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æ^ FAC (flexible atomic code) §S, 3[�U?�gO��lfN�f(�ëêÚ�lfN¥�«�fÔn
L§�Ä:þ, ïá
�lfN¥�«U?ÙØ��Ç�§, Ù¥�Ä
�lfN¥�«�fÔnL§�K�. Ï
L¦)Äu[�U?��Ç�§, O�
 Z � �)� Al �lfNË��[�UÌ(�, é¢�Ì?1
E@Ú
8a, ¿é¢�ÿþÌ�¤©�
{ü©Û.

'�c: Z � , [�U?, �Û�9Ä²ï, �Ç�§

PACS: 52.25.jm, 52.25.Os, 32.70.−n

1 Ú ó

�lfN X 1ÌÆ�ä�{´�«�Äª�
äÃã, duÙÕA�`�5
3p§È��lf
N�ä�¡��2�A^ [1]. d X 1ÌÆ�{�
ä�lfN§ÝÚ�Ý�ëê, °Ý'�p, �Ì
Æêâ�)º%�9E,�nØïÄÚê��{
¯K. Ì�k: Ù�, 3�lfN�¸eü�f(�
1ÌêâO�, XU?(�!²þ�[Uþ!�[
�frÝ�; Ù�, éË�1Ì�/�ïÄ, �)Ì
�/G!Ì�3�lfN�¸¥�Ð°Ú £; Ù
n, ïÄ�lfN1Ì,��Ø�£;�¯K´�
lfN¥lz�©ÙÚ-u��ÙØê©Ù!ù

¯K�)û�6ué�«�ÇXê�°(O�,

±9éÍÜ�Ç�§�°(¦) [2].

8c, �lfN X ��1ÌÆ�ä�{��
���?ÐÌ�8¥3-1�lfN�äÚUN
Ôn�¡ [3−6]. 
3 Z � �lfN�ä�¡, |
^ X 1ÌÆ?1�ä�ïÄSN�é��, �õ8
¥u¢��¡, nØïÄ�� [7−10].

�� X 1ÌÆ�{3 Z � �lfN�äþ

A^�Ì�(Jk±eA��¡:

1) �Eõ>f�f�[��f�.�3(J,

3O��fL§ëê�?1
�þ�{z?n, ½
ö�l�Nþ|^�²�úª?1O�,Ã{?1
[�°(�nØO�;

2) 8c~^�Û�9Ä²ï�. (LTE)!F�
�. ({z�-EË��.) Ã{·A Z � �l
fN�ä�I�; Û�²ï�.�lfN¥lf�
ÓâêÚ�lfNSÜ��fÔnL§Ã', 
´
÷vÚOÆ5�� Saha-Boltzmann �§, 
{z�
-EË��.Kb��lfN¥�lfý�õê
?uÄ�; §�©O·^u$§p�Ý�lfNÚ
p§$�Ý�lfN, 
 Z � �)��lfN
§ÝØ�p, �ÝØ�$,   ?u�Û�9Ä²
ï (NLTE) G�, æ^±þü«�.?1�[¬�
5��� �, I�^ NLTE �.5O�, 
ùI
��þ��f(�ÚL§ëê, �nØO��5é
�(J;

3) éÑ$¯K�Ä�Ø´é¿©, �õê�.
Ñ´b��lfN�1Æ�, ù«b�� Z- � 
¢�ÿþ��lfNG��3����É.
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�ó�3æ^ FAC §S [11] O�
�lfN
�f(�ëêÚ�lfN¥�«�fÔnL§�
Ä:þ, 3�lfN�Ç�§¥�Ä
�lfN¥
�«�fÔnL§�K�, ÏL¦)Äu[�U?
��Ç�§O�
 Z � �)� Al �lfNË�
�[�UÌ(�, ?
é¢�Ì?1
E@Ú8a,

¿é¢�ÿþÌ�¤©�
{ü©Û.

2 nØ�.

Ø
34p>f�Ý�4$>f�Ýü«�
¹e�±^Û�9Ä²ïÚ-EË�²ïCq£
ã	, 3���¹e, (½ØÓ>lÝ�f©Ù, Q
I�O��«>lÝlf�´Ý, qI�O�¤k
­�-u�Óâê, ùÒ7L¦)�¹�«>l�
EÜ!-u�ò-uL§��Ç�§.

���Ç�§�±L«¤Xe�/ª [12−14]:

dn(N, i)
dt

= −n(N, i)
[ ∑

j

(AN
ij + BN

ij )

+
∑

j

(
CN,N−1

ij + DN,N−1
ij

+EN,N−1
i∗j

)]
−n(N, i)

∑
j

(
CN,N+1

ij

+DN,N+1
ij + EN,N+1

ij∗
)

+
∑

j

[
n(N − 1, j)

(
CN−1,N

ji

+DN−1,N
ji + EN−1,N

ji∗
)]

+
∑

j

n(N, j)(AN
ji + BN

ji )

+
∑

j

[
n(N + 1, j)

(
CN+1,N

ji

+DN+1,N
ji + EN+1,N

j∗i

)]
, (1)

3�Ç�§¥, n(N, i) L«Ø	>fê� N �1 i

�U?�ÙØê; A, B, C, D, E ©OL«-E
-u�ò-u�Ç!1-u�Ë�ò-u�Ç!
-E>l�nNEÜ�Ç!1>l�Ë�EÜ�
Ç!g>l�V>fEÜ�Ç.

éu�f�z��U� (N, i), k���Ç�
§ (1) 5£ãÙÓâê��m�Cz5Æ, Ù¥�
9�Êa�[L§��*�fëêk;��§S
O�.

du Z � �lfNu1±Y�m3B¦þ
?, ±Y�m��, �
¦){B, 3¦)�§�,

b½�lfN?u­�, =÷v^�
dn(N, i)

dt
= 0, (2)

T�§|��5�§|, éá>ÖÅð�§
Z∑

i=1

iNi = Ne, (3)

�±¦). 3�§ (3) ¥, Ni �>lÝ� i �lf
ê�Ý. ÏL¦)þã��Ç�§|·��±��
ØÓ>lÝlf±9Ó�>lÝØÓU?�lf
Óâê.

�lfNu�ÌrÝ�O�æ^�´Ë�X
ê. l��åP� b �,��åP� a �guË�
Xê�±L«�

jba(v) = Nbhv
Aba

4π

(
v2

v0

)2

×bL(v)(cm2), hv0

= Eb − Ea, (4)

Ù¥ Nb ´>fÓâ b åP��lfê�Ý, Aba

L«l��åP� b �,��åP� a o��[
VÇ, bL�Ì�/GÏf.

o�Ì�u�Xê´é¤k�U�Ì�u�
Xê¦Ú¿�ÄpuË��A [14,15]:

jtotal
l (v) =

∑
b,a

jba(v)(1 + fv). (5)

3 nØ�[(J

3nØ�[�, �â¢�ÿþÌ�ÐÚíä,

�©O���Ä
 Al �lfNa H, a He, a Li,

a Be, a B Ê�ØÓ>lÝ�lf, O�¥Ø�
Ä
Ä�U?	, ��Ä
�«ü-uÚV-u
U?. 8c�Ä�ü-u�, Ù>f�p-u�Ì
þfê n = 5 ��, éuV-u�, >f�p-u
� n = 3 ��. OÏd"Xê�O���Ä
>ó
4�[, Ù¦��[duOÏd"Xê��, 6�
Ø�%�Ä. O���Ä��lfN÷*ëþ�:

>f§Ý 450 eV, >f�Ý� 5.0 × 1020, 1f|§
Ý� 40 eV, NÈü � cm3. O�(JXã 1 ¤«.

ã 2 ´3 “r1�Ò” C�1 07331 ugÎ¡àº
�Ì¤���� X 1UÌ.
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ã 1 ´O����lfNu�Ì, ¢�´��
Ä Doppler Ð°�O�����lfNu�Ì. T
Ì�Ä�þU�(�N�lfNu�Ì�Ì�A
:, éìTO�Ì, ���±é¢�ÿþÌ?1E
@Ú8a. �du3O�¥��Ä
 Doppler Ð°,


�òÙ¦�Ð°±9¤ìÐ°�Ä?�, Ì��
�N/G�¢�ÿþÌ�3����O. :�´b
�¤ìÐ°� 5 eV ¿·�/<�N�Ì��p�
°±���[Ì, TÌ�/G�¢�ÿþ(JÄ�
ÎÜ. ù`²·�3�lfN�[�æ^�ëê´
Ün�, éÐ°�{z?n´k��.

ã 1 Al �lfNu�ÌnØO�(J ¢����
Ä Doppler Ð°��O�(J, :���Ä
¤ìÐ°¿@
�N�Ð°��O�(J

ã 2 “r1�Ò” C�1 07331 ugÎ¡àº�Ì¤��
�� X 1UÌ

� â n Ø O �, ¢ � ÿ þ � � ¸ �  
u 0.775 nm �Ì�Ì�´d He α 9Ù��|¤;

¸� u 0.736 nm �Ø�²w��¸Ì�d Ly α

���, Al a He lf�|� 2s2 �|� 1s12p1 �
Ì��¤; ¸� u 0.717 nm �Ì�Ì�´d Ly α

9Ù��|¤, Ù�Å�ý¸�� 0.727 nm �¸Ì
�¤©´a He lf�|� 2p2 �|� 1s12p1 �[

Ì�; ¸� u 0.663 nm �Ì�Ì�´d He β 9
Ù��|¤, Ù�Å�ý¸��� 0.677 nm ��¸
Ì�da Li �|� 1s12p13p1 �|� 2p1 �Ì��
¤. ¢�ÿþ��¸�� 0.631, 0.616 Ú 0.604 nm

�Ì�©OéAu He γ, He δ, Ly β �.

¢�ÿþÌþ�kA^Ø�²w�Ì�, ÙA
T´ He γ, He δ ±9a H lf������. du
O�^����, 3O���ÿ, V-u���p
>fÓâê��Ä� n = 3, ÏdnØO�Ìþv
kÑy, ù3±�?�Ú�O�¥A\±U?.

�ânØ�[Ì�¢�ÿþÌ�'é, é¢�
ÿþÌ��E@Ú8a(J®I53ã 1 �¥.

4 u�Ì��¤©Û

ã 1 ´nØ�[(J, �¢�(J�', �O
���lfNu�ÌÐ°*Ð�Ü·�§Ý�, n
ØO��Ì�/G�¢�(J'��C. O�(J
w«, ¢�ÿ��Ì�Ø´éüX�,�«Ì�,


´NõÌ�U\±��(J, Xã 3 ¤«. Ù¥
¢�L«nØO��ÄÐ°±���lfNu�
ÌÌ,Ê�(ÎÒL«nØO�����ÌË�r
Ý. �
Bué¢�ÿþÌ�?�Ú�©Û, O�
(J¥'�r��
Ì�®²�3N¹ 1 �¥.

He α ��äS, ¢�Ìÿ�� He α �Ø
 He

� (1s12p1)1P1 U?� 1s2 �ü^�[��	, NC
�3��r�Ì�Ì�´ He α ���, Ù¥A^
�r��[Ì�©O´|� 1s12p2 �|� 1s22p1

� 6 ^Ì�!|� 1s12p13p1 �|� 1s23p1 � 7

^Ì�, |� 1s12p13d1 �|� 1s23d1 � 4 ^Ì
�, � 15 ^Ì�. |� 1s12p2 �|� 1s22p1 �©
Ù3 He α ���Å�ý, ´ He α mý¸�Å
�� 0.786 nm �m��äÚÅ� u 0.781 nm

�m�ä�Ì�|¤Ü©; |� 1s12p13d1 �|
� 1s23d1 �Ì�©Ù3 He α ��áÅ�ý; |
� 1s12p13p1 �|� 1s23p1 ��[Ì�üýÑk,

'�r�A^Ú He α ·3�å. ²O�, �¤¢�
ÿþÌ He α ��Å�ý1���ä�Ì�Ì�,

ÙÌ�rÝ�Ó He α ��ä� 4.8 �m; He α �
ØU©m�Ì��)|� 1s12p13p1 ��U?�|
� 1s23p1 �[Å�3 0.779—0.775 nm �m��[
Ì� 5 ^±9Ù¦|���[�. üX� He α �
�Ó�ä¡È� 83.8 , Ù¦�¤©´�«a.�
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��.

Ly α ��ä�¤©Ó��~E,, Ly α ���
[Å�©O� 0.7171 Ú 0.7166 nm, Ø
ùü^Ì
��	, NC��3�þ���, '�r�A^Ì
�Ì�´a He lf�|� 2s2, 2p2 �|� 1s12p1

n^Ì�, |� 2s12p1 �|� 1s12s1 �o^Ì�,

|� 2p13d1 �|� 1s13d1 Ê^Ì�, |� 2s13p1

�|� 1s13s1 Ê^Ì�, |� 2p2 �|� 1s12p1

��^Ì�, 2p13d1 �|� 1s13p1 �n^Ì�, |
� 2p13s1 �|� 1s13s1 ��^Ì�. Ù¥ He �|
� 2s2, 2p2 �|� 1s12p1 n^Ì�, |� 2s12p1 �
|� 1s12s1 �o^Ì� u Ly α ��ä��Å�
ý, |� 2p2 �|� 1s12p1 ��^Ì� u Ly α

�áÅ�ý; |� 2p13d1 �|� 1s13d1 Ê^Ì
�, |� 2s13p1 �|� 1s13s1 Ê^Ì�, 2p13d1 �
|� 1s13p1 �n^Ì�üýÑk. Ü©�[�
Ú Ly α ��~�C. ¢�þ3 Ly α ��ä�Å
�ýuyü�'�²w��ä, Ù¥1���ä
Ú Ly α �·Ü3�å, ù��äÌ�´d�[Å
�3 0.720 nm � 0.732 nm �m��[�|¤, Ì
�¤©�)a He lf�|� 2p2 �|� 1s12p1 n
^Ì�, |� 2s12p1 �|� 1s12s1 �o^Ì�, ¸
�Å�3 0.726 nm �m, �Ó�� Ly α � 12.5%.

Ly α ��ä�Ì�äÌ�d�[Å�3 0.714—

0.722 nm ��[|¤. ÏLO��� Ly α ��ä
¥ Ly α ��'~�� 80.0%.

3 Ly α ��Å�ý 0.736 nm �m�uy
�
��ä, Ù�[´a He lf|� 2s2 �|� 1s12p1

�Ì��¤, ù�Ü©é Ly α �¤©�E@vk
K�.

¢�þÿþ� He β, He γ, He δ, Ly β ùo^
��¤©'�üX, Heβ ��Ù��a Li lf�
V-u|� 1s12p13p1 �|� 2p1 �n^Ì��¤
ü�Õá��ä, Ù�[Å�¸�©O� 0.676 nm

Ú 0.672 nm. He δ �NC'�r��©O´a He

lf|� 2p13p1 �|� 1s12p1 ��^�[�±9
|� 2s13p1 �|� 1s12s1 ��[�, ùü^�A
T´ Ly β ���. Ù¥|� 2p13p1 �|� 1s12p1

��^�[�, Ù¸�Å�� 0.620 nm, 3¢�Ì
þ�r��, nØ�[ÌþØ´é²w. He δ ��
XÝ�±�� 96%. He γ, Ly β �NCvk�r�
��.

¢�ÿþÌþ�kA^Ø�²w�Ì�, ÙA
T´ He γ, He δ ±9a H lf������. du
O�^����, 3O���ÿ, V-u���p
>fÓâê��Ä� n = 3, ÏdnØO�Ìþv
kÑy, ù3±�?�Ú�O�¥A\±U?.

ã 3 Al �lfNÐ°Ì��Ìé' Ù¥Ê�(:��
nØO���ÌrÝ, ¢��\°±��nØO�Ì

5 ( Ø

3[�U?�gO�
�lfN�f(�ë
êÚ�lfN¥�«�fÔnL§�Ä:þ, 3�
lfN�Ç�§¥�Ä
�lfN¥�«�fÔ
nL§�K�, ÏL¦)Äu[�U?��Ç�§
O�
 Z � �)� Al �lfNË��[�UÌ
(�, é¢�Ì?1
E@Ú8a, ¿é¢�ÿþ
Ì�¤©�
{ü�©Û.

�ïÄL², �©nØO�(JÚ¢�ÿþ(
J�q, nØO�(JU�(�N�lfNu�Ì
�Ì�A:, éìTO�Ì, ���±é¢�ÿþ
Ì?1E@Ú8a, ¿é¢�ÿþÌ�Ì�|¤Ü
©�?�Ú�©Û,�±�?1�lfN X 1ÌÆ
�ä�ej¢�Ä:. �´nØO�����ér
Ý�¢�ÿþ(J�k�å, k�?�Ú©Û. d
	, 3O��, duéV-u�U?�ÄØv, ��
Ü©�f�¸3O�(J¥¿�Ñy. ù�J«·
�é[���f�.�ïá�¿©�Ä¢�ÿþ
(J, òO�(J�¢�(J�E'é, âU��
�\ý¢���(J. 3e�Ú�ó�¥, ·�ò
é¢�ÿ���Ì���érÝ?1c[©Û, ¿
�ÄáÂ�Aé�r'�K�.
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N¹ 1 Ü©�[�rÝ

Ø	>fê Ð� 2J "� 2J �[Å�/Å �[rÝ/s·cm−3

3

1s12p2

5

1s22p1

3 7.86408 3.32953 × 1027

3 3 3 7.8632 1.51131 × 1026

3 3 1 7.85946 2.10338 × 1027

3 3 3 7.84378 2.2938 × 1026

3 1 3 7.81504 7.8876 × 1026

3 1 1 7.81135 2.06898 × 1026

2
1s12p1 2

1s2
0 7.80604 2.55233 × 1027

2 2 0 7.7517 1.00745 × 1029

3

1s12p13p1

3

1s23p1

1 7.78468 2.28447 × 1026

3 5 3 7.78183 4.17863 × 1026

3 5 3 7.75378 2.56835 × 1027

3 3 3 7.75272 2.03697 × 1026

3 3 1 7.75171 1.47122 × 1027

3 1 3 7.727 4.66376 × 1026

3 1 1 7.72598 1.45883 × 1026

3

1s12p13d1

7

1s23d1

5 7.7347 2.13623 × 1027

3 5 5 7.73328 1.92087 × 1026

3 5 3 7.73291 1.40124 × 1027

3 3 5 7.72797 1.12182 × 1026

2 2s2 0 1s12p1 1 7.36469 2.00826 × 1026

2
2p2 4

1s12p1 2 7.26854 3.98619 × 1027

2 4 4 7.25201 2.57887 × 1026

2

2s12p1

0

1s12s1

2 7.24755 2.11753 × 1026

2 2 2 7.24597 6.33084 × 1026

2 4 2 7.24243 1.02573 × 1027

2 2 0 7.22563 1.22914 × 1027

2

2p13d1

4

1s13d1

2 7.18928 1.47042 × 1026

2 6 4 7.18708 2.65454 × 1026

2 6 4 7.14195 8.66654 × 1026

2 6 4 7.14118 1.0234 × 1026

2 2 2 7.18435 4.71018 × 1026

2

2s13p1

2

1s13s1

2 7.18492 1.23617 × 1026

2 4 2 7.1849 4.39493 × 1026

2 4 4 7.17363 1.12448 × 1026

2 4 2 7.17287 2.21512 × 1026

2 4 4 7.17143 2.14244 × 1026

2 2p2 0 1s12p1 2 7.18268 2.35601 × 1026

2
2p13d1

6
1s13p1

4 7.17352 1.15465 × 1026

2 4 4 7.17516 2.93274 × 1026

2 2 2 7.15873 4.78166 × 1026

1
2p1 1

1s1
1 7.17136 1.41167 × 1028

1 3 1 7.16596 3.29512 × 1028

2 2p13s1 2 1s13s1 0 7.15885 3.49328 × 1026

015201-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 1 (2012) 015201

N¹ 1 Ü©�[�rÝ (Y)

Ø	>fê Ð� 2J "� 2J �[Å�/Å �[rÝ/s·cm−3

3
1s12p13p1

3
1s12p1

3 6.77064 1.69779 × 1026

3 3 1 6.76787 8.51998 × 1026

3 3 3 6.7677 1.63846 × 1027

2 1s13p1 2 1s2 0 6.62776 1.57879 × 1028

2 1s14p1 2 1s2 0 6.30639 6.4074 × 1027

2 2p13p1 2 1s12p1 2 6.20896 1.24886 × 1026

2 1s15p1 2 1s2 0 6.1627 6.10561 × 1027

2 2s13p1 4 1s12s1 2 6.15552 1.36312 × 1026

1
3p1 1

1s1
1 6.0495 1.17654 × 1027

1 3 1 6.04836 3.04652 × 1027
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Abstract

In this article, the atomic structure and processes for Al are calculated in details by using the flexible atomic code. With these

atomic parameters, the rate equations are established and resolved in order to obtain the level populations. The X ray radiation from

Z-pinch Al plasma is then calculated. The experimental spectra are identified in details according to our theoretical results.
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