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Fig. 1. Level diagram and excitation scheme of the Rydberg-EIT, possible setting, and spatial distributions of the nonlinear res-
ponse function. Energy levels |1), |2), and [3) constitute a A-type EIT configuration, where the probe laser field FEj couples the
transition |1) <+ |2) and the control laser field E. couples the transition [2) <> |3). A; are detunings and I7j; are the spontan-
eous-emission decay rate from |I) to |7). The A-type EIT is dressed by a high-lying Rydberg state |4), which is far-off-resonantly
coupled to state |3) through an assistant laser field E,. An incoherent pumping (with the pumping rate I1) is introduced to
pump the atoms from [I) to |2). The interaction between two Rydberg atoms is described by the van der Waals potential Vigy
(given in the text). (b) Possible setting of the Rydberg-EIT system. (c) Spatial distributions of the real and imaginary parts of the
nonlinear response function, Re (W) (the red solid line) and Im (W) (the blue dashed line), as functions of & = z/wo.

.0 . . . 0
15,11 +ilo1p11 —il13p33—pp13+ 25 p31 = 0, (2a) (1 + d41> pa1 + $2ap31 — 25043

t ot

B . . . - N /d3’°/Vvdw(T/ —7)paa,ar(r',7,t) =0, (2g)
- pa2+iln1p11 —il53p33— 2cpaz+ 927 p32 = 0, (2b) !

ot
.0 .

o 5 +ds2 | p32+92(p22 — p3z) +25p12+ 82, paz = 0,
i, pss 4 1L5ps3 — isapas + pp13 — £ ps (2h)
+ Dcpog — 27 psa — 2apsa + 2, pa3 =0,  (2c) 9

(lat + d42> paz + (2.p32 — $2cpa3

.0 . «
15 P +il34p44 + (22034 — 25 paz = 0, (2d) - N, / Er' Voaw (1" — 1) pagaa(r',r,t) = 0, (2i)

.0 * *
(lé)t + d43) pas + $2a(p33 — paa) — 25 pa1 — 2 paz

.0 %
<18t + d21> p21+ 2 ps1 — Spp23 =0, (2e)

— Na/d?’r’Vvdw(r/ — 1r)paaas(r’,rt) =0, (2)

T d31) port fBplpnr = pas)+ Lepm + Lo =0, HoH dog = Ao — A +ivas, I H yas = (Lat
G myjeade wm =Y LR IERI)

133202-3


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. 71, No. 13 (2022) 133202

[0 AR RE R, FL R Do R RE R 8) B A %
o) (9 F1 RSS2 UR% s 700 R REGR8) RIS o) Iy
SEART R, i R TR S R . 7
T A S AT TAE % pagu (7, t) =
(Sap (rt) Sy (', 1)) 32 7R VR S T 19 - 9,
T PRI A 4 T ) LAY A R

PRIDEI IE4% 30 12 th Maxwell 77 FFfif
ik, TEARAE AT R S

1 jzﬂ+‘Ejz ) +_4£, j?i,+_f§i ),
0z cot) " 2k, \022  oy2) "
+ k13p31 = 0, (3)

HP A ZE k13 = Naw,p Ip13|° / (2c0ch), Ny 3R
JR R RO TR ) AR o F1 y E‘J:l@/l\gﬁﬁ‘

TR IR AR A E AR i B A TR

NSRS BT AR AR 1S, AT L4 Maxwell-
Bloch 5 #& (2) Hi1 (3) ff i faIR S0 % (A=K
TSR, Mot R TR AL B R IeAh, BB
Y 5hesk3), |4) ZIRIERIE i R iR A, B 2
FAF|As — Agl > 2, B A AR/N—3 53 5 T fE
PR B BARAAS. i TR R B L i A
W RN 2, ]l T R R TF . 9, =
PRSPV TNEDDRNCIVE =S Vil
e, Hope J&—ANIE T 2,/ Q2 1/ Rt Je
F 18 A Maxwell-Bloch 75 #2 (2) I (3), 7 %f 7
RBZYORAR YL FEEBITEEH (01)) EMT, 38
MIA 2 R 2, HALT B 14) b T Ja 4
WA LA, JFE (2) A (3) LN

Pﬁ) = —I3X/[To1l13— (Io1+113) X + I (Ios+Y)],

pé%)=le(F13+F23+Y)/[F21F13—(F21+F13)X+F21(F23+Y)},

pé%) =—InX/[Io1l3— (T +13) X 4+ o1 (Tes +Y)],

pg%) = [— <d42d43 - ‘Qc|2> Pé%) + (d42d43 — 02" + |~Qa|2) pé%)} 2./Z,

o = [displl) — (Ao + dg) 1] 052,/ 2.

ol = |1l o) — (daadas + 121" = 121) 02| 2/ 2, (4)

Hp X = 2Im[(dyadas — |92.)%)|02:|2/Z], Y = —2Imx
[(daadaz — |22 +12|2)[92.1%/ 2], M Z = dsadsodaz—
|2 [2d32 — 2|2 dus . AW FERE M TT I Z R R
E, ) = o) = oD = 0. M-I 25 R 1T LU
5], AT AT A (o = 0) B, o0 = LT
3 R TR R R, FIL, M RGNS
AAEARF I, S0 K TC R T AR 52 B S
LN a2 25

il A 4R I 7 4% 4% 1) A St D B AT LAFE =)
(O(3)) LM TRRN. N T I H )5 1m0 HE, 5
7 4% 5 R 5 I B R T X

+/E8W@ufnU@x0FU@¢>:a (5)

/ﬁ\:':'jy ﬁ?ﬂ”%ﬁ@%iéﬂ}fﬁ'@[f = Qp/QpO (QpOIEEf?'/_é
W57 B R AE 7 EEATOR ), T 4 AL A5 ¢ = 2/ Laier

\
( Laitr = 2kpywd S&FFAEAT FHE B wo & MG Y
WIEEAR), LI (&, E) = (z,2") /wo. ToREIIE
PV (&) FiR N
Na(ep - P13)2 -ngg

6002h

do1dsn (pég,) *Pg(i)) —dan Qcpég,) —da Q:PA(L%)

X ) (6)
D

HoP D = dyydaydyy — |27 day — |92,)7 doy ; 3B R 35
AR PR N PRV (& — &)l KIAN
N2 (ep - p1s)” 23w doy 27 023

€0c3h

X//dndCG(f’—&n,C% (7)

V(§) =

WE - ) =2

Hrr

3 4

G=§}%W8—amw/§j&VW—amo%

=0 =0

133202-4


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. 71, No. 13 (2022) 133202

(RECA;, B BAKM RGES B E M4 g =
y/wo. TEITHE (5) MIHESEh, 24 1 i — 2Dk in] @,
MRS AR I AE v F 2 77 W) | 3925 (8] 4376 18 K
TR B - AR AR B VG (%5 ]
FHEEAPH ZE Aok 20w, W T 5 (9) HhysE
). B, AR RS ARG R R BRALTE y, 2 J7 ) b AT
AT ABL A J e 7 e KR, AR BE o 5 ) B A 3R SR I
PR HWK, 2 (5) thZ2E T BT IR FAIEAE
FHE IR s /RAEZeME:, 3302 P PR o 10 5 2%
T, 6T ARG R R AR L B
18- BRI B AR 5 1 1 S /R FR LM/ N LA
B (Rik 5EFHERER; F&ESETF%E
197 J7 BLE ).

R T TGl LR A RS [R) 40 ) B, T T
PIALFRIRAYEE 87 (837Sr) JRFUAR I, JTRE
Fk M) =152 1So, F=9/2, mp=-1/2),[2) =
|5$2 1Sy, F=9/2, mp=3/2), |3) = |585p1P1>, A
K |4) = [5sns'So). F i FEHE K n =60, XN
RHEMEERECs ~ 2n x 10.9 GHz - um® ; JEAHT 5
RN T =~ 21 x 0.1 MHz; H R385 080587y
Gk Iy =T1a~2nx0.1 MHz, I3=113+Is=~
2n x 16 MHz (I3~ Ibs), LA M I'y = I'34 = 2nx
16.7 kHz; JR TSR ERCN N, = 1.0 x 1012 em™3;
S 54l Ay = —1.186 MHz, Az =50 MHz,
PAK Ay = —100 MHz; $%i 37 LA L5 B 3 9~ i
oA R 4 BN 2. = 20 = 15 MHz DA} 2, =
2,0 =10 MHz. M\ bS50 HUE W] LLF )3 2
PAR G AT IS BN L, B Ag — Agl /02, = 15>
1. BEBERIDELE o J5 ) BRI A wo =10 pm
(OGAE y J7 1) b A AR T wo , BIARIN G A
HIAENGEDE Y, e o ) b, KEhTE v )
1), AT RN R G RER B A Lair=1.4 mm.

i UL EZHOF i — P 2,0 ~ 0.1 MHe,
AT DA B A LA e 17 bR S A ik 2

W(E — &) ~0.02 // dnd¢

—1
(6 = &) + 1% + 2k ? ’
x ¢ 141041 + 5 7
(0.48Ry)
(8)
Forp BAEERFH LR Ry
Ry = (|C6|/|5EIT|)1/6 ~ 5.6 pm, (9)

St = [$2a]2 /| As — Ay| o7 EIT 35 BH B 11 550%
VR TR, R (8) P g H A AR e M e 10 pR £5 2
H—AEry, B [dEW (&) ~ 1, X 5 Jayalith BR 1% A T
W =€) —=6(& - OMFF—3. RTH 87 A
A A E WG B B AEA- A EAEH (Cs > 0),
P AT LIAS R Re(W) > 0, BIFHE (5) WAy 5a /R AR
AME A RER, O T R H L
B 1(c) 25 1 A et mm 17 o 50 S 58 RN R 5 7
x J7 18 BB, B Re(W(€)) Fl Tm(W(€)). MIE
AT DLER], BAR WERANEEL HE LSRR
HR— BRI L, e W Rl A S5 it
Gh, R T SR R R AR LR AR R AR,
AR 0 = Ry /wo. M LIS 159E 535k
J¥ o~ 0.56, (AR R o B ) DL i o
FEBHIE A2 Ry SERIDGAUE AR wo e SE B

FIEHATA L, 7 (5) H LRI AR T
23 (AL E, R TR AR T2 (R AL AR I 2 S
WIPEFN PT XK, 245637 Fki B g # 5A 25 ) 4
. S, RSO E LI A R (s B
mrEA:

V(£ Q) = Vo—[Vicos(KE) —iVasin(KE)] f(¢), (10)
Horp Vo w8, Vi (Va) ot 8ens [l 8 1 35 43 5K
#B (EHR) BIIREE, K225 AR il B 4 22 (3
A =2mwo /K ); 734 BRELf(O) BN

£(¢) = % {tanh (< CSC"“) — tanh << Cf"ffﬂ . (11)

FORICA RS (BRI TE 2 071 R, o
Con's Cotr FN G20 B /s S AR T 404 T FF N 5 PAT (1)
A7 B LTI RIS P T B BE B . G2 35 2 (]
A I 43 BT R VR FH AR Y T EIG, 1 B R &1
V(E,CQ) =V(=£0)", BN V(EQOTE =07 1 B A
PT XK. FEH, fELRPERSOL T (R g Rk
eI, 24 Vs > Vilt, EIG &4 H & PT X #K
373

BT EEANRE S, BFEER (10) &
T L S A T I 05 9725 10 63 70 e 52 .
S 3o PSR (46, 47) RO EE, REAS TSR
5 R B 0 L 2 Oh

2.(6,0)/ 20 =14 0.03V5 sin(KE) f(C), (12a)

9a(§7C)/9ao

=1+ [3.44V; cos(KE) — 5.02Va sin(K€)] £(¢)-
(12b)

133202-5


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. 71, No. 13 (2022)

133202

M (12) ZATLAE ], 24 Con < ¢ < G (RIFEDG2:
P 23 (8] W IR A B BIG KIS, 455137 A )
Gl 5L L3 53 BIAE Qeo T 240 MR B AL, FEH
PRI S F2 1l 3 Bl 0 2 8] 49 A T DA 3k
£ EIG X3 P SR FH B 3R DR X84 M 4 il 3
I Bh ok SE 8, RITR 2E7E EIG X3RN = )7 )
BRI A — X AH ) A543 1 42 1 3 00— X AH ) A5 4%
(B (WP 1(b) thil BS LI EX).

FSL L, A B 2 (Rl ARt s
T2 (5) W R s IR ARG e 3 = A s (B R . SR,
R B T R AR 5 AT S R A 25 /BB AT
R BRI, I H v R AR LM A 2 (B 8 i /T
23 [AUANAR BB 4, BRI AT LA 22 JHL 3 [ )8 ) 350 4,
W Ry — 28 [ AN AR Y 4t

Kl 2(a) 5 T EIG SEARFIEFARTE o 751 Y
O34, B Re(V(€)) M Im(V(€)), JHHREHCH V: =
Vo =0.01. A] LB 3| EIG B SZH0AE = J7 1) b8
XTFREY, HESRAE = 7 1) A SRR, 754 PT Xt
PREGEER. [ 2(b) 45 th T # M MG BN G TE = 07
] (R A, B 020(6) A1 2.().

3 HWMTFwmITE =5

PHESERINE1EI7 #E (5) IF44 2 H bt
e (10) U, AT AR T S AT I 1o o't
PRF LA B e 7638 i PT %R EIG VER R &4
IT BT AS SCHIFSE 1) ) BRASE SR 7] 73 bl =430

0.010
S 0.005F
E
= 0
T
=
—0.005 |
—0.010F ,
—4 —2 0 2 4
z/wo

€ 2 EIG LA K451 3% i B 37 1 2 8] 53 A

2./

g1 4T (0 < ¢ < Con) FIER =EBA (Corr < ¢ <
L; L3RR B R B ) AR i e2E 34k 5 0
JEF SRR, TR (Con < ¢ < Con) JRFR
TR 4T 569 SRR 25 /WS P [ g 2 ) 0 4
PT XFARPE, AR PT X AR EIG. 2450037 4 F|
POGHECER, B0 < ¢ < (i, JrFE (5) BASEIR
T, R, YT R AR R AR R R 1) T
(o0 —0), BV 5d /R AR 0 R R AR e 1
mF, AR (5) B AR HE AR PR e TS R, 52
IF R

U(€,¢) = Asech[A(¢ — &o)Je ™™, (13)
Hrpr A BINFIIRIE, SoRmINF PO fiE. 4
vo R AR L AE R AR R IUE R F 55 K (0 — 00),
RPJRF B TR R LR Jy s AR R, R (5) i
LM T AT I ARA fRT TR A (49

/ﬁéwws—fﬂU@ﬂongxdz(Qo—Qﬁ%tL
Qo = Re(I)]e-o [ dclU”

Q2 = ~(@Re(WV) /0|0 [ 4V (14)
FERFHL T, TR (L R, T T
TS

1 _ ey /a0
U(£,¢) = \/—2716 VQ2(6—£0)%/2+iQo

—EEOL T, SERARLIERARRIE R T (0 > 0)

(15)

1.0003 1.08
1.0002 |
/41,04
1.0001 | !
=}
3
1.0000 P €
\
S
0.9999 i
V[ {0.96
0.9998 1! |/
0.9997 L 0.92

z/wo

(a) EIG i) S0 AR HRAE o 7 17 Y234, Re(V(€) ) (AL AILLLFIR) Al Im(V(€))

(R HR): (b) BEHIBASEBI S 1E 2 I LA, 20(6)/ 0 (LT G5B ) R 20(€)/ Qa0 (K GIEL AR, B, B b
H € =a/wy, W REEME R Vi = Vo = 0.01, Hit RESHTE Oh 4

Fig. 2. Spatial distributions of the optical potential and the control and assistant fields: (a) Real and imaginary parts of the optical
potential, Re (V') (solid red line) and Im (V) (blue dashed line), as functions of & = x/wg; (b) half Rabi frequencies of the control

and assistant fields, (2 (red solid line) and (2, (blue dashed line), as functions of & = xz/wg. In all panels, Vi = Vo =0.01.

Other system parameters are given in the text.
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Fig. 3. Propagation of probe laser field with different input amplitude: (a) A =0.1 (Py =0.02); (b) A =1 (Py =2). Other sys-
tem parameters are chosen as Vo =0, K =1, and o = 0. Panel (al) and panel (bl) show propagation results corresponding to
panel (a) and panel (b), respectively. The vertical white dashed lines in panel (al) and panel (bl) represent the EIG regions.
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Fig. 4. Deflection of the probe soliton due to the increase of gain/loss coefficient of the EIG: (a) Vo = 0.5, the deflection angle

0 =~ arctan0.4; (b) V2 =1, the deflection angle 6 = arctan0.7; (¢) Va2 = 1.5, the deflection angle 6 = arctan0.9. Other system

parameters are chosen as K =1 and o = 0. Panels (al)—(cl) show propagation results corresponding to panel (a)—(c), respect-

ively. The vertical white dashed lines in panels (al)—(cl) represent the EIG regions.
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Fig. 5. Deflection of the probe soliton due to the change of the EIG period: (a) EIG period is 4n (K = 0.5), the deflection angle
0 =~ arctan0.2; (b) EIG period is n( K = 2), the deflection angle 6 ~ arctan1.3; (c¢) EIG period is n/4 (K = 8), the deflection

angle 6 =~ 0. Other system parameters are chosen as Vo =1 and o = 0. Panels (al)—(cl) show propagation results corresponding
to panels (a)—(c), respectively. The vertical white dashed lines in panels (al)—(cl) represent the EIG regions.
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Fig. 6. Deflection of the probe soliton due to the change of nonlocality degree of the Kerr nonlinearity: (a) o = 1(weak nonlocality),
the deflection angle 6 ~ arctan0.7 ; (b) o = 10 (strong nonlocality), the deflection angle is the same. Other system parameters are

chosen as Vo =1 and K = 0. Panels (al) and (b1) show propagation results corresponding to panels (a) and (b), respectively. The
vertical white dashed lines in panels (al) and (b1) represent the EIG regions.
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Fig. 7. Deflection angle versus the gain/loss coefficient and period of the EIG: (a) The deflection angle 6 as a function of the

gain/loss coefficient Va. Other system parameters are chosen as K =1 and o = 0. (b) 6 as a function of the period 2n/K . Oth-

er system parameters are chosen as Vo =1 and o = 0. The solid red circles in panels (a) and (b) represent the numerical result

while the blue dashed lines are the fit ones.
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Deflection and manipulation of weak optical solitons
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Abstract

Based on a Rydberg-electromagnetically-induced-transparency (Rydberg-EIT) system, an electromagne-
tically induced grating (EIG) with parity-time (P7 ) symmetry is realized. The formation of solitons before the
probe laser field reaching the EIG as well as its deflection when passing through the EIG are both investigated.
It is found that due to the enhanced nonlinear optical effect of the Rydberg-EIT system, stable optical soliton
can be formed with a very weak input light energy. In addition, it is found that by changing the
gain/absorption coefficient of EIG, the period of EIG, and the nonlocality degree of optical Kerr nonlinear of
the system, the deflection degree of the optical soliton can be effectively changed and manipulated. The research
results of this work can provide a theoretical basis for the future applications of PT -symmetric EIG and may
be useful in the fields of all-optical manipulation and optical information processing.

Keywords: Rydberg atoms, parity-time symmetry, optical solitons, light deflection
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