% 51% % 5H/2024 £ 3 A/HREH,

[d
b

HEW HERA, B AER
"TE R CE B TSR, VS KR 0300065
SR EEE ST AT, RO SRR TR E R AR, I K5 030006
* LV R 2 3 G 2 B I BR PGy, ILvE K s 030006
WE LT H R T 6S,,-6P,,6D,,(852 nm—+917 nm) B B BESL 4544 , LK Jy 852 nm [l fi = Y6 A S S WG, B I
T 68,4 5 2] v (8] K 7 6P, , I T A b Ak o DKl 917 nm £ 3R G4 A5 5 ot i M Ak Y ST A
W, HRm IR T & A T st N SC T TAE K 9 917 nm AR MG g IE 25 . 52060 1 PEAn i & 4> BT T 250 6
R R TRERIE, LW OC 515 56 R LR 1h 52 56 44 8 0 122 45 28 V6 2 8 Il g vk BE G S i, 78 1Ak Y T2 B8

T TUE D 0 Ve 3 G 3R AT 3K 2096, A AU 7 A 9E <60 MHzo B S A T 00 S U W9 AR R T4 L eR s TR E

{5 TG 33 J8% 2R 0 45 40 EL A YR AR R B T AR .
FEWE  EEH; LML MER; B
FESES 0562 XERFRERS A

1 5l =

J 2 B A R R OR A A B T AR T
FRGE P EBEAH T I F T A G U8 B
a5 T A SEAE L O S e PR P R, AR R
Bh L E S DG E O E ECGE AT N
FHAAE o R0 5 RR U0, 1Y) o 2 D8 D 2%
(FADOF ) Jt 0 % WL, 76 B RS2 56 J7 1w 09 W 5% 8 IR
AL ERETLRIRNGES Sl S EH T EF
A I s A i 1) & AR e T SE B R 4
FADOF By F 58 TAF 5 T e 25 28 8 Bk B BRAE
2, X RN R T AL T RS, T 8L FADOF (1)
7R R, R K 90% VA L H FADOF T4k
WREEEZR Y M, TR FEESZN
FEMKRITZL, E5NMNTFE-LHRTHEEN
FADOF (ES-FADOF) , & & 7 & — R Z WO i+
HIESEEAER P EEES, B TFARESEAR,
Hol 2438 B R A X FADOF 8 4I% , 7 96 % 7€ GHz &
G AT TE LR A SRR O S U8 D A kT (1 38 SR
H Ao 75 F) H 5625 2090 0k 75 BR AT 48 92 B0 A0 8 28 47 e
2= U8 U A5 BT I B T R °Cs 6S,,(F=4)—
TP, (F'=5) iy MK 40 BR AT 4%, 78 55 %l vl 4 % (<<6 G)
MR BT TAEBE KN 455 nm EAH i G R N
9.7% it 55 R 6.2 MHz I AE 4k M e ¢ g P a8 s 56 T

DOI: 10.3788/CJL231228

B JF 1 YRb 5S,,,(F=2)—>6P,,(F'=3) /) # K5 41 Bk i
S e LI RFRE VA 7§ o ] B ) R I N 5 s )
UL, SEB T TAE B K 420 nm W {5 33 998 K
2.1% M98k 17.8 MHz By AR R L 08 W28 5 h
TN RO B ST TR 58, (F=2)—
5P, (F'=3) Wy A8 K 40 BR AT 48, 72 8 IR F &R 48 h SE 81
T AR A g 780 nm | W AR S 8N 2.6 06 A T8l
7.1 MHz ) FADOF "' ; 3 T #n J& -+ “Rb 5S,,(F=1,
F=2)—>5P,,(F'=2) = fg 4 N\ % e ff J& N 55 W R 45,
FH A TR0 5 S 15 5 AR | e A, S T T
PRI S 795 nm | U AE 7 S 3 R Ak 33.200 Al
10 MHz G208 . BT MAE R Z M BRIT 4 M
Al 2 M ot U8 Ul AR A 5T A X b0 AL ) T AR
JEH T RD 5S,,,-5P,-4D,, M B B RE R R 58, LB T
TAEPE A 1529 nm W {H 35 5T 5k 63.8 %0 55 % M 75
i e b 546 MHz (B A ) @ 2k R 7 U8 Ok 2
(IDEALF) "™, X # IDEALF o 7E 8 Ji 7R & p
SEEL

A SCHTF HCs 6S,,,-6P,,-6D;,,(852 nm+917 nm)
B BR R BES R S8, 6 I Kl 852 nm AR5 917 nm
EREPI R CY e et Rl i NNl 1 s = R g 14
RN 4P IDEALF #7280 S JE LML= B W 27 i 17 T
WY 45 R 8 A BN X,

Wi BE. 2023-09-22; f€EBEH. 2023-10-16; KA HHE: 2023-11-08; MEKELZBHE . 2023-11-17
He&mB.: BHEARP %A (61975102) . 1 i 4 H R FF 2 5 4 (20210302123437) | 1 74 44 & 45 6 B H Q0 B i ©

(2019L0101)
BEIEE: ybd@sxu.edu.cn

0508001-1


https://dx.doi.org/10.3788/CJL231228
mailto:E-mail:ybd@sxu.edu.cn
mailto:E-mail:ybd@sxu.edu.cn

#5514 F5H1/2024 £ 3 B/ E#N:

2 SN U N R

b5 S5 A DG 4 R REL I 1E] 1 TR, R 7S
6P, F1 6D, 1 H SR 2 58 53 5 o4 5.2 MHz #1 3.1 MHz,
WK Ry 852 nm 1 (B i F 6V Sk 282 1 ot , L0003 o fy
F Wi G 3% 5 3% 3 6S,,,(F=4)—>6P,,(F'=5) L4 Bk
ELAL B )5 SRR AT RE 4R 6S,,(F=4)
A7 JE B v Al K 2 6P, (F'=5) B ks anee 9%, th T
5] i 415 ' B9 AE FH L JR T 78 6P, . (F'=5) 25 1) 2 & T-hE 4
AR BV E T AR A . P 917 nm [ 4R
TR A R A5 5%, v & Wl 22 A7 B B o6 4k, I
BRI RS 6P, 6D, Z M4, e 2 ik
W) JE T A BB, 2205 o AT E o TR i IR 41 43 7E JRF A
Jo B R A AN TR e 28 B0 A AR A B AT 2 i
AR 5 w3k 7 1) kAR T R A RO B R AT 4R
B A 5 e R PR T 1) JL T ASTE &, DT S 31 T JiR A i
MG S PR B, B IDEALF 248 P 2% . B

L =RYUR T S5 PO EAE, 7R85 5Ot
WU T, Hoo B IRE S BB AL S T RoR Ry

6Dss Imp=F ”>

A
(F ”:6) "
= ] =
g I g
I
]
I
I 917 nm
I
6Py Ime=F ’>
(F'=b)
6S12 Imp=F) 852 nm
(F=4)

Bl 585G H ™ Cs 6S,/,-6P,,,-6Ds , B 46 T g 2 4]
Fig. 1 Relevant energy levels of "Cs 6S,,,-6P,,-6D,, ladder-

type atomic system

Nvo/lgsglz [* 2721(A1 + A, )+ }’zAl + i(z}’zl}’sl + YY1 )]

(1)

X’: g 2 2 2 ’
h50{4()’32+ iAz) [}’31+i(A1+A2)J+~QlZ} [}’z(AIJfVEl)JV 721(2{]

Ao Ny AR PR RO B 0 O hr
U AR 5 g0y R 6P, > 6D, BY HL M A R AE A 4 5 A F1
Ay 3 00 R e FUAE S e W R Ry =
V2 (yo+ ya ) HEEA m—>n ) 3 K Z R ;0 B
b B 50 A e M E S TR L B, BB RN 1 AT
A1, 852 nm B ¥R Rt o R Tt A 6S,, 0 &
) 8] 9% & A 6P, , T B AE RO S 45 A %E
S TR oA R S R A T AR AR | e | B R Y
TRES b o K 917 nm MR w4k 15 506, A A
e [ it B 06 20 43 5 E W b A8 s F A A A 5 R
SR — 5 AT Ak R UL, 22 W AH VR FH A S i — T,
Wo FmMIRA DML FEy, ~0, B—BEX,HF
SO A A AR PR o O R B R o FNZ 22 Aa
CIE=Ys|

a:a‘vLaf:%Im(X‘Jf)(f), (2)

Aa:a.*a,:&Im()(‘*)@), (3)
.

itqj szj‘j 6P",/24>6D;/2&ﬁﬁ/‘]ﬁb@l%,fﬁ‘jﬁéEP)[(A
Mo AR T OL R IR TR A o T RN N

= Re(y:—x-), (4)
XL FRENKE . 255 0 o ik ik a4
4385 3 5% TR 2oR Ay

T=Lexp| — | cosh[ 22 )~ cos(20) | (5)
—Eexp 7 COS T COS @) o

WA B IDEALF HE 26 M 627 08 I 4% 1 B i
Jirt PR 5 D8R S I A iR O 1 — R Y R AR AR Y
Ji A ot S B4k e PR O O iR T & AR T e R L IX B
XA S Iy AR F e

SR R B RN 2 B s, B OEANE SO
M 5 G B SR OGRS R AR . K H 852 nm
Y 38O 8 3 2 I R (HWP) F Sz Jy I 38 #% 85 (PBS)
ez ge o R = B — IR TR AR R WO 1 S 5
(I 2 v o m ) 5 28 3 O AR 4 1 o] 3% 31 R -
P BR A Ab 5 R A E o SR AR M AR ROk
27 U8 U AR SC 50 b B O, HE o W BE (DM, X
852 nm PO RS, % 917 nm OB A S L) 5 917 nm Y
SEOEH R TR E (Cscell 2) A R ES, <
2 Cs cell 2K JF R 50 mm, B 428 25 mm, N 2% nh
AR 3 I IR T IV e P AR L A o AR B 4 o
fEZE R — 150 CAA IR E N 1°Co AR
CsCell 2 T — X IEAL I 2 -BEM(GT)REZ
6], H3H % H ik 100000 : 1, 23 52 10 B 5 27 38 9% 48 X 75
MR RO B0 BE ) o L HE N G ER 4 Bk 2
UE AR Ay, 917 nm {5 5 Ot o U U AV IS 7RG LR
s (PD1) Ab , {8 7T 48453 IDEALF HE €8 1 6 2% 0k ik
I ETE A 5, L G-T b B Xl Bk 7 ) 1R B RS
AT BEHE A5 6 58 B (U B T 22 ) 1 HUAE R 2 U
W 0 35 SR FE WO 515 5Ok A ) 4% i i) S
5 R AL Sk T3k A 8% AR 1Y 852 nm FE I XS O A4 g
WS S WM B S, 7E PD1 Z /i, iE T — o

0508001-2



#5514 F5H1/2024 £ 3 B/ E#N:

8BS i Taissar HWP1 HWP2 | SAS HWP3
7D4 N\ M1 OL optical isolator;
oI PBS: polarizing beam splitter;
PBS1 PBS2 PBS3 HWP: half wave plate;
QWP: quarter wave plate;
Cs Cell 1 M: mirror;
. I I,, DM: dichroic mirror;
M2 PD2 .
l | DM3 G-T: Glan-Taylor prism,;
IF: 917 nm interference filter;
: ------------------------------ i PD: photodiode;
M3 M4 H === QWP1 QWP2 === : Cs cell: Cs vapor cell
H ]
] ]
1G-T1 ]
I
e Em Cs Cell 2 ;
 EEE—
" HVIRNS I
]
I
0o12 l] i N i
917 nm laser PBS4 ' DM1 |

B2 A i Pk SR T RO AR IDEALF SE 505 R &
Fig. 2 Schematic diagram of IDEALF experimental setup

U K 2 905 nm | 2 W 4> 58 32 nm (Y 21 A U8 U R
(IF), #£ 917 nm &b F 3% §F %3k 92% DL b, 5 =3
852 nm It , 5 — 4 917 nm BOL R E S — R T
RE Cscell 1 e m #E &, 78 PD2 40 35 15 W &k &
6P,,-6D;,, 8 K 41 BE 9% BK 1E 14 06 24 XA g 0 0 O 1%
(OODR) "™ {E# IDEALF Ak £ M 2 0k 0% #e (5 5
WA R S 2, 78 A A SE 5 2 B0, BT A7 D
IR L LA IR U 815 5 5 OODR G {5 5 [ i
Tk,

3 SERER NITE

4 852 nm [BI i 41 22 T G A LR T 6S, . (F=4)—
6P,,(F'=5)BKiF 4,917 nm {5 5L 7E i & & 6P,
6D, BRI 4k Z [ B R 4, HL 1) %5 221 pW i, [\ |
S Ti) Z5 3R P R 2 56 A8 B R IDEALF AE 28 1 8 I 2%
() B 05 5 G0 B 3 T o FE R T S 56 A8 R Hp A Y
KT K 12.2 mW , WCs Ji T IR E N 40 CHT, 3k

1.0 F
—— OODR
08 F
o
S 06F
2
B
04 F
g
= counter-pumping
0.2 F- - - co-pumping
ik , - o’

-400 -300 -200 -100 0 100 200 300 400
Frequency of 917 nm laser /MHz

B3 MR IDEALF Ak 2 27 8 5 & 06 15 i £k
Fig. 3 Typical IDEALF nonlinear optical filter spectral curve

78T LA IDEALF 38615 5, Hg (8 5% 5 R ik
20.9% , % & W 7 A4 98 (ENBW) i 47 MHz; £E [ [f)
S A AL S O Y R 8.9 mW, Cs i RE
6 EE R 50 CR L AR A3 T g JE 4R 9 40 X IDEALF
TEEAE S, HIG (B B R 3k 9.4% ,ENBW i 138 MHz,
XF =AM RS ARG, RS S RE
Ji A% ) S B, S Doppler-free [ #9 #, &
AT R0 5 2 IDEALF 38615 5 06 (8 15 5 R 4 A
] SC 06 AL A — i, LB M A E S si s A
YE R — A 627 8 B e, i i PR g A B S E ZHE AR
O B R ORN AE RLWE RS N S5, R T 4 B i AT 4 bt
Wit
3.1 IDEALFI LM FIRIEFNIEEEH REIE

SHMEK

B4 Sk Ha R 7 = R E 43 i b 30 °C L 40 C
50 °C .60 CH} A IDEALF 355, Kb st 2805
B3 —3. BEE RN, <= N R BUR R
B0, B S M SN 5, 3 B IR AR 917 nm
15 5 6 e 5% () F BE 1G i, DR L 0 B O O R R T
R B, MR UE— 2B S R 0 R OGS
¥ B HOR kb F a3 & 4 6P, b Y R B0t 26 SR
o, FXE 917 nm A5 5 6 A7 FE WO RN, T 300
BEHR R TFREES W} E— DRI E TR
FARE A E S BN o R ) SE K A AL R PR R IR
JE Sk 40 °C, [R] 1] 52 56 48 AU 1 R 7 <%= TR E b 50 °C
X FP AR At 5 2 AT A R 7 IDEALF 1Y 55 5% 45
—

P A 0 DTG 2 8 A M BE L TEAR OB B 1 R
P ) OR A JE A TR AR O . AR DR AR Y R R
FUR AT, — R T 852 nm il 6 Y R 4
IDEALF B8P A5 0952 o MR 6 (a) AT DA )«

0508001-3



#5514 F5H1/2024 £ 3 B/ E#N:

@ o01f

— 50<C

Transmission
=)
—
T

0
0.1 F
—30 C
0E ——-——F'/-kg
-400 -200 0 200 400

Frequency detuning of 917 nm laser /MHz

®) 02F

—60 C

—50 C

Transmission
o
T

S

—40 C

—30 C

0F

-200 -100 0 100 200
Frequency detuning of 917 nm laser /MHz

K4 IDEALF {55 B 4 J5 <05 il 8 19 28 4k, (a) [8] 1) A2 A 3L (b) Sz 1) 2 4 784
Fig. 4 Changes of IDEALF signals with the temperature of cesium vapor cell. (a) Co-pumping configuration; (b) counter-pumping

0.25
—m— counter-pumping
—@— co-pumping
0.20 S
/ —n
g ! \
é 0.15 F / o
: | - N
= owf Na
g /././.\.\.\ \
[ o—® .\l
)
0.05 F ./
./
0

20 30 40 50 60 70 80
Temperature /°C

KI5 IDEALF {55 W H 175 5 5 ol s J 10 4 3l BE 0 722 Al 2%

Fig. 5 Peak transmission of IDEALF signals with the

temperature of Cs vapor cell

] 1] ZE 0 B IDEALF 3 90 (5 5 05 & 08 — D BRIG 25 4
PR 3G 8 P A 5 R 1) ZE T OB aR A8 55 1 IDEALF
55t 2 5 B0 25 4 (B BE 2 220 6 T R A 8 m
IDEALF {5 5 T0UH 73 24 M1 g B 8, 2 R 454, 1%
Wk U ) 2 B AR g AR, W 6(b) TR, X T BE
JE R OGS BN Aulter-Townes 43 24 B4 il i
P 2 (5) 3155 AT A0 - 24 852 nm % % T 2 L A /N i)
02,=1.9 MHz(/NFH[0] 25 6P, , 1Y A SR £k 55 5.2 MHz) ,
IDEALF 55 /R T Huldg JLPR 1 RRAF , BP0 =X g
W A% 5 24 O M T BRI 2,=13.2 MHz,
IDEALF {5 % %8 55 i 26008 3 0% 25 5% A8 Ol £ 35 008 ik

configuration

L E 7R

Wil 5 2R W R T E 0 1E i, v Ok A 6P, SR
i a3 2, [R) S 1) 52 56 4 Y A 8 O'G 2 e 1 38 3 %
ViRt 34, an &l 8 pir o, B ) 52 55 A9 AU IDEALF
{5 5 W 1 375 5 238 K T[] o) 52 35 44 7Y
32 IDEALF&MAFZREBNENRE TR

XWSHHEN

TECE IR o RS, R A 9 2 — AR
EENSE Mg bl R A0 IDEALF /7 %
AR R e A 58 B RN 5 IDEALF & 8§15 5
2T 7 A TR e BE HRUHC U (B 75 St SR i, i 6 g L 1)
AT TR S, A B /N X S R R O B 4 g
5

J S(v)dv

W innw = OS( o s (6)

K :S(v) N IDEALF 155 W38 5 R 50 KR 556K
WS (v, ) N W (H 35 %

P19 Ay 7 [ 1) 2 YT 002 1] ZR 0 AR 19 0 T, 45 R e
7 58 ENBW B 6 5 <3 I S O 2 =32 0
o DNIEN9Ca) W LAE H - Bl 2 B A0 318 im0 S 56
¥y # %) IDEALF {5 5 19 ENBW Z5 {6 R B i3 s g A
R B Ea 35 Bt 4 852 nm ZE T G D) A 1S fin , ENBW &£
208 ETFRY N 9(b) F s . fEPLA LS HGE
BBl R ) 2 W A SC 56k A rf ) IDEALF 5 5 1Y
ENBW i B Jy 7~60 MHz, B & %5 T~ [6) 7] 2 8 B 19

0508001-4



#5514 F5H1/2024 £ 3 B/ E#N:

@ o1
—8mW
0 1 1 1
0.1 F
——6mW
=
S
2
g 0(1) 1 1
§ .
=
— 4mW
0 _'—J.L_.
0.1 F
— 2mW
0 L e .|

-400 -200 0 200 400
Frequency detuning of 917 nm laser /MHz

® 02 F

— 8w
01} §m

Transmission
=
=) —
L] L

02 F
—— 4mW

0.1 F
0} .‘-I—"-J\I.\———ﬂgl—.

02 F
—2mW

0.1
OF .-‘4\ i

-100 0 100

Frequency detuning of 917 nm laser /MHz

F 6 IDEALF {55 B 852 nm ZEi eI ZR Y22 £k o (a) [F] 1) FE A4 22 O 7 U B 50 °C) 5 (b) Sz 16 2 3 A4 28 (73 Ul 40 °C)
Fig. 6 Changes of IDEALF signals with the power of 852 nm pump laser. (a) Co-pumping configuration (temperature of Cs vapor cell

is 50 °C ); (b) counter-pumping configuration (temperature of Cs vapor cell is 40 °C)

0.25 b —— 2,-13.2 MHz
- - - - Q=19 MHz

0.20

g

015

4

£

£ 010

-

E‘
0.05

-200 -100 0 100 200
Frequency detuning of 917 nm laser /MHz

Bl 7 BLE T BE 852 nm AL G D AR A HI N, IDEALF {5 5 h
2l 2 2 3 DR e Y B 8

Fig. 7 Changes of IDEALF signals from line-center filter to

line-wing filter with the increase of 852 nm pump optical

power by theoretical calculation

ENBW (90~140 MHz) . 7E # & =, % &
Doppler 2L, By 6 B BE 9 R 48 B9 ROE R i & A=
Apt+ActkpevtEekesv, Horfr, Ap FIAC 5 ) R 5
FIE S MR T 57 IR 3T 26 (0 90 R 5 38, kp I e h 5
ORGP K, v R IR T8 6 o 1) b i)l
Gy, kpev kv R oI I JE - JEOH B (1) SO RS
56 Doppler M fit . M F OG5 5 5L R F A
[ rh R T A& R, 6= —1, i~ Doppler U F f 7E — &

0.20
—m— counter-pumping

15F —e—co- i
c 0.15 co-pumping ./.
2 ~
g [
12}
g 0l0f . . _/
% ./0—40
5] u ./
v e

0.05 F o—

o/
0 il il L L L L L

2 3 4 5 6 7 8
Power of 852 nm pump laser /mW

P8 IDEALF {52 {1 % 3§ % Bl 852 nm % W 06 20 5% 925 fk
i
Fig. 8 Peak transmission of IDEALF signals with the power of

852 nm pump laser

B LA BRI L B &R 48 & — > Doppler-free 19 1)
R AEAE B A RON . M AL S F SO TE R
FA B R A, e=+ 1,5 1l 5 T2 WG4
B R TR S R G, K I ENBW A 1) 4 7
SCE AR R . XS T SRR A BE T REHR R
gt , B OG5 AE SO AL s i, & 48—~ Doppler-
free (4 S0 44 78, R MW 5 S B W (ETT) i 140 3%
oSBT 7R A pE AT R Y A PR D A IR B AR, A
SCHIE R

0508001-5



ERILL
(a) 80 160
70 | */*\*\ - 4 140
* \*/*\*
60 | 4 120
N o e =
= ’S * =
= 50F o e 1100 =
Q N )
Z o) Z
=Emyt 180 *
—%— co-pumping
30F —e— counter-pumping ® 160
20 1 1 1 1 40
30 40 50 60 70 80

Temperature /°C.

9

(b)

ENBW /MHz

#5514 F5H1/2024 £ 3 B/ E#N:

80 160
(O — co-pumping */* 1140
6o b —*- counter-pumping 1120
*/
50 / 1100 =
B 2
Qo *—* 180 =
a 2
30 | 1 60
=
. '/
20 . '/.’—' 1 40
wt 7 120
0 L— L L L L L g
2 3 4 5 6 7 8

Power of 852 nm pump laser /mW

IDEALF LR 027 U8 B A% 5 45 2 75 A 5 Bl 4t Jt 7 0 IR R I e D 3 i 728 1 o (a) 48 DU SR 5 (b) A e Ty ¢

Fig. 9 Equivalent noise bandwidth of IDEALF signal varies with the temperature of Cs vapor cell and pump light power.

(a) Temperature of Cs vapor cell; (b) pump light power

4% i

A3 HE T A48 JF T °Cs 6S,,,-6P,,-6D.,, (852 nm—+
917 nm) M BE BRI E L R 48, M= 44 TR TR ZE IR
B 852 nm I H TR AE S HOW IDEALF £ Mok 2
U8 Uk A U (R 37 ) 5 RN A5 A MR S 95 ENBW 9 521
FESRARIE T 286 515 5 6 R ) R0 1) A% i ), PR
b S5 K4 B B9 IDEALF 38 % 2% 19 X 31, 50 56 %50 4 3=
B ¢ 2 1] S B0 K R Y IDEALF U8 U %8 114 U6 {f 55 5 % o
= ENBW B % | £ 0 28 3 5 10 24 0 D 5 R ) S 56
¥ R IDEALF 15 5 B35 5 4 0 8 ik , ENBW 4
B AR ILAF 5 o B SRR F R BRI 2 1) Zats ok 2
PEUE AR o AT F LA 5 0 B R - 2t S ik ik A%
A 3 SR P AR W H A R, B e Y e 2 R —
B, R iE A TR R TFHERSE X Ta 2
A3 S U (8 B A L R AR R — N 3 B O E
T D0 Al 3 B e A MR B TE . SR8 R, 7E AR SR W)
S UG B LR R, Y A G I T RN R RS
—ANE AL T GRS EW S, B2 X
PR AR B IDEALF U8 % 8% 2 A7 BT 4, &8 A7 AH B 9
N AT S Y TR 3R A IDEALF 38 % 4% 1)
ENBW # H A% 58 1 FADOF %5 & /b — R 9%, e %8
WL T MHz, 4235 46 57 P B 3Ok A 0 B AR &
(5.2 MHz) , H X/ #E37 , N L7 — 26 oG SR 2ok 1
Y6 v HA W e Y AL

& % X #

(1] A2, BR BT, WA B, 45 . T 9K GO il B Mach-Zehnder
T AR A g TR I Ol Ul AR 0 BT (D). O AR R, 2023, 43
(11): 1113003.
LaiM B, Geng M M, Tan Y X, et al. Optical filter design based
on cascaded double-ring-assisted Mach-Zehnder interferometers
with bandwidth tuning capability[J]. Acta Optica Sinica, 2023, 43
(11): 1113003.

(2]  PNRR, A4 B, SUMAY, 5 T GO i me AT Ul Ot T

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

0508001-6

UEBAR[T]. BOL S T2, 2023, 60(9): 0913001.

Sun L C, LiJ Y, Jia Q Q, et al. Microring-based response-
switchable microwave photonic filter[J]. Laser &. Optoelectronics
Progress, 2023, 60(9): 0913001.

Tang J X, Wang Q J, Li Y M, et al. Experimental study of a
model digital space optical communication system with new
quantum devices[J]. Applied Optics, 1995, 34(15): 2619-2622.
G2, M ORAR, BRI, A5 BE TR R A s 0 B AT S A ik
P SR GO T BEGAR[T]. Je 274l 2023, 43(4): 0423001.
Gou Z Y, Yang B D, Zhao H S, et al. Faraday anomalous
dispersion atomic optical filter based on commercial-type hollow
cathode lamp[J]. Acta Optica Sinica, 2023, 43(4): 0423001.
Popescu A, Walther T. On an ESFADOF edge-filter for a range
resolved Brillouin-lidar: the high vapor density and high pump
intensity regime[J]. Applied Physics B, 2010, 98(4): 667-675.
BRI, BRI, B, S SRR 00 BT IR LA SR
0BG 27 D8 P& O S BRI [T]. O, 2005, 32(10): 1317-
1320.

Li F Q, Wang Y P, Cheng X W, et al. Faraday anomalous
dispersion optical filter atomic frequency-stabilized semiconductor
laser through optical feedback[J]. Chinese Journal of Lasers, 2005,
32(10): 1317-1320.

Zhang Y D, Jia X L, Bi Y, et al. Filter performance of a cesium
faraday optical filter at 852 nm[J]. Chinese Physics Letters, 2002,
19(6): 807-809.

Luo B, Yin L F, Xiong J Y, et al. Signal intensity influences on
the atomic Faraday filter[J]. Optics Letters, 2018, 43(11): 2458-
2461.

LiuY, Yang B D, Wang J M, et al. Demonstration of Faraday
anomalous dispersion optical filter with reflection configuration[J].
Chinese Physics B, 2022, 31(1): 017804.

KIS, AR, A4S . Cs 852 nm 35 45 I0H €4 HOG 27 1k Ik
FUFFELI] A E#OE, 2009, 36(s1): 110-113.

Liu S Q, Zhang Y D, He Z S. Study on Cs 852 nm Faraday
anomalous dispersion optical filter[J]. Chinese Journal of Lasers,
2009, 36(s1): 110-113.

Ling L, Bi G. Isotope “Rb Faraday anomalous dispersion optical
filter at 420 nm[J]. Optics Letters, 2014, 39(11): 3324-3327.

Tao Z M, Hong Y L, Luo B, et al. Diode laser operating on an
atomic transition limited by an isotope “Rb Faraday filter at 780 nm
[J]. Optics Letters, 2015, 40(18): 4348-4351.

Yan Y, Yuan J P, Wang LL R, et al. A dual-wavelength bandpass
Faraday anomalous dispersion optical filter operating on the D1 and
D2 lines of rubidium[J]. Optics Communications, 2022, 509:
127855.

Rudolf A, Walther T. High-transmission excited-state Faraday
anomalous dispersion optical filter edge filter based on a Halbach



ot #5514 F5H1/2024 £ 3 B/ E#N:

cylinder magnetic-field configuration[J]. Optics Letters, 2012, 37 cesium atoms[J]. Acta Physica Sinica, 2019, 68(11): 113201.
(21): 4477-4479. [25] Carr C, Adams C S, Weatherill K J. Polarization spectroscopy of

[15] Sun Q Q, Hong Y L, Zhuang W, et al. Demonstration of an an excited state transition[J]. Optics Letters, 2012, 37(1): 118-120.
excited-state Faraday anomalous dispersion optical filter at 1529 [26] Wang Y F, Zhang X G, Wang D Y, et al. Cs Faraday optical
nm by use of an electrodeless discharge rubidium vapor lamp[J]. filter with a single transmission peak resonant with the atomic
Applied Physics Letters, 2012, 101(21): 211102. transition at 455 nm[J]. Optics Express, 2012, 20(23): 25817-

[16] Wang Y F, Zhang S N, Wang D Y, et al. Nonlinear optical filter 25825.
with ultranarrow bandwidth approaching the natural linewidth[J]. [27] Yang B D, GouZ Y, Wang J M, et al. Doppler-free dual-excited
Optics Letters, 2012, 37(19): 4059-4061. state spectroscopy and its application for measurement of hyperfine

[17] Bi G, Kang J, Fu J, et al. Ultra-narrow linewidth optical filter structure of 6D, level of "¥Cs[J]. Applied Physics B, 2022, 128
based on Faraday effect at isotope S"Rb 420 nm transitions[J]. (11): 212.

Physics Letters A, 2016, 380(47): 4022-4026. [28] Fort C, Cataliotti F S, Raspollini P, et al. Optical double-

[18] Zhuang W, Zhao Y, Wang S K, et al. Ultranarrow bandwidth resonance spectroscopy of trapped Cs atoms: hyperfine structure of
Faraday atomic filter approaching natural linewidth based on cold the 8s and 6d excited states[J]. Zeitschrift Fir Physik D Atoms,
atoms[J]. Chinese Optics Letters, 2021, 19(3): 030201. Molecules and Clusters, 1995, 34(2): 91-95.

[19] Tan Z, Sun X P, Luo J, et al. Ultranarrow bandwidth tunable [29] Yang B D, Zhang J F, Wang J M. Narrow linewidth two-color
atomic filter via quantum interference-induced polarization rotation polarization spectroscopy due to the atomic coherence effect in a
in Rb vapor[J]. Chinese Optics Letters, 2014, 12(12): 121404. ladder-type atomic system[J]. Chinese Optics Letters, 2019, 17(9):

[20] Luo B, Yin L F, Xiong J Y, et al. Induced-dichroism-excited 093001.
atomic line filter at 1529 nm[J]. IEEE Photonics Technology [30] Tanasittikosol M, Carr C, Adams C S, et al. Subnatural
Letters, 2018, 30(17): 1551-1554. linewidths in two-photon excited-state spectroscopy[J]. Physical

[21) s, B4R, XURLHR, 45 . 807759 nm SOEREAE RO A U8 Review A, 2012, 85(3): 033830.

Was[I]. P EBEOE, 2008, 35(4): 488-490. [31] Mohapatra A K, Jackson T R, Adams C S. Coherent optical
He Z S, Zhang Y D, Liu S Q, et al. A rubidium laser induced detection  of  highly  excited  Rydberg  states  using
dispersion optical filter at 775.9 nm[J]. Chinese Journal of Lasers, electromagnetically induced transparency[J]. Physical Review
2008, 35(4): 488-490. Letters, 2007, 98(11): 113003.

[22]  Gayen S K, Billmers R I, Yang G N, et al. Induced-dichroism- [32]  Chakrabarti A, Ray A. Exploring hyperfine levels of non-Rydberg
excited atomic line filter at 532 nm[J]. Optics Letters, 1995, 20 excited states in a system using Autler-Townes splitting[J].
(12): 1427-1429. Applied Optics, 2020, 59(3): 735-741.

[23] He Z S, Zhang Y D, Wu H, et al. Theoretical model for an [33] Tao Z M, Zhang X G, Chen M, et al. Cs 728 nm excited state
atomic optical filter based on optical anisotropy[J]. Journal of the Faraday anomalous dispersion optical filter with indirect pump[J].
Optical Society of America B, 2009, 26(9): 1755-1759. Physics Letters A, 2016, 380(25/26): 2150-2153.

[24]  IRERDF, ARHERE, FAER, & TS AMmMRCIET] 9 [34] Xue X B, Tao Z M, Sun Q Q, et al. Faraday anomalous
H2Ed, 2019, 68(11): 113201. dispersion optical filter with a single transmission peak using a
Zhang J F, Ren Y N, Wang J M, et al. Investigation of the two- buffer-gas-filled rubidium cell[J]. Optics Letters, 2012, 37(12):
color polarization spectroscopy between the excited states based on 2274-2276.

Experimental Study on Ultra-narrow Bandwidth Optical Filters with
Excited States of Cesium Atoms

Zhao Hanshuai', Yang Baodong"*”, Xue Zhao', Zheng Lanlan'
'College of Physics and Electronic Engineering, Shanxi University, Taiyuan 030006, Shanxi, China;
*State Key Laboratory of Quantum Optics and Quantum Optics Device, Institute of Opto-Electronics, Shanxi
University, Taiyuan 030006, Shanxi, China;

‘Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, Shanxi, China

Abstract

Objective Atomic optical filters have a broad range of applications in several areas, including atomic clocks, free-space optical
communications, and laser remote sensing systems. The Faraday anomalous dispersion optical filter (FADOF) is one of the most
popular optical filters because of its narrow bandwidth, high transmission, fast response, and high noise rejection. As a result, it has
been intensively studied both theoretically and experimentally. The FADOF is based on the rotation of the polarization direction of a
linearly polarized light signal when it passes through an atomic medium in a magnetic field. Most previously published studies have
focused on the FADOF of the atomic transition between the ground and excited states; consequently, the selectivity of the operating
wavelength of the FADOF is often limited. Some scholars have further investigated the FADOF between two excited states (ES-
FADOF), owing to their abundant transitions. However, the bandwidths of the FADOF and ES-FADOF are usually of the order of

~GHz. Currently, the investigation of atomic optical filters with ultranarrow bandwidths remains a focus.

Methods Based on a '"*Cs 6S,,-6P,,-6D.,, (852 nm-+917 nm) ladder-type atomic system, we present an experimental study on a

nonlinear optical filter with an ultra-narrow bandwidth, as shown in Fig. 1. A circularly polarized laser with a wavelength of 852 nm
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was used as the pump light to populate the atoms from the ground state 6S,,, to the intermediate excited state 6P;,, and to polarize the
atomic medium. The polarization direction of the 917 nm linearly polarized laser as the signal light, with a frequency in the vicinity of
the 6P,,,-6D;,, transition, was rotated when it passed through the polarized atomic medium. The experimental setup is shown in
Fig. 2. The temperature-controlled "Cs vapor cell was placed between a pair of Glan-Taylor prisms with perpendicular polarization
directions; the extinction ratio of the prisms reached 100000: 1. The 852 nm pump and 917 nm signal lights overlapped in the "*Cs
vapor cell and were then separated by two dichroic mirrors. Subsequently, the signal light passed through an interference filter
and reached a photodetector, enabling the realization of the induced dichroism excited atomic line filter (IDEALF) operating on the
6P,,-6D;,, transition with an ultra-narrow bandwidth.

Results and Discussions The influences of parameters such as the temperature of *Cs vapor cell and the power of the 852 nm
pump light on the peak transmittance and equivalent noise bandwidth (ENBW) of the IDEALF, are measured and analyzed. In
particular, the difference in the IDEALF between the two experimental configurations is investigated when the 852 nm pump light is
co-propagating or counter-propagating with the 917 nm signal light in the atomic medium. Notably, the Autler-Townes splitting
phenomenon in the IDEALF spectral signal is observed for the counter-pumping configuration when the power of the 852 nm pump
laser is relatively high (>4 mW), as indicated in Fig. 6, which is in good agreement with the theoretical calculation result using a
simple model, as shown in Fig. 7. As a typical result, the IDEALF in the counter-pumping configuration has a higher peak
transmission and narrow ENBW in comparison to that of the IDEALF in the co-pumping configuration (Fig. 5, Fig. 8, and Fig. 9).
This 1s because the counter-pumping configuration is Doppler-free with an atomic coherence effect in a ladder-type atomic system,
which has been confirmed in many other experiments, whereas the co-pumping configuration is an incoherent experimental system.
The difference between the two experimental configurations causes a significant difference in the ENBW of the IDEALF. In our
experimental parameters, the ENBW is in the range of ~7-60 MHz for the counter-pumping configuration and the ENBW in the
range of ~90-140 MHz for the co-pumping configuration, and thus, the ENBW of the former is approximately half of the latter, as
shown in Fig. 9.

Conclusions We demonstrate an IDEALF with ultra-narrow bandwidth in a ladder-type atomic system and compare its properties
under two different experimental configurations. Under the optimized experimental parameters, the peak transmission of the IDEALF
reaches ~20%. The ENBW of the IDEALF is at least one order of magnitude narrower than that of the FADOF (~GHz). The
narrowest bandwidth of ~7 MHz of the IDEALF is realized, which is close to the natural linewidth of 5.2 MHz of the intermediate
excited state 6P,. Under certain experimental conditions, the IDEALF signal exhibits two distinct profiles: a line-center filter with a
single transmission peak is obtained for a co-propagating experimental configuration, and a line-wing filter similar to the popular
FADOF 1is also realized in the case of a counter-propagating experimental configuration. Both of these profiles have significant
application value in detecting weak light signals and eliminating the influence of background noise light, particularly in the case of a

non-magnetic environment.

Key words optical filters; nonlinear optical effect; excited state; remote sensing
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