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«y��õ/�6u�f�8NÑ��A, ¤±?

ÛK�8NÑ��Ï�Ñ¬K��XÚ�OÃ. �

Ck<ïÄ
äkÚD(ÚO5��Ä$1|é

OÃ�K� [13], TïÄó�L²1|�ÚO5�

Ó�¬K��XÚ�OÃ, ù«K�XÚOÃ�Å

n5
u1|D(9ÙÚO'éUC
�f�Ý

���Ñ��°, N�
ë�8N��Ñ��f�

k�ê8.

ã 1 �ÚáÂ1Ì�¢�C�«¿ã

ÃØXÛ, ù«E,�1|OÃw,Ú�fí

N¥�f��Ý©Ùk��'X, 
�ù«OÃ¬

��UC�f��Ý©Ùl
UC�f3�m�

©Ù�¹ [14], Ó��4�/K�X�f�Ë�A

�. �©Ò´|^ BonifacioJÑ���{ü
k

���., �	
�fíN3·�²ï ( ��½

Ã�À�¹) Úgd$Ä^� (gd�À�¹) e�

fíN�Ä$ - &ÿ1Ì, '�ÚO�
3�²�

å�¸e�fíNØÓ�1Ì(�. �©ÄkO�

��·��f (��ÝÃ'Ã�À) �Ñ�1Ì, T

O�(JÚ Mollow �<�¢�(J�~�� [3],

L²
TnØ�.�k�5. ,�O�
gd�f

�1ÌA�, ��
Ú�f8N�À$Ä�'��

Ý��OÃ&Ò, ��O�
�å�²¥�fíN

� RamanÑ�1Ì, ¿��f3��å�¸¥�1

Ì?1'�, uyÉ�å�f RamanOÃÌ�ä

k�N�²5��AÏ(�, TÌ�¬¥ç¸G,

OÃ¸´�må�, ¸¸m�î��u�å²�§

BªÇ, uyTOÃÌ���²�U?(��~�

�. ��·�ÏLé1Ì��©ÛÚ$^þfz�

©Û�{, �Ñ
Ì�OÃ¸ �¤÷v�pOÃ

� Raman��^�.

2 �fíN�.Ú����OÃÅn

2.1 XXXÚÚÚ���...

e¡Äké�©¤ïÄ�XÚÚ�.?1{

ü�0�. Ï~é�fíN?1ö�c, íNÑ�

e%��½§Ý�\1u,«�²�¥. �©�Ä

Xã 1 ¤«¢�C�eüå���DÑ�1|Ú

�²¥íN�p�^��f�À-1XÚ [15,16].

éuù���dõ��f|¤�E,NX�±Ï

LXe{z�ï�å�fíN�{üÄåÆ�.:

1) -u�f�1|�Ú�f,ü�U?r�ÍÜ,

�fíN�ÏLDÚ�ª��¤�U?XÚ [17];

2) e�fíNÉ���å²æ^��³Cq, éu

Ø5K²K�¦�f3².�$Ä3��Å��

�S, =÷v Lamb-Dike^�, �Cq���³²;

3) Ä$|Ú&ÿ|÷x¶��O�, d���fÄ

þCz÷x��, &ÿ|�OÃ&Ò�Úx����

f$Äk'. �â±þ^�, £�TíN�fÚÄ

$|±9&ÿ|�^�M�îþ��� [8,15]

H =

N
∑

j=1

[

p̂2
j

2m
+

1

2
mν2x2

j

]

+
1

2
~ω0

N
∑

j=1

σz
j

+ ~ν1a
+
1 a1 + ~ν2a

+
2 â2

+ i~

(

g1a
+
1

N
∑

j=1

σ−

j e−ik1xj

+ g2â
+
2

N
∑

j=1

σ−

j e ik2x̂j − H.C.

)

, (1)

Ù¥ x̂j , p̂j �L�f�% �Ú�%Äþ�f, σ̂z
j

Ú σ̂±

j ��f�U?�=êÚU?�[�f, ν �

L�å²x���k�ªÇ, â1 Ú â2 ©O�L&ÿ

|ÚÄ$|�v�f. �ÄXÚ¥�f�guË�

Ú&ÿ|�gu�Ñ, dM�î (1) ���XÚ�
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²;ÄåÆ�§� [8,15]

dxj

dτ
=pj ,

dpj

dτ
= − ν2xj − [A∗

1σj e−ixj + c.c.]

+ (A2σj + c.c.),

dσj

dτ
=i

(pj

2
+ ∆20

)

σj

− ρσz
j (A1 e ixj + A2) − Γσj,

dσz
j

dτ
=[2ρ(A∗

1 e−ixj + A2)σj + c.c.]

− Γ
(

σz
j − 1

)

,

dA1

dτ
=i∆21A1 +

1

N

N
∑

j=1

σj e−ixj − κA1, (2)

�§¥Ú\�ÃþjECþÚ�'ëê�Ôn¿

Â�ëì©z [8,15,16]¥�½Â, Ù¥ ∆20 �Ä$

|Ú�fU?ªÇm���þ, ∆21 �Ä$|Ú&

ÿ|m�ªÇ�, Γ ��fguË�Xê, κ �n

|µþXê, �§¥¤kªÇÚUþ�ü ©Oæ

^�f8N�ÀªÇ ρωr(ρ � CARL Xê, �L�

f�n|�8Nk�ÍÜrÝ, �fV1f�Àª

Ç ωr = 2~k2/m) Ú�ÀUþ ER = ~ωr ?1­#

IÝ. duXÚÄ$|ér, Ä$|�w�´ÃÑ

Ñ�|, ÙrÝØ��mUC, ù�^��±d	

Ü°Ä|�rÝ�"Ån?1­½�� [18].

2.2 Raman ÑÑÑ���OOOÃÃÃÚÚÚ���������AAA

3é1Ì?1O��c, ·�k5Ônþ�	

�eTOÃ�Ñ�Ån. 3r1�^e, É-�f

lÄ$|áÂ1f,��&ÿ|Ë�1f�w¤

��Ñ�L§, 3ù�Ñ�L§¥�f��À$Ä

å�
 “xù” ��^, �f3Ë�L§¥ÏL�

ÀUCÙ	ÜÄþ. cÙ3$§�¸¥�f9-E

éÄþ�UCÚ­#©�ò��~f, �À�Aé

�fÄþ�K�Ø=²w
��±��m��O

\. �À�A´�f3áÂÚË�1f�L§¥Ä

þÅð��¦, É-áÂ½Ë�1f���À$Ä

¬Úå�fÄþ�Cz, ¤±ÏLÜnN�1åO

����, Ò�±4�f3A½��þ/¤�À


¼��Ý½ÄU. ¤±�f3É-áÂÚÉ-Ë�

�Ì�¥Uþ�Åð5û½
áÂÚË�1|ª

Ç�3�É, Ùª�deªû½ [19,20]:

∆ν = νabsorption − νemission = k · ∆v + 2
~k2

2m
, (3)

Ù¥ m ��f�þ, ∆v ��f�ÝUCþ, k �

1|Å¥. w,±þ�L§´Ú�f�ÝUC�'

��� RamanÑ�L§, �fáÂÚË�ªÇ�m

���, 5
u Doppler�AÚ�f��À�A. X

J�f�½, K�f�áÂÚË�ªÇòØÉ�f

	Ü$Ä= (3) ª�K�, ÙÌ�UC�5
u>

^|éÙ>f©Ù�K�, =SÜU?u)£Ä½

©�, /¤¤¢�M»�(�. 
égd�fíN


ó, ØÓ�Ý��fo¬ÏL RamanÑ�L§Ú

r�f�áÂÚË�ÍÜå5. �¦� RamanÑ

�L§¼�1|OÃ, Ò7L|^1|ò�f�Ä

UÏLÑ�L§J�Ñ5, �1f�r, �fíN

�§Ý7Lü$. ÷vOÃÑ�^��ØÓ�Ý

��f²LáÂÚË�ØÓ1f�7L÷vXe

� RamanªÇ��^�:

∆ν = q · v0 +
~q2

2m
, (4)

Ù¥ q = k1 − k2, ~q �Ñ��ü��ª�m�

1fÄþ�. XJ�½ RamanÑ��ü�1|�

ª (ªÇ� ∆ν ÚÅê� q), @od (4) ªÒ¬u

y�k�½�Ý v0 ��fâ¬É�1|�r�

Ñ��^, ¢yáÂÄ$ªÇ1f
�Ñ&ÿª

Ç1f�Ñ�OÃL§. ¤±�¦&ÿ|�ªÏ

L RamanL§����, �f�Ý©Ù¥÷v (4)

ª�Ý��fê8ØU~�, 
�ATØä¼�O

\. ¤±�±ÏL��²��åN!r�õ��f

-u� (4) ª�¦��Ä�ªþ (d� v0 þfz),

4 RamanÑ�3p������f�Ä�m?1

�[, l
����&ÿ|�8�.

3 �fíN�Ñ�1Ì

e¡·�5äNO��e�fíN3ØÓ$

Ä�¸e�Ñ�1Ì, �	�À$Äé1Ì�K

�. Äk½Â&ÿ| A1 �OÃrÝ� G(τ, ∆21) =

[|A1(τ)|2 − |A1(0)|2]/|A1(0)|2, TþL«ÏL�f

íN�&ÿ|�rÝ�éu\�rÝ��éOþ.

ã 2 ÄkO�
�½�f (Ã	Ü$ÄÍÜ) Úg

d$Ä�f (Ã	Ü�å) �Ñ�Ì. ã 2(a),(b),(c)

©O�Ñ
Ã���A (pj = 0, j =1,2,3,· · · ,N) �

�f3ù��!��Ú7��Ä$|�^e�f
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íNé&ÿ|�OÃÌ�. O�(Jw«ã 2(a),(b)

¥O�Ñ�&ÿOÃÌ� Mollow �<�¢�ÿþ

(J3Ì�(�þ��ÎÜ [3]. 3��Ä$��

¹e, 1Ìüý©Ok��r�áÂ¸Ú����

OÃ¸, ùü�¸� ��±^M»�ã�éÐ/

)º [3], ü�¸� �TÐ3M»���� Rabi

ªÇ?, = ±

√

∆2
20 + (2ρA2)

2
+ Γ 2 ≈ ±19.2 ?, 


��Ì�¥%?K²w¥yÑ�é¡� MadeyÌ

�Ó+ [21] (��Ì��©z [3] �ã 4); Óné

u��Ä$�¹eáÂ¸ÚOÃ¸é¡, ©O�

�3 RabiªÇ ±

√

02 + (2ρA2)
2
+ Γ 2 ≈ ±12.0 ?,

Ì�/G��¢��� (��Ì��©z [3] �

ã 2). ã 2(c) �Ñ�7��Ì�3©z [3] ¥vk

ÿþ(�, d�O���1Ì�(��ù���Ì

�fÐ´é¡�, ù�(J��±^rÄ$|M»

��fU?(�\±`². w,ù7��ü«�¹

e RabiªÇ¤û½�áÂ¸ÚOÃ¸� �Ø¬

u)UC (∆2
20 ��), ù����5r�áÂ�ª

Ç37���KLyÑ�����, ù�N
·�

�f�áÂOÃL§�Ú�fSÜ�[k', éM

�î
ó´p��_�L§. ù�(J� Deng�

< [22] 3 BEC ¥uy�ù7��Øé¡��ÀÄ

þUC´ØÓ�, ùp�1Ì��6u�fSÜM

»U?é&ÿ1��A, 
¢�¥�9�
�f$

Ä�ë�, 71é�få “\9” ��^, 9�fK

»�
 BEC 	Ü$Ä��Z5, ùé¤¢��Ë

�Ñ� (�f	Ü$Ä´�ZÅ) k�f�^ [12],

ØUOr÷X BEC �¶����ZÑ�|, ¤±

1|Ñ�L§Ø=��~f
�D4��f�Ä

þ©Ù�ØXù���@o “�à8¥” 
.
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(c)

(d) (e) (f)

(i)
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(g) (h)

ã 2 ØÓ�À�¸e�fíN&ÿ|�ªÇ×£OÃÌ (a),(b),(c)´²ï·��f�¹en«ØÓ�Ä$���¹, (a)

∆20 = −15, (b) ∆20 = 0, (c)∆20 = 15; (d), (e), (f) ´ ν = 0 gdíN�n«��OÃÌ. Ù¥ (a)—(f) �OÃÄ$�m

´ τ = 5. (g),(h),(i)´�å²¥n«��OÃÌ, ²�ªÇ� ν = 2, Ä$�m� τ = 10. Ù¦ëê� ρ = 3, Γ = 1, κ = 0.01,

A2 = 2, �f�ê N = 100, Ð©�fþ?uÄ�, �f3�mþ!©Ù, Ð©Äþ÷vpd©Ù (rÝ� 0.01,�°� 0.4).
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ã 2(d),(e),(f)�Ñ�´gd$ÄG�e�f3

n«Ä$���¹e&ÿ|�Ñ�OÃÌ. Ì�á

Â¸ÚOÃ¸�rÝÚ ��,vkõ�UC, �

Ù¥%«��·��f (Ã�À�A) kwÍ�O,

¥%«�Ì���é¡(����f�Ýk'�

OÃ¸¤��. ¥%�rOÃ¸�Ñy�´�f8

N�À$ÄE¤�, Ù�äk�½�Ý��f�Ó

Ú�À��k', �Ý������fÓ�áÂÄ

$|�1fÑ��&ÿ|�ªþ, Úå&ÿ|r�

1ÌOÃ, �f§Ýü$. du�[�f��Ýé

$, �k 0.4��ÀªÇ°Ý, Ì��Ý��¸l¥

% ���~C, ��3 0.4?. ù�7���L»

�OÃ¸(��,�¥yé¡5 (�M»�(�k

'), �¥%�ÀÄþÚå�OÃ¸K®²Ø2î�

÷vé¡
Ä���, ù�:3���Ä$�m�

Ly/ò�\²w, ù«Øé¡5
uÑ�L§¥

&ÿ|�ÑÑØ�_, ¦7ù��Ø3´�Ké¡

��_L§.

��f?uÉ�å���²¥� (O�¥�²

�ªÇrÝ� ν = 2), �f��À$ÄÚÄþò¬

É���, �f3�²¥�$Äò��½3�X�

���f�Ä�þ, d��fíN�&ÿOÃÌ�

dã 2(g),(h),(i)�Ñ. �5�3�M»�áÂ¸Ú

OÃ¸(�d�®� Raman��OÃ¸¤ùX, Ì

�¥yÑ�#�ÎG(�A�. �å�fíNOÃ

Ì��ØÓ/GTT�N
�å²¥�f$Äé

1ÌË��r�K�. O�(JL²�å²¥Ñ�

Ì¸GOÃ¸�ªÇ�måü�, ¸¸måTT�

u�å�²���ªÇ ν [15,16]. Ì� (g),(h),(i) �

,��A�´�å²¥&ÿ|�OÃ��\r, Ù

OÃ¸�OÃrÝ'gd�f²þ�ü�êþ?.

ù«ÎG�pOÃÌ�±éÐ/|^XÚ� Ra-

man��^�\±)º, XÚOÃ����fÉÄ

$|-u, áÂ��Ä$|1fË���&ÿ|1

f�L§ÒXÓ©fNX¥� Raman1Ì��, d

u�À�AÑ�L§7Lu)3ØÓ�ü��Ä

�ª�m (du²��å), Ù���ª�ªÇ��

Ð�u�å²��ªÇ��ê�. O�(JL²1

Ì��OÃ��^�, = Raman̂ ��

∆21 = ±nν, n��ê, (5)

=üå1|�m�ªÇ����å²ªÇ ν ��

ê��, &ÿ|Ò¬¼���OÃ, T��^��

«
Ì��OÃ¸´ Raman��Ñ��(J, 3

��³²¥OÃ¸�m�måü�, Ú��²�U

?(��±��. ¦+±þ� Raman��OÃ^

��*þ´éN´���, �´é (5) ª�©Ûl

õ��f�ÄåÆ�§ (2) Ñu%'�(J, XJ

3����¹eé�f�SÜU??1ý9Cq,

�±��Cq�?n, ù�¡�SN�±ë�©

z [15,16] �©Û, ùp·��Ñ�«þfz�©

Û�{. lXÚM�îþ (1) ªÑu, cü�æ^�

�f�ª

xj =

√

~

mν

(

b̂j + b̂+
j

)

,

pj = − i

√

~mν

2

(

b̂j − b̂+
j

)

, (6)


�ê/ªæ^ GlauberúªÐm�

e−ikxj = e−iη(b̂j+b̂+

j )

= e−η2/2
∞
∑

n,m

(−iη)n+m

n!m!

(

b̂+
j

)n (

b̂j

)m

, (7)

Ù¥n, m��ê, ëê η =
√

~k2/2mν � Lamb-

Dicke ëê [23]. |^±þüªXÚM�î3�p�

^L�¥�L«�

ĤI =

(

i~ e−η2
1/2g1a

+
1

N
∑

j=1

∑

n,m

σ−

j

(−iη1)
n+m

n!m!

× (b̂+
j )n(b̂j)

m e i(ν1+nν−mν−ω0)t − H.C.

)

+

(

i~ e−η2
2/2g2a

+
2

N
∑

j=1

∑

n,m

σ−

j

(−iη2)
n+m

n!m!

×
(

b̂+
j

)n (

b̂j

)m

e i(ν2+nν−mν−ω0)t − H.C.

)

,

(8)

Ù¥M�î¥ Ĥ0 =
N
∑

j=1
~νb̂+

j b̂j + 1
2~ω0

N
∑

j=1
σz

j +

~ν1a
+
1 a1 + ~ν2a

+
2 â2. � â ² ~ æ ^ � ^ Å C

q (RWA) �{, (8) ª¥÷v

ν1 − ω0 + (n − m) ν = 0,

ν2 − ω0 + (n′ − m′) ν = 0 (9)

��3XÚÄåÆ�¡åÌ���^. ^� (9) ¥

�ü�úª�~¿­#IÝ=

∆21 = (ν2 − ν1) = (n′ − m′ + m − n) ν = ±kν,

(k��ê).

w,þªÚ (5) ª´���, L²
XÚÌ���

[L§u)3&ÿ|ÚÄ$|���ê���å

043206-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 4 (2012) 043206

ªÇ�^�e, 
��â (8) ª��±w�ù
�

�L§�rfØ=´ØÓ�, 
� Raman����

�L§äkpÝ���55�.

d	ã (2) ¥�O�(J�w«, �å²¥Ì

�OÃ�rÝ3����¹e���pu��-

u��¹ ('�ã 2(g),(i) Ú (h) �OÃ��), 
�

OÃÌ��©EÇ3�����p, ùL²��^

��|u�f�Ñ�L§ (�f4z¥Ñ�Xê�

�), 
���¹e�fSÜU?�r�-u (�f

4z¥áÂXê��), ÙÑ�L§K�é�f. w

,���¹e�f�SÜ�[Ú	Ü�Ä�r/

ÍÜ3�å, ÙÎG�pOÃ¸�±��&ÿ��

³ªÇ��{A^��f�²�ÿþ�¥.

4 ( Ø

�©|^ Bonifacio�<JÑ�{ünØ�.

c[O�ïÄ
e�fíN�Ñ�OÃÌ, ÏL�

Ã�À�¹Úgd�f�¹e�f1Ì(��'

�, �«
É�å�fíN1Ì�3��å²5�

���'�AÏ(�. �©ÄkéÃ�À�¹e�

f�OÃÌ?1
O�, ��
Ú¢�(J�~�

Î�1Ì­�(�, 3��Ú���¹eÑUO�

Ñ�¢�Ì�/GÎÜ�Ì�(J. égd�fí

N1Ì�O�(JL²�f�À$Ä3õ�fí

N1ÌOÃ¥u�
­��^. ÷vÑ�^��

�f (�Ý��) ÏL8NÑ��^¬rÄU=z

�&ÿ|�UþÑÑ, Ny31ÌÌ�¥%�²w

OÃÚ�fíNÌ��é¡5ü$ (÷x���)

��Úå�÷*$Ä, Madeyé¡(���). ��

ÏL��å²¥�fíN�Ñ�1Ì�'�O�,

�«
�åíNpOÃÌ�nØýó�ÎG(�,

OÃÌ��må5Kü�, ¸¸måTT�u�å

²�ªÇrÝ. �åíN�Ì�(�8¥Ny
�

å�f8N�ÄéÑ�1Ì�r�K�. �,�å

�fíNÌ��ØÓOÃ¸�OÃrÝk¤�O,


�Ì�8¥u$� Raman�[OÃþ (= (5) ª

¥n�����¸). ¸OrÝ�ØÓû½uØÓ�

ªm Raman�[Ç (�[Ý
) �ØÓÚ�f3�

��Ä�ªþ�Ókê©Ù�ØÓ, �J�´ù�

L§Ø=´��5E,�
�´Ä�üz�, nØ

þÃ{�*/���ß�)Û©Û. �©�O�(

Jé�fíN	ÜgdÝé1Ì�K���
�

ß�&�Ôn)º (O�Ú¢�(J��), é�*

�f�	Ü$ÄÚ�fíN��Ý©ÙJÑ
÷

*1Ì&ÿ�k��{.
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Abstract

In this paper, the Raman scattering spectra of cold atomic gas in different environments are closely calculated. Comparing the

spectra from the atoms in free and trapped environments, thecalculation result gives a right spectrum structure for thefree atoms

and reveals a distinct high-gain spectrum exhibiting a comb-like structure for the harmonic trapped atoms. The spectral peaks of the

trapped spectrum are uniformly distributed and the distance between adjacent spectral peaks exactly equals the frequency of the trap.

The nonlinear gain scheme and the gain conditions of the Raman scattering process are clearly given in this paper.

Keywords: atom micro-trap, Raman scattering spectrum, collective atomic recoil laser model
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