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TOM TAT

Trong bai bdo nay, ching t6i nghién ctru qua trinh lan truyén anh sang cham va luu trir trang thai
luong tir trong moi trudng nguyén tir ba mire cau hinh lambda théng qua phén cyc trang thai tbi dwa
trén hiéu tmg trong sudt cam ung dién tir (EIT). Bang cach két hop cac phuong phap Runge-Kutta bac
bon va phuong phap sai phén hiru han, ching 61 giai s6 hé phuong trinh Heisenberg-Langevin cho sy
tlen trién cua truong do trong moi truong nguyén tur. Két qua cho thay mién tan sac thuong véi do tan
sdc 1on va do hap thu bi triét tiéu duoc didu khién bang cach thay doi cuong do cua trudong diéu khién.
Do d6 ¢6 thé thu duoc anh sang lan truyén v&i van tée nhém cuc cham trong cura s6 EIT. Dic biét, thong
qua bién diéu truong laser didu khién, xung laser do duoc luu trit va phuc hdi dudi sy phan cuc trang
thai t6i. Cac két qua thu duoc s& rat hitu ich cho nghién ctru bd nhé lugng tir quang hoc, va duoc ing
dung trong céc thiét bi thong tin lugng tir va may tinh lugng tir.

Tur khoa: Lam cham anh sang, luu trir lugng tir, bd nhd lugng ti.
1. GIOI THIEU

Ngay nay, di kém vai sy phat trién may tinh lwong tir va truyén thong luong tir dudng dai, yéu
cau thuc té vé tinh toan lugng t, céng logic lugng tur va dac biét la b nhé lugng tir tro thanh cac van
dé dang dugc quan tam trén thé gii [1-3]. B6 nhé lwong tir quang hoc (Optical Quantum Memory:
OoQM) la thiét bi c6 thé luu trix va phuc hdi cac trang thai lugng tir, do d6 nghién ctru vé 1am cham van
téc nhom cua xung tin hiéu va dén dén dimg han dé co thé luu trit trang thai luong tir dong vai trd then
chét trong viéc nghién ciru vé OQM [4-7]. Hon nita, photon 14 d6i twong mang thong tin lugng tir nén
¢6 tde d6 siéu nhanh (tdc do cua anh sang). Vi viy da c6 nhidu nghién ciru st dung cac xung laser két
hop dé thuce hién luu trit lwong tir cho don photon [3, 5, 8] Mot trong nhirng ky thuét quan trong dé co
thé thuc hién duoc OQM la st dung hiéu tmg trong suot cam ung dién tir (EIT) [9] va di c6 rat nhiéu
cong trinh nghién ciru quan tam dén linh vuc nay ca vé 1y thuyét 1dn thyc nghiém [10-12].

EIT la hiéu (mg giao thoa luong tir duoc gay ra boi mot truong laser diéu khién c6 cudong d6 manh
va mot truong laser do c6 cuong do yeu dan dén lam triét tiéu duoc do hap thu cia moi truong nguyén
tir, nho vy ma truong do c6 thé lan truyén qua moi truong ma khong bi suy hao dong thoi van tée nhom
cling giam so véi khi xung lan truyén trong chan khong [13]. Bén canh d6, chiét suat nhom ciing thay dbi
rAt nhanh theo su bién thién cua tan sb. Hiéu ting nay lan dau tién da dugc Harris va cong su phat hién vao
dau thap nién 90 [14]. Sau d6, hang loat cac cong trinh dugc thyc hién dya trén hi¢u ung EIT va cac kiém
chimg bang thyc nghiém [15-17]. Déng ké dén 1a cong trinh ctia L. V. Hau va cong su [18], trong cong
trinh nay, Hau d thi nghiém thanh cong khi 1am cham vén téc nhém dén 17m/s trong méi trudng EIT
chira khi nguyén tir cyc lanh. Viéc 1am chiam xung anh sang 14 nén tang quan trong trong nghién ciru luu
trir thong tin lwgng tir. Hon nita, moéi truong EIT c6 kha nang bao toan cac dac tinh lugng tir ciia chum anh
sang ma duoc sir dung cho luu trir va phuc hdi anh sang. Dic biét, OQM c6 thé ma hod thong tin lugng tir
thong qua d6 phan cyc dya trén 1y thuyét phén cuc trang thai t61 [9, 19].
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Trong bai bao nay, chung t6i nghién ctru lan truyén anh sang cham én dinh, thyuc hién viéc luu trir
va phuc hdi xung laser do trong méi truong khi nguyén tir Rb ba mirc cdu hinh lambda duéi hiéu tng
EIT va phan cuc trang thai t6i. Tir d6, tim diéu kién cho lan truyén xung 6n dinh siéu cham, sau d6 trién
khai Iuu trir va phuc hdi xung do trong diéu kién phéan cuc trang thai t6i. Cac két qua nay s& rat hiru ich
cho nghién ctru chuyén sau vé b nhé lugng tir quang hoc trong moi trudng khi nguyén tir, tmg dung
cho céc thiét bi thong tin lugng tir va may tinh luong tu.

2. MO HINH VA CAC PHUONG TRINH CO BAN

M6 hinh khao sat dugc ap dung cho hé cac nguyén tir lanh ba mirc c6 c4u hinh lambda, twong tac
v6i hai truong laser bao gdm trudng do yéu va trudng diéu khién manh nhu dwoc minh hoa trong Hinh

1(a). Truong do dugc lugng tir hda E va dit vao dich chuyén giira trang thai co ban |1> va trang thai
kich thich |2> . Toan tir di¢n truong E phu thudc thoi gian di v6i cac mode lan truyén theo hudng z

va su phan cuc [3]:

N ho )
E(z,t)= a (t)e* +Ha., 1
(20)= 27,74 ) (1)
trong do a, biéu thi toan tir sinh va o, la tan s6 mode cuia truong thir k, ® 13 tan s6 séng mang
clia truong quang hoc, & 14 d6 dién thim chan khong va H.a. 13 lién hop Hermitian. Thé tich luong tir
hoéa V= AL, véi A latiet dién va L 1a chieu dai ciia mien tuwong tac doc theo hudng lan truyén cla trudong
luong ti héa. Hon nita, trudng diéu khién két hop lién két trang thai kich thich |2) va trang théi co ban
|3> , 6 tan sb Rabi Q. Su twong tac giita chum sang va nguyén tir dwoc chi phbi bsi Hamilton Hmt ma

trong gan ding song quay va gan ding ludng cuc dién, ta c6 [3]:
N . A N .
A, ==X 65 (1) E* (2,,0)-hY. 64 ()Q(z,.1) + Haa. (2)
j=1 j=1

O dy ¢ laphan tir ma tran ludng cyc giita cac trang thai |2) va|l), z; biéu thi vi tri cua nguyén
tir thir j, N 14 s6 nguyén tir trong thé tich lugng tir héa va & Sop = |a ><ﬁ | dugc dinh nghia cac toan tir

dao (lat) nguyén tu, véi a, f € {1 2 3} £* 1a thanh phan twong tng voi tan sé duong cia dién trudng

trong phuong trinh (1). Ta gia st cac tan sd song mang ® va o cla trudng do va truong diéu khién
trung v6i tan sd dich chuyén nguyén tor o va . Do d6, trong sy bién thién cham:

l:?“)(zj,t): /%f(zj,t)exp{i%(zj—ct)}; Ply (t):ﬁéﬂ(t)exp{—i%(zj—Cl)} va

Q(z].,t) :fl(zj,t)exp{i(kczj —q,t)}; trong d6 a,f € {1,2,3} , va k, =l€c.é"z =, cosB/c dugc dinh

nghia 1a hinh chiéu ciia vecto song Igg clia truong diéu khién trén tryc lan truyén €, clatruong do luong
tir dugc minh hOf.l & Hinh 1(b). o} day, gia st hé chi lan truyén doc theo truc z cua song dién tur va bién
z la bién duy nhat theo khong gian.

(b)

Hinh 1. (a) Moi truong nguyén tir ba mirc cdu hinh lambda twong tac vi hai truong laser

bao gbém truong diéu khién két hop cé tén s6 Rabi Q va truong do duoc luong tir E,
(b) Géc 0 gitra vecto song cua truong dicu khién va tryc lan truyén cia truong luong ti.
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Gia st truong do bién thién cham trong khoang lan truyén Az va gdm nhiéu nguyén tir N,>>

. . 5 . X . A 1A = 1 2 r N
1 thi trudng hop nay co6 thé dua ra cc bien lién tuc: p,,; = A Z Pup (z) voi a,f € {1, 2,3} va

z Az Az
zj€lz——z+——
2

2

thyuc hién thay thé Zj’:l —(N/ L)J dz . Khi ndy, Hamilton twong tac trong phuong trinh (2) c6 dang:

H,, =_h%jdz[g/321 (2.0)¢ (2:0)+ Py (2,1)Q(2,1) ™ +H'a} )

O day g =p\J@/2he)V 1 thn s6 Rabi luong tir va Ak =k, — @, /c = @,, (cos0—1)/c.

Su tién trién cuia toan tir Heisenberg twong tmg véi truong quang hoc c6 thé dugc mé ta trong gan
ding ham bao bién thién cham cho phuong trinh lan truyén song [20]:

(§+§)f(z,t)=igNﬁlz(z,t) @
Su tién trién cua hé nguyén tir duoc chi phdi boi hé cac phuong trinh Heisenberg-Langevin:
=T p +ig| &' P —Ha ] (5.1)
P =T —ig| &'y H.a.] ~i[ O ppe™ ~Ha.] (5.2)
533 =T, :p» +z[Q pye” —Ha] (5.3)
o =T P, +i8L [y, — P | +1Qp ™ (5.4)
P =Tupy +iQ[ 5y, —ﬁn]e’“’ +igdpl, (55
p = zgé’p32 +iQ) pre™ (5.6)
trongdo I', =T, , +T, ,,v6i I, val, biéu dién tdc d¢ phan ra tir mirc kich thich xudng cac mirc

co ban. Trong bai bdo nay, cdc qua trinh dich chuyén d6 cu trii bi mat mat do va cham dao spin va do
léch pha ctia qué trinh dich chuyén giita cac trang thai thap hon 1a khong dang ké va s€ dugc bo qua.
Gia st nay 1a phu hop trong trudng hop thoi gian trong tac ngan hon so véi thoi gian sdng tu phat cua
cac qua trinh nay.

3. KET QUA VA THAO LUAN

Pau tién, chung t6i khao sat hiéu tng EIT trong méi truong nguyén tir ba mirc ciu hinh lambda
va dugc 4p dung doi voi cac nguyén tir ¥Rb sao cho hai trang thdi co ban lan luot 1a
1) =(5°S,2.80y ==1/2.m,, ==1), |3)=|5"S,,.8,, =—1/2,m,, =1)va trang thai kich thich la
|2) = |52Pl/2, gy =—1/6,m,, = 0) [21]. D6 tan sdc va d6 hap thu tuyén tinh ciia moi trudng duge biéu
dién théng qua phan thuc va phan o ctia do cam dién y = y'+iy" . Ching t6i lya chon cic tham so:
Q¢ =2y, Ac=0v6iy =12 =I2=53MHz. Hinh 2, minh hoa cho d% hap thu (duong lién nét mau do)
va d¢ tan sc tuyén tinh (duong dit nét mau xanh) cua méi trudng d6i voi xung do. Ta 6 thé thay trong
hinh 2 (a) khi cuong d¢ truong didu khlen bang khong (hay khi khong c6 truong diéu khién tac dong
1én hé), pho hép thu cuc dai tai ngay tan s6 cong huong va duong tan sic lac nay la duong tan sac di
thuong. Nguoc lai, khi cé truong dleu, khién tac dong vao hé thi bién dang duong hap thu thay dbi. Ngay
tai tim ving cong }}uérng (Ap = 0) xuat hién vung triing. Va dd sau vung triing nay cang tépg khi cuong
do truong diéu khién cang 16n nhu trong hinh 2 (b-d). Vung tring ndy duoc goi la cura s6 EIT. Trong
cura s EIT do tan tic ctia hé 1a duong tan sic thudng va tuy thude vao do sau cua cira s6 EIT ma do déc
duong tan sic thay ddi theo do sau cua cura s6 EIT tuong ng. Do tan sac doc lam cho chiét suit cua

moi trudng tang nhanh, do d6 van tbc nhom s& giam dang ké trong ving tan s6 cong hudng nguyén tir
(ctra s0 EIT).
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Hinh 2. D6 thi 46 cam dién cua truong do duge vé theo dd 1éch tan dugce chuan hda
tai vung cong hudng, cac tham so dugc chon: Q¢ =2y A. =0, vay = Iy = I'23, tuong tng

Dé giai thich rd hon vé sy lan truyén cta xung do trong méi trudng EIT, chung t6i khao sat Hinh
3 v6i cac tham sb duge chon 1a Q. = 2y, Ap = Ac = 0. O day, chung toi dat bién QP (Z,t) = é’(z,t) dé
biéu dién cho bién do tan sb Rabi cua trudng do dwoc lwong tir hoa. Trong hinh 3, déng hoc lan truy{i-n
xung do dugc khao sat khi di qua moi truong dudi anh hudng cua hiéu tng EIT, véi ham bao ban dau
c6 dang Gaussian Q = 107 exp {—(z / 10)2} . Trong Hinh 3(a), m6 phong sy lan truyén cua xung do khi
truong diéu khién bi tat, tic 1a Q.= 0. Ching ta thdy rang xung hip thy boi cac nguyén tur khi truyén vao
trong moi truong mot khoang ngan. Nguoc lai, trong Hinh 3(b) khi truong diéu khién dugc bat Q. = 2y,
xung do lan truyén gan nhu khong bi suy hao trong sudt khoang cach lan truyén khao sat. Nhu vay chiung

ta c6 thé thu dugc xung lan truyén 6n dinh bang cach kiém soat cudng do ciia xung diéu khién trong ctra
s6 EIT.

a 70%2
12,00
&

%7 2
(
162,90

50
100 100
z 150 0 0

z 150

Hinh 3. Lan truyén truong do duoc chuin hoa trong hai truong hop: (a) truong diéu khién tit
Q. =0 va (b) truong diéu khién dugce bat Q. = 2y. Cac d6 1éch tan A, = Ac = 0. Thoi gian t tinh

theo don vi g\/ﬁ va vi tri z tinh theo don vi véi g\/ﬁ/c voic=1.
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Tiép theo, chiing t6i khao sat qua trinh chuyén trang thai lugng tir tir cac goi song photon sang cac
trang thai kich thich nguyén tir thong qua lan truyén cta xung do trong méi truong EIT dudi goc do cua
cac nguyén ti. Trude khi xung do di vao mdi tredng, nguyén tir & vi tri z trong moi truong da dugc bom
quang hoc vao trang thai co ban |1) boi truong diéu khién. Tai thoi diém nay trang théi cia nguyén tir
tuong duong véi trang thai toi. Khi suon trude ciia xung cham vao nguyén tir, nguyén tir van ¢ trang
thai t6i nhung mot phan ctia vecto séng ciia xung duoc chuyén vao trang thai chong chét giita cc trang
thai |1> va |3> . Bang cach nay ning lugng dugc truyén tir truong do vao méi truong nguyén tir. Khi
xung di qua nguyén tur tirc sudn sau roi khoi nguyén tir, nang lugng do s€ duoc tra lai cho xung. Trong
cong trinh [9], Fleischhauer va Lukin da dwa vao mot hinh thirc luan hitu ich dé mé ta moi trudng riéng
v6i khai niém gia hat duoc goi 1a phan cuc trang thai t61, ma duoc xéac dinh thong qua goc tron 6:

gJN

tan@(z,t)zm
D )

(6)

Goc tron cho biét su phan cuc dugc Iuu trit bao nhiéu trong trudng va bao nhiéu trong soéng spin.
Do6i véi goc tron 6 = 0, tat ca nang lugng deu ton tai trong truong. Vai 6 = /2, toan bd nang lugng phan
cuc ton tai trong séng spin va khi d6 ham bao trudng phan cuc trang thai toi Q) (z,t) dugc cho bdi [9]:

Q, (2.1) =c0s0(2,0)Q, (2,1)~sin (2,0 )N py, (2.1) ™ @

Hinh 4 biéu dién dang xung lan truyén, luu trit va phuc hdi sau khi duoc luu giir trong méi trudng.
Trong trudng hop nay, trudng diéu khién bién thién theo thoi gian va dugc biéu dién boi ham: Q) =
100{1 — 0.5tanh[0.1(t — 15)] + 0.5tanh[0.1(t-125)]}. D@ dang thay rang duong bao xung do bién mat
khi truong diéu khién tit va dugce phuc hdi dang ké véi cing hinh dang khi truong diéu khién dugce bat
tro lai. Nhu vay, dudng nhu anh sang da bi moi truong “ding lai” roi sau d6 lai tiép tuc lan truyén. Co
thé hiéu ban chat vat Iy cho hién tuong nay bang cach phén tich sy lan truyén dudi sy phan cuc trang
thai toi trong hé nay thong qua goc tron 6. Viéc giam bién do truong didu khién khi xung di vao trong
mdi truong la tuong duong véi viée quay goc trdn mot goc /2 sao cho xung dugc anh xa vao song spin.
Sau khoang thoi gian ¢ = SOg\/ﬁ , chiing ta ting dan truong didu khién, twong duong véi xoay goc tron
tro lai vi tri trude d6 va trudng lai tiép tuc lan truyén. Hon nira, bang cach chuyén sang co so bay do cu
tra két hop, chung ta c6 thé hiéu EIT 1a hiéu tng két hop dua trén su chong chat cac trang thai t6i. Viéc
dura vao gia hat phan cuc cho phép chung ta hiéu co sé cua sy lan truyén nay, tir d6 biéu dién kha ning
luru trit va phuc hdi cac xung anh sang.

12./19%)?

PP

Hinh 4. Lan truyén truong do duge chuin hoa trong phén cuc trang thai tdi v6i ham bao dang Gaussian

tai diém vao méi truong 107 exp {—(z / 10)2} .

Truong diéu khién Qc(t) = 100{1 — 0.5tanh[0.1(t — 15)] + 0.5tanh[0.1(t—125)]} va cac d0 léch tin Ap = Ac = 0.
Thoi gian t tinh theo don vi g+/ N va vi tri z tinh theo don vi véi g/ N /cvéic=1.
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4. KET LUAN

Trong bai bao nay, chung t6i da nghién ctru diéu khién lan truyén xung anh sang trong moi trudng
EIT, luu trir va phuc hoi trang thai lugng tir bang cach xét phén cyc trang thai t6i trong moi truong
nguyén tir ba mirc cau hinh lambda. Ching t6i da chi ra rang mdi treong EIT 1a moi truong wu viét de
lam giam van toc nhom anh sang voi hap thu triét tiéu tai tan sé cong huong ciia nguyén tir. Dic biét,
dudi phéan cyc trang thai tdi chung t6i da thyc hién dugc luu trit va phuc hoi xung laser do thong qua
bién diéu truong laser diéu khién. Mo hinh nghién ctru 1a rat hitu ich cho viéc hién thuc hoéa by nhé
luong tir quang hoc, nhd vy sé c6 tiém nang tmg dung trong cac thiét bj thong tin lwong tir va may tinh
luong tr.

Loi cam on: Nghién ciru nay do Trudng Dai hoc Cong Thuong Thanh phd H) Chi Minh bao tro va cip
kinh phi theo Hop dong so 86/HD-DCT ngay 15 thang 8 nam 2023.
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ABSTRACT

SLOW LIGHT AND QUANTUM STORAGE IN ELECTROMAGNETICALLY INDUCED

TRANSPARENCY MEDIA

Trang Huynh Dang Khoa!, Thai Doan Thanh!, Nguyen Tuan Anh!,
Bui Quoc Trung', Ta Thi Kim Tuyen', Le Mai Trinh!, Nguyen Thi Thu Hien!,
Nguyen Duy Cuong?, Hoang Minh Dong!*
'Ho Chi Minh City University of Industry and Trade, Ho Chi Minh City, Vietnam
2Huynh Thuc Khang High School, Vinh City, Nghe An, Vietnam
*Email: donghm@huit.edu.vn

In this paper, we study the process of slow light propagation and quantum state storage in a lambda
configuration three-level atomic environment through dark state polarization based on the
electromagnetic induction transparency effect (EIT). By combining fourth-order Runge-Kutta and finite
difference methods, we numerically solve the system of Heisenberg-Langevin equations for the
evolution of the probe field in an atomic medium. The results show that the normal dispersion domain
with large dispersion and suppressed absorption is controlled by changing the intensity of the control
field. Thus, it is possible to obtain light propagating at an extremely slow group velocity in the EIT
window. In particular, probe laser pulses are stored and recovered under dark-state polarization through
controlled laser field modulation. These results are very useful for research on optical quantum memory,
which has applications in quantum information devices and quantum computers.

Keywords: Slow light, quantum storage, quantum memory.
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