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Toém tit

Trong vai thdp ky qua, s kham pha ra hiéu #ng trong suét cam img dién tir (EIT—
Electromagnetically Induced Transparency) ddan dén su triét tiéu hé sé hdp thu anh sang
cong hudng trong méi trieong ngyén tir, la co sé dé c6 thé tao ra su khuéeh dai anh séng
khéng can nghich ddo dé cu trii. Trong bai bdo nay, chiing téi nghién civu si khuéch dai anh
sang khong c6 nghich ddao dg cur trii trong hé nguyén tir ba mic cdu hinh chiz V dwa vao hiéu
ung EIT. Bang céch gidi hé phwong trinh ma tran mdt dé, chiing téi tim dwoc cac biéu thic
cho céc hé sé hap thy, tan sdc, va khuéceh dai ciia &nh sang do theo cac tham sé cuia nh séng
diéu khién. Tir sy khdo sat bang do thi, chiing t6i tim dwoc mién tan sé trong dé dnh sang do
dwoc khuéch dai ma khdng can nghich ddo do cur trii. Mién tan sé nay c6 thé duwoc xé dich vé
mién budéc s6ng ngan hodc dai bang cdch thay déi tan sé cia dnh sang diéu khién,
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Abstract

Electromagnetically induced transparency (EIT), which was discovered in the past few
decades, leads to an elimination of the absorption coefficient in an atomic medium and is
fundamental to create light amplification without inversion. In this paper, we study light
amplification without inversion in a three-level V-type atomic system via the EIT effect. By
solving the density matrix equations, we found the expressions for absorption, dispersion,
and amplification coefficients of probe light according to the parameters of the coupling
light. We found the frequency region in which the probe light is amplified without inversion.
This frequency region can also be shifted to either the short or long wavelength region by
changing the coupling light frequency.

Keywords: Density matrix; Electromagnetically induced transparency; Light amplification
without inversion.

DOI: http://dx.doi.org/10.37569/DalatUniversity.10.3.687(2020)
Article type: (peer-reviewed) Full-length research article
Copyright © 2020 The author(s).

Licensing: This article is licensed under a CC BY-NC 4.0

125


mailto:doailv@vinhuni.edu.vn
http://dx.doi.org/10.37569/DalatUniversity.10.3.687(2020)
https://creativecommons.org/licenses/by-nc/4.0/

Lé Van Doai va Vo Ba Tong
1. GIOI THIEU

Chung ta biét rang, tir cac phuong trinh tbc d6 Einstein cho thiy dé laser hoat
dong thi méi truong hoat dong phai ¢6 do cu tru & mirc trén cao hon murc dudi (Milonni
& Eberly, 2010). M6i truong sé tro nén bao hoa khi mét nira d6 cu tra & muc trén cua
dich chuyén phét laser do sy phat xa kich thich ciing nhu sy hap thy kich thich. Do dé,
moi trudng khdng thé cho phép laser hoat dong ma khong cé nghich ddo do cu tra. Tuy
nhién, néu sy hap thu kich thich bj triét tiéu hodc dugc giam dang ké thi &nh séang van
duoc khuéch dai ma khong can nghich dao d6 cu tra.

Nhu di duoc dé xuat boi Harris (Boller, Imamoglu, & Harris, 1991), chiing ta c6
thé 1am triét tiéu hoan toan su hap thu cong huong ciia mot cham énh sang do (probe
light) khi dua vao mai truong nguyén tir mot chum anh sang diéu khién (coupling light).
Hién tuong nay dwoc goi la su trong sudt cam tGng dién tir (EIT). EIT la hé qua cua su
giao thoa lugng tir gitra cac kénh dich chuyén bén trong hé nguyén tir dugc kich thich bai
anh sang do va anh sang diéu khién (Bang, Doai, & Khoa, 2019). Sy kham phé ra hiéu
mg EIT di din dén nhiéu hiéu (g quang hoc tha vi nhu 1am cham anh sang, ting cudng
hé s6 phi tuyén, diéu khién ludng 6n dinh quang, tao soliton quang... (Bang va ctg., 2019).

Ngay sau khi EIT dugc khdm pha thi sy phat laser khong dao 16n d6 cu tra (lasing
without inversion) ciing da duoc dé xuat lan dau boi nhom Scully cho nguyén tir Rb
(Scully, Zhu, & Gavrielides, 1989). Vé nguyén ly cua sy phat laser khdng nghich déo do
cu tri dya vao higu tmg EIT, nguoi doc c6 the tham khao trong tai ligu tong quan
(Mompart & Corbalan, 2000). Uu diém cua laser khong dao 16n do cu tra la tao ra burc xa
c6 budc s6ng ngan tir anh sing vao c6 budc song dai. Nhu vay, tir hé sé Eisntein
A=Bhw/ (7°c*) cho thiy sy phat xa tu phat trén cac dich chuyén véi cac buéc séng
ngan thi rat nhanh (do hé sb A ting theo tan sb), nghia la cac nguyén tir trai qua sy kich
thich trén cac dich chuyén nay s& phan ra rat nhanh xubng trang thai thap hon. Do dé, su
nghich dao d6 cu tri kho tang 1én khi budc séng dich vé phia budc séng ngan hon nhung
&nh sang van duoc khuéch dai.

Cho dén nay da c6 nhiéu cong trinh nghién ctu ly thuyét va thuc nghiém vé su
phét laser khong nghich dao cu tra dua vao hiéu ung EIT, ching han nhu trong cau hinh
A (Fan, Cui, Ma, Li, & Li, 2006), chir V (Fan, Li, Tong, Liu, Gong, & Xu, 2005), bac
thang (Braunstein, Koganov, & Shuker, 2011), va trong cac hé nguyén tir nhiéu mirc khac
(Liu, Jia, Liang, Tong, & Fan, 2012)... Tuy nhién, cac két qua nghien ctru thuong dugc
mo phong bang phuong phép s6 nén su khdo sat cling bi han ché tai mot sé gia tri roi rac
cua cac thong so laser. Vi vay, viéc xdy dung mot mé hinh giai tich dé nghlen cau sy
khuéch dai anh sang khong nghich dao cu tra sé gitp ching ta dé dang tim kiém duoc bo
tham sb cua laser diéu khién dé co su khuéch dai anh sang do, cling nhu viéc diéu khién
x@ dich cac mién tan sb anh sang dugc khuéch dai. M6 hinh giai tich ciing c6 thé dé dang
dé giai thich hay so sénh vai thuc nghiém.

Trong bai bao nay, chung toi nghién ciu s khuéch dai anh sang khong cd nghich
dao do cu tra trong hé nguyén tir ba muc cau hinh chir V bang phuong phap giai tich.
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Bang céch giai hé phuong trinh ma tran mat do, ching t6i dan ra cac biéu thirc cho cac
hé s6 hap thu, tan sic, va khuéch dai caa chim &nh sang do theo cac tham sé cua laser
diéu khién. T do, chung toi tim kiém cac bo tham sb cua cac cham laser dé ¢o duoc su
khuéch dai anh sang do, va nghién ctu diéu khién cac mién anh sang dugc khuéch dai x@
dich vé mién budc séng ngan hoic dai.

2. MO HINH LY THUYET

Chng t6i khao sat hé nguyén tir ba muc cau hinh chit V twong tac véi hai truong
laser nhu Hinh 1. Trong d6, chum laser diéu khién c6 cudng 6 manh véi tan s Rabi Q¢
dat vao dich chuyén |1)—|3), con chum laser do c6 cuong dd yéu hon vai tan sb Rabi Qp
dat vao dich chuyén [1)—[2). Goi toc d6 phan ra d6 cu tra tir muc [3) xudng muc [1) 14
2131 Va tir muc |2) vé mic [1) 12 2121, toe d6 tich thoat do cu tra khong birc Xa tir muc |2)
xubng muc |3) 12 203

1)

Hinh 1. So @6 kich thich h¢ nguyén tir ba mic cau hinh chir V

Dudi tac dung ciia cac truong laser, su tién trién caa cac trang thai lugng tir cua
hé ¢ thé dugc mo ta thdng qua ma tran mat do p theo phuong trinh Liouville:

p=—1[H.p]+Ap. ®

O day, Ap dic trung cho cac qué trinh tich thoat cua hé, H 1a Hamilton toan phan
duoc xac dinh boi:

H=H,+H,, (2)

Trong d6, Ho va Hi twong g la cac Hamilton cua nguyén tir ty do va Hamilton
tuong tac.

H, =, [1) (1] +ha, |2) (2] + heay|3) (3, (3)

H =1, (|2)(a]e ™" +[1)(2]e" )+ nO, (|3) (2]e ™ +[1)(3]e"), (4)
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Véi (2 va (2 twong ung la tin sb Rabi cua truong laser do va laser diéu khién
duoc lién hé voi cuong do dién truong theo hé thuc:

0, =25 o -%uE
2n ©  2n

. : (5)

Véi d21 va da 1a ca&c momen ludng cuc dién cua cac dich chuyén [2)<»|1) va
|3)>|1), twong ung; Ep va Ec twong mg la cuong do dién treong cua chum laser do va
laser dieu khién.

Sir dung gan ding ludng cuc dién va gan dang song quay, c&c phan tir ma tran
mat do caa hé nguyén tir ba muc trong Phuong trinh (1) dugc viét thanh:

P =20y 055+ 20 5105 +1Q (0 51 = 1) +IQ (0 31— P13) s (6)
Par =—(2T 3 + 2T ) p +1Q, (01, — P11 » (7)
Pas = =20 31035 + 20 350, +1Q (P13 = P31) » (8
Por = V11 1, (01 = 050) =19 5.4 ©)
Par = Va1 +1Q (01 — P35) =192, 057 (10)
Doz = VosPos T1Q, 013 —1Q (11)
P = Pam: (12)
Pt Po+ Py =1, (13)

Trong d0, 7, =iA, —T,, yyuy =IA Ty, 73 =1(A, =A) =Ty A
A, =, —a, 12 d6 léch tan sb cta cac chum laser do va diéu khién so véi tan sb dich
chuyén nguyeén tu.

s =0, —w, Va

Bay gio ching ta giai hé phuong trinh ma tran mat do (6)-(13) dé tim nghiém
trang thai dirng cho phan tir ma tran mat do po1 lién quan dén dich chuyén caa chum laser
do. Tu Phuong trinh (11) va (12) chiing ta tim dugc:

iQ - Q Q
_ p(/0112 ,033)+ p= e P (14)
7/13+Qp 73 723713+Qp

13

Tt Phuong trinh (10) va (12) chung ta suy ra:
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| 0,0 o
0:721p21+|Qp(,011_p22)+—p13__pzl- (15)
V23 V23

Thay Phuong trinh (14) vao (15) ta dugc nghiém po1:

= iQp(pZZ ~Pu) N iQpr (P35 = Pu1) (16)

1 =
M (7/237/13"'9?;)'\/'
Trong do, Yimn = Vnm Va:
17)

M=y _Q_i Qng (93— Pu)
“ 7223713 + 7239i;

Va3
Nhu vay, c6 duoc nghiém cia pzi thi biéu thic cua hé sé hap thy, tan sic, va

khuéch dai twong Gng ty 1& voi Im(p21), Re(p21), va Im(pi2).

KET QUA VA THAO LUAN
Pé minh hoa cho két qua tinh toan, ching t6i 4p dung cho hé nguyén ti Rb
Vi cac trang thai dugc chon la (Steck, 2019): |1) = |5S12 F = 3), |2) = |5P32 F' = 3) va
[3) = [5P32 F' = 2). Toc do phan ra do cu tra tir muc |3) vé muc |1) 1a sy = 6MHz, tir muc |2)
vé mac |1) 12 T2 = 6MHz, con toc do tich thoat do cu tra gitra mac [3) va [2) 1a T's, = 3MHz.

3.

()

0.020 0.010
(a)
0.0151 0.005
3 w
& (=N
%‘ 0.0104 T 0
= o

-0.005

0,005

]IU

-0.010% T
-10

w Ay [MHz]
(b)

Hinh 2. Sw bién thién ciia cac hé sé hap thu Im(p21) (a) va tan sic Re(p21) (b) theo
d¢ léch tan so Ap
Note: C4c tham s cua laser diéu khién duoc chon 13 Ac = 0 va Q¢ = 0 (dwdng cham chdm), Q. = 3MHz
(dudng cham gach), Q. = 6MHz (duong gach gach), va Q¢ = 12MHz (dudng nét lién).
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Trudc hét, ching ta khao sat anh hudng cua cudng do laser diéu khién 18n hé sb
hip thu (a) va tan sic (b) ciia méi truong d6i v6i anh sang do nhu trén Hinh 2. Trong do,
tan s6 cua laser diéu khién dugc chon cong huong vai dich chuyen [1)—[3), con cuong
d6 (hay tan s Rabi) duogc chon 1a Q¢ = 0 (dudng cham chim), Q¢ = 3MHz (duong chdm
gach), Q¢ = 6MHz (dudng gach gach), va Q¢ = 12MHz (duong nét lién). Tir Hinh 2a
chting ta thay rang, khi Qc = 0 (duong cham cham) thi hé s6 hap thu dat cuc dai tai tan s6
cong huong nguyén tir, khi tang dan tan s6 Rabi Qc thi h¢ s6 hap thu giam dan ngay tai
mien cong huong va tao thanh mién phd trong subt (hay con goi cura 30 EIT), dong thoi,
mlen phd EIT dugc mo rong hon. Tuong tng véi mien phd trong sudt thi trén db thi hé
sb hap thu (Hlnh 2b) Xuat hién mot duong cong tan sic thuong, do cao cua dudng cong
nay tang khi tan sé Rabi Q¢ cua laser diéu khién tang. Nhu vay, khi c6 mat chum laser
diéu khién véi cuong do di manh thi hé sb tan sic ciia méi trudng ddi voi laser do dugc
tang cuong va sy hap thu duoc triét tiéu.

Sy triét tiéu hap thy anh sang do trong mién cong huang nguyén tir 1a diéu kién
cot 161 dé chung ta cd thé tao sy khuéch dai 4nh sang do ma khéng can nghich dao do cu
trd. Ching ta cd nhan xét rang, trong cau hinh kich thich nay, su khuéch dai anh séng
duogc thyc hién trong dich chuyén [2)—|1) nén dé dam bao anh sang ra duoc khuéch dai
thi hé s6 khuéch dai Im(p12) phai duong. Khi diéu Kién nay dugc théa man Im(paz) >0),
ddng thoi hiéu d6 cu tra gitta mac |2) va mac |1) am, pa22 - pu < 0 thi xay ra su khuéch
dai anh sang khong ¢ nghich dao do cu tra; COn néu p22 - p11 > 0 thi su khuéch dai anh
séng c6 nghich dao do cu tra. Bé thiy duoc diéu nay, trong Hinh 3, ching toi vé do thi
ctia hé s6 khuéch dai anh sang do Im(p12) theo do léch tan chaim do véi cac tham sé cua
chum laser diéu khién nhu trong Hinh 2. O day, chung t6i chon hiéu do cur tru giita murc
|2) va muc |1) 1a p22 - p11 =-0,05 < 0.

0.0

0,02

0,00 ==

Im(p;2)

-0.02

-0.04

-20 - i(l (‘) 1‘0 1‘(]
A, [MHz]
Hinh 3. S bién thién cta cac hé sé6 khuéch dai anh sang do Im(pi2) theo d9 léch
tan sé Ap khi khong c6 nghich dao d¢ cwr tri p22 - p11 = -0,05

Note: Cac tham s ciia 4nh sang bom dugc chon 1a A; = 0 va Q¢ = 0 (duong cham cham), Q¢ = 3MHz
(dudng cham ghach), Q. = 6MHz (duwong gach gach), va Q¢ = 12MHz (duong nét lién).
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R® rang, tir Hinh 3 cho thay rang, khi chua c6 chum anh sang diéu khién Q¢ = 0
(tire 1a chwa 6 hiéu ¢ng EIT) thi hé s6 khuéch dai 1a &m (xem dudng cham chim) twong
g véi sy hap thu cuc dai (xem dudng chim chim trong Hinh 2); Khi cudng d6 chim
diéu khién con nho Q¢ = 3MHz (bit ddu xuat hién hiéu tng EIT) thi hé sé khuéch dai
tang dan, tuy nhién su khuéch dai van con 4m (xem duong cham gach), tirc 1a chua c6 su
phét laser; Tang cuong do chum bom tdi gia tri Qc = 6MHz, d6 sau va do rong cua mién
phd trong sudt duoc ting 1én (xem dwong gach gach trong Hinh 2) thi hé s khuéch dai
da tro nén duong (xem duodng gach gach), luc nay da xuat hién sy phat laser khong co
nghich dao d6 cu tra voi mién tan sb phat khoang 10MHz; Tiép tuc ting cudng do chum
bom t6i gia tri Q¢ = 12MHz, sy hip thu gan nhu triét tiéu hoan toan (xem dudng nét lién
trong Hinh 2) thi hé sé khuéch dai ciing duoc tang 1én, tic 1a cudng dd chum laser ra ciing
tré nén manh hon va mién tan s6 phat cling dugc Mo rong I1én toi 20MHz (xem dudng
nét lién).

Nhu vay, su khuéch dai anh sang khdng c6 nghich dao do cu tra duoc thuc hién
trong mién phd EIT, do d6 néu mién pho EIT duoc dich vé mién tan sé ngan hoic vé
mién tan sb dai thi mién tan sé phat laser ciing dugc dich mot cach twong tng. Dé thay
dugc diéu nay, ching t6i chon cuong do chum laser diéu khién tai gia tri Qc = 6MHz va
vé& d6 thi hé s6 khuéch dai Im(p12) theo do Iéch tan sé chum do khi thay do6i do Iéch tan
s6 chum diéu khién tai vai gia tri khac nhau A¢ = -5MHz va Ac = 5SMHz nhu trén Hinh 4.
Theo dudng gach gach trén Hinh 3 &ing véi A = 0 thi mién tan sb phat laser 1a khoang
-5MHz < Ap < +5MHz. Tuy nhién, néu Ac = 5MHz thi mién phat laser bi dich vé phia
budc song dai, tic 1a trong khoang OMHz < Ap < 10MHz (xem duong lién nét trong Hinh
4), con néu A; = -5MHz thi mién phat laser bi dich vé phia bugc song ngan, tic 1a trong
khoang -10MHz < Ap < 0MHz (xem duong gach gach trong Hinh 4).

0.021

0.014

0.007

Im(py2)

-0.014

20 -10 0 10 20

Hinh 4. Sy bién thién cta hé sé khuéch dai &nh sang do Im(p12) theo dd léch tan sb
Ap khi khong c6 nghich dao d§ cw tra p22 - p11 = -0,05
Note: Cuong d6 anh sang bom duoc ¢ dinh tai Q¢ = 6MHz con d léch tan s A; = -5MHz (dudng gach
gach) va Ac = 5MHz (duong nét lién).
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0.051

-20 -10 0 10 20
A, [MHz]
Hinh 5. Sw bién thién ctia cac hé sé6 khuéch dai anh sang do Im(p12) theo dd léch
tan so Ap khi c6 nghich dao d9 cw tria p22 - p11 = +0,05
Note: Cac tham s ciia anh sang bom dugc chon 1a Ac = 0 va Q¢ = 0 (duong cham cham), Q = 3MHz
(dudng cham gach), Q. = 6MHz (duong gach gach), va Q¢ = 12MHz (dudng nét lién).

Cudi cung, trong Hinh 5, ching tdi khao séat su khuéch dai &nh sang do trong
truong hop ¢6 nghich dao do cu trd (chang han, nho qua trinh bom khong két hop) bang
céch chon hiéu do cu tra gitta muc [2) va mac [1) 13 p22 - p11 = 0,05 > 0 va vé dd thi hé s6
khuéch dai anh sang do Im(p12) theo d6 léch tan sé Ap vai cac tham sb cua chim bom
tuong tu nhu Hinh 3. R rang rang, néu do cu tra & mac trén [2) 16n hon do cu tra & mic
duai |1) thi su khuéch dai anh sang ludn ludn xay ra ngay ca khi khéng c6 mat cua cham
diéu khién Q¢ = 0. Tuy nhién, su ¢6 mit caa chum diéu khién din dén mién phé phat laser
dugc mo rong khi cudng do anh sang diéu khién ting, chang han khi Q¢ = 0 thi mién anh
sang duoc khuéch dai 13 khoang 10MHz, con khi Q¢ = 12MHz thi mién khuéch dai duoc
mao rong téi 25MHz.

4. KET LUAN

Chung t6i d3 nghién ctu sy khuéch dai anh sang khong cé nghich déo do cu tri
trong mdi truong nguyén tar #Rb ba mic cau hinh chir V dwa vao hiéu ang trong sudt
cam tng dién tu (EIT). Béng cach giai hé phuong trinh ma trdn mat do, chung t6i da tim
duogc céc biéu thirc cho céc hé sé hap thu, tan sic, va khuéch dai caa anh sang do theo cac
tham sb cia anh sang bom. Két qua cho thay rang, khi chua xuét hién hiéu tng EIT (tuc
chura c6 chum laser diéu khién, Q¢ = 0) thi chum anh séang do bi hap thu manh trong mién
cong huang va khang 6 su khuéch dai anh sang. Tuy nhién, khi cuong d6 chum diéu
khién du manh (c& Q¢ = 6MHz) thi EIT xuat hién va cé sy khuéch dai anh sang khong
nghich dao d6 cu trt trong mién tan sé cong huong. Tang dan cuong d6 chum diéu khién
thi cuong d9 laser ra cing duoc tang 1én va mién tan s6 phat laser cling dugc mé rong
hon. Mién tan s6 ndy duoc Xé dich vé mién budc song ngian hoic mién budc séng dai
bang cach thay ddi tan sé cua chum laser diéu khién mot luong twong Gng.
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PHU LUC
DAn ra hé phwong trinh ma trin mat d

Goi |1), |2), va |3) la trang thai riéng cua Hamilton khong twong tac ctiia nguyén
tir ty do Ho. Theo phuong trinh Schrodinger ta co:

Hol1) = hw,|1); Hol2) =hw,|2); Hol3) = hws3) (P1)
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Lé Van Doai va Vo Ba Tong

Ngoai ra, c4c xac suat do mirc ning luong how,, hw,, va hows 13 [1)(1], |2)(2], va
13)(3]. Ta cé:

(1] + [2)(2] + [3)(3] =1 (P2)

‘ Goi A\ 1a Hamilton twong tac giita hé nguyén tir ba mic va hai truong laser trong
gan dung song quay. Do d6 toan tir nang lugng toan phan caa hé c6 dang tong quét sau:

P

T

= Ho + H, (P3)
D6i v6i Hamilton khong tuong tac Ho '

Ho = (11(1] + [2X2] + [33]) Ho (I11X(1] + [2)(2] + [3)(3])

= hog [ 1(1] + howz|2)(2] + hws|3)(3| (P4)

Viét dudi dang ma tran:

hw; O 0
Ho=| 0 hw, 0 ] (P5)
0 0 hw;
D6i v6i Hamilton twong tac Hi:
H = (IIC1] + 1221 + [3X3]) Hi(JIX1] + [2)(2] + [3)(3])
= |IX1H; |2)2] + [1IL[H; 1313+ [2)2[H; |1X(1]

+12)(21H; |3X3] + [3X31H; |1(1] +[3)3|H; |2)(2] (P6)
Trong gan dung ludng cuc dién, Hamilton twong tac dugc xac dinh bai:

H, =-exE(t) (P7)
Véi ex 1a momen ludng cuc dién va E(t) 1a cuong do dién trueong anh sang.
Thay biéu thirc (P7) vao biéu thirc (P6) ta duoc :

Hi =-e|1(1|2]2)(2|E(¢) - e[IX1RI3N3|E (L) - e[2)(2|2|1(1|E(¢)

- € [2K2|%[3)3|E(¢) - el3)(3IX[1)L|E(L) - e|3)(3|X]2)2|E(t) (P8)

Goi dmn 1a céc phan tir ma tran dich chuyén cua mémen ludng cuc dién. Ta co:
dmn = € (m|%|n) (P9)

Khi d6, thé ning twong tac giita nguyén tir va trudng anh sang ¢ dang nhu sau
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Vi = 'dmnE(t) (PlO)

Do d6, Hamilton twong tac duoc bién doi 1a :

Hy= V12 1)(2] + Va1|2)(1] + Vi3 1)(3| + Va1l3)(1] + V23l2)(3| +Va23)(2|  (P11)

Trong bai todn nay, hé nguyén tir duoc kich thich bai hai trueong laser theo ciu

hinh chit V: Chiim laser do c6 tan s6 goc w,, dat vao dich chuyén [1)—|2), con chim laser
diéu khién c6 tan sb goc w, dit vao dich chuyén |1)—|3). Do do6, biéu thac Hamilton
tuong tac H) s& con lai cac thanh phan sau :

tac la ;

Hy = Vig| 142 + Va1]2)(1] + Vas|1)(3] + Va1|3)(1] (P12)

Theo ly thuyét ban cd dién, truong anh sang van duoc mé ta dudi dang co dién,

E(t) = Eocoswt =~ Eg(e ™0t + el@t) (P13)

Do d6, thé ning tuong tac 1a :

d .lE —ilwpt .
Vp = EOR =T~ pgpeiont (P14)
Véi Qp = d“z—r;EP goi la tan s6 Rabi cua chum laser do.
Vi2=V;; = hQpet@rt (P15)

Tuong tu ta co:

1 _
— d31 E(t) h - d31 SEce toct

V
31 - -

h = hQce ‘@ct (P16)

Vi3 = hQ¢ e'®et

V6i Q. =T goi 1a tin s6 Rabi cua chim laser diéu khién.

Cuébi cing, biéu thirc Hamilton twong tac 1a:

Hi=hQpe'®r tIN2| +hQpe " @ t2)(1] +hQc eic E1)(3| +hQe e i@t 3)(1] (P17)
Viét dudi dang ma tran ctia Hamilton twong tac 1a :

0 hQ, e'®rt hQ.e'@et
Hi=|hq, e iort 0 0 (P18)
hQ e @ct 0 0
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Tir (P4) va (P18), ta thu duoc biéu thirc Hamilton toan phan 1a:
H = ho|1)(1] + hw,|2)(2] + hw;|3)(3] + hQpe'®r [1)(2]
+hQpe ' @rt2)(1| + hQc e'@ct|1)3| + hQ e 1@t |3)(1] (P19)

Viét dudi dang ma tran, Hamilton toan phan Ia:

hw, hQ,e»t hQ.e'@et
H = hQ, e” @pt hw, 0 (P20)
h Q. e t@ct 0 hws

Sy tién trién theo thoi gian caa hé nguyén tir trong cac truong laser dwoc mo ta
phuong trinh Liouville nhu sau:
dp _ ifs A ~
ey [H; P] +(Ap) (P21)
Trong d6: p la toan tir ma tran mat dé cua hé nguyén tir ba mirc nang luong va
duoc biéu dién dudi dang ma tran 3x3:

P11 P12 P13
p= [P21 P22 P23] (P22)
P31 P32 P33

Céc phan tir nam trén duong chéo p;; (voi i =1, 2, 3) biéu dién xac suat tim thiy
hat & trang thai |i), do d6, ¥3_; p;; = 1. Cac phan tir ndm ngoai duang chéo p;; (i j) biéu
dién xéc suat dich chuyén tir trang thai |i) dén trang thai |j) va thod man tu lién hop
Pji = Pij- S6 hang Ap duoc dua vao mot cach hién twong luan dé dic trung cho cac qua
trinh tich thoat.

Nhu vay, tir (P20)-(P22) ta thu dugc cac phuong trinh cho cic phan tir ma tran
mat do nhu sau:

S = iwyt —lwpyt ; iwet —iwet
p11=iQy (e'P"pyy - €7 P pyy) +ifde (67 p3g - €7 ¢ py3)

+2031p33 + 23105, (P23)
p2= iQp (e7'Ptp, — €' py) - (2T 21t 2T23) Py, (P24)
P33 =iQc (71 py3 — 't p3y) - 2Ta1pgz + 2T23py; (P25)
P21 = iﬂpe_iw” Y(p11 = P22) *ipar(wy — wq) -iQc e™®ctpys -Ta1pyy  (P26)

p31= i), eiwct(Pn —ps33) +ip3 (w3 — wq) - iQpe_iwp tP32 —I'31p34 (P27)
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) —iwyt H : —lwct
p23=iQp e P pyz +ipyz(wy — w3) - idce ™" Py - T23py3 (P28)

Str dung gan dung bién thién cham cua ma tran mat do, chung ta dat :

~ _—iopt ~  —iw A ~ _—i(w,-o)t
Py = Pof " P = P VR Py = P (P29)

Thay vao cac Phuong trinh (P23)-(P28) vachly A =, —w, Va A, =, -, la

d6 léch tan s caa cac chum laser do va diéu khién so vai tan sé dich chuyén nguyén ti.
Sau vai bién doi chung ta sé thu dugc hé phuong trinh ma tran mat d6 (6)-(11) trong
Muc 2.
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