
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 19 (2012) 193201

­­­lllfffñññÂÂÂ Ta qqqÚÚÚååå���õõõ>>>lll���AAA*

�,1)2) ë[71)† §b1) ±p²1) M{1) ��Æ1) XÕ1) �Õ�1)

?'T1) x�1) o[¸1) Ü�S3) o�m3) ù�¦3) �I�1)

1) ( ¥I�Æ�C�ÔnïÄ¤, =² 730000 )

2) ( ÜS�Ï�ÆnÆ�, ÜS 710049 )

3) ( o���Æ�Ôn�>fó§Æ�, o� 712000 )

( 2011 c 12 � 21 FÂ�; 2012 c 4 � 1 FÂ�?Uv )

3=²­lf\�ìI[¢�¿©Oÿþ
 H+, He2+, Ar11+ Ú Xe20+ lfñÂ Ta L¡L§¥Ë�� X �
�Ì, ¿��
 Ta A� X ��Ì¥ Mγ (M3N5) Ú Mαβ (M4,5N6,7) ��rÝ, = Iγ Ú Iαβ. ©Û(JL², rÝ'
� Iγ/Iαβ �X\�lf�fSê�O\
wÍO\, ù´du-EL§¥ Ta �f�õ>l�A¦ M3 |���F
1�� ω3 �)
wÍOr.
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1 Ú ó

CA�c5, �>lf\�Úåq�fS��
>l�ïÄó���
2��'5¿��
­�
�?Ð [1−8]. �äk�½Uþ��>lf\���
NL¡þu)��5-EL§�, \�lf¬��
Ü©Uþ, ùÜ©UþòÌ�ÏL±eA«�ªÑ
Ñ: �NL¡>fu� [9−11] (d�Ñ�>fÚ�g
>f|¤)!1fu� (�N�fS���É->
fò-u)!�l-�-u!(f9L¡�Ä�-
u. ÿþlÔ�¥�)�ØÓâf (§��XL¡
Ô��&E, X1f!>f!lf�), Ò�±í�
Ô��ÃõÔnÚzÆ5�.

3lf�f-EL§¥, ÿþ X ��u�´ï
Äq�fS��>f>l���­��{. 3��
lf (Zp < 3) �q�f-EL§¥, q�fS��
�Ç�)�Ì�Ån´��¥Õ>l [12,13]. 
3
p>Ö�­lf��f-EL§¥, q�fS��

�Ç��)Ì��)ü>l!õ­>l!ügÐ
¼!õ>fÐ¼9©f;��[�ÔnÅn [14],

ù�L§¥�U�)õ�S���Ç, ¢�©ÛÚ
nØ)º�JÝ��. q�fS��>lÝ�p�,

¬�)�
�ü>l�¹ØÓ�¢�y�, ~X:

1) ÏL�Ë��[, =��>fu�5W¿�Ç�
VÇÒ¬C�, 
ÏLË��[u� X ��5W¿
�Ç�VÇÒ¬O\; 2) -EL§u�� X ��
Ì�3NõE,���(�. î8��, \�lf
Úå K ��Ú L ��>l�k'ïÄ3¢�Ún
Ø�¡®²���\Ú�¡ [15−18], 
ép>Ö�
lfÚåq�f M ��õ>l�ïÄK�é'�
� [19−22], AO´3CÀ��Ý\���¹�ké
õó���.

·�3=²­lf\�ìI[¢�¿>f£
^��lf
 (ECR)320 kV p>Ö�lfnÜï
Ä²�þ, ©OÀJ H+, He2+, Ar11+ Ú Xe20+ l
fåñÂ Ta qL¡, ÿþ
lf�L¡�^L§
¥� X ��Ì, ¿ïÄ
 Ta A� X ��Ì¥ Mγ
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Ú Mαβ ��rÝ, ±9rÝ'� Iγ/Iαβ ©O�X
\�lfÄUÚ�fSê�Cz'X.

2 ¢��{

� ¢ � 3 ¥ I � Æ � C � Ô n ï Ä ¤ 320

kV p > Ö � l f n Ü ï Ä ² � þ, © O À
J H+(0.1 MeV), He2+(0.2 MeV), Ar11+(1.2 MeV)

Ú Xe20+(1.2 MeV, 2.4 MeV, 3.0 MeV, 3.6 MeV Ú 6.0

MeV) ��\�lf?1ïÄ. lfåd 14.5 GHz

>f£^��lf
 (ECRIS) Jø, å63ØÓ
>ØeÚÑ, ²LàåC��à�Ú1<�O�,

?\ 90◦ � =©Û^c?1ÀJ. ÀJÑ�ä
k(½>Ö��lfå²Lo4^c�à�Ú
1<�O�, ��?\SÜäk>^¶-�pý
�¥/q¿, ��q¿¥%�lfå�uÑÝ�
�� 0.7◦. ¢�C�3©z [23] ¥k��[�
Lã. ¢�¥ÀJ� Ta qþÝ� 3 mm, ¡È�
� 15 mm × 15 mm; ÏLN!1<, å�¡È��
��� 7 mm × 7 mm, R�ñÂ3qL¡¥% 
�. ¢�¥¤ÀJ� X ��&ÿì� AMPTEK ú
iï�� XR100SDD .7¤£&ÿì, &ÞéO
qL¡�¥% �, ¿�\�å6��¤ 45◦ Y
�, å6Ú&ÿìþ uq¡Ó�ý. T&ÿì�
&ÿáN�� 0.0066 sr, 3 5.9 keV ¸?©EÇ�
� 136 eV (FWHM). �
¢y¤ÿ��qA� X �
�¸ Mαβ ?�¸�Oêþ�� 20000 ±þ, ·�
é H+, He2+, Ar11+ Ú Xe20+ lf\��� X ��
Ì&ÿ�mþæ�� 100 s �m.

3 ¢�(J�?Ø

3.1 Ta qqqAAA��� X ������ÌÌÌ��� Xe20+ \\\���lll
fffUUUþþþ���CCCzzz

¢�¥©OÀJ
\�Uþ� 1.2 MeV, 2.4

MeV, 3.0 MeV!3.6 MeV Ú 6.0 MeV � Xe20+ l
f, 0.1 MeV � H+ lf, 0.2 MeV � He2+ lf
Ú 1.2 MeV � Ar11+ lf, �^u Ta qL¡. 38
�z\�âfê8��, ã 1 �Ñ
 Ta q�A� X

��Ì�lf\�Uþ�Cz, Ì��) Mαβ

(M4,5N6,7) Ú Mγ (M3N5) ü�A��, ùü^A
� X ���¸�Uþ©O� 1.71 keV, 1.97 keV. I
��Ñ�´, ã 1 ¥� X ��Ì¿vk�Ø¢��

µ, �
¦þ~�ÚOØ��K�, ¢�¥¤ÿ�
� X ��Ì3 Mαβ ?�¸�Oêþ�� 20000 ±
þ. dã 1 �±wÑ, 3·��¢�Uþ��S, �
Xlf\�Uþ�O\, Ta �A� X Ì�rÝ�
¬��O\.
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ã 2 1.2—6.0 MeV � Xe20+ lf\� Ta qu� Mγ

Ú Mαβ ���rÝ'�

3.2 Ta AAA��� X ������ Mγ ÚÚÚ Mαβ ���rrrÝÝÝ'''
������\\\���UUUþþþ���CCCzzz

| ^ OriginLab ^ � é ¢ � ÿ � � X � �
Ì?1pdõ¸[Ü, �±�� Mαβ Ú Mγ �
¸¡È. �¢�¤ÀJ�&ÿì3 X ��Uþ
� 1.71 keV(Mαβ) Ú 1.97 keV(Mγ) ?�&ÿ�Ç©
O� 0.567 Ú 0.621. b�q X ���u�´��
Ó5�, ¿�Äþ&ÿì3ØÓUþe�&ÿ�
Ç, Ò�±l[Ü�¸¡È�Ñ Mαβ Ú Mγ �é
A� X ��rÝ. ã 2 �Ñ
 Ta A� X �� Mγ

Ú Mαβ �rÝ'� Iγ/Iαβ � Xe20+ lf\�U
þ�Cz. �¢�¤��� X ��rÝØ��
� 15%, Ì��) X ���OêÚOØ� (2%)!X
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��Ì¥¢��µ¤Úå�Ø� (5%)![ÜqA
� X ��Ì�du�� ��Ø(½Ý¤Úå
�Ø� (10%). �±wÑ, �Xlf\�Uþ�O
\, rÝ'� Iγ/Iαβ �CzØ�, ²þ��� 0.13,

3 3.3 !¥ò¬éù�¢�y�?1�[)º.

3.3 Ta AAA��� X ������ Mγ ÚÚÚ Mαβ ���rrrÝÝÝ'''
������\\\���lllfff���fffSSSêêê���CCCzzz

�
ïÄ Iγ/Iαβ �X\�lf�fSê�C
z5Æ, ·�Ó�ÿþ
 H+ (0.1 MeV), He2+ (0.2

MeV) Ú Ar11+(1.2 MeV) lf\�Úå� X ��
Ì, ¿O�
rÝ'� Iγ/Iαβ. ã 3 �Ñ
T'��
X\�lf�fSêO\��Cz5Æ, �±wÑ,

��fSêO\�, Iγ/Iαβ l 0.02 ÅìO\� 0.13.

�
)ºù«y�, e¡Äk�Ñ
�fS��¥
�Çò-��Uu)�L§.
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ã 3 Ta qu� Mγ Ú Mαβ ���rÝ'��\�lf
�fSê�Cz

bX3�f� M ��¥k
���Ç, � N

����>f�[� M ��, õ{�Uþ�±º
� X ��, ��±Øº� X ��, 
rUþD4�
,�� (~X N �½ö O �) ¥���>f, ù�
>fÒ�±øl�f, ¿�¡���>f; �k�
«�¹´ M ��Ç�Ó��Ì��S�>fW¿,

õ{�Uþ�^u-u�p�� (Coster-Kronig �
[) ½öÓ�Ì���>f (�? Coster-Kronig �
[). e�f M ��¥�,�|��k
�Ç��
) X ���VÇ�F1�� ωi, �)��>f�
VÇ����� ai, �) CK �[�VÇ� fi, �
)�? CK �[�VÇ� Si, Kk

ωi + ai + fi + Si = 1. (1)

éu M �� X ����)�¡nØþ�d±eú

ª��:

σX
Mα

=
[
σM5 + f45σM4 + (S35 + S34f45)σM3

+ (S25 + S23S35 + S24f45 + S23S34f45)σM2

+ (S15 + S12S25 + S13S35 + S14f45

+ S12S23S35 + S12S24S45 + S13S34S45

+ S12S23S34f45)σM1

]
ω5ΓMα/ΓM5 , (2)

σX
Mβ

=
[
σM4 + S34σM3 + (S24 + S23S24)σM2

+ (S14 + S12S24 + S13S34

+ S12S23S34)σM1

]
ω4ΓMα/ΓM4 , (3)

σX
Mγ

=
[
σM3 + S23σM2 + (S13 + S12S23)σM1

]
× ω3ΓMγ

/ΓM3 , (4)

Ù¥ σMi �éA Mi |���>l�¡, σX
Mi

� Mi

|���ÇÏLË��[�) X ����¡. ΓMi

´1 i �|���Ë�°Ý [24] . fij Ú Sij ©OL
« Mj |���>fW¿ Mi |���Ç�) CK

�[Ú�? CK �[�VÇ. I��Ñ�´, �k
� Z 6 36 �, M ���Çò-âk�Uu)�
? CK �[ [25] . Ta q M ���Çò-�Ø¬�
)�? CK �[, Ïd, �©¥¤J�� Sij ¢Sé
A�´�) CK L§�VÇ.

q�f Mi g��>f�>l�¡�6u\
�lf��ÝÚ�fSê, Ïdd (2)—(4) ª�
�, rÝ Iγ Ú Iαβ ©O�±w�\�lf�fS
ê, \�Uþ±9-E�^�q�fëê (�)F
1��!CK �[VÇ�) �¼ê, ùp�q�f
ëê�6u\�lf�fSê Z1. �âüN-E
Cq (BEA)[12,17], q�f Mi |��>f�>l
�¡� Z2

1G(V ) ¤�'~'X, Ù¥ Z1 �\�l
f��fSê, G(V ) ´\�lf�Ý�¼ê. (
Ü (2), (3), (4) ª��, rÝ'� Iγ/Iαβ �±���
�#�¼ê, ù�¼ê¥� Z1 Ú G(V ) û½X M3

Ú M4,5 g��>f�>l�¡. �´>l�¡¥
� Z2

1G(V ) �þ�±��K, ¤±�k-E�^�
�q�fëê¬éT'��)K�. é Z1 �Ó�
��lf
ó, �^L§¥éA�q�fëê´Ø
C�, ÏdrÝ'� Iγ/Iαβ ´Ø��Ó Z1 lf�
\�UþCz�, ù��·�¢�¥¤*	��y
�´���, 
éurÝ'� Iγ/Iαβ �\�lf�
fSêO\
O\�y�, K�I��ÄØÓ Z1

¤Úå��fëêCzéù�'��K�. e¡�
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[©Û\�lf�fSê�UC´XÛéq�f
ëê�)K��.

­lf\���NL¡¬�q�f¥�õ�
>fÓ��^Úåq�fS��õ>l�u), ¤
±3 Xe lf� Ta �p�^�L§¥, q�fS
���>fê8ò¬~� (Úü>l�'�
ó).

Mγ ��éA M3N5 �Ë��[L§, � M ��
�	>fê8~��, M3 |���Çò-�ÏL
ÃË��[�)��>f�VÇÒ¬ü$, 
ÏL
Ë��[�) X ���VÇÒ¬O\, �ª¦�
u�Ñ X ���rÝ���O\ [26]. �
��Ù
�w� Iγ/Iαβ O\��Ï, L 1 �Ñ
 Ta �f|
���F1��Ú CK �[Ïf, L¥�F1��
Ú CK �[Ïfþ�g©z [25].

L 1 ü>l�¹e Ta �f M3, M4, M5 |���nØ
F1��Ú CK �[Ïf

ω3 S34 S35 ω4 f45 ω5

2.14 × 10−3 0.082 0.810 0.0130 0.411 0.0205

CK �[Ïf S35 éA�´ M5 ��>fW
¿ M3 ���Ç¿º�Uþ-u N ��½ö O �
�>f. e Ta �fS���u)ü>l, M3 |�

�F1�� ω3 � 2.14× 10−3, 
 CK �[VÇ S35

p� 0.810, = S35 ´ ω3 � 380 �; � Ta �f N �
�u)õ>l�, N ��>fê8~�, ¬Úå S35

éA� CK L§É�³�, =ÏLÃË��[u�
Ñ>f�VÇ~�, d (1), (4) ª��, ùò¦Ë�
�[VÇ ω3 wÍO�, l
u� X ���rÝ Iγ

���:ìO\. 
 Iαβ éA M4,5N6,7 �Ë��[
L§, � M4 |����Çò-�, du ω4 Ú S45

�ê���Ø� (S45 �� ω4 � 30 �), =¦ CK

�[VÇ S45 ~�, ω4 �O\��ØX ω3 O\�
¯, Ïd·�Ò¬*	� Iγ �O\ÌÝ���L

 Iαβ O\ÌÝ�y�.

4 ( Ø

­lf\�� Ta �NL¡L§¥, ¬�q�
fS���õ�>f�p�^¦Ù-u½>l. ·
�¢�¥uy
 Ta A� X �� Mγ Ú Mαβ �r
Ý'� Iγ/Iαβ �\�lf�fSêO\
O\,

ù´du-EL§¥ N ���õ>l, ¦� M3

|��ò-�Ë��[VÇO\, =F1�� ω3

O\, 
 ω4 �vk ω3 O\�¯, �ªÚårÝ'
� Iγ/Iαβ �²wO�.
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Abstract

The M X-ray spectra of Ta induced by H+, He2+, Ar11+ and Xe20+ are measured in Heavy Ion Research Facility in Lanzhou.

The intensities of Mγ (M3N5) and Mαβ (M4,5N6,7), i.e. Iγ and Iαβ, are also derived from the spectra. It is found that the intensity

ratio of Iγ/Iαβ increases with the increase of projectile atomic number. The results show that the M3-subshell fluorescence yield ω3 of

Ta target is greatly enhanced, owing to multiple ionization effect in collision with heavy ions.

Keywords: X-rays, fluorescence yield, highly charged ions, multiple ionization effect
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