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Fig. 1. (color online) (a) Schematic representation of a M-type five-level system; time-dependence of the adopted
laser Rabi frequencies 2;(t) (¢ = 1,---,4) are described in (b) 4p-STIRAP-type scheme and (c) s-STIRAP-type

scheme. See main texts for relevant parameter descriptions.

213301-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 21 (2017) 213301

ST AR SRR 2, |2) AT [4) % Rk 2. Al
AN IO Q0 = 1,---,4) B & Be 2 |i) A
li + 1), A, RoNGED i) MR RE. BEVHE (1)
FEARAS |5) A2 da X0 o e (1), T RIS [2), |3), |4)
R 77 A B, F B R (i = 2,3,4) £
T B MR WA SR ES 1) Bk FEd— &
FH A RE B B Infa e R4S |5) . A
AR A AN SRR K Hh A 1] R AT RE 2] [2), |3), |4)
A FE R, T LR AT B S B B oK IR B RS ROR
NN ~ Psiooo/Pri—0, Piy st Z])i) EHAR
&Y. SN H R, AR A B R A [F ¥ STIRAP J7
%, B R B Bk B R SR S 2 TR
) B 4 S Bk, SR T A 1 v e A O (15
FRENAZ, RS H B R 2 R ), X
K Z Re g STIRAP ¥ i # i #2 10 [7] 15 B2 24 75 fim AH
] G HOK R RS R B R R SR
FAb, ZREF BB R G T AT =R A
T RSN B A, B A Re L, HAHE
fift Y B EH - R 28 e 9 2 (A E A R AT 4 B G (Franck-
Condon R &) X/NEER s, EHA 7> F =L A
Tz BRI Be2

BT UL B M, R G0 R ] DL R
(h=1)

5 4
H="Y Axpldi+ ) (2l +he), (1)
1=2 1=1
Horhopf (o) Fom [i) L= A (R B i £
AU BT [ (1) T35 R Gi 0 g B AR AT A1

w1 = 0, (2&)

1

w2,3—4[2Ai2\/A2+2a—2 0,2—4b:|, (Qb)
1

w4,5=4[2Ai\/4A2+8+ a2—4b], (2c)

(2b) Al (2¢) K, a = Q2 + 23 + 22 + 2b =
303 + 0302 + 0302, EHESEREG, BHT
W) T IIREM: Az = Ay = 0, FFRER
(Z)NTREENA, = Ay = A B, AR
Hwy = 00X M ARNES [wr) B STIRAP i F2£ 4K 5t
(] HEREAST, T |wi) (5 = 2, ,5) BN S (3334
IXHL e SCCHEREAS B S R XOn A g8 = Bk A B
B ARG TR ERRKRVANS, B fizh
[F1) 25 5 8] ) 4 A o AR S (RS ) ), e &
RAEZS B BARRIE AT ChRL T &R, B4

A=0):
lwi) = sin 8 cos ar|1) — sin a|3)
+ cos f cos a|5), (3a)
jwi) = %[9192!23|1> + w; 29025]2)
+ (W = 25)203)
+wj(wi — 2F - 25)14)
+ 24(w? — 2F — 23)]5)]. (3b)

(3b) 2, NP —H LG (3a) 3, oM NE
EH B R A A, AR

2,0
a = arctan S , (4a)
V305 + 2303
2,0
B = arctan —— (4b)

(N

5B w) ANFE, MRS w) RS RS
1), 13), |5), HASZHR AR ES [2), [4) 520, {HITE
Fads |3) fEA s P RS B OCE EMER. BN
i JEAEAS |3) Bk T HER ~ | sinaf® KFS2 L 3
MR, IX WA | ) PR YRS (1) R A
N T AEX PR FE L AR sina ~ 0(a = 0), 1]
o B LTHREW R 25 > Q0800 > .
FEPEERE b |wr ) ATALTRT A

|w1) = sin B|1) + cos 5]5), (5)

gh4 B LR (4b) 5 (5) AT, #53E etk I
R WO K (0 I 58 R DA S IR T A JE eSS
|1) 1 |5) 2 [8] ) v R 7%, RIS B AT T [0, /2]
Z AT = A, KA S AT 4 T A g
il £

IR M7 I 45 A s g 5 DY) SR A R
SRR PRI 5 % 1) dp BRI 2) s TR, Bkt
Ty A 1 (b) A 1 (c). #E4p 7T, Q.(t)
Q24() B3 18 7 1) STIRAP Je kv (£24(¢) #54%
HRTT 020(1)), 2o(t) R 023(t) 7 R S5 MRE S H.
EATHIMRAE L KT 020(6) F1 024(¢). X RE
% 5 R0 DR T A I B — I AR AE S |wr)
M, T B R 0 R R A A T T AR
AREH3) WA B, TEs &, Hanwixt &L
STIRAP kit o Fib 5 i 1) — |5) BT, 'EA114>
AIE: 0(t) F2(t) FTERC (L) — |3) FIRRIE, $25(t)
H024(8) TER3) — |5) FIBRAE. PRk iont 2 a] AH
Xof B ) [T B 58 N At = ) — tg, I B AL
At SEHU PR RS AT JE ], B S

213301-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 21 (2017) 213301

R DR, s U5 S QB AE T 4R DI ik o 2 )
(ROAR G I 22, 111 4p 7 58 2 AR 4 i K o B O
KIS TA]BI ], Sea6 R AE EARXT A 5.

FEHUE S, R Rk Oe s, Jeim i
LR AT Ros

2,(t) = 2 exp [ - (t —t,)%/T?], (6)

O TR 4 B R .
TR O fr B SR 6 S B I RS Ak, T B
2i(t) = 2.

3 HEEA
3.1 @HRSY

Ap(s) 77 Z Ik e B A i b AR B T
EME A jwr) FIAELE. BN T, & RFE M RL
3l 77 2 A RR S 58 38 ML R BE |w ), R A0 JE BN
1) — |5) RS P2 4ot 1Y), % RSt al, T
ShFRINEN AR RIBH T 2 IR B2, BIE
N BN AT RERBR A i, 2 BUA R 1AL
TR AR MO ER B |wr ), A7 — 8 BERBIBOR B ik
AR b, W ws), |ws). TIZERS |wy) 52 BIEUK A RE
G 73w (R A, AROKHFE A | B RS R, TR RSk
B 1) S Cey MBI R A6 A A
e B AR R AT W B AR A R L, BIA
HINSH r (1) BRFER |w;) LA B 5 99,

B 7 F5 (3a) 3BT & SCHE I 2 09 A AR K &
Wo = [v9,v8,v8, v, vglT, FH o i o il

Y =sinfcosa, ) = 0, ) = —sina, ] = 0,
Vg = cos feosa. HILHMAILRE T2 FS T HLE),
ENN e G | A © S WAL SO R L IFS
RATRAL A b = 1) + dtbi, Oy NIWIEE, o) A
HEME A PR AL B o RN RRATIZ 3 7 F2 1) SR A5
dp; il I [ (1) AR AH 85 f2

10y09p; = (M — iv)5¢; + @, (7)

A,

0 £, 0 0 O
£2: 0 25 0 0
M=|[0 020 2 0 [,
0 0 25 0 f4
0 0 0 (4 0

00000 —ig)9
07 0 00 0
Y=1001 00, &= iy —iQ |,
00 00 0
000 00 —iy}

& T 1T 3 B LA B T T6] A 135 5K 11 3R 3
T (SRR U5 I0) B0, (A dup; B [H) R A2 A8k
5

Fe AR o R IF Nogy = D cjlwy) (i =
j=1

1, 5) B RAMETTE Mw;) = w;lw;). H%E
FERRARN (7) 20T L S AAE RS ;) b B4R c; B
i1 A5 A 77 7

5

ity =wic; —i » (wilvlwi)e; + (wi|®).  (8)
=1

1 (20) A (2c) K | 240 = \/14_2(j;2)2 .
2(3 4

1, BT LA wy) A ws ) AHER T Jwe) AT |ws) AN 25 4 41
R R ARG HE AR HE |w;)(j = 2,3) LA
J&. sk, () ATl B HERE A |wp ) 5 H AN AE
B IR E R (1] y|w)) o< v3(5 = 2,3). 1BH
THOLT, WA B RIS REN, WL v < 1,
BT LA [wr)) X ZE2S |wo) R |ws) FOAT 8 A2 Ak F 52 i m]
DL, #5 (8) sUEEFE N

wacCy — ico(waly|wa) — ics(waly|ws)

+ (wa|®) =0, (9a)

wacs — ieg(wslylws) — ico(ws|ylwz)

+ (ws|®) = 0. (9b)
R, 4608 (¢) W] R 1P

) = 3vIaP + [l (10)

FLHEER M (9a) F1 (9b) 2, FHRLE RN (10) K
A HARSH r(¢) T RIE . BT
A, WEERE FHHTHR. r(t) < 1RIRRSR
L IR I, K2 B0k T B TT DAORIFEHERS S
oo ) JEEAL T AN ORI ) 225 F

3.2 HEBYE

ERC =k NS R i 2 E T
_ P5,t%oo (11)

- b)
P 0

213301-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 21 (2017) 213301

Poy = (0P R (W %0 [i) ERAERL % 4
B0 HOE 26 0 — H s 4E, SRR RIS %1 |5) |
A E. Wy =y =1, T HYIERNRG L
A A (I [E]) B AL, AH OGS m A X R
3 =7=001,A4=007 =0, =16x2n. HfK
SN (LR 4p B s XN T 5 44):

1) 4p HEH,

2i(t) = Qo exp[—(t — ;°)*/(T*)?] (i = 1,4),
2;(t) = 20(i = 2,3), T* = 20,

1.0

Il
0.5 :

0 L L L L L L L .
—50 —40 —-30 —20 —10 0 10 20 30 40 50

1.0

(c)

Pt 4p-STIRAP

v

Population dynamics

80 100

E 2

Adiabaticity

Population dynamics

£? = 80, t;° = 60;
2) s HEH,
2i(t) = Qo exp[—(t — 7)*/(T*)°] (i=1,--
T =10, ] = 80, t5 = 70, £ =t — At,
1=t =T
AR At TR BOG Kl 25(2) A1 024 (2) B E,

e AT 7 B A X AR 28 A A8, [F L, 2, (¢) AN
25 (t) BRI A7 Bt ] €

4),

— 4p-STIRAP
s-STIRAP

0 .
20 120

1.0

0.1

0.5F s-STIRAP A

0

40 60 80 100

t

(FITIR ) (a) R 20 n 5 M (AR A BIKIBOE R, PWHEIERIERR(E KU T, 1L, T o' Bk 0 i [ B0, He e

20 02 BB E; (b) 4p s TR NEMSH r(t) W, s TRT At = 7.8 (IREM, KIRITH); (c), (d) #RESAmN &£
Py (AEOSIEAEL), Py (i, BOLLREL), Ps o (O EL) BEIN AR, ET R, SRR LS 52N

v =0.01 My = 1 FFE

Fig. 2. (color online) (a) Transfer efficiency n as a function of the pulse delay At = t; — ¢3 for 4p (red solid) and s (blue

dashed) schemes. The inset shows the time order of the laser pulses in regions I, II, III, where 21 and {22 are fixed.
(b) Adiabaticity versus time for 4p (red solid) and s (blue dashed) schemes. In s-STIRAP scheme, we choose At = 7.8

(optimal). (c) In 4p scheme, time-dependent population dynamics of initial state Py ; (red lines), metastable state P3 ;

(black lines) and final state Ps; (blue lines). Two cases of v = 0.01 (solid lines) and v = 1 (dashed lines) are compared.

Same results are shown in (d) except for the s scheme. All frequencies are scaled by I.

BTV ERSHBE, XA R T RS
DI AT BT AT, B S E SR G k  xy
IR XTI 22 At 48 s T7 P IR L. 9 7 7 (B LEAL,
IR I T AR ZET 4ap TR ISR, K2 (a)
fi2r 1 - Atk Rk, sk (O RK) #oR
dp (s) FTRIVER. MRPEE S, 4p T RMIn 5 At B

xR, REARA R BEOE S U B RE IR 2K
R, AEXASHT, MR L) ~ 0.97. Hs £
h, X I N IR TS n =~ 0.97(At ~ 7.8),
BN B PR At AL g R ARG JC R AE X I
II(At > 15) 1, nilad N 0. 2 #r R, fEX
SRIT R, SRR P 2 (24- 825~ 023- 021 IXAE )0

213301-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 21 (2017) 213301

FFHIR 2 (024 BB 25, 020 8T 21), HEATZH)
BT K. AR TR T, kb 751
20 A2y, 025 A1 024 B EHH R TR R, B IK
MO 2 8] B S T AR AR OR AR /. JGHE XKL, 6
Tt TR 25 02, TE W FRAS |3) AR 25 |5) 2 [A] 4 2
ORI, (E2 2 0y AT 0y BRE, 23 F1 02, C& B
NE, JLVFRATER. FrbL, 46K 2 5ok 1 i 2445
RTER |3) MASHWHB R HIRE |5), FHEBK
B RKBEAK. 8T 3R & B3GR IR B 1)
Y, B2 (b) LB T M T R N EIRSH (1) 1
KN, REIAE dp (L050LR) Bist s (W mLR) 77
X, R FAHEAE X (60 < ¢t < 80) #R I H
R I A, W r(t) ~ 0.02 < 1, 5K 2 (a)
M RAEF 6. RWHERLIES ST, ©
ATTHR A RS A e Pl S0 e R B2 AR 1
A E 78

i B2 @) ME2b) I EE R, BT
N RG0S A HBE I TR A R T 2
B2 (c) B 2 (d). IR FIREREE . KE LK
AJEH Py, P (WA ) A Ps 23 IR T4R S FR 2R
WL TR, SRR LI Ry = 0.01 fly = 1.0
FiE . HEREARIEN (3a) /T A, & 3) FEK
FEIN 2y Wb TE RGN m, B LAZERE] 2 () FIIE 2 (d) 5%
& T ARy E T3 I 5 Ak, 8 A Ps oo
XF y AR AN U FE T DU M 2R e 2 | 3) A JE 1Y
KN, B2 (c) M2 (d) /TH, 2y = 0.01 K, P
Fi7 R T AR & SR, N E 10K, sTs
R AP TT F Ps t o0 WIFE MR TR, MTHT AT LA S HE
SHETEB) LMMmEHER X5E2()M
K2 (d) N30 B 45 I Py, 5 R84 — B0, RN
Py% < P5,(P5, ~ 2P;%). dbAb, dhiEOR & 10 4
JEHL Py AN Py WR AR /N, 291073, STEE Bk
A,

g LR, AT RIS | DL YD 4 i

1) fE3&E M S HE BT, B R 22 25 R SE Il
T RIRRL T AT R A, BRAS b A  BE (E IA
n ~ 0.97;

2) B WUR B R R AR AS B K5 5T 5%y 13
KPR, BRI ZRAT S, s 77 50 ~ B OB B
K — i,

3) NS K r(t) REMEAE N RAEFE B AR A K
[P PR, fE0e R A EAER X, r(t) < 18R
RGN 72 BR A A A A AE A AL, AT SCBL s
R HR.

4 HR 5%

e dp(s) T, HIERBARRS B, IR AEL
[ 6 R BORAS 0 1 R4S MO O
A ERTBIIIT R E R R, g
.

4.1 HERTSHRKIEE

1 (2a)—(2¢) AT, BEEAMEA S AH K.
A = 0 I, w2 3 1A 5wy (= 0) 2 18] B xR H
FHERRLIZ, R A G B HOR B jwe) B |ws) b BEFE
|A| 3G, wo 5 B2 RAERER 72, BUH wo 5K w3
NI wi (= 0), FHAT R B AR |w) KT EE
PEAS K, A GEAFRIIR, R SR O B 2 PRIk

B3 (a) % T n-ARFRMZ, 5 EikeE ks
r—3%, B |A| B, o #hseil B8, H4pJ7
R (AESEL) 5 R (WA REL) ML, niIREHE
B X HSRIe A5 B (SR [11) H Bl 3(a) MTET3(c))
SRR TR e T A, RIS AR I R 38R B AE
HIRA = 04b. BAb, WHAF L < p5, JoHE
TE |A] > 50 KRS Xk, ntP Bl | A| 580~ B
R KT ns. EHMIX— 5, AT LB R o7 78
A=0FfA =50 g SHhsk, w3 (bl)
FIEE 3 (b2) Fis.

B A = OfF, 7EY6-RF M EAEHIX (60 <
t < 80), LIS Hr(t) M KIE I/ T 0.03(5 2
r(t) < LIZRAF), MO T A6 B 03 78 30R AR &,
n ~ 0.97. B2 ARMBIS00F, r(t)$em 7 —4 4
B SUHAAEFERX, RATRKIA P > rs) £ 4p
T BT A R Bl B IR TR R R v (b
KRBT, AR P BE N, X 5E 3 (a)
FiaRiig®® < n® Mg R+07 5.

4.2 RERBERIEHER

TEEER A AR 4p (s) FTZE N XS H(EE
TS B R HE B 2 AN R AR FE il 1 W28 (1) i
B, Nt — PR S AR Be g B A6 ST
Ky M X STIRAP R A FIEH. BRARRS I,
FUERE S |wr ) A HOER B, AR5 2 S A RORAN
N5y H R FLHIB) P2 A A AT T G 23 8
I RLTYEOR , AH R I SO BB I R RS R
ISR NCE. B L, 5y M T MR K
Bk, ROBE 0~ A T AR S 800 Bk /. X — 45t n]
DA M2 TS HG 0 A T A R 45 10T R

213301-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 21 (2017) 213301

Bl 4 (a) F1EL 4 (b) 73 Al 22 3 -y Fl -1 1A M
KEAR. BRTE, PR B 3G, o 3 2R
20, HEBRTENSRIERTE. FVRRHKE K
RS I ML SRR R AR, BEORERLT
(453 2 T BEAR T . E P 4 (a) FIEL 4 (b) 38 7]
PUR LT 2 A7 i 45 3.

1) v IRy — 0. JRPDZ RS
lwi) REEA3), FEAGE |2) A |4), FrLABRAEAE
Bl AU T 1724k, T DA UK . m %o T AR A A
I T BEOR T R G I A TV 4 0 PR VI 2

1.0

(a)

0.8 |

= 0.6

04}
—— 4p-STIRAP
------- s-STIRAP

0.2 .

-100 -50 0 50 100

K3

Adiabaticity

Adiabaticity

AR TS S H, AT 5 EL Py M Py SRR D,
291072, T Py 52 HHEETTIX 0.1

2) n°(y) < n*P(y). HHEFRZS |3) fEs TR
2] T IEEMWA A-STIRAP /EH, BT LAFE (3) E
W IRAFAE — 38 BT R ZE (P W 2 (d) P94 BT P
7R), By BIRCIEL dp 77 S E K25 KA, 1E
4p 77 F, T IA]RE 2 2 [B) DL B i AR G R AR BR
i, WA RN Py, FEAR 0T B BURRRE BE T
FemReR.

o

0.04
0.02
O N
20 100 120
1.0
(b2)
0.5
o B\ .
20 40 100 120

t
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r(t); 4p M's 7 E TG R A ESELFE L RN, HMMALSE N At =78 (s HE), v=10.01

Fig. 3. (color online) (a) The transfer efficiency 7 as a function of detuning A; (b1), (b2) adiabaticity in the cases
of A =0 and A = 50. Results from 4p-STIRAP and s-STIRAP are presented by red solid and blue dashed lines,
respectively. Other relevant parameters are At = 7.8 (s-STIRAP), v = 0.01.
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Fig. 4. The variations of transfer efficiency n with (a) spontaneous decay rate v of the metastable state and
(b) spontaneous decay rate I" of the excited states. Results from 4p-STIRAP and s-STIRAP are presented

by red solid and blue dashed lines, respectively.
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Fig. 5. (color online) The relationship of n-¢*P is plotted in (a) with £2o = 100 (blue solid), 10 (red dashed), 5 (green
dash-dotted), and 7 in the space of (At, %) is displayed in panel (b), here 29 = 10. The white dashed line in (b) points to

exact At values when 7 attains its local maximum under different £ values. The insets of (a) and (b) show the amplitude

of the lasers.
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Table 1. Energy levels for the transition and the cor-

responding dipole moments in 87Rba.
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g u
+ +
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Fig. 6. (color online) (a) Time-dependent popula-
tion dynamics during the process of entangled state
preparation. Populations Pi ¢ and Ps; are respec-
tively marked by red and black lines. The final sta-
ble population distribution is P;,cc = P50 = 0.5
after ¢ = 92.5 ps. (b) The required light pulse se-
quences with laser parameters: (22 = 23 = 100 MHz,
2:(t) = 2 exp[—(t — £:)2/(T3)?] (i = 1,4) where
29 = 30 MHz, 2 = 60 MHz, t; = 785 ps,
ty =60 ps, Ty = 20 ps, Ty = 30 ps. At t = 92.5 ps, all
lasers are turned off, giving rise to stable population

distributions.
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Abstract

A quantum gas of ultracold molecules, with long-range and anisotropic interactions, will enable a series of funda-
mental studies in physics and chemistry. In particular, samples of ground-state molecules at ultralow temperatures and
high number densities will facilitate the explorations of a large number of many-body physical phenomena and applica-
tions in quantum information processing. However, due to the lack of efficiently cooling techniques such as laser cooling
for atomic gases, high number densities for ultracold molecular samples are not readily attainable. Associating ultra-
cold atoms to weakly bound dimer molecules via Feshbach resonance and subsequently transferring them to a wanted
molecular ro-vibronic ground state by a stimulated Raman adiabatic passages (STIRAP) have proved to be an effective
way in producing ideal ultracold molecular samples. As a typical illustration, in a recent study (2010 Nat. Phys. 6 265)
Danzl et al. experimentally realized the preparation of Csa molecule into its ro-vibronic ground state via two different
multi-level STIRAPs: one is based on a single conversion route and the others are based on a cascade-connected route
(labeled by 4p-STIRAP and s-STIRAP, respectively). In this work, we present a theoretical study for these two STIRAP
schemes, focusing on the differences in physical principle and realistic performance between them. On the one hand,
according to the theoretical approach of quasi-dark eigenstates, we conclude that a highly efficient population transfer
is achievable in both schemes. On the other hand, by systematically studying the influences of the relevant parameters,
including the spontaneous decays and the detunings from the intermediate states, and the temporal sequence and the
amplitude of the laser pulses, we disclose their respective advantages and weaknesses in the realistic implementation.
We theoretically predict that for both schemes their maximal conversion efficiencies each can attain 0.97 as long as the
spontaneous decays from the intermediate excited states are sufficiently suppressed. Yet considering the fact that the
already implemented efficiency is only around 0.6 for both schemes, there is still room for optimization, e.g. using stable
Rydberg energy levels in future experiment. Furthermore, the success of these two schemes can provide a new route to

the controllable entanglement preparation, opening more applications in the fields of quantum logic gate and so on.
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