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8c��ZÙØ§B (CPT)�f¨Ú CPT^|O¥ÊHæ^� �1�Y (σ+–σ
+) ¢y CPT��, T�Y

é�f�|^Ç�$. �
Jp�f�|^Ç, �©¢�ïÄ
ÏL²1� ��ZVÚ1� 87Rb �f�^¢

y CPT����Y (lin//lin). � σ
+–σ

+ �Y�'�, lin//lin �Y�Ø
4zV�, ¼��õó��f. 3�Ó�¢

�^�e, mÐé'¢�ïÄ¼�
&D'� σ
+–σ

+ �Y 2 �,�©�.&Ò�¥%�Ç� σ
+–σ

+ �Y 1.65�

� CPT��&Ò. ïÄ(JL²T�Y´¢y$õÑ�f¨!^|O����n�ÿÀ.

'�c: �ZÙØ§B, �f¨,�Å, -1

PACS: 32.30.Bv, 32.70.Jz, 42.50.Gy

1 Ú ó

|^VÚ�Z1|��f�ZÍÜ¢y�Z

ÙØ§B (coherent population trapping, CPT)��,

¤¼��Ä�° CPT��&Ò�±A^u¢y�

f¨!^|O��� [1]. A^ CPT ��¢y��

f¨!^|O���äkNÈ�!õÑ$�A:,

3�
AÏA^¥äk`³, Ïdéu§�A^

ïÄáÚ
Nõ<�,�. �õêéu CPT ��

y��ïÄÑ´Äuw7á�f�, Ù¥é�Ü©

|^��fmÐ [2−7],·�ïÄ|À^ 87Rb �f

ï�Ñ
 CPT �f¨, ¿mÐ
^|O�ïÄó

� [8−11].

8c3 CPT�f¨!CPT^|O¥¢y CPT

���Ñæ^VÚ� �1ÏLã 1 ¥¢�¤«

� Λ �. σ+–σ+ CPT ����Y. T�Yk�

�":: 1Ä$¦�þ�fÈàuÄ��°[f

U?� |Fg = 2, m = 2〉, /¤4zV�
ØUë

� CPT���. �
�Ø4zV�, Jp�f|^

Ç, ®²k<mÐ
 push-pull1Ä$ [3]
!σ+–σ−

�. [12]
!R�� � [13]

!oÅ·ª [5], ²1� 

� (lin//lin) [14] ��YïÄ. �©0�·�3 lin//lin

�YmÐïÄ¤¼��?Ð.
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ã 1 � �1-u CPT��. Ä� |Fg = 1, m = 0〉, |Fg = 2, m = 0〉 �-u� |F e = 2, m = 1〉

�¤� Λ / CPT���(� (¢�).
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ã 2 ²1� �1-u CPT ��. Ä� {|Fg = 1, m =

−1〉, |Fg = 2, m = 1〉}, {|Fg = 1, m = 1〉, |Fg = 2, m =

−1〉} ��Ó�-u� |Fe = 1, m = 0〉 �¤�ü� Λ / CPT

���(� (¢�); {|Fg = 2, m = −2〉, |Fg = 1, m = 0〉

Ú |F e = 1, m = −1〉}, {|Fg = 1, m = 0〉, |Fg = 2, m = 2〉

Ú |F e = 1, m = 1〉} � ¤ � ü � Λ / d u � � 
 Ø �

� CPT �; Ä�ü m = 0 ��-u� |F e = 1, m = 1〉,

|F e = 1, m = −1〉 �¤�ü� Λ /Úü� V /duZ���

Ø�� CPT�

lin//lin �Y CPT ����å»Xã 2 ¤«,

VÚ²1� �1|� 87Rb �fÄ�Ú-u

� 52P1/2 � F = 1 �°[fU���. 3¢�¥�

�
­ð^|, �fÄ���°[ m fU?u)X

ã¤« Zeeman£Ä. � �13^|¥��u�

m^� �1�U\, ��f��«ÍÜ�ã 2. T

�Y|^VÚ�Z-1� 87Rb �f�üéÄ��

°[fU? {|Fg = 1, m = −1〉, |Fg = 2, m = 1〉},

{|Fg = 1, m = 1〉, |Fg = 2, m = −1〉} ��Ó�-

u� |F e = 1, m = 0〉 ���¤ü� Λ / CPT �

� (ã¥¢�¤«) (��� CPT�. du Zeeman

£Ä, 3þã��^�e,	ü� Λ / CPT �

� {|Fg = 2, m = −2〉, |Fg = 1, m = 0〉 Ú |F e =

1, m = −1〉}, {|Fg = 1, m = 0〉, |Fg = 2, m = 2〉

Ú |F e = 1, m = 1〉} Ï��
Øä��� CPT�

^�. ,	, ã¥Ä�ü m = 0 ��þU?�¤�

ü� Λ / CPT ��(�Ï�Z���
ØU�

� CPT� [15], �þU?�¤�ü� V /Ï�Z�

��
Ø¬��Ñ CPT�.

2 ¢�ïÄ

¢ � æ ^ 
 �·� ® m Ð � CPT � f ¨

Ú CPT ^|OïÄÄ��Ó�^� [8−11], ¢�

��µã�ã 3. ó��f 87Rb!�ÀíN N2

Ú CH4 �µu�Ý 40 mm�» 25 mm��¬�

¥. �¬�	Ü��kÚ�+��, Ú�+���

�¬�3÷1�DÂ��þJø
 B = 5.4 µT

^|, �XÚJøþfz¶¿¦�fÄ��f

U?�)Xã 2 ¤« Zeeman£Ä. ^¶-×¶

-�¸^|éXÚ�Z6. -11
dR�n

¡u�-1ì (VCSEL) Jø, ÙÑÑ1�°�

� 100 MHz. �
¼�¢�¤I��ZVÚ1,

æ^ªÇ� ν/2 ≈ 3.417 GHz ��ÅÏL BiasT

U\3Ñ\ VCSEL ��6>6þ, 3d>6°Ä

e VCSEL ÑÑNªõÚ1, �¢�|^Ù¥� ±1

?>����� CPT���ZVÚ1. VCSEL Ú

�¬�d�@·�ï��§�XÚ©O�§u�

g�ó�§Ý.

VCSEL � Ñ Ñ 1 � g ² L ß º ! P ~

¡!λ/4 Å¡�� 87Rb �f�^, ,��1>&

ÿì&ÿ¼�1>&Ò. -11rÏLUCP~¡

��, �� λ/4 Å¡´�
ÏLUCÅ¡Ì¶�-

1 ���Y�¢y� 1�� 1�m���,

é lin//lin Ú σ+–σ+ �YmÐé'¢�ïÄ. -1

ªÇÏL�fáÂÌ�­ª­½3 87Rb �f D1

� 52S1/2 � 52P1/2,(F=1) ��[ªÇþ. �
�

¯uÿ CPT��&Ò,·�é VCSEL �Ñ\�Å

�
 136 HzªÇN�, |^£���ì¢y�¯

)N. ã 4 ´3-1ªÇ­ª�^�e, ëYUC

�ÅªÇ, ÓÚP¹²£���ìÑÑ��©�

. CPT��&Ò.

BiasT

136Hz

87Rb

+VCSEL

CH CH

ν/2

λ/4

ã 3 ¢���µã. -11
�R�n¡u�-1ì, �¬�S¿k 87Rb �fÚ�ÀíN N2, CH4
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3 ? Ø

3���Ó�¢�^�e, dã 4 ¤P¹�ü

�YD(ÌÝÄ��Ó, �´ lin//lin �Y�&Ò

ÌÝ�� σ+–σ+ �Y�ü�, ùA8õu lin//lin

�Y�Ø
4zV�, ¦��õ�fë� CPT

���. ,
, dã 4 ��, ∆νL � ∆νC k¤O

\. 3ã 4 ­�¤æ^�¢�ëêe, ¤¼�

�¢�(J´ lin//lin �Y�° ∆νL ≈ 772 Hz,

� σ+–σ+ �Y� ∆νC ≈ 616 Hz O\� 25%. �

°O\��Ï´ lin//lin �Y CPT ���æ^


U?�^|��5£Ä� |m| = 1 fU�, �

ü� Λ /���éu¥%ªÇk��é¡�ª

£ [14,16]. �,�°k¤O\, �du&ÒÌÝO

\, dã 4 �� lin//lin �Y¤��©&Ò�¥%�

Ç� 0.78 mV/Hz,� σ+–σ+ �Y�Ç 0.47 mV/Hz

� 1.65�, &Ò�þ��²wUõ. XJòd¢�

(JA^u�|¤ïÄ�^|O [11], Ù&ÿ(¯

Ýò������ 1.65�. éu�f¨A^, Ï�

�f¨ÑÑªÇØ­½Ý (�fªI;�S.¡:

ªÇ­½Ý)[17] σy ��ª&Ò�° ∆ν Ú SNR�

'X´ σy ∝ ∆ν/(ν×SNR),�âã 4 ¢�(Jæ

^ lin//lin �Yäk¦ σy eü� σ+–σ+ �YªÇ

Ø­½Ý� 63%då, �±¦�f¨ÑÑªÇ�þ

¼��ÌÝUõ.

�,k±þ`³, � lin//lin �YA^���k

�
��, AO´�X�f�§Ý,p, Uõ CPT

&Ò�þ��J¬C�. Ï�T�Y�¦-1

� 52P1/2,F=1 �°[fU�ÍÜ, � Doppler$Ä

E¤ 52P1/2,F=2 �°[fU��fë�-1 - �f

�p�^�, Ò¬E¤Ä�U? |Fg = 1, m = −1〉,

|Fg = 2, m = −1〉 Ú |Fg = 1, m = 1〉, |Fg = 2, m =

1〉 �-u� |F e = 2, m = −2〉 Ú |F e = 2, m = 2〉

/¤ W ½ M /(�, ¦ CPT��&Ò~f [16,18].

�C, Novikova�|®²¢y
Äu lin//lin �Y

�¢�¿ CPT �f¨¢�XÚ�ÐÚ£½, ¼

� 2 × 10−11τ−1/2(τ 6 20 s)�áÏªÇ­½Ý, �

8c� σ+–σ+ �Y CPT�f¨�Z(J�� [19].

Tó�vk¼�äk²w`³�¢�(J, Ø
Ï

ÐÚ¢���¡��¿©`z�	, ¢�¥�¬�

�§Ý�p (47.5◦C, pu·�¢�� 39 ◦C), E¤

� CPT&ÒUõØwÍA´ªÇ­½Ý5U�¼

�²wUõ�­��Ï.

��f�í�NÈ~�, �
�y�½�&Ò

rÝ,  æ�Jp�§, O\�f�Ý��{�

yë�ó��f�êþ.�. CPT�f¨��f�

í³�NÈ <1 mm3, Ùó�§Ý�L 85 ◦C [20,21],

Ïd lin//lin Ø´�. CPT �f¨n�ÿÀ�Y,

ÙA^cµA´$õÑ�. CPT�f¨. Ó�, Ï

��f�¬����º��3 1 cm3 Y², éu^

|ÿþòÛ�A^u&ÿ cm ºÝrÝ©ÙÄ�þ

!�^|. Ïd, lin//lin �Y�Ø´p�m©EÇ

��.^|O&Þ�n�ÿÀ�Y.
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ã 4 £���ì)NÑ��©&Ò. ∆νL, ∆νC ©OéA

u lin//lin Ú σ+–σ+ �Y�&Ò�°, -1oõÇ� 140µW,

�¬�§Ý 39◦C, ^| B = 5.4 µT

�¢�æ^
�ÅN� VCSEL ¢y�ZVÚ

1�Y, ù´¢y�.!$õÑ�f¨!^|O�

n��Y. �,d�Y VCSELÑÑ1¥�k ±1 ?

>�´�� CPT��k^1¤°, Ù¦Ü©Ñ�1

>+&ÿ=�¤�.1D(, ¦� CPT&ÒÌÝ=

�o&ÒÌÝ� 2%—6%,�´ÏLN�!�¯)

N£���EâU
k�/l�.¥J�Ñ CPT

&Ò. �â�¢�ïÄ(J, éì�|^��Y®

²¢y��f¨, Jp
�f�|^Ç, lin//lin �

Y²wü$
õÑ. 3Ù¦�!æ^��|�5¢

y� CPT �f¨�ÓEâ�cJe, �±¢yõ

Ñ 2 W, NÈ 150 cm3 Y²�$õÑ!�.�f¨.

�ó�æ^ 87Rb �fU
�B/mÐ lin//lin

� σ+–σ+ �Yéì¢�ïÄ, 
� 87Rb �f�·

ÜïÄ§Ýé lin//lin �Y�K�, �´¢SA^

¥æ^ Cs �f3�õ�¹¥¬¼��Z�J. Ï

�: 1) 3�Ó§Ý^�e, Cs�f�í��f�Ý

pu 87Rb �f, ë�ó���f�õ; 2)Cs�f

1�-u��°[U?�å 1.17 GHz,�u 87Rb

� 817 MHz, É Doppler9$Ä�K���; 3)Cs

�f�þ' 87Rb �f�, Doppler9$Ä©Ù�Ä.

Äu±þ�Ï, ò Cs�fA^u lin//lin �Y¬~

� Doppler$Äéu CPT&Ò&D'�K¡K�,
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¼��Z�J.

4 ( Ø

·��¢�ïÄ(JL² lin//lin �Y�Ø


 σ+–σ+ �Y¥�3�4zV�, Jp
�f

|^�Ç, Ïd3�$�§Ý�Òk�õ�fë

� CPT ���, ¼��r CPT ��&Ò. �Ù¦

�Ø4zV��Y�'�, d�Y¤I��]


��, ¢y�EâÚ¤Iì��8cA^�2�

� σ+–σ+ �YÄ���, §´�¤Ù, �·Ü¢S

A^��Ø4zV�� CPT���Y. Ï��õ�

fë�ó�, 3�$�ó�§ÝÒU¼�÷v�¦

�&Ò, ¦� lin//lin ' σ+-σ+ �Y�õÑ�$, Ï

d§´$õÑ�f¨!^|O�����«n�

ÿÀ�Y.
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Experimentally studying the scheme on exciting
coherent population trapping resonances with lin//lin

configuration∗
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Abstract

Coherent population trapping (CPT) atomic clocks are prevailingly realized by exciting CPT resonance with circularlypolarized

bichromatic coherent light (σ+–σ
+ scheme), while atom utilization efficiency is relatively low in the scheme. For improving efficiency,

we experimentally study the scheme of realizing CPT resonance through the interaction between atoms and parallel linearly polarized

bichromatic coherent light field (lin//lin scheme). In the same experimental conditions the experimental results showthat the signal-

noise ratio of the CPT resonance signal is twice, and the differential slope is 1.65 time higher than those ofσ
+–σ

+ scheme. The

experimental results reveal that the scheme is an ideal candidate for low power consuming atomic clock and magnetometer.

Keywords: coherent population trapping, atomic clock, microwave, laser
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