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�©|^©f1ÌnØXÚ�O�Ú©Û N2 1���X (C3Πu → B3Πg) �u�1Ì, ±ïÄ1ÌrÝ�
©Ù5Æ�ØÓ§Ý^�ÚíN^��'X. Äu N2 �n­�U?(�A5, ­:O�Ú?Ø
u�1Ì�A�
­�ëê: ÏL¦)p!$>f��M�îÝ
��
�=U?A5; |^ r �%Cq{¦�
U?m�[�>
ó4Ý¼êÚOÏd"�[VÇ; ?
O�
ØÓ�ÄÚ=Ä§Ý^�eÌ��rÝ©Ù. ?1
 N2 Ú Ar �·
Ü�>¢�, |^¢�1ÌêâÓnØ(J?1[Ü©Û, (½
 N2 ©f��Ä§ÝÚ=Ä§Ý©O�� 4300 K

Ú 800 K. ,	du�wlz�A, N2 ßÝ~��Ì�rÝ¥ykOr�~f�ª³. ¢�(JéÐ��y
 N2 1
���X1ÌnØO���(5.

'�c: 1���X, u�1Ì, �[VÇ, >'�>

PACS: 33.70.−w, 33.20.Vq, 52.25.Os

1 Ú ó

N2 A�-u�U?, �) C3Πu, B3Πg, A3Σ+
u

Ñ´­��æ­�Äì (P� N∗
2), ïÄÙ�U?

m�[�)�u�1Ì�A5, 3ÊU+��p
§�¸ÿþ!-�9�lfNÏ-!ëíÀ/
Ôü���!±9á�L¡?n�+�Ñäk
­�¿Â. N∗

2 �Ë�Æ·�éuÙë��zÆ�
AL§���õ, §�3A½��AÄåÆL§
¥ (p§!-��) �ü­���Ú, Ø=��­
��Äìë\Uþ=�, 
�U
�m�A?1
���, ±9û½�A�Ô�G�. ~X, N2 �-
u� (B3Πg � 7.3 eV, C3Πu � 10.9 eV) U
�´
ò O2 ©f (5.1 eV) l)� O �f, ?
� N �f
(Ü)¤ NO[1].

N2 1���X (C3Πu → B3Πg) �[u)3
b	Åã (� 280—480 nm). ã 1 � N2 Ú N+

2 Ü©
U?�³U­�ã, �±wÑ, �éu N+

2 gdÄ

ó, N∗

2 �-u¤I�-uU��, ÏdÙ�[3�

>L§¥U
'�N´�*ÿ�. |^>'�>�
)� N2 u�1Ì±ïÄÙ�U?m�[Ë�, ä
kÿþ�{{ü!¢y��>ÿþ�wÍ�`:,

´ïÄp§!-�!�lfN�Ë�y����
k���{�� [2]. ��==ÏL N2 �¢�1Ì
½þ�©Û§Ý!|©�&E��3é�(J, Ù
�3uõ«âf!õ«�[�1Ì­U; Ù�3u
§Ý|!ÿþ1´!¤ì5U�õ«Ï��nÜ
K�. Ïd N2 ©f1Ì�nØ©Ûw�c�­�.

©fu�1Ì�nØO���´u�1Ìn
ØïÄ�­:ÚJ:. N2 � C3Πu → B3Πg �
[ÚÙ¦�Ü©V�f©fÚgdÄ��[�'
qäkÙAÏ5, Ùp!$U?Ñáun­>f
� 3Π , U?(�'�E,. ~^�©Û�{´|^
p°Ý¢�[Ü¦�1Ì~ê [3−5], 2|^ù
~
êO�1ÌrÝ. {IÆö [6,7] O�
 N∗

2 n­�
p$U?�³U¡, ¿éÜ©©f~ê?1
?�,

{I�Æö [8−11] ÏLØÓ�¢��¸Úêâ©Û
�{ïÄ
 N2 �©f�1ÌA5, ,
¦�3©
f1Ì���O��{!§S9êâ�¡vkL

* I[g,�ÆÄ7 (1OÒ: 51176085) ]Ï��K.

† E-mail: dyj@tsinghua.edu.cn

c© 2012 ¥¥¥IIIÔÔÔnnnÆÆÆ¬¬¬ Chinese Physical Society http://wulixb.iphy.ac.cn

123301-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 12 (2012) 123301

õØã. ÒIS�ïÄyG [12−15] 5ù, 3©f(
�ÚnØ1ÌO���¡�XÚïÄ��é¢�,

�¿�/¤¤Ù�nØ�A^NX.

ã 1 N2 � RKR ³U­�

·�QØã
ÄugdÄu�1Ì�ÿ§E
â [16,17], �©UY&? N2 ©f1ÌO�nØ93
ØÓ¢�^�e�1ÌA5. l©f(�9U?
A5Ñu, ÏLO�u�1Ì�A�­�ëê, ¦
�
ØÓ�Ä!=Ä§Ýe�u�1Ì. ÏL N2

Ú Ar ·ÜíN�>'�>u�1Ì¢�, ¼� N2

1���X�1ÌrÝ©Ù, |^nØO�1ÌÚ
¢�(J�é'©Û, (½
�>�¸¥ N2 �l
fN�=Ä§ÝÚ�Ä§Ý, ±91ÌrÝ�ßÝ
�'Cz�5Æ.

2 N2 u�1Ì�nØO�

©fu�1Ì�Ì�rÝ½Â�Ë�
z¦
¤u�Ñ�Uþ, ÙO�úª�

Iv′J′

v′′J′′ = Nv′J′Av′J′

v′′J′′hcvv′J′

v′′J′′ , (1)

ª¥, Nv′J′ �pU?âfÙØê; Av′J′

v′′J′′ �ØÓ
�!=U?m�OÏd"�[VÇ; vv′J′

v′′J′′ �U?
m��[Åê; þeI¥ v �L�Äþfê, J �
L=Äþfê; þfêþI¥�ü!V§©O�L
p!$U?. O��J:3uO� N2 1���X

�p!$U?A5; ±9¦�éA�OÏd"�[
VÇ.

2.1 UUU???©©©ÙÙÙ

N2 � C3Πu, B3Πg �Ñáun­>f�, �
Ù¦�Ü©V�f©fÚgdÄ�ü­�½V­
��', äk�E,�U?(� [2,6]. d�[U?
ã 2 ¤«, du ρ .V­©���^, ü>f�Ñ
/¤éAuþfê Ω = 0, 1, 2 � F1—F3 � 3 �=
ÄU?; ü�Ñáudö��/ a �ö��/ b �
LÞ�/, du Λ /V­©���^, z�=ÄU
?Ñ©�� 2 �U?. du ∆Λ = 0, Q |´éf
�; dU?�é¡5, P |Ú R |�/¤ 1 ^r|
Ú 1 ^f|, 3ã¥©O±¢�ÚJ�L«. ù�
31Ì¥òÑy P1, R1, P2, R2, P3, R3 �8^r|.

�©�Ì��éù 6 ^r|?1O�.

O� C3Πu, B3Πg �U?©Ù, Ì�|^é�
zp!$U?éA�n­��M�îÝ
, ¦)Ù
A�� [6,7]. M�îÝ
�é¡Ý
, ´>fÄUÚ
³U�oUþ��Î. 3Π �� 3 �Ý
A��é
A ρ ©��n���, 
du Λ ©�, z�Ý
|
�©��ü���, ¦�z�A���©)� 2 �
�. p!$U?éA�M�îÝ
Ñ���

M =


M11 M12 M13

M21 M22 M23

M31 M32 M33

 . (2)

Ý
¥�|�de�úª¦Ñ [7]:

M11 =Tv − Av + (Bv − Av)(x + 2) +
2λv

3
− 2γv

− Dv(x2 + 6x + 4) ∓ (ov + pv + qv), (3)

M22 =Tv − 4λv

3
+ Bv(x + 2) − 2γv

− Dv(x2 + 8x) ∓ 1
2
qvx, (4)

M33 =Tv + Av + (Bv + Av)(x − 2) +
2λv

3
− Dv(x2 − 2x), (5)

M12 =M21 = −
√

2x

[
Bv − γv

2
− Av

2

∓ 1
2
(pv + 2qv) − 2Dv(x + 2)

]
, (6)

M13 =M31 = −
√

x(x − 2)
[
2Dv ± qv

2

]
, (7)
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M23 =M32 = −
√

2(x − 2)

×
[
Bv − γv

2
+

Av

2
− 2Dvx

]
. (8)

þ ã � ª ¥, Tv � � Ä � ³ U, Av, Bv,

Dv � � Ä � © f ~ ê, � ± d � � � © f ~

ê [18−20] Ú � Ä þ f ê v O � � �; ë ê λ,

γ £ ã ρ V ­ © � � K �; ë ê o, p, q ± 9 Î
Ò ± £ ã Λ V ­ © � � K �. Ï L � � ! =
U?©Ù?
�±¦���!=U?m��[
ªÇ.

ã 2 N2 � C3Πu → B3Πg �[U?ã

2.2 ���[[[VVVÇÇÇ

g u u � O Ï d " � [ V Ç Av′J′

v′′J′′ � L
�ª�

Av′J′

v′′J′′ =
g′e
g′′e

64π4

3h

SJ′

J′′

2J ′ + 1
pv′J′

v′′J′′(vv′J′

v′′J′′)3, (9)

ª¥, ge �>f�{¿Ý, ge = (2 − δO,Λ)(2S + 1),

Ù¥ (2S+1) �g^õ­�; δO,Λ �ÜþÈ, éu Π

� δO,Λ = 0. pv′J′

v′′J′′ ��=�[VÇ, Ùúª�

pv′J′

v′′J′′ =
[ ∫ +∞

−∞
Ψv′J′(r)Re(r)Ψv′′J′′(r)dr

]2

, (10)

Ù ¥ r � Ø m å, ΨvJ(r) © O � p ! $ � Ä
U ? é A � » � � - = Å ¼ ê, Re(r) � > ó
4Ý¼ê (ETMF). 3 r- �%Cq{ (r-Centroid

Approximation)[4,6] ¥, >ó4Ý Re(r) �±L«¤

pv′J′

v′′J′′ = Re(r̄v′v′′) · qv′v′′ , (11)

Ù¥

qv′v′′ =
[ ∫ +∞

−∞
Ψv′J′(r) · Ψv′′J′′(r)dr

]2

, (12)

qv′v′′ �Å=� - x�Ïf (F-C); r̄v′v′′ � r �%. (
Ü1Ìÿþêâ�±���[Ý�ÄªÚ 1, 2 g
�ª (½ö�p�), ���[Ýæ^�Ó� r Cþ,

ò>ó4Ý Re(r) Ðm�õ�ª�/ª

Re(r) = a0 + a1r + a2r
2, (13)

þª¥Xê a0, a1, a2 ��dØÓ�ÄU?�ér
Ý©Ù�°(¢�êâÚÅ=� - x�Ïf¦�,

¿|^���¦[Ü�{5(½. ���±|^T
¼ê¦�Ù¦��X��[. eª�Ñ
 N2 1�
��X�éAu�ÄU? v′ = 1—4 �>ó4ÝL
�ª [4] (r = 1.03—1.3 Å) �

Re(r) = −1 + 2.1047r − 0.9357r2. (14)

Å¼ê ΨvJ(r) ��ÏL RKR(Rydberg-Klein-

Rees) ³ U ­ � ¦ �, = � â 1 Ì ÿ þ ê â, Ï
L RKR �üEâ [21], ¦Ñ��ÄU? v éA�
Ømå�²;=�: RR Ú RL, ���X�éA v

�ê|, dù
ê|(½³U­��ê�) (ë�
ã 1). L 1 �Ñ N2 1���X�[�Å=� - x
�Ïf (F-C) 9¦���Ä�X�Þ��[Å� λ.
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L 1 ØÓ�ÄU?m�Å=� - x�Ïf F-C Ú�[Å� λ� � � � � F-C L
�
nm

0 1 2 3 0 1 2 3

0 0.451 0.3943 0.1334 0.0204 337.1 315.9 297.6 281.8

1 0.3276 0.0215 0.3412 0.2538 357.7 333.9 313.4 295.6

2 0.1468 0.2031 0.0242 0.2101 380.6 353.6 330.8 310.7

3 0.0521 0.1981 0.0631 0.0885 406 375.6 349.8 327.6

2.3 nnnØØØuuu���111ÌÌÌ

3 9 ² ï � ^ � e, p U ? â f � Ù Ø
ê Nv′J′ 3�ÄÚ=ÄgdÝþÑ÷v�g�
Å�[ù©ÙÇ [2]:

Nv′J′ =
N0(2J ′ + 1)

QvQr
· exp

(
− Ev

kTv

)
× exp

(
− Er

kTr

)
. (15)

d (1) ª��, ØÓ�Ä!=ÄU?��[r
ÝÓâfê Nv′J′ k{ü��''X. 3þã©Û
�Ä:þ=�O�Ñ N2 Ì�rÝ9Ù©Ù�¹.

duÌ�Ð° (HWMH) ��^, �O�L§æ^
pd�.¼êO�?¿=Ä§Ý Tr, �Ä§Ý Tv,

HWMH ^�e N2 � C3Πu → B3Πg �Xu�1
Ì�rÝ©Ù. duÌ�rÝ��é�, �8�z
?n, òrÝ����½� 1000; ,	du�¢�
æ^�1Ì¤I½ HWMH � 0.2 nm, O�L§æ
^�Ó�.

ã 3 ��ÄU?m N2 ��=�X1Ì

y�½�!=§Ý Tv = Tr = 3000 K, O��
�ØÓ��ÄU?m�=Ä�XrÝ©ÙXã 3

¤«. dã��, ØÓ�ÄU?m��[1ÌrÝ

����, 
�Xþfê J ′ �O\rÝü$é¯;

,	du��Ä�!=Ä��U?�âfÙØê
÷vÅ�[ù©ÙÇ, pU?>f� (C3Πu) ��
Äþfê v′ ��, Ì�rÝ��. ã 4 �ØÓ� -

=§Ý^�e N2 � ∆v = −1 �X�nØ1Ì�
rÝU\. dã¥��, �X=Ä§ÝÚ�Ä§Ý
�,p, N2 �>f�Xu�1Ì�rÝ©Ùu)
²w�Orª³.

ã 4 ØÓ�!=§Ý^�e N2 �nØU\1Ì

3 ¢�9(J©Û

�©ÏLóÀ>'�>�lfN¢�ïÄ N2

1���X�u�1Ì. XÚ�YXã 5 ¤«. À
J N2 Ú Ar ��¢�íN, Ù�'|^6þO�
�, ¿ÏL·Ü¿¿©·Ü; í¿��» 22 cm �
�ÙGØCgNì, o±�m���¿�½b	O
r.�=Àæ±Bæ81Ì; �>/ª�� - �ª
0�{	>'�>. pØóÀ>
�±/¤ 36 kHz

Ú¸Ø 15 kV �óÀ; 1ÌÏLÖ= Avantes õÏ
�1Ì¤æ8, 1»©EÇ� 1800 L/mm, ÏLõ
g��²þ��{ü$ÿþD(.

3�>�lfN�¸¥, N2 pU? C3Πu Ì
�dÄ� N2 ©fÚ$U? A3Σ+

u É>f-E-

123301-4
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u!'é-u!Ü¿�A�L§�). Ü©�AL
§ [10,22] �)

N2(X1Σ+
g ) + e → N2(C3Πu) + e, (16)

N2(X1Σ+
g ) + e → N2(A3Π+

u ) + e, (17)

N2(A3Π+
u ) + e → N2(C3Πu) + e. (18)

,	, �kÙ¦íN©f�3�, ��3�w
lz�A (Penning effect)[10], =�Ù¦©f�æ­

�âf�-uU�u N2 ©f C3Πu ��>lU,

� N2 -EÒ¬òÙ-u� C3Πu �, l
O�T
��ÙØê. du Ar∗(3P2) Ú Ar∗(3P0) �-uU
©O� 11.55 eV Ú 11.72 eV, �u C3Πu ��>l
U (10.9 eV), Ïd Ar ���í��AL§�

N2(X1Σ+
g ) + Ar∗(3P2,

3P0)

→N2(C3Πu) + Ar. (19)

ã 5 ¢�XÚã

3.1 ���ÄÄÄ!!!===ÄÄÄ§§§ÝÝÝÿÿÿþþþ

�Ä§ÝÚ=Ä§Ý�ÿþ´1Ì©Û�Ì
�8���, 3p§L§iÿ�©Û!�lfNÔ
n¥Ñk­�¿Â. 3¢�L§¥ÏL¿\ Ar ±
UC N2 ��', ïÄ3ØÓ� N2 ßÝe1Ì�
§Ý�'X. �!=§ÝÏLò¢�1ÌÓnØ1
Ì?1é'©Û��, ·�|^Ì|rÝ'ÚÌ�
�[Ü�{©O(½�ÄÚ=Ä§Ý [9,16]. ã 6

� N2 ßÝ� 25%�¢�1ÌÚnØO�1Ì�
é'ã, ã¥Ì�rÝ�
8�z?n. ÏLO�
1ÌÚ¢�1Ìêâ�[Ü, �(½>'�>�
¸¥, N2 ©f�=Ä§Ý�� 800 K, �Ä§Ý�
� 4300 K. du�>L§�)��lfN��²ï
�lfN, ¤±�Ä§ÝÚ=Ä§Ý��é�, =
Ä§ÝÓ²Ä§Ý!=÷*íN§Ý'��C.

ã 7 � N2 ßÝ3 10%—100%Cz�, �â
Ì|rÝ'ÚÌ�[Ü�{©O¦���Ä§
Ý Tv Ú=Ä§Ý Tr �Cz­�. dã¥uy,

��X N2 ßÝ�,p, dÌ�O����§Ý

��XOp, �Ä!=Ä§Ý�Cz��©O�
� 4300—4800 K Ú 800—1100 K.

ã 6 N2 nØ - ¢�1Ìé'ã

ù´duü�¡�Ï. Äk´ N2 ßÝ�p, N2

©f��ÉpU>f-u�VÇ�p, Ùg´gá
Â�A. �>�lfN¥½õ½�Ñ¬�3gáÂ
�A [24], =�>«�±�¬/¤ “V�” �lfN
��, ��S�pU?âf¬é1Ì/¤�½§Ý
�áÂ. duéuÓ��Ä��[
ó, áÂU?
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�âfê÷vaqu (15) ª�þf�©Ù [25]

Nv′′J′′ =
N0(2J ′′ + 1)

Qr
· exp

(
− Er

kTr

)
. (20)

Ïd, =Ä�X¥=Äþfê J ′′ ��, ÙéA
U?�ÙÛ©ÙÒ��, Ì|~f���²w. ù
�ÏL¦�Ì|rÝ'�
���§Ý�òu)
�½5Æ�Cz. Ïd�±wÑ, 3$ßÝ^�e
ÿ��§Ý�U�N�lfN¥ N2 �ý¢§Ý.

ã 7 dØÓ N2 ßÝ¦���Ä!=Ä§Ý

3.2 ØØØÓÓÓ N2 ßßßÝÝÝ���111ÌÌÌrrrÝÝÝ

�lfN¥�pU?âfÙØê�´�l
f N Ô n � ' 5 ¯ K � �. Ù Ø ê Ó 1 Ì r Ý
k{ü�'~'X, Ïd·�ÏLUC Ar Ú N2

��'±ïÄ1ÌrÝ�ßÝ�Cz5Æ. ã 8

� N2 ßÝ3 10%—100%Cz�� N2 1���X
¥ ∆v = −2, −3 �X�Ì�rÝé'ã, Ù¥@ã
�rÝÈ©þ�9Ùª³. dugáÂ�A��3,

·�O���Ì�S�È©rÝ±�ØK�. d
ã¥wÑ, du�w�A��^, Ì�rÝ�X N2

ßÝ�' (> 25%) �ü$
u)²w�Or; ©
z [10] ÏL N2 1Ì�ü�Ì|�rÝCz¼�

aq�5Æ, �´vk�ÄgáÂ�5�Ø�. I
��Ñ�´, ¢�¥� N2 ßÝ��u 25%�, du

Ð©ßÝ�~�
¦-u�ßÝü$, 1ÌrÝ¯
�~f. ,	3 390 nm NC�±�Ù�*	� N+

2

1�K�X B2Σ+
u → X2Σ+

g ��[1Ì.

ã 8 ØÓ N2 ßÝ�1ÌrÝé'ã

4 ( Ø

�©±V�f©f1ÌnØ�Ä:, é N2

n­�m�[�1ÌA5?1
©Û, ÏL¦)
M�î�{��
p$>fU?��=U?©
Ù; |^ r �%Cq{(½
>ó4Ý¼ê, ¿�
ÑOÏd"�[VÇ; �ªnØþ¦�
?¿�
Ä!=Ä§ÝÚÌ�Ð°^�e� N2 1���
X C3Πu → B3Πg ��[u�1Ì9Cz5Æ. ?
1
 N2 Ú Ar ·ÜíN�>'�>u�1Ì¢�,

¼�
ØÓ�'^�e�1Ì, ÏLònØO�
1ÌÚ¢�1Ìêâ?1[Ü, (½
�>�¸e
� N2 �ÄÚ=Ä§Ý©O� 4300 K Ú 800 K; ,
	uyÉ�w�A�K�, N2 1ÌrÝ�XÙN
È'�~�
ÑykO��~��ª³. ¢�(J
��y
1ÌnØO���(5. �©±©f1Ì
nØ��â, U
^u��p§!-�!�lfN
�^�eíNÔ5ëê�ÿþ�©Û.
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Abstract

The optical emission spectrum of the second positive system of N2(C3Πu → B3Πg) is analyzed and calculated based on the

energy structure of the triplet systems of nitrogen radicals. Some key parameters of the equation for the radiative transition intensity are

evaluated theoretically, including the potentials of the upper and lower states obtained from diagonalizing their Hamiltonian matrices,

the electronic transition moments calculated by using r-centroid approximation, and the Einstein coefficients of different vib-rotational

levels. For comparing with the theoretical spectra, we achieve the measured results from corona discharge experiments of N2 and

Ar. By fitting the measured spectral intensities and the calculated ones, the vibrational and the rotational temperatures are determined

approximately to be 4300 K and 800 K. The results also demonstrate that with the reduction of nitrogen concentration, the intensity of

N2 radiative state first increases and then decreases due to Penning excitation from argon metastable states. The experimental results

verify the correctness of the theoretical calculations on the second positive system.
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