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Fig. 1. Relevant energy levels of rubidium-85 atoms and the related transitions.

230702-2


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 2 3R Acta Phys. Sin. Vol. 70, No. 23 (2021) 230702

Ivi] A AT Tt 1 LA B T 780 nm Y K A 2R B
PR 252 A X LIRSS IR A AR
FREM TP HEARASRT, B H-85 L FIL AW
ASEBREINZS &S00 N2 AN JRT, Hotom E
g K, 795 nm o BRI E (F = 3) & LMET
FOERE, AN FEAIRE Zeeman 25 10] (14 [ H K
i, M TSI CHZE Y S Zeeman Z5)GHHE
RS RINAEAE, Uit (F = 3, mp = +2, +3) & B
JE B R RO BRI 29 R N4, 27BN 780 nm
PR A8 2 9 PR 22 iz e, W (F = 3, mp =
+2, +3) & L AFTE W T B BR1E 0 N, B A
780 nm I K AS R TE R £ I iz 6 R b T Ak
B TR R ERIG 4 4%, B AR LR (5 5
R 4

2.2 tHXIBIEHH

448 Bloch 72, LRI TR, S5
HVER B By MR By BoLBy) fEHIT
TS M IGSACLE ) = 7 1o el e A b R
DLEETE

M, M, vB1 cos wyyt
d .
p M, =\ M, X v By sin w;st
Mz Mz 7B0
72Mw Mw
’71Mz Mz — M()

Ao B — R 2 WG HE M TE 1 e W
By VLR SEAEWES By BT 094k, 3278 #EY) By =
Bicos(wyet); 55 T2 [ ) 5th 75 R [1] 5th 4 15
TR M 78 s — TR RN ; v, A2
JEF 1 BE AR 1] S TR A5 g 2 ST FRERG G 1] st
B Ty ROCRHR, My 2 RGURBF-E 9%
WLERE; M, M, M, 0 ZRGEH7 WEE ME 3 4

JAN=A

JTE.
(1) S ML BRI
1+ (wo +wrf>2 I
M ~vo + I'p y1+1Ip
z — 0

w?

14 (wo +er>2
Yo + Ip (r1+ 1) (92 + Ip)
(2)
(2) S wo/(2n) HAHAR Zeeman RE G 1S4 1 4 5
()%, BIPL SRS (wo/(2n) =~ - B). 7E55
WT, AM(Aw) BAIEAC 2GR RE:

Mowo® (71 + I) (y2 + Ip)
14 (2 + Fp)g (wo — wir)®
AL ARG W wrr BT T wo i, AHAR Zee-
man AEY N R F & A BEARAR BRAE, BDAL T F iétk
RSB IR AL, BUBH R R G0 F B fOb
+, AH R 2R R R RN, RICATE
LR SR I 32 SO RIBES . Y wir = wo i, B HG
SRR/, AT R B IR B R (I, W R (5 5 IR 2 iR

AM, (Aw) = (3)

KA.
IR STl A SRR T R o B9)
1 Av

K, v RBERE L, Av RS IR IS S LR 5
(FWHM), SNR Z# ARG 5 G0 L. i (4) X
AT, REAERAT 5 A 4R S A5 M L AR [R) e T R
TR A (R R (55458, T g dL
PRAG (M L, TAH D, 4 R S0 T 4

2.3 INEE

SEERACE AN 2 B, KBER 5 em . d#OGE H
HAER 2 cm. mIEDCH BN FIERE, N
FEA H AR F B R E-85 IR 5 Hn-87 i, HAE
A A BT A e AR, LLsiss J5 75 R il
SRR B SR 5 e A A Ik H It B B g S
JEEH A 0 SR E A T AR, G E Rk
Wit AN A T L T A ARG A AEAR R
P AHE RN, 1 EETIN A AR H I A A ARG = TR
LG A W] i — 2D AR A S Mg S T
ot I VU 2 i B S 3R I 55 4 5 W 7 R <
T PRI TGP . FE W 1T N s O 2 P
FAARIE 75 5 L TR (Keysight B2961A) 7= 4= ()
TR B TCHE LR R, P AU 2 Bl ) I 38 ) B G
Y, R T &4 Zeeman 433 [RIEHAT 2 3 5 18] i
B2 [ ) 2 IR 2R R BB X 7 A A AR Rl b, TR
ISR TTEAHSE Zeeman 75 (8] Y RE B BIRAT, 52
PR AL 4R . 795 nm I K A5 2R 08 BRI SR AR AR Ot
([RIB LRI ) B 434 A hid S g 4% (DBR) 3K
B RO AR A B O S I R R
TR T r 25 1 BUE GO 1Y) DG B B8 4 I 4 WL
BBy, — &85 AR RN ISOGIE S, o) — 58
A 22 R PR M RO e m R, SR
JE it N4 B R R R ARG, 18 i )
B RGEATHOCHHATY W (P WS B = i AR

230702-3


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 2 3R Acta Phys. Sin. Vol. 70, No. 23 (2021) 230702

il —— 0

AN T g2 00— N
i i |
- DBR diode laser /f | T h |—| N HR

@795 nm U ,

[83

s — 7
ISO A/2 PBS

APP - ;
prism T - L Dump
APP A4 m _____________ . m I
ISO A/2 PBS = 1., L s 5
_______________________ - £ I 1
ECDL@780 nm jﬂ EE E H A - iﬁ E
A4 " Nommqpe- DM2 Lens
a LB

PS A/Ql:l

T
T
i
i
Current v
source 1
1

' Sln function |, __ 3

Temperature | ! generator
controller

Bl 2 SLE%EE  ECDL, SME RIRBERY; DBR, i fi Biis SOAHEOEHE; APP, BB BExT; ISO, JeRa@#; N/2, 1/2 W F;
PBS, i 4k 70 6 ¥ 55 ; HR, W K 55 ; NDF, 3 A ; DML, XA 55 (780 nm 5 % , 795 nm &5 & ); DM2, X455 (795 nm i %
780 nm 7% ); LB, $564; BE, ¥R B 5, PD, Y6 IR ; Dump, Y68 ; Lock-in, SRS ; PID, Fo @I 343 UK 8%
SAS, WA E% & ; PS, AR 61525 & FET, o B ik A8 40 s 2545 5 /0 B A

Fig. 2. Schematic diagram of the experimental setup. ECDL, external-cavity diode laser; DBR, distributed-Bragg-reflector type di-
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ode laser; APP, anamorphic prism pairs; ISO, optical isolator; \/2, half-wave plate; PBS, polarization beam splitter cube; HR, high-
reflectivity mirror; NDF, neutral density filter; DM1, two-color mirror (high-transmittance@780-nm, high-reflection@795-nm);
DM2, two-color mirror (high-transmittance@795-nm, high-reflection@780-nm); LB, light barrier; BE, the beam expanding tele-
scope; PD, photodetector; Dump, laser dump; Lock-in, lock-in amplifier; PID, the proportional-integrational-differential amplifier;
SAS, the saturation absorption spectroscopic device; PS, the polarization spectroscopic device; FFT, the Fast-Fourier-Transforma-

tion dynamic signal analyzer.
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Fig. 3. Magnetic resonance signal at different rubidium vapor cells at temperature 40 °C. The magnetogyric ratio of the ¥Rb (F = 3)

is 4.69538 Hz/nT, the static magnetic field is ~8.87 uT, the 795-nm pumping laser beam’s power is ~200 uW, the Gaussian diameter
is ~7.3 mm and the frequency is locked to the ¥®Rb (F = 3)- (F' = 2) transition. Fig.3(a) shows the %Rb + *"Rb vapor cell
filled with 20 Torr of Helium (He) and 10 Torr of Neon (Ne) as the buffer gases, the magnetic resonance signal’s line width(FWHM)
is ~6.1 kHz. Fig.3 (b) shows the %Rb + %Rb vapor cell with paraffin-coating (without the buffer gas), the magnetic resonance sig-

nal’s linewidth (FWHM) is ~3.3 kHz.
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Fig. 4. The magnetic resonance signals at different temper-
atures (27-45 °C): The linewidth (FWHM) of the magnetic
resonance signals are ~2.2 kHz@27 °C, ~2.7 kHz@35 C,
~3.3 kHz@40 °C, and 4.0 kHz@45 °C, respectively.
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Fig. 5. The modulation and demodulation signal of the lock-
in amplifier: the red curve is the demodulated in-phase sig-
nal. The blue curve is the out-of-phase gradient after de-
modulation. The 795-nm pumping laser beam’s power is
~200 uW, the static magnetic field is ~8.87 pT, the Gaussi-
an diameter is ~7.3 mm and the frequency is locked to the
$Rb (F = 3)—(F' = 2) transition line. The linewidth
(FWHM) of the magnetic resonance signal is ~4.0 kHz.

3.3 S5IN\ 780 nm KK FELE RIMEL R
HIERER THERER RIS

TEACR 795 nm 78 2 G BRI ZE A 1k

Ot (IR B2 ARG ) 1 et S 8OE R 1, A

780 nm K AE LR TE B S ICAZ O, SRR

ZHN-85 JET D2k (F = 2)— (F" = 3)@k54nik

TEZE, 43 A 780 nim Y AR 4R T BN % S Al
iGN 795 nm WA A 2R T U 4 2 kO
([FIBFH2HRIE) Py, #EILIRAE 5 i AR LA 5 4n
Kl 6 .

kS % (35Rb+87Rb) (a)
207 795 nmdBANTHEK: 200 pW 10-20
795 nmARAEEIRER: 7.3 mm
780 nmZAZ NN EE: 10.1 mm
N 15} s s 10.15
= e >
~ R ~
B P i
£ 10 0.10 =
& 107 17 ®
o l
=
5F 4 _ a———a ., 4, 41005
o L , , , , , , o
0 100 200 300 400 500 600 700
780 nmAMIENIHE /nW
0.3
Tk %E (Rb+-5"Rb) (b)
780 nmALEHINE: 300 W
20 - 780 nm S AEEERERE: 10.1 mm
795 nmiRAE N EHR ER: 7.3 mm —a 0.2
3 e
o o15f —" >
i 101 =
10t b
iK o W\E
k=
)
- \
5 A a4 . .
1 1

1 1 1 1 1 —0.1
100 200 300 400 500 600 700

795 nmiRLAETHE /nW

Bl 6 AIF 780 nm i & 7% £k 58 A0 3% 22 S i is O R
795 nm P 1K 7 LR TEHUE SR AL O (1] I do 2 3R ) )
HTREIARAT 5 HILTE A5 5 IR A A L1 Bl
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Fig. 7. The sensitivity of the magnetometer: The calibra-
tion field frequency is 63 Hz and the magnetic field strength
is 4.7 nT: (a) The magnetic field sensitivity in the presence
of pumping laser beam (the frequency is resonant with
(F = 3)-(F' = 2) hyperfine transition line of ¥Rb D,
line with the power of 200 pW); (b) the magnetic field sens-
itivity with the addition of repumping laser beam (the fre-
quency is resonant with (F = 2)— (F" = 3) hyperfine
transition line of Rb D, line with the power of 300 uW).
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Fig. 8. Magnetic field values calibrated by rubidium atomic

magnetic resonance signals.
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Fig. 9. The relationship of the magnetic field measured by fluxgate magnetometer and magnetic resonance signal: (a) The blue and

red dot lines are the comparison of the magnetic field measured by the fluxgate magnetometer and the rubidium atom optical pump

magnetometer; (b) shows the relative deviation of the magnetic field measured by fluxhgate magnetometer compared with magnetic

resonance signal.
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Abstract

For the experimental implementation of an optically pumped atomic magnetometer, the magnetic
resonance signal with a narrow linewidth and a high signal-to-noise ratio (SNR) is required for achieving a high
sensitivity. Using 795-nm laser as both the pumping and the probe laser, we compare the magnetic resonance
signals from different rubidium atomic vapor cells and investigate the variations of magnetic resonance signals
with temperature. Optimized magnetic resonance signal is achieved with a paraffin-coated rubidium atomic
vapor cell. Then the 780-nm laser at rubidium D2 line is introduced as a repumping laser, and we explore the
changes of linewidth and SNR of the magnetic resonance signal under different power of the pumping laser and
the repumping laser. Owing to the 780-nm repumping laser beam, the signal amplitude of rubidium-85 magnetic
resonance signal is improved remarkably because more rubidium-85 atoms are spin- polarized by the 795-nm
pumping laser beam. At the same time, the linewidth of rubidium-85 magnetic resonance signal is roughly not
broadened anymore. We realize a closed-loop optically pumped rubidium-85 atomic magnetometer with a
bandwidth of ~1.2 kHz, and the sensitivity is calibrated to be ~245.5 pT/Hz"/? only with the 795-nm pumping
laser beam. Owing to the employment of the 780-nm repumping laser beam, the sensitivity is improved to be
~26.4 pT/Hz!/? which is improved roughly by one order of magnitude. We also calibrate the measurement
accuracy and deviation of a commercial fluxgate magnetometer by using the enhanced rubidium magnetic

resonance signal.
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