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�kË�ªÇ¬u)UC, ùÒ´Í¶�-E�A.
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Ä�±*ÿÚ©Û�f©f�SÜ(�, ��±Ð
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�U?2©Ù�A¢y
$§� 66 K �-1�e,
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�M»�fXÚ, ïÄ
Ù¥�V1f���{¿
oÅ·ª (NFWM) �þfZ��A. uyM»X
Ú¥�V1f�� NFWM �±¤��«�#��
ÿþü�p-u�m�[Ý
���õÊVp©
E Aulter-Townes(AT) 1ÌÆóä [10]. ·��JÑ
�«� �Ý�p©E��õÅ·ª�#1ÌÆ
�{ [11]. d�{�±ïÄ?¿�ê�·ª�A, Ï
däk���ÊH5.

�C, ·�òV1f���{¿oÅ·ªA^
u�fp�Ë��ÿþÚïÄ [12]. ØÓuDÚÿ
þEâ, æ^V1f���{¿oÅ·ªïÄ�f
p�Ë��-E�Aäk±e`:. Äk, V1f
���{¿oÅ·ª�{´�«X1Æ��{. T
�{1´{ü, uÿ�&Ò´�Z1, Ø´lf
½>f&Ò. Ùg, V1f���{¿oÅ·ªE
â��m&Ò©EÇ`D, �gdÀJ�p�^N
È, ¿�� ��^��±3é°�ªÇ��S¢
y. c���´, ØÓuy�¢�Eâ�Uÿþ
p�Ë��p�µþ, NFWM Eâ���«�Z
1ÌÆEâ, U
��ÿþp�Ë�ÚÄ�m�î
�µþ, �±��^5ïÄ-Eé�f�Z�K�.

lV1f���{¿oÅ·ªEâéuïÄp
�Ë�f3þf&E�þfO�+��A5kw
Í�`³.

·�3æ^V1f�� NFWM EâïÄp�
Ë�f�-E�A�, *	�d-EÚå�U?
2©Ù¤�)���y�. T��åu�p�
Ë�f� NFWM Ì�ØÓ�,�«oÅ·ªL
§. �©òïÄØÓ^�e, T��é�fp�Ë
� NFWM Ì��K�. ïÄuy��ép�Ë�
� NFWM Ì���°k�½��z. �Ä���
A�±éV1f���{¿oÅ·ªnØ�.e
ÿþ��-EÐ°Xê?1?�, ���\°(�
(J.

2 ¢ �

V1f���{¿oÅ·ª�1´Xã 1(a)

¤«. 1å 1 �ªÇ� ω1, 1å 2 Ú1å 2′ �ª
Ç� ω2. 1å 1 Ú1å 2 ��\���¬þ, 1
å 2′ ÷�1å 2 ¤é��Y� θ ���\�. 3
Xã 1(b) ¤«�?énU?XÚ¥, � |0〉 Ú� |1〉
�m, � |1〉 Ú� |2〉 �m��f�k�[ªÇÚ

ó4�[Ý
�©O� Ω1, Ω2 Ú µ1, µ2. 3� |0〉
Ú� |2〉 m��[´ó4B+�. �\�1�ª
Ç ω1 ≈ Ω1, ω2 ≈ Ω2 �, 1å 1 Ú1å 2 ©OÚ
å |0〉 → |1〉 Ú |1〉 → |2〉 ��[. ÏLù�V1f
�[, 1å 1 Ú1å 2 a)Ñ |0〉 Ú |2〉 �m��
Z. 3V1f���{¿oÅ·ª¥, 1å 2′ éù
�V1f�Z?1&ÿ, �ª�)
÷X�1å 2′

A�����DÂ�ªÇ� ω1 � NFWM &Ò1.��
θ� �� � � �

� � � � � �� �� �� � � � � � � �� � � � �
� � �

� 	 
 � �
 � �
 � � 
 � �
 � �
 � ��  �
ã 1 V1f���{¿oÅ·ª�nã (a) 1´ã¶(b) U
?(�ã; (c) ��U?(�ã

T?énU?XÚ�p�^�M�îþ�

H =~∆1 |1〉 〈1| + ~(∆1 + ∆2) |2〉 〈2|

− (µ1E1 |1〉 〈0|

+ µ2E2 |2〉 〈1| + H.c.), (1)

ª¥, ∆1 = Ω1 − ω1, ∆2 = Ω2 − ω2, ��f�ó4
�[ªÇ Ωi �\�1ªÇ ωi(i =1, 2) ���þ,

E1 = ε1 e ik1·r , E2 = ε2 e ik2·~r + ε′2 e ik′
2·r �ªÇ©

O� ω1, ω2 �-1å�|r, Ù¥ k1, k2, k′
2 Ú ε1,

ε2, ε′2 ©O�1å 1, 2, 2′ �Å¥Ú�Ì. µ1, µ2 ©
O� |0〉 Ú |1〉, |1〉 Ú |2〉 m��[ó4Ý
�. V
1f�� NFWM ���54zrÝ�'u�ÝÝ

��é�Ý
� ρ10, ÏL¦)�ÝÝ
�§

∂ρ

∂t
= − i

~
[H, ρ] +

(
dρ

dt

)
relax

, (2)

| ^ T NFWM L § � � 6 ó ρ
(0)
00 → ρ

(1)
10 →

ρ
(2)
20 → ρ

(3)
10 , ©z [12] �Ñ
�é�Ý
� ρ

(3)
10

�L�ª

ρ(3)
10

(r) = − i
G1G2(G′

2) ∗ e i(k1+k2−k′
2) ·r

(i∆1 + Γ10)2{[i(∆1 + ∆2) + Γ20]}
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× ρ
(0)
00 , (3)

ª¥ G1 = µ1ε1/~, G2 = µ2ε2/~, G′
2 = µ2ε

′
2/~ �

ÍÜXê, Γn0 �U? |n〉 Ú |0〉 �m�î�µþ�
Ç.NFWM &Ò�rÝ Ie �'u |ρ(3)

10 (r)|2, =

I e ∝ 1
(Γ 2

10 + ∆2
1)2[Γ

2
20 + (∆1 + ∆2)2]

∣∣∣ρ(0)
00

∣∣∣2 , (4)

ρ
(0)
00 ´�ÝÝ
�é�Ý
�, �N
 |0〉 �¥�

�fë�V1f�[�VÇ.

3äN¢�¥, ·�À���f�Ä� 6s2 1S0

�� |0〉 �, 1�-u� 6s6p 1P1 ��� |1〉, p�
Ë� 6snd 1D2 ��� |2〉, |¤?énU?XÚ.

ò��\¿k�½Ør���ÀíN��¬¬¥,

\9� 933.15 K, ¦��)�í. Xã 2 ¤«, ¦
^ Quanta-Ray ND-YAG -1ì��g�ÅÚng
�Å5Ä$ü�/�-1ì, �)ªÇ� ω1 �1
å L1 ÚªÇ� ω2 �1å L2. 1å L1 ²L��
º M1, M2 Ú M3 ���, ��1å 1 ?\9+¬.

1å L2 ��ß��º M5 ©¤üå, Ù¥�å²
L��ò�ì, 2ÏL��º M6 ������1
å 2 ?\9+¬, ,�å1�º M7 Ú M8 ���
��1å 2′ ?\9+¬. 1å 1 Ú1å 2 ���A
���, 1å 2 Ú 2′ ¤���� 0.5◦ �Y�39
+¬¥Ü��. ¤k�\�1åÑ´R� ���
 �1, �°� 0.007 nm, óÀ°Ý 5 ns. nå\�
1���f�p�^, �)
ªÇ� ω1, ÷X�1
å 2′ A�����DÂ�R�� ���{¿o
Å·ª&Ò1. T&Ò1�1>�4+&ÿ�, Ú
\&Ò²þì boxcar ?1êâ²þ. ^O�Å?1
êâ?nÚ��Ú?ê�±UC/�-1ì�Ñ
ÑÅ�.

·�×£1å L2 �ªÇ, 5ïÄØÓ�Àí
Øe���fp�Ë� 6s nd 1D2 �V1f��
�{¿oÅ·ª1Ì. N!1å L1 �ÑÑÅ��
éA 6s2 1S0—6s6p 1P1 �[�Å� 553.5 nm N
C. �
;�3 6s2 1S0—6s6p1P1 ����[Å
�?�ráÂ, 1å L1 �Å�l°(�� �
 N
 0.028 nm. ã 3 ´ØÓ�ÀíØe���
fp�Ë�� NFWM 1Ì, ã 3(a) � 6s16d 1D2

�� NFWM Ì, (b) � 6s22d 1D2 �� NFWM Ì,

(c) � 6s36d 1D2 �� NFWM Ì. rV1f���
{¿oÅ·ª����8�z� 1, ã¥�:�
´¢�ÿþ�êâ, ¢�´nØO�(J. ��À
íØ� 133.32 Pa �, ã 3 ¥�Ì�´·�¤ïÄ

� 6s2 1S0—6snd 1D2 ù�V1f�[� NFWM

1 Ì, d (4) ª � � NFWM Ì � � � � � Ñ y
3 ∆1 +∆2 = 0 ?, Ì����° (HWHM) � Γ20.

��ÀíØO\�, T NFWM Ì�Ñy
Ð°, Ó
�¸�u)
ª£. ù´du���ÀíN���
fÚ?up�Ë����fu)
�5-EÚå
�. ÏLéÌ�Ð°Úª£�ïÄ�±Oré-E
�fm�p�^³�
), é�lfN�ä!UN
ÔnÆ�ïÄk��¿Â.� � � � � � � � � �� 	� 
� �� ��  � � � �� �
ã 2 V1f�� NFWM ïÄ Ba �f�p����¢�(�ã

ã 3 ¥�±w���ÀíØO\�, 3 ∆1 +
∆2 = ∆1 ?m©�å/¤
#�&Ò¸, =Ñ
y NFWM Ì����. ù´du��ÀíØ�p
�, ��3XXã 1(c) ¤«�-EÚå�U?2
©ÙL§ [7]: 3��fÚ��f-EL§¥, �±
òÙw¤´�� Ba-Ar O©f, ù���f� |0〉
� (6s2 1S0) Ú |1〉 � (6s6p1P1) =C��A�©f
U?, §�m���ªÇ�X Ba-Ar må�Cz
UC, �ùü�©f�m���ªÇ� ω1 �,

1å 1 �±-u Ba �[�d |1〉 �¤/¤�©
f�þ. -E(å�, É�-u���fd�A
�©f�=C� |1〉 �, /¤
 |1〉 ��ÙØ. ù
��±�)±e��{¿oÅ·ªL§: 1å 2

°Ä� |1〉 Ú� |2〉 ��m��[, 1å 2’ °Ä
� |2〉 �� |1〉 �m��[, 1å 1 °Ä� |1〉 �
� |0〉 m��[, �)d� |0〉 �[�� |1〉 �ª
Ç� ω1 �oÅ·ª&Ò, Ù��÷�1å 2′ A�
�����DÂ. ÏLT�{¿oÅ·ª��6
ó ρ

(0)
11 → ρ

(1)
21 → ρ

(2)
11 → ρ

(3)
01 ¦)�ÝÝ
 (2) ª,

æ�Ú (4) ªaq�í�, �±¼�Ù&ÒrÝ In

�L�ª

In ∝ 1
(∆2

1 + Γ 2
10)[∆

2
2 + Γ 2

21]

∣∣∣ρ(0)
11

∣∣∣2 , (5)

ª¥� ρ
(0)
11 ´�ÝÝ
�é�Ý
�, �N
To
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Å·ªL§Ð©��f?u |1〉 ��VÇ, Γ21 �
U? |2〉 Ú |1〉 �m�î�µþ�Ç. Ï�1å 1

�ªÇ�½, d (2) ª��T���&Ò¸Ñy
3 ∆2 = 0 ?, Ì���° (HWHM) � Γ21.

� � � � � � � � � �� � �� � �� � �� � �� � �� � � 	 
 
 
 
 � �     � �� � � � � � �� � � � � � ��     � �� �   	 � �� � � � � � � �� � � � � � � � � � � �
� � � � � � � � � �� � � � � � � � � � � �

� � � � � � � � � �� � � � � � � � � � � �
����� 	 
 
 
 
 � �� � � � � � �� � � � � � ��     � �� �   	 � �� � � � � � � �

�  !
� " !

� # !����� � � � � � � �� � � � � � �$ % % % % & '( ) % % * & '( + + , + $ & '
ã 3 ØÓ�ÀíØe���fp���� NFWM 1Ì (a)
� 6s16d 1D2 �� NFWM Ì; (b) � 6s22d 1D2 �� NFWM Ì;
(c) � 6s36d 1D2 �� NFWM Ì

·�5ïÄù�d-EÚå�U?2©Ù¤
�)���é��fp�Ë�� NFWM Ì�Ð°
�K�. Äy, ïÄÌþfê n ØÓ�, ��é�p
�Ë� NFWM 1Ì�K�. ã 3(a) ´ 6s16d 1D2 �
� NFWM Ì, ù����,�X�ÀíØ�O\
Or, �=¦�� 79999 Pa �, ��é 6s2 1S0—

6s16d 1D2 ��V1f�� NFWM Ì�K��Ø

´é²w. ã 3(b) ´ 6s22d 1D2 �� NFWM Ì, �
±w���é NFWM Ì��K�C�âÑå5,

��ÀíØ� 79999 Pa �, ���rÝ®²���
L NFWM ¸��rÝ, ¿îZ6
 NFWM Ì�
��/. ã 3(c) ´ 6s36d 1D2 �� NFWM Ì, ��
ÀíØ 53333 Pa �, FWFM Ì�Ä�Ò®²��
�¤CX, lÃ{UYO\Ørÿþ. ã 4 ´�
ÀíØ� 10667 Pa, 26666 Pa Ú 40000 Pa �, ��
&Ò¸��p�Ë� 6snd 1D2 �Ìþfê n Cz
�. �±wÑ�XÌþfê n �O\, ��é 6s2
1S0 ¨ 6snd 1D2 V1f�[��� NFWM Ì�
K��5��, -EÚå�U?2©ÙépÌþ
fê�p�Ë�-EÐ°ÿþ�K�Ø��À. ã
¥ n = 27 �p�Ë���¸�²w �, ù´d
u Ba �f� 6s27d 1D2 Ú§NC� 6p7d 1D2 U?
u)
r��ÍÜÚå�.

� � � � � � � � � � � �� � �� � �� � �� � �� � � � � � � � � �� 	 	 	 	 � �� � 	 	 
 � ��
ã 4 ØÓ�ÀíØe, ��¸��p�Ë� 6snd 1D2 �Ìþ
fê n Cz�

� � � � � � � � � � � � � � � � � � � � �� � �� � �� � �� � �� � �� � �
	 
 �

ã 5 ��f 6s22d 1D2 � NFWM Ì����¸��
ØrCz'X

Ùg, ·�5ïÄ����ÀíNØr�Cz
'X. du��f3 |1〉 ��ÙØ´d�ÀíN�
f�-EÚå�, ��f?u |1〉 ��VÇ ρ

(0)
11 Ú
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�ÀíN�Ør P ¤�''X. ��ÀíØØ�p
�, -EÚå�U?2©Ùy�éV1f�[�K
�é�, Ïd�±^ NFWM &Ò����58�
z, ù��±-

ρ
(0)
11 = CPρ

(0)
11 , (6)

ª¥� C �'~~ê. K���¸��±L�
� In−max = AP 2/I e−max, Ù¥ I e−max ´ |0〉−|2〉
�[� NFWM Ì��¸�, �â·�æ^�8�
z I e−max = 1, ����¸��

In−max = AP 2, (7)

ª¥� A �'~Xê. (7) ªL²��Ú�ÀíN
Ør�²�¤�'. ã 5 �p�Ë� 6s22d 1D2 �
��¸��ØrCz�'X�. Ù¥�:��¢
�ÿþ�, ¢��nØ�. ã¥�êâ3�Àí
Ø 66666 Pa ±eÚnØÎÜ�éÐ, ��ÀíØ
�� 79999 Pa �ÿþ�²w lnØ�, ù´d
u�X�ÀíØ�O\, -EÚå�U?2©Ùé
V1f�[�)
K�, ±9�UÑy�Ú�AE
¤�. ù� (6) ª¥�Xê C Ø2´~ê, �X
ØrUC.

��, ·�5ïÄ��é NFWM Ì��-E
Ð°Xê�K�. b��p�ÀíØ�, NFWM Ì
���°Ú�ÀíØ�Ør¤�5'X, = Γ20 =
Γ

(0)
20 + ηrP . ª¥� ηr �-EÐ°Xê. ·�±Ñ


ã 6 ¤«���f 6s22d 1D2 ����° Γ20 �
ØrCz�'X�. Ù¥ A �¥�:���
�Ä���K��, æ^ (1) ª?nÿþ��V1
f���{¿oÅ·ª¢�êâ, ¼��ØÓØr
e NFWM Ì����° Γ20; B �¥�:��
�Ä���K��, æ^ (4), (5) Ú (7) ª?nÿþ
�� NFWM ¢�êâ, ¼��ØÓØre NFWM

Ì����° Γ20. ÏLé�:?1��þ�[
Ü (ã¥�¢�), �±�� ηrA = 0.0996 MHz/Pa

Ú ηrB = 0.0707 MHz/Pa. � Ø r � 10667 Pa

�, 3ã 3(b) ¥, ���Ø´é²w. 3ã 6

¥, V1f���{¿oÅ·ª�.e���
° Γ20A = 1.14 × 104 MHz, Ú�Ä��éÌ�
�K�����î�µþ Γ20B = 1.02 × 104 MHz

®²k²w��O. ù�� Γ20A Ú Γ20B äkØ
Ó�Ôn¿Â, Γ20A �¢�ÿ�� NFWM Ì��
¢S��°, d |0〉 − |2〉 m�î�µþ Γ20 Ú��
�zÜ©|¤;  Γ20B ®²�Ø
��é�°�

z, � |0〉 − |2〉 m�î�µþ Γ20. Ïd-EÐ°X
ê ηrA � 6s22d 1D2 ��¢�ÿþ�� NFWM Ì
��°�ØrCz�Ç, ηrB � |0〉 − |2〉 m�î�
µþ Γ20 �ØrCz��Ç. ü�Ð°XêÑäk
��Ôn¿Â,  ηrB �N
�ÀíN�f-E
é�f�Z ρ20 �»�§Ý, Ï3þf&EÚþ
fO�þäk�A^.

� � � � � � � � � � � � � � � � � � � � �� � �� � �� � � 	� � 
� � �� � � �� � � � � �� ������ �� �
ã 6 ��f 6s22d 1D2 ����° Γ20 �ØrCz� (A
�æ^ NFWM �.?n¢�êâ����, B ��Ä
��
é�°K��?nêâ����)

V1f���{¿oÅ·ª´�«X1Æ�
��Z1ÌÆEâ, äk1´{ü!&Òr�
��5Ð!¦^Ä�-1ì���ØõÊV�
A!� ��´u¢y�A:. æ^TEâïÄ
�fp-u��-E�A, ²w`uDÚÿþE
â. Ï� NFWM Ì����°´î�µþ Γ20, ¤
± NFWM Ì��-EÐ°�N
-Eé�f�
Z ρ20 �»��¹. lTEâ3þf&EÚþ
fO��¡k��A^d�. DÚÿþp�Ë�
-EÐ°�Eâ¥, �fp�Ë�´ÏLüÚ�
-uL§¼��, =1�å-1ªÇ÷v ∆1 = 0,

¦�f�-u�U? |1〉 þ, ��2^1�åªÇ
� ∆2 = 0 �-1, ò�fd |1〉 �-u�p�Ë
� |2〉 þ. Ïd, DÚEâÿþp�Ë��-EÐ
°�, �±;�d-EÚå�U? |1〉 2©Ù¤�
)���. �DÚEâ�üÚ-u¼�p�Ë�
ØÓ, V1f���{¿oÅ·ªEâÏLV1f
�[5¼�p�Ë�. 3 ∆1 = 0 NC, 1å 1 -
u��f�þ�[�U� |1〉 þ, ¦U
ë�V1
f�[��fêþì~, NFWM &Ò×�~f. Ï
d, 3V1f���{¿oÅ·ªEâ¥, �
;
� ∆1 = 0 NC�ráÂ, 1å 1 �ªÇ ω1 I�
·ÝNl |0〉—|1〉 m��k��ªÇ Ω1. ù�, 3
p�ÀíØe, �3ã 1(c) ¥�-EÚå�U?
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2©ÙL§, l�)
 NFWM Ì����. æ^
V1f�� NFWM Eâÿþ�fp-u��-
EÐ°�, I��Ä��é NFWM Ì��°�K
�.  NFWM Eâ¥���Ñy, �¦·�¼�

�õ�p-u�-EÐ°�&E. Ï�V1f�
� NFWM �¸�Ñy3 ∆1 + ∆2 = 0 ?, éAX
U? |0〉—|2〉 �må; ���¸�Ñy3 ∆2 = 0
?, éAXU? |1〉—|2〉 �må. ÿþØÓ�Àí
Øe,NFWM Ì�Ú��¸� ��Cz, �±Ó
�¼�-EÚå� |0〉, |1〉 Ú |2〉 ùn�U?mm
å�Cz�¹, éuïÄ�f�³U¼êäk�
d�.

3 ( Ø

�©ïÄ
æ^V1f���{¿oÅ·ª
Eâÿþ�fp�Ë�-EÐ°�Ñy���y
�. 3��f�í¥ÿþ
ØÓ��ÀíØe�
p�Ë� 6snd 1D2(n = 16, 22, 36) � NFWM Ì
�. ïÄ
ØÓÌþfê n ±9ØÓØre, ��
é NFWM Ì��K�, ¿�©Û
��é NFWM

Ì��°��z. uyÏL�Ä���z, �±ï
Äî�µþ�-EÐ°y�, lïÄ�ÀíN-
Eé�f�Z ρ20 �»��¹.
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Study of the satellite line in measurement of the argon
-gas-induced broadening of the barium Rydberg

levels by two-photon resonant nondegenerate
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Abstract

We study the satellite lines in measurement of the foreign-gas-induced broadening of the barium Rydberg levels by two-photon

resonant nondegenerate four-wave mixing (NFWM). The NFWM spectra of the 6s2 1S0-6snd 1D2 (n = 16, 22, 36) transitions at

different argon pressures are measured. The plots of the center of satellite line versus principal quantum number and pressure are

discussed. The contribution of satellite line to the NFWM spectral profile is analyzed. We find that the pressure-broadening rate

coefficient can be corrected when the contribution of satellite line is considered.

Keywords: four-wave mixing, collision-induced broadening, Rydberg state, satellite line
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