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*ÿ
9�få¥+�f (5s2)1S0—(5s5p)3P1 p|�[�F1ÌÚ�ÚF1Ì, ¢�ÿ½
ØÓ�ëþ
e 88Sr(5s2)1S0—(5s5p)3P1 p|�[F1Ì. ïÄ(JL²: ØÓ�¢�ëê (§Ý!-11r!-1×£ªÇ) é
Ì�k���K�, (5s5p)3P1 ���Æ·A:��Ì�rÝ�-1×£ªÇ¥�ê'XCz; du Doppler O°,

Þ�O°�Ï��K�, Ì��°��uÙg,�°��-1×£ªÇ¥�''XCz.

'�c: 1¨, F1, p|�[, �f1Ì

PACS: 06.30.Ft, 33.50.Dq, 71.20.Dg, 32.30.−r

1 Ú ó

1¨´|^�f½lf31ÅÅã����
[��ªÇë���f¨ [1,2], 8c1¨°(Ý®
²�� 10−18 þ? [3], k"¤�#��mªÇÄ
O [4].

Äuwè7á�� (y!W!+) Úawè7
á��Q�e�f1¨¦^1¬�§B�f, ~�

�f�m�-EÚ	.�Z6, �§B�e�f
ê8¯õ, k�p�&D'ÚO(Ý, Cc5áÚ

Nõ�'ïÄ�|�'5. wè7á�fü�
Ún��m�p|�[, g,�°�~Ä, ^u
�f� Doppler e%�±¢y4$�§Ý (µK þ
?)[5,6], ¿�õêwè7áÓ ��fÄ�vk�
°[(�, Ø�31Ä$�A, �±���Ä$-
1 [7].

p|�[duÙ�°ÄÚ Doppler e%4�
$�A:, 3Ä�°-1e%ÚÐ¼ [8,9], 15Ü
1Ì (PAS) ¢� [10], þf{¿ïÄ, ÀÚOÏd"
và (BEC)[11,12] ��¡ké��A^d�. I
Sþéu+�fp|�[Ì�ïÄÚA^, þ

V"��VÐÌ�8¥3Ä�°-1e%ÚÐ
¼�¡, �1¨e�f�¬���Jø
éÐ�^
� [8,9]; CAc515Ü1Ì¢�, þf{¿ïÄÚ
ÀÚOÏd"và��¡ [10−12] �¤�<�'5
�9:.

2 +�f (5s2)1S0—(5s5p)3P1 p|�[

+´1 5 ±Ï IIA x�wè7á��, �f
Sê 38, �fþ 87.62, L:´ 769 ◦C. g,.¥,

+k 88Sr, 87Sr, 86Sr Ú 84Sr o«Ó �, �é´
Ý©O� 82.58%, 7.0%, 9.86%, 0.56%. Ø 87Sr(¤
�f) 	, +�fÙ¦n«ÀÚfÓ �vkØg
^ (I = 0), vk�°[(�; �	�k 2 �d>f,

g^ÍÜ�ØÓ���fäkü� (S = 0) Ún
� (S = 1) �ü|U?(� [13], +�f�{üU?
(�Xã 1 ¤«. 3��éØ�¹e, �f��[
�õê´ó4�[, Ñló4ÀJ½K (∆S = 0),

~X+�f� (5s2)1S0—(5s5p)1P1 U?�[ (éA
Å�� 461 nm). ü�Ún��m� (5s2)1S0—

(5s5p)3P1 g^B{�[¡�p|�[ [14], éAÅ
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�� 689.45 nm.

��éØ�A�¹e, ü��n�m�p|
�[3nØþ´ó4B{�[, �¢SþEké�
��[VÇ (nØ�guË�Ç´ Γ = 4.7×104/s).
ù´du��f��fþé��, ó4�[��É
ó4ÀJ½K��å, ��X�fþ�ØäO�,

d>fg��g^;�^ÍÜ�^�éOr, ¦�
f l
î�� LS ÍÜ, Ï�g^;�ÍÜ±9
Ù¦��éØ�A�?�, 1P1 Ú 3P1 ��m�g
^;��p�^Ý
�®²�±Ú�m�¥ÕU
þ��'[, p�
�Äþ J �Ó�g^ S ØÓ�
ü�Ún�Ñy·Ü [14], O\
�[�VÇ,

nØþ�B{�[C�
ÛÜ#N. éu+�f,

=k�þ� 1P1 �·Ü�
 3P1 �, �±?1Ü©
�[ [15].

ã 1 88Sr {üU?(�ã

p|�[�m²�A:´�°Ä!Æ·�!
guË�Ç�Ú Doppler e%§Ý4�$. 3+�
f¥, é'ü��n�m (5s2)1S0—(5s5p)3P1 p
|�[Úü�m (5s2)1S0—(5s5p)1P1 ó4�[: �
°Ä (g,�°´ 7.6 kHz), éAuó4�[�g,
�°� 32 MHz; Æ·�� (3P1 ��Æ·� 21 µs,

�Oæ�), éAuó4�[�Æ·� 5 ns; 3
-1|¥���guË�Ç (4.7 × 104/s) ��u
ó4�[ (2.1 × 108/s); Doppler e%§Ý4��
æ µK þ? (� 180 nK), ��ó4�[��À§Ý
4� (460 nK) ���, ��uó4�[� Doppler

e%§Ý4� (1 mK þ?).

du+�f (5s2)1S0—(5s5p)3P1 p|�[é
�f, ÙguË�Ç' (5s2)1S0—(5s5p)1P1 ó4�
[$o�þ?, ¤±¢�ïÄk���JÝ. IS
þ��þV 90 c�âm©?1ù�¡�¢�ï
Äó� [16−19]. �©3¢�þ�[ïÄ
9�få

¥+ (5s2)1S0—(5s5p)3P1 p|�[�F1!�Ú
F1Ì��A5.

3 ¢�C�

¢�C�Xã 2 ¤«, ECDL(grating external-

cavity diode laser) ��I Sacher úi)�� 689 nm

� Littrow .1»�"	n��N-1ì, ��Ñ
ÑõÇ� 15 mW, gd$=��°� 1 MHz, üª
ü�^�e��ëYN���´ 3 GHz, 3¢�
¥^�-u1. ISO ´1Æ�lì, PBS � �
©åcº, PD ´g��1>&ÿì, F-P ´g�
�{Ùp — ]Ûn, n�� 100 mm, gd1Ì«
� 750 MHz.

ã 2 ¢�1´ã

+�få��)C�3©z [20] ¥k�[
�`². �fåäkpÝ½�5Úå¥�f-E
4��A5, Uk���Ñ Doppler �AÚ-E
�Aé*ÿ�K� [7]. +�få��uÑ�Ø�
L 25 mrad.

-1ìuÑ�1å²L�lì!�Å¡Ú 
�©åcº�, �å\�� F-P n, ^5iÀ-1
�ü�5ÚN���; ,�åÏL"�ºXÚ�-
11��»d 1.4 mm *å� 7.5 mm, R�u�f
å\��ý�nÚ�f�p�^. 3�-1åÚ�
fåüöþR����þ^g��ßº|Úp(
¯Ý1>&ÿì5Â8d 689 nm -1-u�+�
f (5s2)1S0—(5s5p)3P1 p|�[Ë��F1.

d u (5s2)1S0—(5s5p)3P1 p | � [ �
' (5s2)1S0—(5s5p)1P1 ó4�[9Ù�f, ¢�
&ÿ(Jé�, Ïd*ÿ¥I�1>&ÿìk��
��OÃÚûÐ�&D', Ó�F1Â8XÚ��
Ç�¦�U�p. ¢�¥¦^F�Ttúi)�
� S1337 X�1>�4+, a1L¡È� 100 mm2,

é 689 nm F1�(¯Ý� 0.44 A / W. F1Â8X
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Ú�ü�ßº (f = 50 mm) �|Ü, &ÿ�áN�
� π/2.

4 ¢�(J9©Û

éu (5s2)1S0—(5s5p)3P1 p|�[, dugu
Ë�ÇÚ�Ú1r��, � (5s5p)3P1 ��Æ·
�� (21 µs), � (5s5p)1P1 �Æ· (5 ns) � 4200 �,

¢�^��CzéÙF1Ì��*ÿK���, ~
X, +¬§ÝCz¦�f²þ�Ý9�f�ÝU
C, U�fåÏþu)UC��F1rÝu)C
z; -11rCz¦�?u (5s5p)3P1 -u�þ�
�fê8UC, ��F1rÝCz; ×£ªÇÚ×
£��Cz¬K��f3ü �mS�Ë�gê,

UK�F1rÝ. �d, ·�3¢�þéØÓ¢
�ëþ (§Ý!-11rÚ-1×£ªÇ) �¹e
� (5s2)1S0—(5s5p)3P1 p|�[1Ì��
�[
ïÄ.

ã 3 ´ ¢ � ¥ * ÿ � + � f (5s2)1S0—

(5s5p)3P1 � [ � F 1 Ì �, - 1 � × £ ª Ç
� 10 Hz, \���få�-1õÇ� 8.2 mW,

1��»� 7.5 mm, +¬\9� 873 K.

ã 3 +�f (5s2)1S0—(5s5p)3P1 �[�F1ã (
� a ´+�f (5s2)1S0—(5s5p)3P1 p|�[�F1Ì
�, b � F-P n�ß�&Ò)

F1Ì��¸��É´d+�fÓ ��
g,´ÝØÓE¤� [21,22], Ù�p¸�éA�
´ 88Sr ��[Ì�, gp¸�éA�´ 86Sr ��
[Ì�, du 88Sr Ú 86Sr Ñ´ÀÚf (I = 0), v
k�°[(�, ¤±Ñ´ü�¸; ���n�¸é
A�´ 87Sr ��°[U?�[�m�n��[Ì
�, ù´du 87Sr ´¤�f (I = 9/2), Ù (5s5p)3P1

�kn��°[U?, ÏÑyn¸. 86Sr � 88Sr

�Ó � £� 163.8 MHz, 87Sr �n��°[U
?�[� 88Sr �Ó � £©O� −1352.0 MHz,

−221.7 MHz, 1241.4 MHz. ã¥ 88Sr � (5s2)1S0—

(5s5p)3P1 p|�[�F11Ì�°� 57 MHz,

ù´d¢�^�¤��î� Doppler O°!Þ
�O °!-1�°�Ï��Ó���, Ù¥î
� Doppler O°ÓÌ�Ï� [13,21].

ã 4 (a) 88Sr(5s2)1S0—(55p)3P1 F1rÝ�+¬§Ý
�Czã; (b) �fåÏþ�+¬§Ý�Czã

ã 4(a) � ¢ � ÿ þ � 88Sr(5s2)1S0—

(5s5p)3P1 p|�[F1rÝ�+¬§Ý (��
� 770 K—900 K) �Cz�ã, Ù¥�:´¢�
�, ¢��¢���[Ü�, ¢S�N�´�f
å¥��fê8�§Ý�Cz'X, dã���f
ê8�+¬§Ý�O\¥�ê/ªO\. +¬¥�
Ú�íØ�§Ý�'Xª� [23]

log P = 14.232 − 8572
T

− 1.1926 log T. (1)

+¬¥��f�Ý n =
P

kBT
, Ù¥ kB �À�[ù

~þ, T ��f�í�§Ý. KdO�ì*ÑÑ5
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��fÏþ� [22]

Q = 1.6
1

4L

r

(
1 +

3L

8r

) ×n× 2√
π

α×Nt ×πr2, (2)

Ù¥ r �|¤O�ì�f[+��», L �f[+

��Ý, α =

√
2kBT

m
, Nt ´f[+�ê8. ã 4(b)

��â (2) ªnØO�¤��+�fÏþ�+¬
§Ý�Cz�. é'ã 4(a) Ú (b) ��, +¬
§Ýl 773 K O\� 893 K, ¢�¥� (5s2)1S0—

(5s5p)3P1 p|�[F1rÝéAO\
 20.7 �,

nØO����få�ÏþO\
 24.2 � [24].

ã 5 88Sr(5s2)1S0—(5s5p)3P1 F1rÝ�\�-1
1r�Cz�ã

ã 5 �¢�¼�� 88Sr(5s2)1S0—(5s5p)3P1

p|�[F1rÝ�\�-11r�Cz�
ã, Ù¥�:´¢��, ¢��¢���[Ü
�, �NÑ+�fé 689 nm -1�áÂrÝ�
\�-11rO\Cq�5O\'Ç%Ñ�
~�, �¢S\-11 r��u�Ú1rnØ
� (Is = 3µW/cm2) �¿����Ú, ù´Ï�
�-1�p�^��f´?u$Ä¥�, �5��
Ú1rØ·^ù«�¹, I��Ä�ÝÏ�é�Ú
1r�K�. ¢S��Ú1rA�

I ′s =
Is

D/v
, (3)

Ù¥ D �-11��» (D = 20 mm), v ��få
¥+�f�²þ�Ý (v = 445 m/s), �\¢���
� I ′s = 66.8 mW/cm2. dd��, ¢S\��-1
1r�u¢S��Ú1r¿����Ú, \�1�
f, áÂXêCq�~ê, Ïd\�-1áÂrÝ
�\�-11rCq�5O\ [25].

du+�f (5s5p)3P1 �Æ·��, -1�×

£ªÇé (5s2)1S0—(5s5p)3P1 p|�[F1Ì�
�*ÿk����K�, éd·�?1
¢�ÿþ
ÚnØ©Û.

ã 6 �¢�ÿþ� 88Sr(5s2)1S0—(5s5p)3P1

p|�[F1rÝ�\�-1×£ªÇ�Cz
�ã, Ù¥�:�¢��, ¢��¢���[Ü
�, F1rÝÚ-1×£ªÇ¤�ê'X. Ù�Ï
�: �z�×£±Ï T0 ¥-1ªÇ×L��f�
��p�^����m� t, K t ���±Ï�'
� η = t/T0. +�f (5s5p)3P1 ��Æ· τ = 21 µs,

Kz��f3 t �p�^�mS�Ë�gê�

N1 =
t

τ
=

ηT0

τ
. (4)

-11�CX«�¥��foê� n0, -11�C
X«�S�¤k�f�-13���p�^�m
S�Ë�gê�

N = n0N1 = n0
ηT0

τ
. (5)

F1rÝ h �'uË�gê N , �-1×£ª
Ç f = 1/T0, =

h ∝ n0
η

τf
. (6)

¤±3-1×£���½��¹e, η ´½�, F
1rÝ�×£ªÇ f �O\C�, 3-1×£ª
Ç f �½��¹e, F1rÝ�×£���O\ (η

~�) ~�.

ã 6 88Sr(5s2)1S0—(5s5p)3P1 p|�[F1rÝ�
\�-1×£ªÇ�Cz�ã

88Sr(5s2)1S0—(5s5p)3P1 p|�[�g,�
°� 7.6 kHz, �¢�ÿþ�F1Ì��°�É-
1�°!+�f�í§Ý!\�-11r!-1
×£ªÇ!-1×£���¢�^��K� [26].

dulO�ìÑ���få�k�½�uÑ� θ,

020601-4
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k�½�î��Ý©þ, ��Ì�î� Doppler O
° [20]. +�f�í§Ý�UC¦�få��Ýu
)Cz, Ïdî� Doppler O°��UC.

(5s2)1S0—(5s5p)3P1 p|�[�,��Ì�
�Ì�O°Ï�´Þ�O°. ¢�¥-11��»
� 15 mm, �-1ì?u×£G� (¢�¥×£ª
ÇCz��� 5 Hz–50 Hz), -1��fu)���
�m=Þ��m τtr 3 µs þ?, �+�f (5s5p)3P1

��U?Æ· (21 µs) ��½�$, ÏdÞ�O°
�^²w, Þ�O°� [7]

∆ν ≈ 1
τtr

. (7)

dþª��, Þ�O°�Þ��m¤�'. du
Þ��m�×£ªÇ¤�', ÏdÞ�O°�×
£ªÇ¤�'. ·��[*ÿ
 88Sr(5s2)1S0—

(5s5p)3P1 p|�[F1�°�\�-1×£ªÇ
�Cz�¹, ¢�(JXã 7 ¤«, Ù¥�:´¢
�ÿþ�, ¢�´�â (7) ª¤��nØ�.

ã 7 88Sr(5s2)1S0—(5s5p)3P1 p|�[F1�°�
\�-1×£ªÇ�Cz�ã

ã 8 (5s2)1S0—(5s5p)3P1 p|�[�ÚF11Ì

· � A ^ ã 2 � ¢ � C � ? � Ú ï Ä


 (5s2)1S0—(5s5p)3P1 p|�[�Ã Doppler �
Ú F 1 Ì �, ã 8 ÿ þ � ´ + � f (5s2)1S0—

(5s5p)3P1 p|�[��ÚF1Ì�, Ø
 88Sr,
86Sr � � [ Ì � � � ß � � ¿ � � � Ú.
88Sr(5s2)1S0—(5s5p)3P1 p|�[��ÚF1¸
�°� 4.2 MHz, ��uÙg,�° 7.6 kHz, ù´
d-1�°!Þ�O°Ú�ÚO°�Ï��Ó�
^E¤�, Ù¥-1�°�Ì�Ï�.

ã 9 (5s2)1S0—(5s5p)3P1 p|�[�ÚF1Ì��
-1×£ªÇ�Czã

-1×£ªÇÓ�é�ÚF1Ì�ké��
K�, ã 9 ´-1×£ªÇ©O� 5 Hz, 10 Hz,

15 Hz, 20 Hz, 25 Hz, 30 Hz ���ÚF1Ì�, �Ú
F1rÝ�X×£ªÇ�O\C�, ùÓ�´d
u (5s5p)3P1 �Æ·��, ×£ªÇO\¦�-1
��fu)���[��p�^�m~�, ±�u
���p�^L§¥�fguË��gê²w~
�E¤�.

5 (Ø�?Ø

� © ¢ � ï Ä 
 + 9 � f å ¥ (5s2)1S0—

(5s5p)3P1 Ä�°p|�[�F1Ì!�ÚF1Ì,

�[ïÄ
3ØÓ�+�f�í§Ý!\�-1
1r!\�-1×£ªÇ��¹e 88Sr(5s2)1S0—

(5s5p)3P1 p | � [ F 1 r Ý � C z, ï Ä 

Ø Ó \ � - 1 × £ ª Ç � ¹ e 88Sr(5s2)1S0—

(5s5p)3P1 p|�[�F1�°�Cz±9�Ú
F1Ì���É. ¢�(Jw«: ØÓ�¢�ë
ê (§Ý!-11r!-1×£ªÇ) éÌ�k�
��K�, (5s5p)3P1 ���Æ·A:��Ì�r

020601-5
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Ý�-1×£ªÇ¥�ê'XCz; Ì��°d
u Doppler O°, Þ�O°�Ï��K���uÙ
g,�°, Ó�, Ì��°�-1×£ªÇ¥�'

'XCz. �©�¢�ó��·� Sr 1¨�Ä�
°e% [27,28] C½
ûÐ�¢�Ä:.
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Abstract

We observe the fluorescence and the saturated fluorescence spectra of (5s2)1S0—(5s5p)3P1 intercombination transition of ther-

mal strontium atomic beam. Experimental investigation of 88Sr(5s2)1S0—(5s5p)3P1 intercombination transition is performed on the

different experimental conditions. Our study indicates that experimental parameters affect spectra largely, including temperature, in-

tensity of laser and scanning frequency of laser. Intensity of spectrum is reciprocal of scanning frequency of laser due to long lifetime

of (5s5p)3P1 state of Sr atom. Owing to Doppler broadening, transit broadening and other experimental factors, the linewidth of

(5s2)1S0—(5s5p)3P1 fluorescence spectrum is far more than its natural linewidth and proportional scanning frequency of laser.
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