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4He �f 23S1 → 23P0,1,2 �[�°[(�©�, 8c3nØÚ¢�þÑU
�� 10−8 Y²�°Ý, ¿��A
^uÿ½°[(�~ê α, Úéþf>ÄåÆ?1u�. T�¡¢�ïÄ�'�, ´I�Jpÿþ&D', ¿�Ø�
«�U�XÚ �, òù�°[(�©�ÿþ�æ kHz Y². 3�O�ù@¢��Y¥, Äg(Ü-1e%�fE
â, ÏL-1î�e%5Jpæ�±�få�å6rÝ, ¿én�æ�±�f?1 ò, òÙl�få¥©l,

l�Ìü$ÿþ�µ, ¿|^ªÇ£½-1ì�>�×£��ª5?11Ìÿþ, ±¦�×£ÿþ¥�±v
�
ªÇ°Ý. 38cÄ��ï¤�¢�C�þ, ¢��{��15®²¼��y, ©ÛL²k"¢yæZâ[Y²�
ÿþO(Ý.

'�c: ±�f, °�1Ì, °[(�~ê, -1e%

PACS: 06.20.Jr, 32.10.Fn, 32.30.–r, 37.10.De

1 Ú ó

±�f´�{ü�õ>f�f, 3nØþ�,
ØU
éÙ?1î��)Û¦), �´%�±3�
�éØ Schrödinger �§�Ä:þ, ÏLÚ\p�þ
f>ÄåÆ?��5ÅÚ%CÙ�ý¢� [1−9]. Ï
d±�f����{ü��fNX, ÙnØO��
Ú°�1Ìÿþ��m�'é(J, ��¡�±^
5u�nØO��{´Ä�(, ,��¡��±é
°[(�~ê α ?1ÿþ. lØÓÔny�¥¼
��°[(�~ê α ê�´Ä��, �´éþf>
ÄåÆ QED ���u�.

|^ He �f°[(�1Ì5ÿ½°[(�
~ê, ´d Showartz 3 1964 cJÑ [3], �É�u
���nØO�°ÝÚ¢�ÿþ°Ý, ¦�ù��
{3��¿ØU¼��O(�°[(�~ê. �
{c� Lewis Ú Serafino rO�(J?�� α6 �
þ?, ¦�±�f 1s2p 3PJ U? (ã 1) °[(�
�O�°Ý�� 43 kHz �Y² [10], ÏLÚ���
¢��é', Ägdd��
 ppm þ? (0.94 ppm)

�°[(�~ê [11]. Drake �<u 1996 cJÑ

 α7 ?�?��O��{ [12,13], ýÿ°[(�
~ê�°Ý��Jp� 16 ppb þ?. 3ÏL�X
��ó��, Pachucki �<3 2006 cuÐ
ù�
nØO��{ [14], �Ó�uy3ù�O�°Ýþ,
nØ�Ú���¢���mu)
î� �.
Pachuchi Ú Yerokhin ÏL#u�¦��O�n
Ø, �CéO�(J?1
?� [15,16], ¦�nØ

ã 1 ±�fU?(�ã
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O��Ø�ü$�
 31 ppb. ¢��¡, l 1957
cm© Lamb[17], Colegrove[18], Hughes[19] �<©O
ÏL�Å-u1Ì!lùU?Z�!Ú�få�
�{XÚ/ïÄ
±�f 1snp 3PJ (J = 0, 1, 2)
U?�°[(�, �,É�u���¢�^�,
� 1970 c±1Ì°[(�ÿþ�°Ý®²�J
p� 5 kHz �Y² [20], �pu���nØO�°
Ý. l�VÐm©, d Hessels[21−23], Shiner[24,25],

Inguscio[26], Ú Gabielse[27] �ïÄ|ÅÚò 1s2p
3PJ (J = 0, 1, 2) U ? ° [ ( � � ÿ þ ° Ý
Jp� 1 kHz Y². Shiner ïÄ|3 2010 c�ó
�, ÏL'é J = 0 Ú J = 2 U?m�å ν02 �
(J, #¼��°[(�~ê α �°Ý��

20 ppb �Y². ã 2 w«
CÏ'u 4He �f
1s2p 3PJ °[(��nØO�Ú¢�ÿþ(Jm
�é'.

ã 2 ±�f 1s2p 23PJ U?°[(�©�¢��nØO�(J

'udU?�C�O�Ú¢�(J, ÙI¡°
Ý��êzâ[Y², �´du¢Sþ¤ÿþ�[
�g,�°� 1.6 MHz, ÿþ�°Ý��¡é�§
ÝþÉ�&ÿ&D'���, ,��¡�¸¥,Ñ
>^|���3�¬éÿþ�)�*�K�, �U
���3XÚ �. 8cØÓïÄ|¤¼��¢�
ÿþ(Jm��3X²w��É, Ïd�©I�|
^ØÓ�¢���?1Õá�ÿþ, ¿¦�U/³
�ÿþ¥�XÚ �, éT�Ônÿþ±9nØ
O�(J�ÑÕá�u� [28].

3 8 c © z ¥ ¤ � � � A � ¢ � � O ¥,
Gabielse[27] ïÄ|¦^
·��ÚáÂ³��
{?1ÿþ, T�{�`:´¢�&D'p, �´
du�3E,�>^|±9�r�-1|, 7Lé
�©E,�XÚ �?1?�, ùéÙ(J���

5�)
é��K�. Ïd, Ù¦A�ïÄ|��
´¦^æ��få, 3^¶-|¥, |^éf�
&ÿ-1?11Ì&ÿ, ±�ØXÚ �. 8c¢
�¥�(JÌ�5guü��¡: �´du�få
6�$, ¦�ÿþ¥�ÚO ��é��; d	, å
6¥duØ�;�/�3ü�� (1s2s 1S0) æ�
±�f, ±9�>�)�b	1f, ¬3�?&ÿ
ìþ�)��é���µZ6, K�ÿþ&D'.
3 Shiner ïÄ|¥, �;�ü�±�fÞáé&ÿ
°Ý�K�, æ^
pr>| (20 kV/cm) d«ü�
±�f [25,29], ù�Eâé>4��\ó°Ý�¦
4p, SCþ�'�E,, ¢�þ�J¢y. �

�Øb	1f�K�, ¦�¦^
��Ð����
pÝ�1�7áº¡5��b	1, 7áº¡Ó�
Úæ�âf-E�)�g>f, 2ÏL �>Ø

170601-2



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 17 (2012) 170601

r>fÚ\��Ï��&ÿì, 5¢yén�±�
f�&ÿ. ù��{é7áº¡�1�\ó�¦4
p, ÄKpU1f37áL¡�´¬�)�g>f,
E¤&ÿ�.�Þá. ,���¡, 1Ì×£L§
¥XÛ¢y-1ªÇ�O(���´��7L�
Ä�¯K. du�ÿÌ��g,°Ý� 1.6 MHz, 
¤I���ÿþ°Ý3 1 kHz ±e, 7L;�31
Ì×£¥Ñy-1ªÇ�ËÄ.

3·�#ï�¢�XÚ¥, Äg(Ü-1e%
�fEâ, ÏL-1î�e%�få [30] ��{5

Jp�få6rÝ, ¿òn�æ�±�f lÑ
���få�2?1ÿþ, ±�.�Ø±�få
6¥Ù¦ü�æ��f!pU1f�E¤�ÿ
þ�µ. Ó�31Ìÿþ¥, ·�JÑ|^£ª�
&ÿ-1, ÏL×£Ù>�5¢y1Ì×£, ±�
y1Ìÿþ�ªÇ°Ý, ù¦�·�k�U¼�ä
kæ kHz °Ý�1Ìÿþ°Ý. �©ò0�·�
¤¦^�¢�C�, ±9ÐÚ�ÿþ(J, Úé�
U��XÚ �ÚK�ÿþ°Ý�A�5?1

©Û.

ã 3 ±�f°�1Ì¢�C�«¿ã

2 ¢��{ÚC�

± � f å ¢ � C � � ( � X ã 3 ¤ «, $
Ø (0.4 Pa) �¬±íÄk���ýe, ¿ÏL�
ª�>�-u, �)§Ý��� 100 K �æ�±
�få. �~�±�få6�uÑ�, Jp�få
rÝ, ¦^� 23S1 → 23P2 �[ (1083 nm) ���
-1é?u 23S1 ���få?1��î�e%.
Ù¥î�e%��{�3©z [31] ¥��Oaq.
-1î�e%¦�æ��få6»�Ø , �õ
��f�±��ål� 1.5 m 	�&ÿìþ.

Ó �, · � 3 î � e % n � � O \ 
 � �
� 12 cm ��Å«+, òC���àY² £

���Ý, ÏLN! ò-1���, �±¦�n
� (23S1) �æ�±�f�-1 ò�, E,U

���£Ä
�&ÿìþ, l�&ÿ�; �f
å¥�Ä�Úü� (21S0) æ��f±9b	1
f!lf�, � ò-1vk�^, Øu) ò, l
ØU���à�&ÿì. dd���~�ÙÞá
¤���ÿþÄ��Cz, ¢y “"�µ” &ÿ, J
pÿþ�&D'.

±�få6�-1î�e%Ø  =�, �,
�å� �� 1083 nm Ä$-1�^, du� 
��Ä$-1�±ò�fÄ$� 23S1 � m = ±1
fU?þ,  m = 0 fU?þ��fò���.
�få3BL Stern-Gerlach ^|«��, du
^|¥3Ú�fåR���þkXé��^|F
Ý (� 1 T/cm), ?u m = ±1 ��fò�^| =,
lØUBL�Ý� 30 cm � Stern-Gerlach ^|
«�, �kE?u m = 0 fU?þ��fâØ�^
| =, ��&ÿì�)&Ò. XJÄk|^Ä$
-1ò�få¥?u m = 0 �þ��f��, 2
3�få?\^|c, ¦^�å&ÿ-1, ×£&
ÿ1ªÇ²L 23S1—23PJ �[�, Ü©?u 23S1,
m = ±1 ��fòk�-u� 23PJ U?, 2²d
guË�á� 23S1, m = 0 fU?, ùÜ©�fò
U
��&ÿì, �)>&Ò�&ÿ. ù�, �&ÿ
-1vkÚ±�f���&ÿìþò´"�µ&
Ò, �k3-1Ú�f 23S1—23PJ (J = 0, 1, 2) �
[���, &ÿìþâ¬k&Ò�A, l�±�
�ép�&ÿ(¯Ý. 3�¢�¥, duI�³�
-1õÇ\°�A, &ÿ-17Léf (A�´�
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ÚõÇ� 1% ±e), ¢Sþ3&ÿ-1�^eu)
�[��fêé�, Ïd�µ&Ò�³�Úp(¯
�uÿéu�¢��'�.

�¢�¥I�nå-15©O¢y-1î�
e%!-1Ä$Ú1Ì&ÿ. ¢��1´Ü©X
ã 4 ¤«. �� 1083 nm ©Ù�"ª��N-1

ì (DFB) �ªÇ£½3±�f� 23S1—23P2 �Ú
áÂ�þ, ,�4ÙÏL Yb �,1n-1��ì
��
oõÇÑÑ� 800 mW �-1å. §��Ü
©� 700 mW ÏLßº*å���î�e%-1
åÑÑ, ,�Ü©� 10 mW  �z���Ä$1
ÑÑ.

ã 4 ±�f°�1Ì¢�1´ã (a) î�e%ÚÄ$-1å£ª�(�µã; (b) ^u1Ì&ÿ�	nª��N-1
ì (ECDL) ÏL Pound-Drever-Hall �{£ª�(�ã (PBS � �©å¡; BS �©å¡; HWP ��Å¡; QWP �o©��
Å¡)
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�¢ypªÇ°Ý�&ÿ, I�&ÿ-1ä
k4p�ªÇ°ÝÚ½5. ·�¢�¥ò��
	nª��N-1ì (ECDL) ÏL Pound-Drever-
Hall[32,33] �{£½3��^�$9)äXêá
��¤� Fabry-Perot Z�IOä (ULE-FPI, �
n)[34] ���p�þ. �n��u��ý�ð
§XÚ¥, ÏL���"ª§Ý��XÚ, ¦Ù
§Ý¤£���3 10 mK ±S. ð§n�ý��
±3 10−5 Pa Y², ¢�ÿÁÚ�[©ÛÑL²,
T ULE-FPI �n�p�½5Ðu 1 kHz. d	,
ÏL��(1N�ìÚgÄ�"XÚ, ÑÑ-1�
õÇ��O(��, 3ÿþ¥�±ð½. -1å�
�2ÏL��>1N�ì (EOM) �)>�, ^Ù�
�>���&ÿ-1, ×£±�f� 23S1—23PJ

�[�1Ì, 5ÿþ 23PJ U?�°[(�. du-
u>���ª&ÒªÇ°Ý��â[Y², ¦�¢
��ªÇ½Ý��d&ÿ-1�£ª°Ýû½.
·�¦^��n�p�°Ý� 300 kHz, -1£
ª°Ý�� 1 kHz Y², ÷v¢�I�.

3 ¢��y�©Û

|^T¢�C�, ·�Äké¢�XÚ?1

ÿÁ, ±�y¤�O¢��{��15. Äkéu
�få6rÝ!-1î�e%��J!±9-1
 ò��J?1
u�. du&ÿì��AÄ�
�z�æ��f��)��>f, ¢�¥�±
��|^&ÿìÑÑ�&ÒÌÝ5��æ��
få6�rÝ. Ó�ÏL×£î�e%-1ªÇ=
�¼�î�e%-1��^�J. ¢�L², ¦^
-1î�e%¦� 23S1 æ�±�få6rÝJ
p
� 50 �, 8c��� 2 × 108 �f/¦. ÏL
ÅÚ =C�¥3î�e%n�Ü�Å«+, ¿�
â&ÿì&Ò, ÓÚ`zî�e%-1��Ý, �
3 23S1 æ��fåÄ�Ø���^�e, rü
� 21S0 �f!lf!b	1f�)��µ&Òü
$�� 1% �Y², �±÷v¢��¦.

ÏL×£Ä$1�ªÇÚ&ÿ1�ªÇ, ·�
éTÄ$Ú&ÿ-1��^!±9 Stern-Gerlach
^|��ÀJUå?1
u�. Äk, ·�'4&
ÿ1, òÄ$1�ªÇ©O×£L�[ 23S1—
23PJ (J = 0, 1, 2) �n^°[Ì��� �, d�
�±3&ÿìþ©O*ÿ�duÄ$�^���
U��&ÿì� 23S1 (m = 0) �få6&ÒCz.

ã 5(a), (b), (c) ´©OéA�n| 23S1—23P0,1,2

�&ÿ(J. �Ä$1Ø��f�[���, �f
å¥k�þ�f?u m = 0 fU?, Ø� Stern-
Gerlach ^| =, 3&ÿìþ�)&Ò. �Ä$
-1� 23S1—23P1 ½ 23S1—23P2 �[���, d
u1�Ä$�^, ¦�A�¤k±�fÑ�Ä$
� m = ±1 fU?þ. ��3 Stern-Gerlach ^|�
 =�^e, ù
�fòØU��&ÿì, ¦�&
ÿìþ&ÒrÝeü. �Ä$1Ú 23S1—23P0

�[���, duþ��k m = 0 ��fU?, Ø
�Ø¬�)����J, �¦�Ü©�5ÙØ
3 m = ±1 ��f²Ä$�^�� m = 0 �, Ä$
1O\
 m = 0 �þ��fÙØ, ¦�&ÿì&Ò
rÝO\. T¢�(JéÐ/�y
 Stern-Gerlach
^|é�få� =�J±9Ä$-1��^.
Ùg, ·�£½Ä$1ªÇ3 23S1—23P2 ªÇ, ×
£&ÿ-1ì²L±�f 23S1—23P2 �� �,
uÿ&ÿìþ�æ��f&Ò, ���1ÌX
ã 5(d). ù�(J�?�Ú�y
��¢��{�
�15.

du3�¢�¥, �� 23S1—23P0,1,2 °[(
��ÿþ´��éz�1Ì&Ò¸�[Ü5�¤
�, ��¢��°Ý�ûuU¼�1Ì&Ò�&
D', XJ	.&ÿ>´þ�>&ÒD(�±�
Ñ, �fåg��ÑâD(ò¬´û½&Ò¸&D
'�û½5Ï�. ·�^ê��[��{, ïÄ

ØÓ�æ��få6rÝe, ��¤U���
ÿþ°Ý, Xã 6 þÜ¤«. ê��[
3���
��ÿþ�mp, ¢��ÿþ°Ý. �±wÑ�k
���&ÿì�å6rÝ�� 2 × 108 �f/¦�,
��1Ìÿþ�°ÝâU�� kHz ±e. Ó�, &
ÿ-1�ªÇ½Ýé���ÿþ°ÝkX'�
�K�, ·�|^ê��[�{, �[
&ÿ-1
3ØÓ�£ª°Ýe, é¢�ÿþ°Ý�K�, X
ã 6 eÜ¤«. T(JL²���æZâ[�°
Ý, Ó�3�����ÿþ�mS, &ÿ-1�£
ª½Ý�¦7L3 10 kHz ±e. ·�8c¢�
�O�-1£ª°Ý±9�fårÝÑòU÷v
±þ�¦.

d	, ¢�L§¥�«,Ñ>^|Z6!-
1å��få�O�°Ý�, �¬éÿþ(J�
)�A�XÚ �, L 1 w«
�«Ï�¤�U
���XÚ ����(J. �,ÏL°(?�
� Zeeman M�îþúª [35], ÏLÿþ m = ±1 �

170601-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 17 (2012) 170601

ã 5 ±°�1Ì¢�¥Ä$-1�&ÿ-1×£¤��1Ì
&Ò (a), (b), (c) ©O�Ä$1×£²L±�f 23S1—23PJ

(J = 0, 1, 2) ��¸�&ÿìþ¤¼��&Ò (5¿duÄ$-
1õÇ�p, (a), (b), (c) 1Ì�3X²w�õÇ\°); (d) �Ï
L×£&ÿ-1¤ÿþ� 23S1—23P2 ��[1Ì

ã 6 �fårÝÚ-1ªÇ½Ýé¢�ÿþ°Ý�K�

U?©��±O�Ñí{^|©þ, ¦�d^|
�5�¢�ÿþØ��±ü� 0.3 kHz �þ? [24],
�´�
���
�Å��m^|Þá�5�Ø

�, ·��´ÏLn�^¶-rÿþ«��í3
^|ü$�
 0.08 µT �þ?, ù¦�·�?��
^|�5�ªÇÿþØ����±ü$� 0.1 kHz
±e�Y². ÏLé&ÿ-11r���, ·�¦
^ 2 µW �m�-1, ¦�d-1�5� AC Stark
 £ü���� 0.1 kHz. du&ÿ-1Ú�få
�O�Ýòé�§ÝþK�1Ìÿþ�æZâ[
�Y², ·�òÏL¦&ÿ-1å�´�£��{,
5-���õÊV�A, �´ù«�{éüå1�
m��éY� ��¦�p, ���æZâ[�1
Ìêâ, üå1��éY��¦�u 2 µrad, ÏLc
ú [36] ßºXÚ���, �±rüå-1�Y�Ø
�ü$� 1 µrad[26,37], ¦duõÊV £���Ø
�ü$� 0.3 kHz. ±þ��A�U���XÚ 
���uL 1 ¥. �±w�, o�XÚ ��~�
� 0.5 kHz±e.

L 1 ±�f 1s2p 23PJ °[(�ÿþXÚØ�

5 �Oþ� XÚ �

Zeeman ª£ ^| 0.08 µT < 0.1 kHz

AC Stark &ÿ-1õÇ 2 µW < 0.1 kHz

õÊVª£ &ÿ-1O� 1 µrad < 0.3 kHz

&ÿÑâDÑ �fårÝ 109 atom/s 0.2 kHz

ªÇDÑ -1£ª°Ý 2 kHz 0.1 kHz

4 ( Ø

±þ©ÛÚ8c�¢�(JL², ·�¤�O
�-1e%Ú ò�få�¢��Y, Ø��J
p 23S1 æ�±�fårÝCü�þ?, ,��
¡�¢yé¤ÀJ�n��f� ò, ®²¤õ/
òü��f!lfÚ1f��)�&ÿ�µü$
� 1% Y², l�U�ÌJpÿþ&D'. ·�¤
�O�-1£ªÚ1Ì×£�Y, �¢yæ kHz °
Ý�1Ìÿþ. �â®²¼��¢�ëê©Û, ·
�8c�¢��Y, òU
÷v±�f°[(�æ
Zâ[ÿþ°Ýù�8I. Ó�, T¢�XÚ��
A^ué±�fÙ¦1Ì�[�ÿþ, ±9=0 
£!Ó �ª£�¢�ÿþó�. du±�f´�
Ä��õ>f�f, �Xp°ÝO�Uå�Øä?
Ú, �A�¢�ÿþ�nØO��uÐ, ò¦Ù¤
���ÕA�°��fÔnïÄ²�.
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Abstract

The 23P0,1,2 fine structure interval of 4He can be determined to 10−8 accuracy both theoretically and experimentally. It can be

used either to determine the fine structure constant or to test the quantum electrodynamics theory. To reach this goal, it is necessary to

measure the fine structure splitting to sub kHz accuracy by increasing the signal-to-noise ratio and eliminating the systematic deviations.

In the experimental configuration of present study, transverse laser cooling is used to obtain an intense metastable helium atom beam.

The triple state metastable atoms are also bent from the original atomic beam to reduce the background noise. The spectral scanning

will be accomplished by tuning the sideband of a frequency-locked diode laser to maintain sufficient frequency stability during the

scan. The experimental method has been tested on the setup recently built, and the analysis shows that a sub-kHz precision is feasible.

Keywords: helium atom, precision spectroscopy, fine-structure constant, laser cooling
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