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Abstract: Objective Magnetic field precision measurements were widely used in materials diagnosis and research, mineral resources
exploration, magnetocardiography (MCG) and magnetoencephalography (MEG) detection, geomagnetic field measurement, space mag-
netic field measurement, atomic spin gyro inertial navigation, dark matter searching, etc. In a magnetic field detection system, to achieve
high-sensitivity magnetic field measurement, it is necessary to use magnetic coils to provide a stable and uniform magnetic field. The
magnetic coil constant is the ratio of the generated magneic field value at the center of the magnetic coil to the applied current. Precise
calibration of the magnetic coil constant is very important for effective suppression of magnetic field noise, compensation of ambient
magnetic field, and calibration of magnetometer sensitivity.

Methods To precisely measure the magnetic coil constant, we employed two different methods under good magnetic shielding
conditions: the optically-pumped free-induction decay (FID) Rubidium-87 atomic magnetometer developed by ourselves and the
commercially available fluxgate magnetometer. A magnetic moment-free coil is placed in the center of a four-layer permalloy
magnetic shield. The uniform magnetic field is generated in the center of the magnetic coil by a constant-current source (Key-
Sight, Model B2961A) with low noise and high stability. The coil constant is measured by the fluxgate magnetometer and the
optically-pumped FID Rubidium-87 atomic magnetometer, and accuracy of the coil constant calibration are compared.

Results and Discussions Optically-pumped atomic FID magnetometers employ spin polarization of atomic ensemble and Larmor
precession of the macroscopic magnetic moment around the magnetic field to map Larmor frequency information on the probe
laser polarization rotation to extract the magnetic field information. Due to its advantages of high sensitivity (typical~6.5 pT/
Hz'"” with analysis frequency range of 1~~10 Hz in our case), high resolution and wide dynamic range, it can meet the needs of differ-
ent fields. In terms of measuring magnetic coil constant, the optically-pumped FID Rubidium-87 magnetometer performs much better
than the commercially fluxgate magnetometer due to its good signal-to-noise ratio (SNR) and high sensitivity, and the magnetic field
values can be accurately measured. The magnetic coil constant measured by the optically-pumped FID Rubidium-87 atomic magnetom-
eter is (126.956 £0.076) nT/mA, and that measured by the fluxgate magnetometer is (127.3 £ 0.3) nT/mA. Clearly the magnetic coil
constant value measured by the optically-pumped FID Rubidium-87 atomic magnetometer is much more accurate than that mea-
sured by the fluxgate magnetometer, because the former's sensitivity is much better and it has no zero point drifing.

Conclusions The optically-pumped FID Rubidium-87 atomic magnetometer has much better sensitivity and does not need to be
calibrated during magnetic field measurement, because it does not have the problem of zero point drifting. Therefore, the
optically-pumped FID Rubidium-87 atomic magnetometer can be used to calibrate the available fluxgate magnetometer. We com-
pare the magnetic field values measured by our optically-pumped FID Rubidium-87 atomic magnetometer with that of the avail-
able fluxgate magnetometer, and get the calibration factor of 0.9967.

Keywords: magnetic coil constant; atomic magnetometer; fluxgate magnetometer; Larmor frequency; free-induction decay (FID)

I Rl 2 Pl MO R AN R R R v o Bt
T B PO A I T s v B 45 R B R R U IO L
T2 R LR A IR 2 B f) mhoce FH T R 3 -
E DN BRI 2 Pl B0 AR KRR R b AR T St
FOEARIIGEM o ORI, 7 45 A REIE [ TR AR B
BRHERTHI RBULE S, T HAAAAERE R, (£
AR P s B AHE s AL, HARSE R

1 5|8

KU B 2R 25 8 xS TR T Tk 4 e i P
AT A SR, AR T HEsRT . R T A
JEFE MR B BEBE B 1T R AT O R A
T TR BT TS5 VE 2 SRR R T2 N
BES R S DA, PP AR T RE A PR AR 2

WML . REUE. W98 2R o R AR E
S JE R T XA R 7 2 B B R T R
by 2 Vol f R AR S WS, W B W R )
T3 DN B R AR DA S H A AR i o (H 15 2 75 BRI 3
Ll Bt L R £ 1 BN A R A RS
Ll b P E RS R, AT RS R

MITALE 2R MIARZE . B, ZINEEN R
LRI H BN RS FEA B . DGR R T s i I &
L5 eI AR RIRERBAE B, AMFAE
TR, i Hoh T RO R, O 2N
P TR akG 3 D e N gy 2 Pl o b s 1

A SRR G AR i B 5 v s R T 3 2 P

020201-2



MRS RS R v AR IR e TS B £k P R b s Jxt L

020201

Z RNV 25 E B9 . Breschi 5 H 7 —FhIE
T B RHAFIES TR B HiEs) 2 (Free-Induction
Decay, FID) %Y —Hlifiid7 %k Bl R AL bR € 7772 . Zhang
SEISVR B e A AL R 5 T b e ) 2k R H .
Chen F5!EE T~ 875 M U4 J5L 1 R 2R (1 FID A5 545
SE W3 B Pl H . Zhao 557 1 Jo 45 AH AL I £ AR
Fothia R 1 R LR B R T B A, RisUR
WA S IESRY, S 8 H AR € - Wang
ST I Aor I FID RS W NAS 5, R4S FID 15 5404
HAH IS LR35 M P b 5 k37 26 P o5 2. Wang 551
i WOt G H e A #k i #8 (Spin Exchange
Relaxation-Free: SERF) Jiil -fif n v %F — Fli il 3, 4z Pl
TERHTTES, [FAMENMFIDES, A)FiEd
PRI {8 B A5 (Fast Fourier Tranform, FFT) 153
FrSREEINE, SEL T =S 2 e EUIRR A o
FESEHTI TAE A, FRATHE T 62 4 i 1 FID #4
SRR R AR 1 4 T 6 R AR U Y H A
AR FEMAR R AN AR R Y, S5 [H Key Sight 24
H] B2961 A A4 fE It FL A )RRV MR 7S KT AH O SR AR
R LI PR PR FL I MR 6T 1 7 W R 3 4%
WHbRE MR, ARSLIG R AR S . mRE
JZHIB2961 A BURE B R ALV, IS0 E T il I
4 (Permalloy) VU 2T 57 i A7 Fh Py BRI e 1
Wekle, FeAEmAY A . R E EPPR R
1-87 J5 - FID A5 v A A5 (R 088 | T s -0 & 1k
P E A, R E RS R R . ek,
TRATIEIE T T i 1R 6 52 40-87 J5 7 FID RE i v X 7
G LR AT T AREL

2 ZWKRE

K AN 5 FID G5 v AT W37 0 e 1) s 2
AW T . fFERAZEMN AR TIES, AFE
% HEJE, “Rb R 7 E AL N SS,,m,=+1/2) F
5S,, (m,=—1/2) {E yJi Wi n55#i3% By 51" Rb
JEF LA o =yB, 58 B MERi SR F ks, » v
87 AT IS ERE . BRI E T R 4500 2 AR R
/N AE y 7 MR T YR J5E T 795 nm (1 D1 K
T o [ 4R 22 O, #E S 5S,,(m,=—1/2)—
5P, (m,=+1/2)K3iL, WISEILYRO R ¥ R LR H ekt
A5S,, (m,=+1/2) B &, JET RER BRI R
I R E T ] 1E 2 J7 ) Jit AR 26 46 T B /R A0

RINL A B, “Rb JRFAEFELS 5S,, (m,=+1/2) Al
5S,, (m,=—1/2) Z [Al K ERARRERIT, R T R H
WEMA S PRI o Jti N A2 AE il w2 ok, D1
MR AL B 3 BT 537 B AT E PN . B S
WEA AWy, VR W 2GR R AR B 5
(FID), HEBFBIPPER . KA 780 nm B KA
KRR VERIEAMIRIRI G HAT x T7 ALk, G564 I
PRACATERI R ¥ RER FIDAE 5

AN R T FID g s it () se g 2 B an i 1 s .
S R ¥R [F) A7 2% 8 40 1) v B ek B A T )
KERFAE, R AISmmx15mmx 15mm, 5=
BEJEZ)1 mm, “ZEAPMEEGE 770~800 nm I K TE H
RS, =N A 100 Torr A (N 1E NS
AR RS . N T P AW, s
W35 2 V8 = A= Wb A N 555 <6 (permalloy) A B#
MO AL, FRATRA T BB Wi 408 . W3
LB E = E T @S R 6 S0 Y=
BRMAR AN, DATE 73 PR 37 A AR TS S5l 1) 5%
Wi o PO 2 40 5 AR P 0 Ak B BR AR G /N T 5 T
HBFE R 1K T 10000, KT B2961A BUARMEFS L &
R € BETE IR VR IR B T AR G I 2 B, A 42 Bl A B
XFRR LA P AR WY y J7 ) B E G By o SIS AR B
Yy Bee U5 2 77 W) o ZE3H 6 K R 795 nm 1 49 A7 A
Fi % S 3t #4520 (Distributed Bragg Reflactor, DBR)
B S AEO SR AL, AR BOLE (Sat-
rated Absorption Spectroscopy, SAS) HiA /7 kK
SR B € TEYRb JE F 795 nm K D1 B IE £k
58,,(F,=2)- 5P, (F,= DAS4HERIT, HIT-Hn-87 J& ¥
RERE TR 4 MG AN OIS 4
(Acousto-Optic Modulator, AOM1, AOM2), AOMI
T EF R BEE R E K, AOM2 H T30t
MIF R Hl. M ERAEETERT REEHRY
10 mm, 2238 Z % WA BT Fe s N AR IROG A, Wy
Jil CEAFT B FRWRT . BN
780 nm (1] F. 5 DBR ~f SAABOG AR HER DD, FH
AR - (F-PRE TER SO 281w
T A H A 28 5 A2 1 2R 1T VR SR 1~ 780 nm KK
D2 BKIE 48 58, (F,=2)— 5P, (F,=3) & K§ 41l B 3L 2
6 GHz. AOM3ENIRMDEIIIT R . Ll PRI
WAL AR s LP it — D3 s Hm AR B J5 ¥ x J7 1)
FRR 7R (Gl P 45 B2 A 14 S B A

020201-3



020201 R R | R = 4 31(2) 2025
o
BR}: X
PDI1
17
Probe Laser \ 1 '-‘ H>
0 nm AS HR PR awe 1 PD2
a2 PBS 7 AOM AOM: = a4
x/z PBS - P .
Pump Laser 0 0 0[] O.L ‘ [
@795 nm I s
K
lock [ Z, [ 4 ;
Bl 1. Y T FID BER i Sz i s B & e .
AOMs (AOMI, AOM2, AOM3): A Giftlas; SAS lock: WA G 4SE B, Offset lock: FEAEVEAR B -
P (PP LMHIEOIRB ERE; BE: ¥R Me: Wz —3 A M2 B R LP: ZfmiRes;

WP: (RK#uiliitksi; PDs (PDI,

PD2): “F-f7 743G FEERIZS s NIDAQ: National Instrument 2 &) 54 R R 4 .

R B A 1, 28 1, I B T, AR T RGSR T AORE I B, SR MR 7 R LRI E e RS s o 2 o I Bl T 9 HI R

THESR IR R) S AR R /2 ik A PN B, St i 1 AR SR AL A

0,3 LI B T, NN 5 5 TR

TR B, PRI T B eSE B, Wi 5 /RS0 ) FID f5 5

Fig. 1. Experimental setup and the time sequence of FID-type optically-pumped Rubidium atomic magnetometer.
AOMs (AOM1, AOM2, AOM3): acousto-optic modulator; BE: laser beam expander; SAS lock: saturation absorption spec-
troscopic device for laser frequency lock; Offset lock: modulation-free laser frequency lock based on a confocal Fabry-Perot
(F-P) cavity; N/4: quarter-wave plate; A/2: half-wave plate; LP: linear polarizer; WP: Wollaston prism; L: lens; PDs (PDI,
PD2): balanced differential photo-electric detector; NI DAQ: National Instrument data acquisition system.

In the time sequence diagram, Ty, from £, to ¢, is the pumping period of the Rubidium magnetometer to prepare the spin
polarization state of Rubidium atoms; 7} from ¢, to , is the transverse AC magnetic field /2 pulse of the Rubidium magne-

tometer, which manupulates the spin polarized state of Rubidium atoms; 7}, ,. from ¢, to £ is the detection time of the Rubidium

magnetometer, which detects the FID signal of the Larmor precession of Rubidium atomic spin around the B, magnetic field.
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Fig. 2. Magnetic field measurement by using of optically-pumped atomic FID magnetometer.
(a) A typical FID signal; (b) The FID signal after FFT; (c) Measured DC magnetic field values for 6000 sampling periods;

(d) The power spectral density (PSD) of magnetic field noise. The sensitivity is ~6.5 pT/Hz

range of 1~10 Hz.
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axis fluxgate detector head.
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Fig. 4. Relationship between the magnetic field values
measured by the FID atomic magnetometer and the
magnetic resonance linewidth.

The longitudinal sizes of all the data pionts are much

larger than the errors of the magnetic resonance linewidth.

(a

=

35000

FID atomic magnetometer
30000 [ Coil constant: (126.956+0.076) nT/mA

25000
20000
15000 1
10000 1
5000
0

Magnetic field/nT

0 50 100 150 200 250

Current/mA

B(nT)=126.956 (nT/mAYI(mA)—4.914 (nT). (2)

O 22 8 5L FID i 5 v W 15 1) 1 37 42 P8
N (126.956 +£0.076)nT/mA . i 3% £k P&l A~ i HE i
B, DU 2 G BE M PN A R R E A R AR A N
4.914 nT.

L I8 PR YR e O R A IR ) G T 37 4% P8 7 AR
Y, ‘EBAHHET, KH3%EE MEDA A A
FVM-400 B f 38 1] R 5 190 5% 7 300 s [ 3%
B, GV 3515 BAH B RN B RE S D A .
£ 2~250 mA i [l ]9 I8 0 K W, AR G 3
MEEMEG6 () Fim. AEERZMET, #iaE
TR =R R ZEE 6 (b)) Fix. ME6
(a) HEIEBEAT MU E, AT BRI S5 M 1
Z IR RN

B(nT)=127.3 (nT/mA)I(mA)-4.914(nT). (3)

Tk 3@ 1 Wk SR U D AS 0 WL 3 2k R B
(127.3+0.3)nT/mA.

—~
=
=

0.8
0.6
0.4
0.2
0.0

FID atomic magnetometer

measurement/nT

oL
oo o e
R L)

Error for magnetic field

0 50 100 150 200 230
Current/mA

Bs. () SRR T FID J5 5 8 08 v br € W37 26 Pl . 19 21 12 3% 26 18 W #1008 (126.956 + 0.076) nT/mA ;

(b) AR 26 1 N DG I 5T FID SR VT = 7 1 1% 72
Fig. 5. (a) Result of the coil constant calibrated by using of the optically-pumped rubidium FID atomic magnetometer. The

coil constant i5(126.956 £ 0.076) nT/mA; (b) Measurement error of magnetic field of the optically-pumped rubidium FID
atomic magnetometer at different current

(@) 35000 (b)
Fluxgate magnectometer 15 Fluxgatc magnetometer
@ 30000 Coil constant: (127.3+0.3) nT/mA % 10
= 25000F =
k) o2& 5
= 20000 T E
2 5e 0
T 15000} @ 5
& EE5-5
s 10000 5
= < 210
5000} 5 g
o L 5 -5 . . : ‘ .
0 50 100 150 200 250 0 50 100 150 200 250

Current/mA Current/mA

Bl6. (a) MLIETIHESRTFRE M2 BT L. 19 B HIHE 26 Bl $09(127.3 £ 0.3) nT/mA; (b) ANJF] R R #EE ]
T N A IR 22
Fig. 6. (a) Result of the coil constant calibration by using the fluxgate magnetometer. The coil constant is (127.3 £ 0.3) nT/mA;

(b) Measurement error of magnetic field of the fluxgate magnetometer at different current.
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