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ïÄ
3Ú\��ZÄ$��¹e, Ì��[� ∆ .��nU?XÚ¥�)�Ã�=-1. |^Ì�§��
{, �Ñ
M»�¥r�Z|4�eÙØê�Ú�Z��­�Cq)Û)±9�)Ã�=-1¤I�÷v�^�;
¿|^ê��[��{?Ø
ÙØê©Ù!XÚOÃé&ÿ|Ú�Z|.'ªÇ��65±9��m�üz5Æ.
(JL²: ÃØ��ëþ�Û�, �� ∆ .nU?XÚo´?uÃâfê�=�G�; ��&ÿ|½�Z|�¥k
���r|, B��)Ã�=-1; �Ù¥?¿��|�ru,��|�, XÚ�Ã�=OÃòØ2�6u?Û�
�|�.'ªÇ.

'�c: þf1Æ, Ã�=-1, Ì��[, ��ZÄ$

PACS: 42.50.Ct, 42.50.Gy

1 Ú ó

Cc5, du|^Ãâfê�=-1�nØ�
U¦-1u�ì�)�-1ªÇ��ÿÐ, 'uÃ
�=-1ÚÃ�=���ïÄÚå
<��2�
'5. 3nU?ÚoU?XÚ¥¢yÃ�=-1�
nØïÄ±9¢�þ��y [1−21] ÅÚ�õ. Ï�
2�/¦^>ó4Cq, DÚ�g,�fXÚ�ï
ÄØ�;�/É�ÀJ½K���, ¿�¤k�U
?mÑU�)�[. 3�¡»"�XÚ [20] ¥, <
�ÏL3g,�f¥|^f�Å|°Ä>ó4B
+�[ [13,21,22], ¢yÌ��[� ∆ .nU?(�.
3d(�¥, ?¿ü�U?mÑ��[, l
O\
�)Ã�=-1��U5.

<E�f´�aº�4�!�Pkaqu�
f�ØëYU?(��Ô��Ï¡, Xþf:!�
�þf>´�. �X��þf>´3�¡þ�pÝ
8¤z, Ùþf�A�u²w, ~/�þf1Æ¥
�VgÚnØ53¢�þ�yÃ�=-1�þf
1Æy�. �éu|^f�Å|°Ä>ó4B+�
[¢y� ∆ .nU?(�, <E�f¥� ∆ .n
U?(� [23,24] U?m��N, U?©l²w, n

��[�rÝ�q, ®3¢�þ¢y [25]. |^¹
Ì��[(���., <�®²éNõþfy�?
1
�\ïÄ, Xü½V1fáÂ [26]!Ã�=-
1 [20,21] Ú>^aAß² [22,23,27,28] �.

3Ì��[��.¥, NõéÃ�=-1�ï
ÄÑæ^�²;��{ [13,20,21], =ò	|��²
;|?n, Ì�?ØXÚÙØ©ÙÚOÃé� Ú
�����6. �©ò?ØÚ\��ZÄ$� ∆
.nU?XÚ3M»�L�¥�)Ã�=-1�
�U5. |^�þf�{O�ÙØê©ÙÚXÚO
Ã�­�Cq)Û), ±9&ÿ|Ú�Z|.'ª
ÇCzéXÚ�)�K�. ÏLé1|�þfz?
n, �±)º�f�|�p�^XÚ¥�Nõ�²
;�þf�A, ~XXÚÙØüz�±Ï5�¥Ú
£E�A. ¦+3M»�L�¥©Û¯K¬¦XÚ
$Ä�§�\E,, �´�éuà�L�, M»�
L��±Jø�T��XÚÄåÆ£ã, k|un
)�f1Ì.

2 XÚ�.

�Ä�� ∆ .Ì��[�nU?XÚ, Xã 1
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¤«. U? |a〉 Ú |b〉 �m��[ªÇ� ωab, ¿��
�ªÇ� ωL �ü�r°Ä|ÍÜ, þfz1|�
1fê� N . U? |a〉 Ú |c〉 �m��[ªÇ� ωac,
¿���ªÇ� ωp �ü�&ÿ|ÍÜ, þfz1
|�1fê� N ′. ,	, U? |b〉 Ú |c〉 �m�3X
��ZÄ$Ç� Λ ���ZÄ$.

ωp

ωL

∆

∆

Λ

a>

b>

c>

ã 1 ∆ .nU?XÚ�.

3ó4CqÚ^ÅCqe, XÚ�M�îþ�

H = H0 + H1, (1a)

H0 = ~ωab |b〉 〈b| + ~ωac |c〉 〈c|

+ ~ωLa+
LaL + ~ωpa

+
p ap, (1b)

H1 = gL

[
s
(1)
+ aL + s

(1)
− a+

L

]
+ gp

[
s
(2)
+ ap + s

(2)
− a+

p

]
, (1c)

Ù¥, H0 L«�fÚ|�M�îþ, H1 L«�f
�|�p�^�M�îþ, s

(1)
+ = |b〉 〈a|, s

(2)
+ =

|c〉 〈a|, s
(i)
− = [s(i)

+ ]+ (i = 1, 2) ©O� |a〉 ↔ |b〉
Ú |a〉 ↔ |c〉 �þ,�ÎÚeü�Î, gL Ú gp

´ÍÜ~ê. � |a,N + 1, N ′ + 1〉, |b,N,N ′ + 1〉
Ú |c,N + 1, N ′〉 �Ä, XÚ�M�îþ�Ý
/ª
���

H =


EN,N ′ ~Ω ~G

~Ω EN,N ′ − ~∆1 0

~G 0 EN,N ′ − ~∆2



=


0 ~Ω ~G

~Ω −~∆1 0

~G 0 −~∆2

 + EN,N ′


1 0 0

0 1 0

0 0 1

,(2)

Ù ¥ EN,N ′ = ~ωL(N + 1) + ~ωp(N ′ + 1) ´
� |a,N,N ′〉 � U þ, Ω =

gL

~
√

N + 1, G =
gp

~
√

N ′ + 1 © O L « Í Ü | � & ÿ | � . '
ªÇ, N Ú N ′ =ü�þfz�Z|�1fê,
∆1 = ωL − ωab, ∆2 = ωp − ωac ©OL«ü�
|��fU?�m���.

3 M»��Ì�§

3����¹e (= ∆1 = ∆2 = 0), �M�î
þ������M»�Ä.

|α〉 = −G

R
|b,N,N ′ + 1〉 +

Ω

R
|c,N + 1, N ′〉 , (3a)

|β〉 =
1√
2
|a,N + 1, N ′ + 1〉

− Ω√
2R

|b,N,N ′ + 1〉 − G√
2R

|c,N + 1, N ′〉 ,

(3b)

|γ〉 =
1√
2
|a,N + 1, N ′ + 1〉

+
Ω√
2R

|b,N,N ′ + 1〉 +
G√
2R

|c,N + 1, N ′〉 ,

(3c)

Ù¥ R =
√

Ω2 + G2 ´2Â�.'ªÇ. d (3a)—
(3c) �±uy, 3r�Z|4�e, = Ω À γab, γac,
γbc, Λ, G, � |α〉 Pk-u� |c〉 �5�, 
 |β〉
Ú |γ〉 P k Ä � � 5 �, l 
 A T P k � � �
ÙØê.

�
���ÝÝ
��$Ä�§, ·�Ú\Ì
�§:

ρ̇ = − i
~
[H, ρ] − γab

2

[
s
(1)
+ s

(1)
− ρ + ρs

(1)
+ s

(1)
−

]
+γabs

(1)
− ρs

(1)
+ − γac

2

[
s
(2)
+ s

(2)
− ρ + ρs

(2)
+ s

(2)
−

]
+γacs

(2)
− ρs

(2)
+ − γbc

2

[
s
(3)
+ s

(3)
− ρ + ρs

(3)
+ s

(3)
−

]
+γbcs

(3)
− ρs

(3)
+ − Λ

2

[
s
(3)
− s

(3)
+ ρ + ρs

(3)
− s

(3)
+

]
+Λs

(3)
+ ρs

(3)
− − Λ

2

[
s
(3)
+ s

(3)
− ρ + ρs

(3)
+ s

(3)
−

]
+Λs

(3)
− ρs

(3)
+ , (4)

Ù¥, γij (i, j = a, b, c) ©O�lU? |j〉 �U? |i〉
�guP~Ç. ÏLO��±��XÚ�$Ä�
§ (�N¹). �
{zO�, ·��r�Z|4�,

=- Ω À γab, γac, γbc, Λ, G, ¿- η =
G

Ω
, XÚ�

$Ä�§�z�

ρ̇αα = −(γac + γbc + Λ)ραα +
Λ

2
(ρββ

+ ργγ) +
γac − γab + γbc + 2Λ

2
√

2

η(ραβ + ρβα − ραγ − ργα) − Λ

2
(ρβγ + ργβ),

(5a)

ρ̇ββ = −2Λ + γab

4
ρββ +

γac + γbc + Λ

2
ραα
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+
γab

4
ργγ − Λη

2
√

2
(ραβ + ρβα)

+
γac − γab + γbc + Λ

2
√

2
η(ραγ + ργα)

+
Λ

4
(ρβγ + ργβ), (5b)

ρ̇γγ = −2Λ + γab

4
ργγ +

γac + γbc + Λ

2
ραα

+
γab

4
ρββ

− γac − γab + γbc + Λ

2
√

2
η(ραβ + ρβα)

+
Λη

2
√

2
(ραγ + ργα) +

Λ

4
(ρβγ + ργβ), (5c)

ρ̇αβ =
(

iR − γab + 2γac + 3Λ + 2γbc

4

)
ραβ

+
γac − γab + 2Λ + 3γbc

2
√

2
ηραα

+
γac − γab − Λ + γbc

2
√

2
ηρββ

− Λη

2
√

2
ργγ − (2Λ + γbc)η2

2
ρβα

+
Λ + γab

4
ραγ +

(2Λ + γbc)η2

2
ργα

+
γab − γac + Λ − γbc

2
√

2
ηργβ +

Λη

2
√

2
ρβγ ,

(5d)

ρ̇αγ =
(
−iR − γab + 2γac + 2γbc + 3Λ

4

)
ραγ

− γac − γab + 3γbc + 2Λ

2
√

2
ηραα

+
Λη

2
√

2
ρββ − γac − γab + γbc − Λ

2
√

2
ηργγ

+
Λ + γab

4
ραβ +

(2Λ + γbc)η2

2
(ρβα − ργα)

− γab − γac + Λ − γbc

2
√

2
ηρβγ − Λη

2
√

2
ργβ ,

(5e)

ρ̇βγ =
(
−2iR − 3γab + 2Λ

4

)
ρβγ

+
γac − γbc − Λ

2
ραα

+
2γab + Λ

4
(ρββ + ργγ)

+
2γac − 2γab − Λ

2
√

2
η(ραγ − ρβα)

− γab − γac + γbc + Λ

2
√

2
η(ργα − ραβ)

− γab

4
υγβ . (5f)

3�§ (5a)—(5c) ¥, ρ̇αα + ρ̇ββ + ρ̇γγ = 0,
Cq���§E,÷vÙØêÅð. (5a) ¥?u
� |α〉 �VÇ± (γac + γbc + Λ) ��ÇP~, 


3 (5b) Ú (5c) ¥±
γac + γbc + Λ

2
��ÇO\. Ó

�, � |α〉 �VÇÏL |β〉 Ú |γ〉 ±
Λ

2
��ÇO\,


3 (5b) Ú (5c) ¥ |β〉 (|γ〉) ±
γab + 2Λ

4
�ÝP~

¿�ÏL |γ〉 (|β〉) ±
γab

4
��ÇO\.

4 ­�)Û)

�
��B/¦�XÚ�Cq­�)Û), �
Är�Z|4�Cq, = Ω À γab, γac, γbc, Λ, G,
- η = 0, ¿5¿�ÙØêÅð ραα+ρββ +ργγ = 1,
)�§| (5a)—(5f) ��:

ρst
αα =

4R2Λ

4R2(2γac + 2γbc + 3Λ) + (γab + Λ)(γabγac + γabγbc + γabΛ + γacΛ)
, (6a)

ρst
ββ = ρst

γγ =
8R2(γac + γbc + Λ) + (γab + Λ)(γabγac + γabγbc + γabΛ + γacΛ)

8R2(2γac + 2γbc + 3Λ) + 2(γab + Λ)(γabγac + γabγbc + γabΛ + γacΛ)
, (6b)

ρst
αβ = ρst

αγ = 0, (6c)

ρst
βγ =

(γab + Λ)(γabγac + γabγbc + γabΛ + γacΛ)
8R2(2γac + 2γbc + 3Λ) + 2(γab + Λ)(γabγac + γabγbc + γabΛ + γacΛ)

− i
4R(γabγac + γabγbc + γabΛ + γacΛ)

8R2(2γac + 2γbc + 3Λ) + 2(γab + Λ)(γabγac + γabγbc + γabΛ + γacΛ)
, (6d)
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du3O�¥- η = 0, ¦� ρst
αβ Ú ρst

αγ �"�C
q�� 0. é�§ (6a)—(6d) �r�Z|4�Cq,
¿- R ≈ Ω, �±��:

ρst
αα =

Λ

2γac + 2γbc + 3Λ
, (7a)

ρst
ββ = ρst

γγ =
γac + γbc + Λ

2γac + 2γbc + 3Λ
, (7b)

ρst
βγ =

(γab + Λ)(γabγac + γabγbc + γabΛ + γacΛ)
8R2(2γac + 2γbc + 3Λ)

− i
γabγac + γabγbc + γabΛ + γacΛ

2R(2γac + 2γbc + 3Λ)
. (7c)

ÏLé�§| (5) �ê�)¿� (7a)—(7c) �'�,
�±��ÙØê��Ø���3 0.014%.

�
�� ρst
αβ Ú ρst

αγ �Cq)Û), ò�ÝÝ

�Uì�?êÐm� ρij = ρ

(0)
ij + ηρ

(1)
ij + O(η2),

Ù¥ ρ
(0)
ij �"�Cq ρst

ij , ρ
(1)
ij ���Cq, òÙ�

\�§| (5) ¥��:

ρ(1)
αγ = −[ρ(1)

αβ ]∗; (8a)

3r�Z|4�^�e

Imραβ = Imραγ

= −(γac + γbc)(γab − γac − γbc) + 2Λ(γab − γbc)
2
√

2Ω(2γac + 2γbc + 3Λ)

× η. (8b)

5 ëþéXÚ�K�

ÏL�§ (7a) Ú (7b), ��XÚ�­�ÙØê
��

ρst
ββ − ρst

αα =
γac + γbc

2γac + 2γbc + 3Λ
, (9)

ð�u", ÃØXÚëêNoCz, XÚ­�©ª
?uÃâfê�=�G�. �¦XÚ¥yÃ�=O
Ã, ���y:

Imρβα

=
(γac + γbc)(γab − γac − γbc) + 2Λ(γab − γbc)

2
√

2Ω(2γac + 2γbc + 3Λ)
×η > 0.

é X Ú � Ý Ý 
 � ° ( � $ Ä � § (� N
¹ (A1)—(A6)) ¦­�ê�), �±�Ñ�X�
ØÓ�&ÿ½�Z1|.'ªÇ G ½ Ω éXÚ
�K�.

5.1 Ω ���éééXXXÚÚÚ���KKK���

Äk, ·�5&?�Z1|.'ªÇ Ω �Cz
éXÚE¤�K�.

ã 2 £ã
� G = 0.1γac, γab = 5γac, γbc =
γac, Λ = γac �, ÙØê� ραα Ú ρββ � Ω/γac C
z�üz5Æ. lã¥�±wÑ, � Ω v
�±�
u�±w�r�Z|4��, ραα Ú ρββ òØ2�
X Ω �Cz
Cz. Ó�, 3?Û�� ρββ ��
Ñ�u ραα ��, ù� (7a), (7b), (9) ª¥�(J
�¬Ü. � � �� � �� � � �� � � �� � � �� � � �� � 	 �� � 	 � � � � �
 � � 
 �

ã 2 ­�ÙØê� ραα Ú ρββ � Ω/γac �üz5Æ

3ØÓ.'ªÇ G �&ÿ1|�^e, XÚ�
X�Z1|.'ªÇ Ω üz���|ìC�­�,
Xã 3 ¤«.

ã 3(a) Ú (b) £ã
­�ÙØê� ραα, ρββ

©O3 G = 0.1γac, 3γac, 20γac, 50γac, 100γac �
� Ω/γac üz�­�. lã¥�±�Ù/wÑ,
ραα, ρββ ©OPk���Ú���, ù���/��
¤éA� Ω �ò¬�X G ��O�
O�, ��
�/����¿��X G �Cz
k²w�åÏ.
�X G �O�, ­�3ÝL��/��:�eü�
�ÇÅìC�²�. G ���u Ω �±�u�±w
�r�Z|4��­�, X G = 0.1γac, 3γac, ραα

(ρββ) ��¬é¯ÝLÙ��/��, ,�×�/O
� (~�) ¿�ª����­½G�. ù�­½G�
Ø2�6u G �½ö Ω �, ù� (7a), (7b) ª¥O
�¤�(J�¬Ü.

ã 3(c) £ ã
­ � Ù Ø ê � ρββ − ραα

� Ω/γac �Cz­�. É ραα, ρββ �Cz­�K�,
ρββ − ραα ��3�����. ρββ − ραα 3Cz5
Æ��¡� ρββ �Cz­�aq, �du ραα, ρββ

¬Ó����g����Ú���, ¤± ρββ −ραα

�¸�\kb.
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0.08

0.10

0.12

0.14

0.16
ρ
α
α
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Ω/γac

(a)

G=0.1γac

G=
20γac

G=50γac

G=100γac

G=3γac

0.425

0.435

0.445

0.455

ρ
β
β

0 50 100 150 200

Ω/γac

(b)

G=0.1γac

G=20γac
G=50γac

G=3γac

G=100γ
ac

0.275

0.300

0.325

0.350

0.375

ρ
β
β
-
ρ
α
α

0 50 100 150 200

Ω/γac

(c)

G=0.1γac

G=20γac

G=50γac

G=3γac

G=100γ
ac

-0.010

     0

0.010

0.015

0.025

Im
ρ
β
α

0 50 100 150 200

Ω/γac

(d)

G=0.1γacG=100γ
ac

G=20γac
G=50γac

G=3γac

175 185 195

0.0012

0.0008

0.0004

0

0.020

0.005

-0.005

ã 3 ØÓ G ��­�ÙØê�Ú­��Z�� Ω/γac �ü
z (a), (b), (c) ©O£ã
­�ÙØê� ραα, ρββ ÚÙØê
� ρββ − ραα � Ω �üz; (d) £ã
­��Z� ρβα �JÜ
� Ω �üz; ëþ� γab = 5γac, γbc = γac, Λ = γac

ã 3(d) £ ã
­ � � Z � ρβα � J Ü
� Ω/γac �Cz­�. lã¥�±wÑ, � G �
'��� (G = 0.1γac, 3γac), Imρβα ×�/~��
K�, ¿�������; ��q×�/O�£�
��, ¿��Ù���. 3d�ã¥���� G �
O\
O�, ,� Imρβα Åì~�, d�~���
Ý'�c�Cz�ÝÑwÚ�, �ª��­½G�.
�X G ��O�, Imρβα E,�3����Ø�3
���, Cz�­ÇÅì²�, ����ýé�~
�. � Imρβα �Cz­�ªu­½��, Ù­½�
é G �k�65, ù� (8b) ª¤���Cq)Û
)´���.

dd��Ñ(Ø, éu?Û G Ú Ω, XÚ©ª
?uÃâfê�=�G�; � G Ú Ω ØÓ��~
��, XÚò¥yÃ�=OÃ.

5.2 G ���éééXXXÚÚÚ���KKK���

Ø
� Z 1 | 	, & ÿ 1 | � Ú \ � ¬ é
XÚE¤�½�K�. ÏLé°($Ä�§ (N
¹ (A1)—(A6)) 3�ØÓ�&ÿ1|.'ªÇ G

��¦­�ê�), �±��Xe�|­�ã (X
ã 4).

ã 4(a), (b) Ú (c) © O £ ã
­ � Ù Ø ê
� ραα, ρββ Ú­�ÙØê� ρββ −ραα ©O3 Ω =
0.1γac, 3γac, 20γac, 50γac, 100γac �� G/γac üz
�­�.

� Ω ���~�� (X Ω = 0.1γac), ­�ÙØ
ê� ραα, ρββ Ú­�ÙØê� ρββ − ραα �1��
ã 3(a)—(c) �q. �X Ω UYO� (X Ω = 3γac,
20γac), ραα, ρββ Ú ρββ − ραα ¬�X G �O\×
�~�½O�, ¿3 G À Ω �Ø2�6u G Ú Ω

��
ÅÚ��­½G�. éu Ω �����­
� (X Ω = 50γac, 100γac), 3­�m©�Ü©¿�
� G Ú Ω Cz
Cz, ù´dud�XÚ�±C
q/w�?ur�Z|4�.

ã 4(d) £ ã
­ � � Z � ρβα � J Ü
� G/γac � C z ­ �. � G Ú Ω � � Ñ é �
� (X Ω = 0.1γac ­��m©Ü©), XÚ¬¥
yKOÃ. � Ω ����
 G ����� (X Ω =
50γac, 100γac ­��m©Ü©), Imρβα � G �¥�
5�6'X, ù�r�Z|4�¥����§ 8(b)
���. ?¿�^éAu,� Ω ��­�, 3� G

üz�L§¥Ñk�����, ù�����LX
�&ÿ1|.'ªÇ G �éA��, XÚd |α〉 �
� |β〉 �[¬�����OÃ.
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� ρββ − ραα � G �üz; (d) £ã
­��Z� ρβα �JÜ
� G �üz; ëþ� γab = 5γac, γbc = γac, Λ = γac

6 �müz©Û

Ï L é � Ý Ý 
 � � $ Ä � § (5) 3 Ð �
� ρij = 0.5(i, j = β, γ) �cJe¦ê�), �
�
XÚ�ÙØê�Ú�Z���müz (ã 5).

lã 5(a) Ú (b) ¥�±�Ù/w�, ραα �X�
muÐüNO\, ¿�ª��­�� ραα = 0.142;
aq/, ρββ �X�muÐüN~�, ¿�ª��­
�� ρββ = 0.429. ù��§ (8a), (8b) ¤O��C
q)���.
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Øê©ª�upU? |α〉 �ÙØê, =XÚ©ª?
uÃâfê�=�G�; Ó� Imρβα ØüzÐÏ4
á�m	ð�u", `²XÚ¥yOÃ, =XÚ©
ª?uÃ�=OÃG�.

7 ( Ø

�©ïÄ
3Ú\��ZÄ$��¹e, Ì�
�[� ∆ .��nU?XÚ�)Ã�=-1�O
Ã�¹. ÏL3M»�L�¥é�Z1|�þf
z?n, |^Ì�§��{, �Ñ
r�Z|4�
eÙØê�Ú�Z��­�Cq)Û)±9�)
Ã�=-1¤I�÷v�^�; ¿|^ê��[

��{?Ø
ÙØê©Ù!XÚOÃé&ÿ|Ú
�Z|.'ªÇ��65±9��m�üz5Æ.
·�uy, 3��ZÄ$�K�e, ÃØ��ëþ
�Û�, XÚ©ª?uÃâfê�=�G�; 3�
���¹e, �XÚëþ� γab = 5γac, γbc = γac,
Λ = γac �, &ÿ|Ú�Z|.'ªÇ G Ú Ω ØÓ
���~���=�¦XÚ�)Ã�=-1; �&
ÿ|Ú�Z|¥?Û���ru,��|�, XÚ
ÙØê©ÙÑòØ�6u G Ú Ω ��. nþ©Û,
·��±ÏLÀJ·��°Ä|.'ªÇÚ��
ZÄ$Ç5����z�XÚÃ�=OÃ.

N¹: XÚ�°($Ä�§

ρ̇αα =
−(Λ + γab)R

2G2 − (Λ + γac + γbc)R
2Ω2 + (2Λ + γbc)Ω

2G2

R4
ραα +

(Ω4 + G4)Λ + γbcG
4

2R4
(ρββ + ργγ)

+
ΩG[R2(γac − γab + γbc) + 2Λ(Ω2 − G2) − 2γbcG

2]

2
√

2R4
(ραβ + ρβα − ραγ − ργα)

− (Ω4 + G4)Λ + γbcG
4

2R4
(ρβγ + ργβ), (A1)

ρ̇ββ =
−2ΛR4 − γabR

2Ω2 − (γac + 2γbc)R
2G2 + (2Λ + γbc)Ω

2G2

4R4
ρββ

+
(γabG

2 + γacΩ
2)R2 + (Ω4 + G4)Λ + γbcΩ

4

2R4
ραα

+
(γabΩ

2 + γacG
2)R2 + (2Λ + γbc)Ω

2G2

4R4
ργγ +

−ΛΩG(Ω2 − G2) + γbcΩG3

2
√

2R4
(ραβ + ρβα)

+
ΩGR2(γac − γab) + ΩGΛ(Ω2 − G2) + γbcΩ

3G

2
√

2R4
(ραγ + ργα) +

(Ω4 + G4)Λ + γbcG
4

4R4
(ρβγ + ργβ), (A2)

ρ̇γγ =
−2ΛR4 − γabR

2Ω2 − (γac + 2γbc)R
2G2 + (2Λ + γbc)Ω

2G2

4R4
ργγ

+
(γabG

2 + γacΩ
2)R2 + (Ω4 + G4)Λ + γbcΩ

4

2R4
ραα

+
(γabΩ

2 + γacG
2)R2 + (2Λ + γbc)Ω

2G2

4R4
ρββ

− ΩGR2(γac − γab) + ΩGΛ(Ω2 − G2) + γbcΩ
3G

2
√

2R4
(ραβ + ρβα)

+
ΛΩG(Ω2 − G2) − γbcΩG3

2
√

2R4
(ραγ + ργα) +

(Ω4 + G4)Λ + γbcG
4

4R4
(ρβγ + ργβ), (A3)

ρ̇αβ =
(γac − γab + γbc)ΩGR2 + 2ΛΩG(Ω2 − G2) + 2γbcΩ

3G

2
√

2R4
ραα

+
(γac − γab + γbc)ΩGR2 + ΩGΛ(G2 − Ω2) + γbcΩG3

2
√

2R4
ρββ

+
ΩGΛ(G2 − Ω2) + γbcΩG3

2
√

2R4
ργγ

+
4iR5 − (γab + 2γac + 3Λ + 2γbc)R

4 − (γab − γac + γbc + 4Λ)G2R2 + (4Λ + 2γbc)G
4

4R4
ραβ

− Ω2G2(2Λ + γbc)

2R4
ρβα +

(γac + γbc + Λ)R4 + (γab − γac + γbc + 4Λ)Ω2R2 − (4Λ + 2γbc)Ω
4

4R4
ραγ

+
Ω2G2(2Λ + γbc)

2R4
ργα +

(γab − γac − γbc)ΩGR2 − ΩGΛ(G2 − Ω2) − γbcΩG3

2
√

2R4
ργβ

+
ΩGΛ(Ω2 − G2) − γbcΩG3

2
√

2R4
ρβγ , (A4)
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ρ̇αγ = − (γac − γab + γbc)ΩGR2 + 2ΛΩG(Ω2 − G2) + 2γbcΩ
3G

2
√

2R4
ραα − ΩGΛ(G2 − Ω2) + γbcΩG3

2
√

2R4
ρββ

− (γac − γab + γbc)ΩGR2 + ΩGΛ(G2 − Ω2) + γbcΩG3

2
√

2R4
ργγ

+
(γac + γbc + Λ)R4 + (γab − γac + γbc + 4Λ)Ω2R2 − (4Λ + 2γbc)Ω

4

4R4
ραβ +

Ω2G2(2Λ + γbc)

2R4
ρβα

+
−4iR5 − (γab + 2γac + 3Λ + 2γbc)R

4 − (γab − γac + γbc + 4Λ)G2R2 + (4Λ + 2γbc)G
4

4R4
ραγ

− Ω2G2(2Λ + γbc)

2R4
ργα − (γab − γac − γbc)ΩGR2 − ΩGΛ(G2 − Ω2) − γbcΩG3

2
√

2R4
ρβγ

+
ΩGΛ(G2 − Ω2) + γbcΩG3

2
√

2R4
ργβ , (A5)

ρ̇βγ =
−8iR5 − (3γab + 2Λ)R4 + (3γab − 3γac + 2Λ − γbc)G

2R2 − (2Λ + γbc)G
4

4R4
ρβγ

+
(γabG

2 + γacΩ
2)R2 − Λ(Ω4 + G4) − γbcΩ

4

2R4
ραα

+
(2γab + Λ)R4 + 2(γac − γab − Λ)R2G2 + (2Λ + γbc)G

4

4R4
(ρββ + ργγ)

+
2(γac − γab)ΩGR2 − ΩGΛ(Ω2 − G2) + γbcΩG3

2
√

2R4
(ραγ − ρβα)

− ΩGR2(γab − γac) + ΩGΛ(Ω2 − G2) + γbcΩ
3G

2
√

2R4
(ργα − ραβ)

+
−γabR

4 + (γab − γac + γbc + 2Λ)R2G2 − (2Λ + γbc)G
4

4R4
ργβ . (A6)
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Laser without inversion in a ∆-configuration
three-level system with cyclic transition∗

Gao Qiang Song Tong-Qiang†

( Department of Physics, Ningbo University, Ningbo 315211, China )

( Received 1 December 2011; revised manuscript received 26 December 2011 )

Abstract
In the case of incoherent pumping, laser without population inversion in a resonant three-level ∆-configuration system is

investigated. By taking the strong coupling field limit, we obtain the approximate steady-state analytical solution of populations and
imaginary part of coherences within the dressed-state regime, and discuss the condition of the generating of laser without inversion and
the dependences of population distribution and system gain on Rabi frequency of the probe and coherence fields. The results show that
the resonant three-level ∆-configuration system is always in the state of no population inversion, and laser without inversion occurs if
one of the two fields is strong. When one of the two fields is much stronger than the other one, the gain without inversion is independent
of the two Rabi frequencies.

Keywords: quantum optics, laser without inversion, cyclic transition, incoherent pumping
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