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Tom tat

Chuyén mgch toan quang la thanh phan quan trong trong cac mang truyén théng
quang hoc téc dg cao va cb cac 1ng dung tiém ndng trong cdc hé thong théng tin heong
tir va mdy tinh lwrong tie. Bai bao ndy trinh bay két qua nghién cizu déc tinh hap thy, tan
sdc va sy chuyén mach quang hoc cia truong laser do théng qua diéu khién pha tuwong
doi cua cdc trwong laser diéu khién trong hé nguyén tiz ba mizc cdu hinh vong bang
phirong phép gidi dong thoi hé phicong trinh Maxwell-Bloch doi Véi nguyén tir va cac
triong laser. Chang t6i két lugn rang cdc ddac tinh hap thy va tan sdc cia trirong laser
do nhir mét ham cia pha twong doi ¢. Khi diéu chinh pha twong doi cua cdc trieong
laser, ham bao ddu vao cia trwong laser do 1a mét song lién tuc sé dwroc bdt; khi pha
twong doi Ciia truong laser dwoc bién diéu c6 chu ky, song lién tuc sé duroc tat.

Tir khoa: cau hinh vong, hé nguyén tiz, trieong laser
Abstract

OPTICAL SWITCHING BASED ON THE PHASE-CONTROL
IN A CLOSED-LOOP THREE-LEVEL LAMBDA SYSTEM

All-optical switch is an important component in high-speed optical communication
networks and has potential applications in quantum information systems and quantum
computing. This article presents the results that absorption - dispersive properties and
optical switching behaviors of a probe field via the relative phase control of driving fields in
the closed-loop three-level A-type atomic system by method simultaneously numerical solve
the coupled Maxwell-Bloch equations for atom and field on a spatiotemporal grid. We
conclude that the absorption-gain and dispersive properties of the probe field as a function
of relative phase ¢. When the modulating the relative phase of the applied fields, the
continuous-wave input probe field is switched on; when the relative phase of the applied
field is periodically modulated, the continuous-wave input probe field is switched off .
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1. Giéi thigu

Chuyén mach toan quang la thanh phan quan trong trong cic mang truyén thong
quang hoc tdc d6 cao, ¢6 tng dung tiém ning trong cac hé thong thong tin luong tir va may
tinh lugng tir (Hiroshi Ishikawa, 2008). Su ra doi cta hiéu tng trong subt cam Gng dién tir
(EIT) (Imamoglu and Harris, 1989; Boller, Imamoglu, Harris, 1991) di cung cip cach tiép
can ti wu cho viéc chuyén ddi quang hoc & &nh sang yéu (Harris and Yamamoto, 1998;
Jafarzadeh, 2017). Méi truong EIT khong chi triét tiéu hap thu tuyén tinh (Fleischhauer,
Imamoglu, Marangos, 2005; Khoa, Trung, Thuan, Doai and Bang, 2017) ma con tang
cuong do cam phi tuyén & 1an can tan sé cong huong nguyén tir (Khoa, Doai, Son and
Bang, 2014; Hamedi, Gharamaleki, and Sahrai, 2016), do d6, méi truong EIT c6 thé ting
cudng tuong tac gitra 4nh sang va vat chat mot cach dang ké, cho phép céac qua trinh quang
phi tuyén dat dugc hiéu qua dang ké ngay ca & mutc don photon (Shiau, Wu, Lin and Chen,
2011; Venkataraman, Saha and Gaeta, 2013). Hiéu tmg EIT ciing c6 thé thay d6i dong hoc
lan truyén cta cac xung anh sang nhu sy hinh thanh va lan truyén cia céc soliton quang
(Huang, Jiang, Payne and Deng, 2006; Dong, Doai and Bang, 2018)...

Véi cach tiép can khac dé nghién ciru diéu khién sy két hop va giao thoa luong tu,
pha tuong ddi cua cac truong laser tng dung da duoc sir dung rong réi trong mot sé qué
trinh quan trong trong cac hé thong nguyén tir, phan tir va trang thai rin (Korsunsky,
Leinfellner, Huss, Baluschev, Windholz, 1999; Zhi Qiang Zeng, Yu-Ping Wang, and
Bang Pin Hou, 2013). Bic biét trong cau hinh nguyén tir v6i so d6 cdu hinh vong luong
tir, pha tuong d6i dong vai tro rat quan trong trong su tuong tac giita cac truong laser va
mai truong. Pha tuong d6i c6 thé thay doi dang ké cac tinh chat quang tuyén tinh va phi
tuyén va dan dén mot s hién twong thi vi nhu diéu khién pha cia EIT (Korsunsky,
Leinfellner, Huss, Baluschev, Windholz, 1999; Bortman-Arbiv, Wilson-Gordon,
Friedmann, 2001), khuéch dai ma khong dao 1on do cu tra (Xu, Wu, Gao, 2003), dia
phuong héa nguyén tir theo pha twong ddi (Chengpu Liu, Shangging Gong, Takashi
Nakajima, Zhizhan Xu, 2006), ting cuong tinh phi tuyén Kerr lién quan véi sy tu bién
diéu pha va bién diéu pha chéo (Fountoulakis, Terzis, Paspalakis, 2010; Sun, Niu, Jin and
Gong, 2007, 2008; Qi, Niu, Zhou, Peng and Gong, 2011), hanh vi truyén qua (Xu, Wu,
Gao, Zhang, 2003; Zhi Qiang Zeng, Yu-Ping Wang, and Bang Pin Hou, 2013), chuyén
mach quang va cac dic tinh két hop phu thudc pha khéc (Dong-chao Cheng, Cheng-pu
Liu, Shang-ging Gong, 2006; Agarwal, Tarak Nath Dey, Sunish Menon, 2001; Jiahua Li,
2007; Kou, Wan, Kang, Jiang, Wang, Jiang, Gao, 2011; Hoang Minh Dong, and Nguyen
Huy Bang, 2019; Giovanna Morigi, Sonja Franke-Arnold, Gian-Luca Oppo, 2002;
Hoonsoo Kang, Gessler Hernandez, Jiepeng Zhang, and Yifu Zhu, 2006)... da duoc thuc
hién ca vé ly thuyét va thyc nghiém trong mét hé thdng nguyén tir vong kin.

Trong bai bao nay, ching t6i nghién ctu anh huéng cua pha twong ddi cua cac
truong laser lién két 18n hanh vi hap thy, tan sic va dic tinh chuyén mach quang cua
truong laser do trong cu hinh vong kin béi trudng microwave thém vao két néi hai trang
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théi thip hon. Truong microwave dong mot vai trd quan trong trong so d6. Dau tién, no
c6 thé tao ra su két hop luong tir gitra muc thap hon, viéc nay c6 thé didu khién céc tinh
chit tan sic va hap thu caa hé bang cach thay d6i cudng do cia truong microwave (Dong-
chao Cheng, Cheng-pu Liu, Shang-qing Gong, 2006; Agarwal, Tarak Nath Dey, Sunish
Menon, 2001). Thir hai, trudng microwave bién hé A thanh vong kin. Ching ta biét rang
c4c hé vong kin c6 dic tinh phu thudc pha, tic 13, hanh vi caa hé cha yéu phu thudc vao
pha tuong ddi giita cac kénh chuyén tiép (Giovanna Morigi, Sonja Franke-Arnold, Gian-
Luca Oppo, 2002). Sir dung céc hiéu tmg nhu vay, chiing ta cd thé tao ra diéu khién pha
cua hanh vi truyén qua va thuc hién chuyén mach quang hoc. Ngoai ra, nhiéu sy cha y
trong su két hop do truong microwave da duoc nghién ctu (Giovanna Morigi, Sonja
Franke-Arnold, Gian-Luca Oppo, 2002). Hau hét cac cong trinh nay lién quan dén hé
nguyén tir diéu khién bang truong microwave déu tap trung vao dap tng ¢ trang thai ding
cua méi trudng. Chang toi thay rang trong mot hé nguyén tir didu khién bang truong
microwave nhu vay, c4c tinh chat hap thy, tan sac caa truong laser do c6 thé duge diéu
khién bai pha tuong d6i caa cac truong laser lién két. Chang t6i ciing nhan thay khi ham
bao ban dau caa truong laser do 1a song lién tuc thi ¢6 thé dugc bat va tat theo pha twong
dbi cua céc truong laser lién két cd chu ky theo thoi gian, tac 13, trang thai chuyén mach
c6 thé dugc didu khién theo pha tuong ddi cia cac truong laser lién két.

2. M6 hinh va cac phwong trinh co ban

Ching tdi xem xét hé nguyén tir ba mirc vong kin ciu hinh lambda duoc lién két
boi hai truong laser va trudng laser diéu khién microwave, nhu trong hinh 1.

13)

Hinh. 1. So' dé néng lwong
cua hé nguyén tur ba muc
vong kin cau hinh labda.

Dich chuyén |3) <> [2) duoc diéu khién boi truong laser diéu khién véi tan s Rabi
2Q, pha ban dau @ va tan s6 goc a. Truong laser do co tan s Rabi 2, pha ban dau o,
Va tan s6 goc o, dugc dat vao dich chuyén |3) <> |1). Truong diéu khién microwave véi
tan s6 Lamor 2Q,, pha ban dau ¢p Va tan s6 goc oy duoc sir dung dé lién két cac mirc
dudi Zeeman |2) va |1) théng qua dich chuyén ludng cuc tir duoc phép va dé tao thanh
cau hinh vong kin. Vai tro ban dau cua trudng microwave 1a tao ra sy két hop luong tir
gitra cac mirc |2) va [1), can thiét cho cac hiéu ung phu thugc pha. Mot vai trd khac cua
trudng microwave 1a chuyén nguyén tir tir mac |1) dén muc [2) dé cd thé tiép tuc duoc
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bom vao muc [3) bang truong laser didu khién oc. Téc do phan ra tu phat tr mac |3)
xudng muc [1) va |2) tuong @ng la ya VA ys,. Trong bic tranh twong tac, voi gan ding
s6ng xoay va gan dung ludng dién cuc, Hamiltonian ban cb dién md ta twong tac giia
nguyén tir va trudng laser cho hé dang xét c6 thé duoc viét 1a (vai gia dinh 7=1);

-A, Qe Q)
Hint = _Qm e7i¢ _Ac _QZ ’ (1)
—Q -Q 0

p c
¢ day A =w,-w,, A, =w,-a, Va ¢=(a)c +a, —aop)t+((pc +o, —(pp) 1a cac do léch tan
Ccua truong laser do va truong laser diéu khién, tuong ung. Su tién trién dong hoc cua hé
c6 thé dugc md ta boi phuong trinh Liouville:

0 .

Epz—l[Him,p]-i—Ap, (2)
va cac phuong trinh ma tran mat do coé lién quan thu dugc cho hé lambda ba mic vong
kin duoc dua ra nhu sau:

% =245+ iQ;psl - iQpp13 + iQ;ei“’le - iQmeii(ﬁpl? d (32)
a'thZ = 25 P — 12,87 pyy +1Q 77 py, +iQ Py, —IQ Py (3b)
% ==2(yqy +V52)Pss — iQ;p31 +iQ, oy — 1,2 105 (3¢)
% = (A = A)) = 7210 — 19, (0, = 1) ~ 1, s 1D 3y (3d)
% =—(iA, + V1 + 73) P =1, (035 — p11) +1Q, pyy — Q€77 py, (3e)
% =—(IA; + 751+ V5 ) P +1Q, o1, —IQ (05 — ) — 126" 31, (3f)

trong do, cac phan tir ma tran tudn theo cac diéu kién lién hop va chuan hoa, cu thé la
P :p; (i=]), va Pu+ Pn + Py =1, tuong tng.

Pé nghién ctru dong hoc cua cac xung laser lan truyén trong méi truong, phuong
trinh séng Maxwell duéi gan ding ham bao bién thién cham va gan ding séng quay,
chung ta thu duoc phuong trinh song dbi véi truong laser do:

oQ (z,t) 10Q (z,t) .
p@Z +E p@t =lay, py(2,1), (4)
2
w,N|d,,|

§ day, o= , 12 hing sé lan truyén. Pé thuan tién, ching ta thuc hién trong hé

4g,Chy,,
quy chiéu véi & =z va r=t-z/c, theo d6 ta cO a/oz=0/0&-1/coldr, dldt=0l0r, Cac
phuong trinh ma tran mat d6 Bloch (3a)-(3f) dbi véi cac phan tu, p; (&,7) va phuong
trinh séng Maxwell (4) c6 thé viét lai nhu sau:
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6(;0: =2y P5 +1QY Py —IQ pyy +1Q, €Y p, —1Q €7

% = 2), Pss — 108" p,, +1Q 877 p, +IQ Py, —1Q 0y

% =213y + V32) P — 1 pyy +1Q 1, —IQ, s, +IQ, Py s

% = (A =A)) = 72) P — i, (py — ) — iQ, Py, +iQ, Py

op:. . . . . S
_2_31 =—(1A, + Vo +¥2) P — 192, (P — p11) +1Q py —1Q € * Pz

° i i i ‘O ol
g?;z = —(IA; + Var + V22 ) P H1Q, 01 — 1D, (03— P3) — €267 py
Q1) .
Ehe ).

8(0{{,‘) YPu(&:7)

3. Két qua va thao luan
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(5a)
(5b)
(5¢)
(5d)
(5e)

(5f)

(59)

Trudc hét, ching tdi xét anh hudng cua pha twong ddi ¢ dén cac tinh chat hap thu
Va tan sic cua trudng laser do. Pé don gian, ching toi gia s ring mdi truong dat vao
gitta hai mac 1a cong huong voi cac dich chuyén nguyén tir tuong ung, cu thé 13,
o, +o, o, =0 VA& Ap = Ac = 0. Vi vy pha twong ddi chi lién quan téi pha ban dau ciia

cac truong dugce dat vaog=o, +9, -9, .
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Hinh. 2. Cac hé sé hap thu Im(ps1) (dwong mau xanh nét lién) va tan sac Re(pai)
(dwong mau do dit nét) theo pha twong doi ¢. Cac tham sé dieoc chon Q, = 0.5y31, Q2 =
10))31, On = ]y31, Ap =0,4.=0,va Y32 = V31, twong Lrng
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Trong hinh 2, chding t6i v& hap thu Im(ps1) va tan sic Re(ps1) cua truong do theo
pha tuong dbi ¢. Tir hinh 2, chling ta c6 thé thy rang Im(ps;) va Re(ps1) biéu hién cac
chu ky am, duong véi chu ky 2r. Khi pha twong dbi ¢=kz (k 1a s6 nguyén), chang han
¢ =0 va ¢ = n, hip thu biang khong vai chiét suat I6n nhét (tan sic), trong sudt hoan
toan c6 thé dat dwoc. Khi pha tuong ddi ¢=(2k+1)z/2, hé chuyén tir hap thu téi khuéch
dai va nguoc lai, cu thé; ddi véi g =2kz+z/2 chang han ¢=/2 gia tri dinh cua hap thu
Xay ra tai vach tan sic bang khong; va ¢=2kz+3z/2 ching han ¢=3z/2 gia tri dinh
cuia khuéch dai do c6 thé xuit hién tai vach tan sic khong. Do d6 hé ba mac cau hinh
vong kin dang lambda c6 thé duoc sir dung cho chuyén mach pha cua hap thu va (hoic)
khuéch dai truong do.

Trong phan sau, chiing t6i giai s cac phuong trinh (5a) - (5g) trén ludi thoi gian
bang phuong phap Runge-Kutta bac bn va phuong phép sai phan hitu han ddi véi diéu
kién ban dau la tat ca cac nguyén tir ¢ trang thai co ban |1) va diéu kién bién ban dau
cua trudng laser do duoc gia st 1a mot séng lién tuc (cw) tai dau vao moi trudng.

(a)

N
'S

e
w
T

Intensity |ﬂp({,'r)|2
(=] o
= N

0 20 40 60 80 100
(b)

0 ZIU 4I0 6I0 BIO 100
Time 7
Hinh. 3. () S tién trién truong do lién tuc tai vi tri & = 50/a theo su bién thién cua pha
twong doi ¢(z); (b) pha twong doi ¢(r) theo thoi gian 1 song dang cosin trong mién tar
0 téi n/2: @(r) = n/4cos(2nfr) + n/4. CAc tham s6 khdc duoc chon Q, = 0.5y31, Qc =
10'))31, On = I'y31,f: 0.05)/31, Ap =0,4.=0,va V32 = Y31, twong wng

Hinh 3 cho thdy qua trinh chuyén mach c6 thé cia truong laser lan truyén thdng qua

mdi trudng ba mirc cau hinh lambda vong kin tai vi tri & = 50/0.. Hinh 3a, cho thay rang su
truyén cia cuong do truong laser do nhu 13 ham cua thoi gian dudi sy bién thién caa pha
twrong d6i ¢(t). Su bién diéu ciia song loai cosin trong mién tir 0 téi /2: @(t) = w4cos(2nfr)
+ /4 nhu théy trén hinh 3b, ma duogc tao ra boi dién ap cosin dua vao bd bién diéu quang—
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dién (EOM) (Hoonsoo Kang, Gessler Hernandez, Jiepeng Zhang, and Yifu Zhu, 2006).
Hinh 4a v& su truyén qua cia cudng do trudng do nhu 14 ham cua thoi gian va pha tuong
ddi ¢(t) theo thoi gian 1a mot séng gan vudng véi suon trude, sudn sau 1a tron tron trong
mién tr 0 t6i w2 ft) = w2{l — 0.5tanh(0.4(x — 10)) + 0.5tanh(0.4(t-35)) —
0.5tanh(0.4(t—60)) + 0.5tanh(0.4(t—85))}, ma duoc chuyén hda boi x trong hinh 4b.

(a)

o
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o
o
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(= [=]
- N

(=]

20 40 60 80 100

0
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Hinh 4. (a) Sw trién trién cia trwong laser do lién tuc tai vi tri & = 50/a theo sir bién
thién ciia pha twong d@si ¢(v); (b) pha tuwong doi ¢(z) theo thoi gian 1a mét song gan
VUdNg Vi suwon triede va sau tron tron trong mién tir 0 t6i n/2: () = n/2{1 —
0.5tanh(0.4(x — 10)) + 0.5tanh(0.4(z—35)) — 0.5tanh(0.4(z—60)) + 0.5tanh(0.4(z—85))}.
Céc tham so khac chon nhu trong hinh 3.

Nhu duoc biéu hién trong hinh 3 va 4, sy chuyén mach cé chu ky cua anh séng
laser do lan truyén so véi pha tuong d6i ¢ ¢ thé dugc hinh thanh mét cach hiéu qua
theo cach khong dong bo ddi véi su thay d6i 6 chu ky ciia pha tuong ddi va qué trinh
chuyén mach duoc ddo nguoc thong qua tai pha twong dbi bang /2. Su truyén cua
truong laser do 1a co thé hodc “bat” hodc “tit” vai sy chuyén d6i cia pha tuong doi.
Nhiing két qua nay c6 thé duoc giai thich tét trong cac sé hang duwoc mo ta ¢ trén cua tin
hiéu do nhu thay trong hinh 2, trong d6 sy hap thu hodc khuéch dai va tan sic thu duoc
tly thudc vao gia tri pha tuong doi.

4. Két luan

Chung t6i di nghién ctru sy hap thu (khuéch dai), tan sac va hanh vi chuyén mach
quang cua xung laser do trong hé nguyén tir ba mtc cau hinh vong kin duoc diéu khién
bang trudng microwave. Ching tdi thay rang do su két hop lugng tir gitta hai muc thap
hon cua trudng microwave gay ra, su hap thu (khuéch dai) va tan sac cua truong do co
thé lién hé vai pha twong ddi cua cac truong laser dit vao. Bing cach diéu chinh pha
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twrong ddi cua cac truong laser lién két, cac dac tinh hip thu va tan sic cua truong laser
do c6 thé duoc thay doi dang ké, su hap thyu va tan sic cd thé duoc loai bo chi bang céch
diéu chinh pha twong d6i vao cac ving thich hop. Ching t6i ciing nhan thay rang véi
xung dau vao cua truong laser do 1a séng lién tuc duoc s& duoc “bat” va “tat” theo pha
tuong ddi cua cac truong laser khi pha twong dbi diéu bién theo chu ky. Bac tinh hap
thu dau xung do boi diéu khién pha cung cap kha ning thuc hién hoat dong chuyén
mach diéu khién pha, ma c6 thé c6 tng dung trong chuyén mach quang va cac thiét bi
khuéch dai quang trong truyén théng quang hoc.
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