) 3B % 3R Acta Phys. Sin. Vol. 72, No. 4 (2023) 045204

EF%

D

R 7R U

B4R B T OB RT3 R RO S P 45

5

KA WED HEE

1) (PEBEER R ERES R, AL 100049)
2) (IR SHTREIRH RS BE, Set L RE B AR DR .G, et N TR S %2 E I E A 90T, dbat 100084)
3) (tPEBFER A, hEBRABRE MR R LG, st 100190)

(2022 4F- 10 H 28 HWiel; 2022 4F 11 A 18 HILEIEHH)

FE TG B A R S TR IR EE AR, 2238 80 R 5 /N B AR 43R AS T 2% 4R B ) L1 0% e G RN N W (EIT) 15 0,
454 Autler-Townes 4324300 (EIT-AT 43%4) 435N T 2R Mk B s B . 25 R R, EIT-AT 4%
() B 5 g Fh 3 B S ARG A 2R M S R, BIT-AT 43240512 I 00 2 ) i Hh 3 BE R P IX A R T35 222 1V /em
XA BR AL G R F 28 150t P EIT-AT A ML M XA NIR 5 mV/em$E 5 T K24 22 %, XXM 355400k i 3
Py e X 1 8 A S B FRATTE — 25 R A ELT iR A 00 5633 ik 258 1% 258 Ak £ 0% v 37 B, X B A e /N il
FAE AT LINT 1 uV/em, RV A R BUE AT A S 1 pVeem L Hz V2, 38045 JUR R T ¥ JET-RE 5 75 O HL 3 I

L L2 3o W T T A A 3

KB ORI, AT, AR 2 ]

PACS: 52.70.Gw, 07.57.Kp, 42.50.—p

1 5 =

T Fi 7 PR e 0 e AN A i 5 TR AT
YRR SR It AR LR AT 5 vh AR o ) [
TETCL A TGS B I rh-t 473 78 3 O Ay (5, 0100,
H T LR AR X b f g R, ARFE S
TN A Y. 2012 4F AT H B AR g ]
VAR N s v S 12 T 1Y, B 5 T LA AR I 1
4 ol e P 3 A TR AR A 3] 1 DR i Ji (12390 [ I
AT HLAEAR S X SN JE HOR O i U Y
P R L RSN 35 W (BIT) 8 8500 % i 4
A R B HAA M, RN B IR —Fh BT
WIHE, SAME AR, ZEIDEI R
Hh ff) 2 B — AR 2R ) I 0, X g W e 0 37

DOI: 10.7498/aps.72.20222059

XTI RE A I BURR, [R] X A3 B I A 4 B IR &
72, AEE AR ARSI . S RO EH T
A FL R AR BE A 2 (8] Y I, 2 fliRH 7 ) B 7P R
gk Autler-Townes(EIT-AT 43%4) 7744, AT 41
B 31091 511 T o B e R 615 A SR 74 1 ) v s W L
A EIT # 0, Fr2 0 EIT-AT 3% e 5 )5
TREHALIR AN GG L U, EIT-AT 73 2419 (8] B
A f FVEORHL AT Oy EEME R

Qrr =21 X DA, (1)
Hrh R GOUIRRT D = 1, TR 0]
D = Xp/Ae SEIRMDGEAS Xp FR GRS N 1 55
ANVERCE B 28 8 R L, Bk 228 3 e o e - Y.
AT S0 - A e [T s, A RS W 0 £ S
WL YR B PO iy TE ] EIT-AT 43 2409 I &

bRt ARREER S (S 1212014) P ERHEBEE A OFSE TR (HEHES: XDPB08-3) Fl i de m e S ARl 55 28 LI %t 4
N R S AE AR (S 2017YFA0304900, 2017YFA0402300) ¥E BT

T BIE1E#E . E-mail: fdjia@ucas.ac.cn
T BIEMEE . E-mail: fxie@tsinghua.edu.cn
©2023 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

045204-1


http://doi.org/10.7498/aps.72.20222059
mailto:fdjia@ucas.ac.cn
mailto:fxie@tsinghua.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B % 3R Acta Phys. Sin. Vol. 72, No. 4 (2023) 045204

T RN TSR A i, A AR AR R A 1% [T e
T DL B R 0 S e g, B AR,
PR X & IR R A

1T K 22 B0 8 T (0 L A% SRS Y
S AR I T 28 Y R i AR R 5 10, X
R EEA VR R, ARV, BRI 2017
4 Holloway &% B0 ¥E i 72875+, FlH EIT-AT
Sy SN T ARSI 17.04 | 93.71 Fl 104.77
GHz AT f 37 0 i BE LA R I0 3% K 1 23 [] 0 B i
J BT R T LR R A R RS AR T
G BT R A L. AEBRJE A il st 43 B
G, BG T ERE F 0 5R Ax 23 00 Y
EIT £ %Kk, RATEJL MHz 247, 418k 35
1 EIT-AT 43 24 3% i 0] 7 /) T EIT £k 58 i
EIT-AT 4324 5 st A Bad H, AN FR il 17 EIT-
AT &R TR &AM TFIET A
TR A Y & EIT-AT 4324004 X ], L
TR A3 TR T 180, Rl it 8 8 vk 1400, 2l B e
F 3k 0o41, (B BIT-AT 4324 0] # 0 f23ek i 75
FELME X ) T BRAT5 9832 3] EIT £R 58 R .

X ] ] DA FHVA IR 15 B AR G i e, X
SRV IR IR AR, 28R ga )N, DT B 7R 2
EIT WL TE%E. FRATIET PURBIA I LS A AN [
PP, PEANTHS T i PO F iR A
VERCE B sk R 2 B R e S IR IR C R, 45
IR 300 K B, 7R 780 nm AYFRIDEG
KR 480 nm BFEEOEHIBOEFAERT, Rb
) LR EIT £k 56 29°0 7.5 MHz, I 76 AR R
SRR B E L LA 2R A5 A 25 AR B LT
HPUB R B3 10 K, BLAE LR EIT 2858k
2B E] 600 kHz #2. HEEG I K24 7698 R T 5L 56
R B IR AR S 100 pK B, H RN I
e (EIA) M9 £R 98t v] DARE G 2] 400 kHz. 55 4,
ERIRT ARG, ol DL Tk Bl s —h & 7
A, XREEIGE A SR 25 1 5 B Bk
Fb. BRI AR R A e, R IR SR
(AR FL B, (HA JEL A S AT 2 F 5% L A A%
TR H 37 1 TR ) — A~ BRLAE e 5 1551, AR Rg Uifi
TR FF A EIA B/R T8 ETIA-AT 4y 240 &
TR H i B B R ME X R4 100 pV /e, FIIH
EIA BN 52 2R FAF A9 fe /MO L 370 5
21.6 pV/em B HETE K WIEHN-AER P

i FH EIT-AT 4324700 s s fa 7 1 4GE .

A SCFI RS - IRLBEAR, 2238 4 i v /N AL 34
PG T LGN EIT i, 454 EIT-AT 432454
743 S T 22 AR R P A R PR
8T AR 5P di ] EIT-AT 4 242 e D 1)
T L IR B A I BRI 375 3k )
PR L 7 B 1 T FR.

2 EBREMTE

T IEA G L IR RN TR TR A ) i A A R
WE1 s, (i 2D+ #EBF (MOT) Feiil#2 S Rb
J RS BAKHE, 2D MOT oy — % 5 1 BB i
WEHLZRRE . =X MOT %31t /FE 430 6l — > 4
e FLAS B B IR 2E ok, DA e LS T s bl R i
IR — T REER IR T . — X E 2L
PR T = KA AT R B A 55,
VE Rt F-Aetl. PRISEARE A AR a2 v S
T =, PRSI 58 EFaKMES, SR Fl
FH 174 B R BRI G w8 5 ot SRRSO
FIm IR TR o, Tl R 2R Bl ik A 1 TR R
T KA BT ), IR R = 1 [f— K4k L
TRl R NS 7 2 A I 8 g s DA PRI A 3 A
S SEAE. AT B SR Y- B IT A U R
WX S B T, FRAT TR AT T T i
T SISO AR, AR A T

il £ ¥4 SRR S R R AN 1R 2 R S A
I MOT MEZS T Serbdfish R g e i1, 28
Je R R IR B VS A1 (PGC) #E— 5 PR A IR Ty
TR, R R R T R R TS
581/, F =2, mp = 2. BAREEMELRSEHANT:
SEES TR RN TIF MOT R3%, %51
I, AW BEAERE 6 5, T ISR 103N 5T, %
JE TR R 202 150 uK . AR5 G MOT ®#id, 55
| MOT #5272 AE G, ¥R DGR RE &
~12 MHz 2% i—30 MHz 1t PGC i #2, PGC ¥
4% 2 ms, MR R TR IR E— 2 FEAIKE] 16 pK .
PGC 455, 76 1 ms WZZIBFT TRy 4G =
TALAIRE 0T — AR S g . b
ikase e, R 58,9, F = 2 5 5Py, F = 2 (3L
T I A TR E] 5S, )0, F =2, mp = 23,
F IR TE R TV SR TR S . S e ek AR
IR T H i KAT (tof) R ]RGS S AR P A

045204-2


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

) 3B % 3R Acta Phys. Sin. Vol. 72, No. 4 (2023) 045204

Glass cell

Probe beam

PD PBS
Lens Lens
1 £ 1
v | N | v £
A4 MOT coils

Bias coils

Coupling beam

B 1

v T L AR BIT B S200 % EoR ZIAL — X7 B M B R 7 26 B AL =% MOT % H11t /DGR LT AR — A KR ARTE )

BIRF = — X Z I 25 Lk (Bias 2k Bl) $2 4L — A 5% 55 = KAl o7 1) AT 0 ) 85 8635, 6 v i Akl BRI RRS G O6 A
X4, JF R R 50 R F o KA E S, SR 1/4 3 7 W BRNDERERE & G R R 5 SR R ot o
Fig. 1. Scheme of the cold Atom Rydberg EIT-AT experiments. A pair of square gradient magnetic field coils and three pairs of

MOT light are used to cool and trap a cigar-shaped atom cloud. The Bias coil is used to provide a uniform weak magnetic field par-

allel to the long axis of the elongated cold atom cloud as the quantization axis. In the experiment, a 1/4 wave plate is used to

change the polarization of the probe laser and coupling laser into o* and o .
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Fig. 2. Time schedule of preparation of cold atomic sample and procedure of EIT-AT experiments.
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Fig. 3. Atomic energy level schemes of microwave measure-
ments: (a) Atomic energy level scheme for microwave fre-
quency at 14.2 GHz; (b) atomic energy level scheme of for
microwave frequency at 9.2 GHz; (c¢) atomic energy level

scheme of for microwave frequency at 22.1 GHz.
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Fig. 4. Examples EIT-AT splitting spectra obtained in cold
atoms with different microwave intensities. The yellow,
purple, green, blue, red and black curves in the figure rep-
resent the measurement results when the microwave elec-
tric field intensity is 0.007, 0.558, 1.114, 2.222, 3.523 and
5.583 mV /cm, respectively. In the cold atom experiment,
the power and diameter of the probe laser are 500 nW and
100 pm, respectively, the power and diameter of the coup-

ling laser are 60 mW and 300 pm, respectively.
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Fig. 5. Comparison of EIT-AT splitting measurements res-
ults in cold and thermal atoms samples at microwave fre-
quency of 14.2 GHz. The blue boxes represent the results in
cold atomic sample and the red circles represent the results
in hot atomic sample. The experimental parameters are as
follows: In the cold atom experiment, the power and dia-
meter of the probe laser are 500 nW and 100 pm, the power
and diameter of the coupling laser are 60 mW and 300 pm;
In the thermal atom experiment, the power and diameter of
the probe laser are 60 uW and 800 pm, the power and dia-
meter of the coupling laser are 40 mW and 900 um. The

data of the thermal atom experiment are taken from!3-.
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Fig. 6. Microwave measurement results at 9.2 GHz by cold atoms: (a) Results measured by the EIT-AT splitting, the blue boxes

represent the experimental results, the lower limit of the measurement linear region can achieve (300+£30) pV/cm. The solid red line

represents the calculation results of Eq. (1). (b) The measured results of the transmittance of the probe laser of the EIT peak. The

blue boxes represent the experimental results and the red solid line represents the numerical calculation results of the four-level

model combined with the Doppler effect [*2. The lower measurement limit can be achieved as (65660) nV /cm.
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Fig. 7. Microwave measurement results at 22.1 GHz by cold atoms: (a) Results measured by the EIT-AT splitting, the blue boxes
represent the experimental results, the lower limit of the measurement linear region can achieve (312+20) pV/cm. The solid red line
represents the calculation results of Eq. (1). (b) The measured results of the transmittance of the probe laser of the EIT transpar-
ency peak. The blue boxes represent the experimental results and the red solid line represents the numerical calculation results of

the four-level model combined with the Doppler effect [*2.. The lower measurement limit can be achieved (2974+21) nV/cm. The cor-

responding sensitivity can reach 1 uV-cm *-Hz /2.
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Abstract

Microwave electric fields are measured by using cold Rydberg atoms. We obtain spindle-shaped cold atomic
clouds in a magneto-optical trap and then pump the cold atoms to quantum state 5S,/, F' = 2, mp = 2 by
using an optical-pump laser. We obtain the Rydberg electromagnetic induction transparency (EIT) spectrum
peak with narrow linewidth by the low temperature and small residual Doppler broadening. The results show
that the typical EIT linewidth with 16 pK cold atoms is about 460 kHz which is 15 times narrower than that of
7 MHz obtained in the thermal vapor cell. The microwave electric field amplitude is measured by Autler-
Townes splitting (EIT-AT splitting) in the cold atoms at frequencies of 9.2, 14.2 and 22.1 GHz, receptively. The
results show that there is a good linear relationship between the EIT-AT splitting interval and the microwave
electric field amplitude. The lower limit of the microwave electric field amplitude that can be measured in the
linear region can reach as low as 222 pV/cm, which is about 22 times larger than the lower limit in the
traditional thermal vapor cell about of 5 mV/cm. The improvement of the lower limit by EIT-AT splitting
method is roughly proportional to the narrowing EIT line width by cold atom samples. This demonstrates that
benefiting from the smaller residual Doppler effect and the narrower EIT linewidth in cold atoms, the cold atom
system is more advantageous in the experimental measuring of the weak microwave electric field amplitude by
using the EIT-AT splitting method. This is of great benefit to the absolute calibration of very weak microwave
electric fields. Furthermore, the lower limit of the microwave electric field amplitude that can be measured is
smaller than 1 pV/cm by using the change of transmittance of the prober laser at the EIT resonance, and the
corresponding sensitivity can reach 1 uV-cm '-Hz /2. These results demonstrate the advantages of cold atomic

sample in microwave electric field measurement and its absolute calibration.
Keywords: microwave electric field Sensor, Rydberg atom, electromagnetically induced transparency
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