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TOM TAT

Bai bdo trinh bay m6 hinh gidi tich cho h¢ ludng on dinh quang hoc (OB) trong moéi
truong EIT ba muc ning lugng cau hinh Lambda. Trong trang thai ding, méi quan h¢ cuong
do vao - ra dugc trinh bay dudi dang giai tich. M6 hinh nay cho phép biéu dién rd rang vé
cuong d6 ngudng va cac dac dlem cua ludng 6n dinh quang hoc thay d6i lién tuc véi cac
thong s cua truong laser, tham sé két hop va cac thong sb vat Iy khac ciia hé nguyén tir.

Tir khéa: Ludng 6n dinh quang hoc, méi truong cong hudng nguyén tir, cAu hinh Lambda.

1. GIOI THIEU

Ludng 6n dinh quang hoc (Optical bistability - OB) 1a mot trong nhitng hién tuong hap
dan va tha vi cia quang phi tuyen vi cac ung dung tiém ning trong khoa hoc quang hoc va
cong ngh¢ lugng tur anh sang, chang han nhu chuyén mach toan quang, bo nh¢ toan quang,
béng ban dan quang hoc, cong logic toan quang va b vi xir 1y. Trong nhitng nim déu nghién
ctru OB, mdi quan tdm 16n tap trung vao viéc st dung hé nguyen tir hai mirc nang lugng [1-2].
Su phy thudc cua cuong do anh sang vao chiét suat cua moi truong va kha ndng hap thu cua
mdi truong 1a hai co che khac nhau dé tao ra ludng 6 6n dinh quang hap thu va ludng o 6n dinh
quang tan sic. Cha y rang, trang thai ludng 6n dinh quang chi xay ra ¢ mot so gia tri cua
cuong do sang dau vao [2-3]. Mic du trang thai ludng 6n dinh quang cua h¢ nguyén tir hai
muc ning luong da dwoc quan sat bang thuc nghiém nhung van con han ché cac ng dung
do chi c6 mét trudng quang hoc duogc st dung, do d6 thiéu su diéu khién cho sy chuyén doi
cuong do ngudng.

Sy ra doi cua hiéu ung trong sudt cam tng dién tir (Electromagnetically induced
transparency - EIT) [4] d4 cung cAp mot moi truong tuyét voi dé thic day su tién bo trong
nghién ctru OB vi méi trudng EIT c6 mot sb tinh chit quan trong nhu ting cuong phi tuyén
Kerr [6] va kha ning diéu khién cuong d6 ngudng cua OB.

Trong mdi truong EIT, cac nghién ctru dau tién 1a trong hé nguyén tir ba mic ning
luong [7-17]. Khi do, trang thai OB cua hé nguyén tir ba mac ning lugng c6 thé duge diéu
khién boi cuong do hay pha twong ing ciia truong diéu khién. Tir d6, mot s tinh chat cua hé
nguyén tir ba muc ning lwong c6 anh huéng dén OB da duoc nghién ciru rong ri [9-15].
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Hau hét cac nghién ctru 1y thuyét va thuc nghiém trong trang thai OB di dwoc phat trién
trong hé nguyén tir bén hodc nim muc ning lugng trong thoi gian gan day [18-23].

Tuy nhién, cho dén nay chua c6 moé hinh nghién ctru giai tich cho trang thai OB trong
mdi truong EIT da mic. M6 hinh giai tich s& cho ching ta ¢6 dwoc cai nhin siu sic va ¥
nghia vét 1y co ban cia OB thay doi lién tuc théng qua su diéu khién cua truong laser lién
két, cu thé 1a do léch tan s va cuong do truong. Trong bai bao nay, nhom tac gia phat trién
mo hinh giai tich cho trang thai OB ciia hé nguyén tir ba mic niang luong ciu hinh A cua
nguyén tir ¥Rb. Trong trang thai 6n dinh, mdi quan hé cuong d6 vao — ra dugc biéu dién
duéi dang giai tich. Anh hudng cia cac théng sb truong laser diéu khién cia méi truong EIT
trong trang thai OB dugc nghién cuu.

2. MO HINH LUONG ON PINH NGUYEN TU

Xét mot moi truong c6 chidu dai L bao gdm hé nguyén tir ba mirc ning lwong duoc dat
trong buong cong huong vong mot chiéu nhu Hinh 1 [16]. Hai guong M3 va M4 la phan xa
toan phan trong khi d6 hai gwong M1 va M2 gidng nhau, mdi guong c6 hé s6 phan xa R va
hé s truyénqua T, voi R+ T = 1.

Trong budng cong hudng vong, trudng laser do ¢ cuong do E,lan truyén bén trong
budng cong hudng, nhung truong laser diéu khién co cuong do E, khong luu thong trong
budng cong huéng.

Xét dién truong biéu dien co dang:

E=E,e ™ +Ee ™ +cc (1)

Phuong trinh lan truyén séng ciia truong laser do duoc chi phdi boi phuong trinh
Maxwell, trong gan dung ludng cuc va gan diing ham bao bién thién cham ta c6 [1]:

oE, ©OE

i [
=% T P(e) @

Vi ¢ va &, 12 van toc anh sang va do tham dién ciia chan khong. P(, )12 do phan cyc
clia moi trudng trong qua trinh dich chuyén |1> <—>|2> duoc cho boi:
P(@,) = N )
véid,, biéu thi mé men ludng cuc dién va p,, 1a phan tir ma tran mat do tuong Gng.

Thay phuong trinh (3) vao phuong trinh (2) c6 mbi quan hé bién do truong cho trang
thai 6n dinh nhu sau:

%E, Nd,o

p
=i o 4)
oz 2cs,
E C T
E P E P
Y
M1 M2
R=1 R=1
M3 M4

Hinh 1. Budng cong huéng vong mot chiéu c6 4 guong (M1-M4) va mau nguyén tir ¢
chiéu dai L. Guong M3 va M4 phan xa toan phan (R = 1).
Cudng do truong téi va truong truyén qua twong ing 1a E va E;.
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Truong két hop E"J di vao méi truong nguyén tir téi gwong M2 va mot phan anh sang di
qua M2 la E; , Mot phan anh sang di t6i gwong M4 va M3 va di vao méi trudng dong vai tro
tin hiéu phan héi nguoc. Sau do hai song anh sang tir hai nhanh nay giao thoa v6i nhau tai
guong M2 tao nén anh sang tong hop cua buong cong huong vong. Truong do ¢ dau vao
mau nguyén tur la E_ (0) va lan truyén dén cudi miu nguyén tur E,(L). Dbi véi budng cong
hudng vong, cac diéu Kién bién trong trang thai 6n dinh cho trudng téi va truyén qua duoc
cho béi [2]:

E,(L)=E; /\T (5¢)

E,(0)=+TE] +RE, (L) (5b)

S6 hang thr hai trong phuong trinh (5b) déng vai tro la co ché phan héi nguoc tir
guong, d6 1a dieu kign can thict dé xuat hién ludng on dinh quang. Nghia 1a s& khong c6
ludng on dinh xay ranéu R = 0.

Trong giéi han truong trung binh, nhom tac gia chuin héa bién do trudng vao (Y) va
bién do trwong ra (X) béi cac dai huong:

A

Y = X = (6)
AT AT
Chung ta c6 duoc mbi quan hé cuong do vao — ra cho trudng do:
Y=X-iCp, (7
Nw LdZ
VoI —_rp 2 (8)
2Cs,hT

la tham s6 két hop cua hé nguyén tur duge dat trong budng cong hudng vong. Biéu thirc ()
cho thay phuong trinh ludng 6n dinh c6 chtra phan tir ma tran mat d6 p,, doi vai dich chuyén

|1> <—>|2> . Cac phén tor ma tran mat d¢ duogc tinh toan tir phuong trinh Liouville hoac Von
Neumanm dwgc cho bai [19]:

p=-=[H.pl+Ap (©)

trong d6 H 1a Hamilton toan phan va Ap dai dién cho qua trinh phan ra.

3. PHAN TiCH TRANG THAI LUONG ON PINH TRONG CAU HINH A

O day, nhom tac gia sir dung moi trudong khi nguyén tir °’Rb véi cac mirc ning lugng
duoc lya chon nhu trén Hinh 2(b). Trong d6 cac muc |1> , |2> ,
5°S,,,F =2<>5°P,,,F'=2va 5°S,,F =1<>5°P,,,F'=2, trong d6 F 1a ky hiéu sb luong

tir ciia md men goc toan phan ctia nguyén tir khi tinh dén anh huéng cua spin hat nhan (cau
trc siéu tinh t&) ¢ trang thai khao sat.

3> lan luot 13 cac trang thai
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F" =1
15.9 MHz
Fr=2
23MH=
SEDE 7 F”=3
F* =4
o F"=3
¢ 266.7 MHz
R F =2
5<Ps3n
Fr=1
72.2MHz
‘3) F'=0
R F=2
5S12—~<" 638GH:
F=1
€Y (b)

Hinh 2. (a) Céu hinh Lambda trong hé nguyén tir ba mic ning luong;
(b) So dd ciu trac cac muc nang lwong siéu tinh té cua nguyén tir °’Rb.

Gia thiét rang chum laser do (co cuong do rat bé) va laser diéu khién (co cuong do rat
16n) déu phat & ché d¢ lién tuc va don mode twong (g véi céc tan sé @, va «, va cé cudng
do twongung la E va E, . Cuong d6 truong thuong duoc do thong qua tan s6 dao dong Rabi
Q,va Q_, dugc dinh nghia la:

2d,,E
Q,=-—— ® va QC=—% (10)

trong d6:d,, va d,, twong tng la cac md men dich chuyén ludng cuc dién gitta cac dich

2) ©>|1) va |2) <> |3). D¢ lech tan s6 ciia truong laser do va lién két duge dinh nghia la:

A, =0, -0y VAA, =0, — w (11)

Trong khuén kho 1y thuyét ban c¢6 dién, s dung gan dang ludng cuc dién va gan ding
song quay, nghiém cua hé nguyén tr ba mac nang lugng cho baoi [24]:

Q,

P =Ya (P = P11) + V1000 + T(pzl — P ) (12)
] i iQ,

P = _(721 + 72 )pzz + Tp(plz - p21) + 7(p32 - pzs) (13)
. QC

Pz =V (pll ~Ps3 ) +VuPnt T(pm ~ P ) (14)
. = IQD Qc

Pn=VauPn T T(pn ) ) + Tpal (15)
g, 0

Paz = V3Pt 7(/933 ~— P ) + Tppm (16)
L iQ, iQ,

P31 =VauPu t 7:021 - Tpaz (17)
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.. . s YatVutla . _
Trong do:p,+pp+pu=1 Va py=pPy; 7= 2 , 721:_(7_|AP)’

T =—(r—iA.); 7a =—(y31—i(Ap —AC)); %, tuong Gng voi téc d6 phan ri T, tir trang

thai |i) t6i [k) nhu 7, = (ZF +Zrli

E. <E E <E¢
Giai cac phuong trinh ma tran mat d6 caa chuyén dong tir (12) dén (17) dé tim nghiém
P, - Tu phuong trinh (13), (14), va (17) rat ra duoc:

11 (72 =37 )% + (720 + 372 )% +37,,)Q,
P33_p22:E+ [( “ 31) d = 31) :'p12_:021)_ (7/21 7/31)

47’31(721+7’23)Qp 2731(721+723)Qp
Thay phuong trinh (18) vao phwong trinh (16), sau nhiéu tinh toan va sap xép lai, thu duoc:

(}713/)13 +7. 31p31) (18)

(16751 (71 + 725) 75725 + A9 7a1 (Y + ¥25) = 2(¥o1 + 3751 ) Q25 | Prs = 18731 (a1 + 725) QeFasPro
2051 (Vo + 725 ) Qe =1 [ (725 = 3730 )2 + (V21 + 3731 ) (P10 = P21 ) + 21 + 3731 ) 72 P
bit;
A= [ (725 = 3751 )2 + (751 + 375 )% |

B= 27’31(721 +723)Qch

19)

23 =|:16731 (7/21 +7/23)77237713 +4Qi731 (721 +7’23)_2(721 +3731)Q§7713:|
Ay :8731(721+723)Qc7723
A= 2(721 +37’31)77319§
Khi d6, phuong trinh (19) tro thanh:
Dy = i(AAizs + AiSA_ 'A32A123)p21 +i(A13A23 - AA123 - AiSA)plz _(A123 + Ais)B (20)
* (A123A321 - A13A31)

Thay phuong trinh (20) vao phwong trinh (15), tim thay nghiém ciaa phan tir ma tran
nhu sau:
i0 |- (A123A321 - A13Aa1)[23712 (A321A123 - A31A13)_Qc (AA321 + ABIA_ A23A321)J
P Qc(AiaAzs_AAizs_AiaA)

Qc (A123 + Ais)[27712 (A321A123 - A31A13)_Qc (AAm + A31A_ A23A321>] _ (A321 N Azl)] B

p, = i} Qc(AlaAza_A'Aﬁzs_AmA) _ (21)
: [2?712 (A321A123 - A31A13 ) - Qc (AA321 + A31A_ A23A321):| X
[27721(A123A321 - A13A31) _Qc (AA123 + A13A_ A32A23 )}

Qc (A13A23 - AA&za - A13A)

+ (A321A123 - &1A13 )}

- Qc (A31A32 - AAazl - A31A)

Véi Ay va y; tuong ting la lién hop phic cua Ay va ;.
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Theo biéu thire (9) va (21), ¢6 thé phan tich trang thai cua méi truong lién tuc thay doi
Vi cac thong sé diéu khién cua laser lién két, cu thé 1a do léch tan sb va cudng do truong.
Két qua co thé ap dung cho cic nguyén tir va phan tir ¢o cdu tric quang phd twong tu nhu
trinh bay trong Hinh 2(b). Nhom tac gia ap dung cho méi trudong khi nguyén tir ¥Rb [24] ¢6
toc do khong két hop gitra trang thai [3) va [1) 1a y, =0,003y .

Dau tién, nhoém téc gia cho thiy cac trang thai OB cta hé nguyén tir Vi cac gia tri khac
nhau cua do léch tan sé truong laser do, ¢ dinh cac thong sb cua truong laser lién két 1a
Q, =3y,A, =0. Hinh 3 cho thay, khi giam d léch tan s6 truong laser do thi ngudng chuyén
mach va do rong cia OB ting, vi khi d6 phi tuyén Kerr dugc ting cuong déng ké trong mién
lan cén cong huong cua moi truong EIT.

A, =6y

20

w
1

Cuong dé ra [X]

Cuong do vao [Y]

Hinh 3. D6 thi ciia hé thire cuong do vao — ra cua ludng 6n dinh tai mot s6 gia tri
caa A, . Cac tham s6 khac dugc st dung 1a Q. =3y,A, =0vaC=280y.

20

wn
L

Cuong do ra [X]
=

Cuong d6 vao [Y]

Hinh 4. D4 thi ciia hé thirc cuong do vao — ra cia ludng 6n dinh tai mot sb gia tri
cia Q. Céc tham s6 khéc duoc sirdung laA | =2y,A, =0va C =80y .
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Anh huong cia cuong do truong laser lién két Q_1én trang thai OB cua hé duoc thé
hién trén Hinh 4. O day, gi4 tri cua do léch tan sb truong laser do va diéu khién dugc ¢ dinh
tai gia tri A, =2y va A =0, tuong tng. Nhom tac gid nhan thdy rang cudong do ngudng va
do rong OB giam khi tang tan s Rabi. Diéu nay la do khi tang tan s Rabi sy hap thy giam
va dong thoi phi tuyen Kerr cua moi truong dugc tang cuong, lam cho truong buong cong
huong dé dang dat gia tri bao hoa.

DE nghién cliu anh husng cua do léch tan so truong laser diéu khién 1én OB, nhom tac
gia khao sat quan h¢ cudng do vao — ra tai mot so gia tri ciia do léch tan so truong lién ket,
nhu trong Hinh 5. Két qua cho thay rang ¢6 thé lam giam cuong do ngudng va do rong OB,

bang cach diéu chinh do léch tan sé truong laser diéu khién gan cong huong voi tan sb
nguyén ttr, do sy phu thudc cua phi tuyén Kerr vai do léch tan s truong lién két.

Cuomg do ra [X]

o

o

0 20 40 60
Cuomg d6 vao [Y]

Hinh 5. D4 thi cua hé thire cudng d6 vao — ra caa ludng 6n dinh tai mot sb gid tri
cua A, . Cac tham s6 khac duogc str dung 1a A, = 2y,Q,=2yva C =80y

C'=30/]
C =50y [

Cuong do ra [X]

y
60

Cuong d6 vao [Y]

Hinh 6. P thi cta hé thirc cuong do vao — ra cia ludng on dinh tai mot s6 gia tri
ciia C . Céc tham sd khac dugc sir dung la A =2y,Q  =2y,A =0

Anh huong cua tham s6 C 1én OB dugc thé hién trén Hinh 6. O ddy, nhom tac gia ¢b
dinh cac thong s cua truong laser do va lién két laA,; =2y,A. =0 va Q =2y, twong ang.

Khi cang ting tham sé C, do rong va cudng do ngudng OB ting do C ty 18 thuan véi mat do
nguyén tr C=Na, Ld?2, / 2ce T . Vé mit vat 1y, khi ting C dan dén tiang sy hip thu anh
sang truong laser do, do d6 lam cuong d6 ngudng cao hon.
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4. KET LUAN

Nhom tac gia da dé xuat mot mo hinh giai tich cho ludng 6n dinh quang cta hé nguyén
tir ba mirc nang luong cau hinh Lambda. Véi két qua giai tich, trang thai ludng 6n dinh
quang dugc phan tich bang cach diéu khién cac thong s0 khac nhau cua truong laser diéu
khién va truong laser do. Theo cac diéu kién trang thai 6n dinh, trang thai ludng 6n dinh
quang xut hién & cac tdn sé khac nhau cua truong laser do hodc lién két. Két _qua ciing cho
thy rang cuong d6 ngudng va d6 rong ludng 6n dinh quang c6 thé duge diéu khién bang
cach diéu khién cudng do cta trudng lién két cling nhur cac thong sO két hop. Nghién ciru
nay co thé duoc sir dung dé kham pha cac tmg dung trong céac thiét bi quang tir lam viée véi
cuong d6 anh sang thap.
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ABSTRACT

A STUDY OF OPTICAL STABILITY IN THREE-LEVEL A-TYPE EIT CONFIGURATION

Le Thi Minh Phuong?, Le Thanh Khiem?

Le Van Doai®, Nguyen Tuan Anh*”
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This paper presents the analytical model for optical bistability (OB) in a three-level
Lambda-type system under the conditions of electromagnetically induced transparency
(EIT). In the steady regime, the input-output intensity relations for the OB have been derived
in analytical form. The model allows one to construct a clear picture on how the threshold
intensity, and other characteristics of the OB are continuously modified with respects to
controllable parameters of the laser fields, cooperation parameter, and other physical
parameters of atomic system.
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