/10.23919/MOC.2017.8244562
https://www.doi.org/10.23919/MOC.2017.8244562
https://www.doi.org/10.23919/MOC.2017.8244562
https://doi.org/10.1063/1.5099156
https://doi.org/10.1063/1.5099156
https://doi.org/10.1063/1.5099156
https://doi.org/10.1063/1.5099156
https://doi.org/10.1063/1.5099156
https://doi.org/10.1063/1.5099156
https://doi.org/10.1063/1.5099156
https://doi.org/10.3969/j.issn.0253-2743.2002.04.007
https://doi.org/10.3969/j.issn.0253-2743.2002.04.007
https://doi.org/10.3969/j.issn.0253-2743.2002.04.007
https://doi.org/10.3969/j.issn.0253-2743.2002.04.007
https://doi.org/10.3969/j.issn.0253-2743.2002.04.007
https://doi.org/10.3969/j.issn.0253-2743.2002.04.007
https://doi.org/10.3969/j.issn.0253-2743.2002.04.007
https://doi.org/10.3969/j.issn.0253-2743.2002.04.007
https://doi.org/10.3969/j.issn.0253-2743.2002.04.007
https://doi.org/10.3969/j.issn.0253-2743.2002.04.007
https://doi.org/10.3969/j.issn.0253-2743.2002.04.007
https://doi.org/10.3969/j.issn.0253-2743.2002.04.007
https://doi.org/10.3969/j.issn.0253-2743.2002.04.007
https://doi.org/10.3969/j.issn.0253-2743.2002.04.007
https://doi.org/10.3969/j.issn.0253-2743.2002.04.007
https://doi.org/10.3390/s18051401
https://doi.org/10.3390/s18051401
https://doi.org/10.3390/s18051401
https://doi.org/10.3390/s18051401
https://doi.org/10.3390/s18051401
https://doi.org/10.3390/s18051401
https://doi.org/10.3390/s18051401
https://old-atoms.physics.wisc.edu/papers/2012Wyllie.pdf
https://old-atoms.physics.wisc.edu/papers/2012Wyllie.pdf
https://old-atoms.physics.wisc.edu/papers/2012Wyllie.pdf
https://old-atoms.physics.wisc.edu/papers/2012Wyllie.pdf
https://old-atoms.physics.wisc.edu/papers/2012Wyllie.pdf
https://old-atoms.physics.wisc.edu/papers/2012Wyllie.pdf
https://old-atoms.physics.wisc.edu/papers/2012Wyllie.pdf
https://old-atoms.physics.wisc.edu/papers/2012Wyllie.pdf
https://doi.org/10.1063/1.5049609
https://doi.org/10.1063/1.5049609
https://doi.org/10.1063/1.5049609
https://doi.org/10.1063/1.5049609
https://doi.org/10.1063/1.5049609
https://doi.org/10.1063/1.5049609
https://doi.org/10.1063/1.5049609
https://www.doi.org/10.1109/CVPR.1999.786966
https://www.doi.org/10.1109/CVPR.1999.786966
https://www.doi.org/10.1109/CVPR.1999.786966
https://www.doi.org/10.1109/CVPR.1999.786966
https://www.doi.org/10.1109/CVPR.1999.786966
https://www.doi.org/10.1109/CVPR.1999.786966
https://www.doi.org/10.1109/CVPR.1999.786966
mailto:mzmncit@163.com
mailto:mzmncit@163.com
mailto:liuj@nuc.edu.cn
mailto:liuj@nuc.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 74, No. 9 (2025) 090702

the performance of quantum measurement instrument is the inherent static nature of the traditional intra-vapor
cell segmentation imaging technique, which makes it challenging to achieve the real-time capture of the
dynamic evolution of atomic spin states. In this work, we suggest a dynamic spin imaging method for alkali
metal atomic vapor cells with real-time modification of atomic spin polarization states in order to overcome this
technological difficulty. In particular, to ensure that the laser can precisely act on the alkali metal atoms in
various regions in the vapor cell, we employ a complex beam array management system to modify the on/off
state of the laser beams at various positions in the spatial dimension in real time. In the meantime, we generate
laser fields with particular spatial distribution and frequency characteristics by using frequency modulation
techniques in the time series to accurately regulate the on-off frequency of each laser beam in the beam array.
These laser beams cause dynamic changes in the atomic spin polarization state by interacting with alkali metal
atoms at various points in the vapor cell. Through precise adjustment of the laser properties, we can see and
study the dynamic evolution of the atomic spin-polarization state in real time. According to the experimental
data, the technology outperforms the traditional static spin imaging techniques by achieving an excellent
temporal resolution of 355 frames per second and a spatial resolution of 95.9 micrometers. The effective use of
this method enables us to monitor and evaluate the dynamic aspects of magnetic field distribution with
unprecedented precision, also greatly enhance our understanding of the dynamic characteristics of atomic spin

polarization.
Keywords: atomic vapor cell, spin polarization, dynamic spin imaging, spatiotemporal modulation
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