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EBIT & � � D $ Q 4 0 ) & J | � W 0 Y ^ 5 8 v � & v � � v b m F j $ w c K & 5

8 � � Savin ) H

[26]

 V h # � � o ] p � & J � . � b m � ~ t - } 4 5 8 � & v � � e

3(a) % ~ # a z 2.0 keV ) � 8 R & 5 8 � v � & s � � < 6 , � ` s 8 } 5 8 & 5 0 v # �

H ; & 5 8 W B � � G ) # � � Y ^ � � K � O ^ 
 v � ; � B  ? * 6 F j $ w c K & 5 8

f 3 (a) EBIT ^ } b { 2.0 keV ' G k % x * 	 9 S : T * ' 6 9 � ' 6 l 6 t � ' 5 U 7 - �

(b) 2.0 keV G k % x * 	 9 S ' 6 9 d L / �

[26]

g (b) � # 5 ? � EBIT _ ( H l & y c | � d o ( 7 : e M 
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v � c K � c K � q < & O c � s , 9 s � � O c & 5 8 � � | H g v � 5 8 � v � h � |

, f s � � � e 3(b) % ~ v # q < & o � O c 5 8 � V W & � � q < & o O c 5 8 K 6 � O

� X c , � ) o L � H � ~ &

[26]
� � � q � Y ^ - B 0 [ ` g t � � � 6 5 � � E ~ H v

8 } q � ! s & � W J � ^ � & � � F j $ w � [ � B � q � , � & 2 { O � � � ~ d ; � �

	 � � ) [ z u & 5 8 � B � O g � b m K � & � � � q � ' � � � h ( O < s � a z • 1

m ~ • 1 9 Y � � & � � k , � � �

4 � � Q ; p M

v u � X c , V R � � e F 6 � J � Y 9 M v & � h �  [ O � @ s O � 4 a v u � X

c , V R � � e M � & 0 Y � Y �

4.1 � � 1 F � x s � l �

� � e � � � B k , & � O O � � K 
 ; � � � & J | � , � k % \ O 9 V R 0 � & �

, [ v u � � L C M 0 � Y � �- O � F 6 Fe XVIII � Fe XXIV & \ O L e \ V c , � � %

| } u � & v u � � D � R { � $ � � K

[27]
� 0 � , = & H q } W ~ � v u � X c , V R

� � e 9 ~ 0 Y & � ~ � O � � �

� , � K � ^ ) 9 
 � & V c , u - $ ; T & � 0 \ O � T s & v # � � K X c , V R

� � e 0 ) & � F6 5 8 9 � 8 & � , � � @  ~ & � T s 0 Kelly (1987) [11]
� MEKAL [28]

�

CHIANTI [29]
� Arcetri [30]

� v NIST & � , _ 2 (2003) [31]
� q @ � , = & u N 0 C � H

` � H : 9  - & � , � k H ` � Q + � I � ~ F � H ` � � � � @ { ) � ; � � . � @ { )

v u � � g @ � , F 6 � W B & ) � 8 R � Q q @ , [ V R � � � Y H � & � 9 � � 9 0 & �

, = M 0 � � � q } & �

C 8 � T & F A • 1 v v u � F A Y � � � % v u � V R � � e 9 ~ 0 Y & � O � � �

B ? � � R � ) F A & C 8 a N • 1 # Ar XIII � Ar XVI & C 8 � T � B � q @ � T � ) � `

Q > E = � E = � e ] o � � � 9 $ � & � ; � � 9 v u � � ; T # K - ( O e 4) � - ' =

` � � @ ' , $ � # 0 K J � & � K � � L 0 � � & T , � � ; • 1 9 v u Y � � 	 [ $ �

& ` � �

& ~ � , = H q } W & k , � 8 O � * Chandra 9 XMM-Newton X c , � J 9 t ~ &

L e \ � �

[33]
� 9 � � K q @ � � Z A + L e \ � , & v u � o L � X c , V R � � e & �

�  ~ J � � l j C j h ( 
 D # � @ � D � EBIT h ( L [ � ` q 7 o L � Lepson ) H

[34]

� � q l # K Ar A + L e \ � , & o L � � K v 20� 50 �A [ z u 79 [ F 6 Ar IX � Ar XVI

& ' , � = 1 & v # 	 � Ar � 8 & ' , � v 	 � T s � ? & � , � k � � � MEKAL � T s

� 0 7 [ � , � Q NIST [ , � T s : 0 2 [ � , � CHIANTI � T s 
 v # 11 [ � , � *

L Kelly � T s B q } � = & v # � 175 [ � , � � Kelly } � & � , F 6 � W ) � 8 R � �

� \ O � , [ , W B V R ) � 8 R � � ^ H � & � q @ � , { $ c 6 m @ � , 9 V R F 0 �

4 $ � | z s � Q + 5 � s > 2 P " [ � W ) � 8 R � ^ g � � � � � - O � Ar IX � ' & �

) s P " � , 2p5
3=23s1=2

3P2 ! 2p6 1S0 [ Kelly � T s � O M 0 & v ~ � q � � Procyon &

Chandra � Y � � & q [ � , M 0 $ � ~ A � K � Q * � K | S & � , � ^ ) 9 EBIT-II �
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� & , = - $ R � q � � � $ � # N ~

[34]
�

f 4 EBIT-II ^ Z  ' Ar XIII � Ar XVI ' w v  � w � < � 2  �

[32]

y / ~ Ar XIII � / � 3 / ~ Ar XIV � / �i S / ~ Ar XV � / � 3 S / ~ Ar XVI � / 


W 1 20� 50 �A j * � EBIT-II r Z ` b Ar 2 b $ � > : i W $ � � b S �

� / EBIT-II [34] NIST [31] MEKAL [28] CHIANTI [29] Kelly [11]

Ar IX 11 2 0 0 13

Ar X 27 0 0 0 30

Ar XI 12 0 0 0 32

Ar XII 6 0 0 0 42

Ar XIII 5 0 0 0 42

Ar XIV 8 0 2 2 11

Ar XV 5 0 2 2 5

Ar XVI 5 0 3 7 0

' [ & � D � u � � � Z [ �  & Ne � Mg � Si 9 S & � , = � q @ A + & L e \ V

c , B [ 30� 150 �A 4 > � q � D � g � ) Chandra ~ � Y � � 9 EUVE � J & t ~ [ z �

9 � k % � K � + � 8 K e \ X c , � & K z - K L e \ � & K z � | . y � � C � � -

6 q @ � � [ A y � � D # � | 3 � & o L

[36;37]
� v u � � � Y , 5 � C K e \ V c , �

s | z s & � � | ~ p V K e \ � , Y ~ C � & 5 8 v � � Q q | & v � @ � { q | & 5 �

C 5 � � � + � 8 � , � & l j C j , � v b m , 5 � C � 8 Fe XVIII & K e \ � ,

[38]
�

Decaux ) H

[39]
[ EBIT-II 5 8 � � 8 G � � [ Fe � 8 5 � ) o � � ^ � # , 5 � C Fe IX

& K e \ V c , � e 5 % ~ # � ) 5 � & Fe � 8 & 4 N K e \ V c � �

T , g g * M 9 f * K | � H � ~ & � C Q q @ , g v � g � � � ] } 9 
 � ~ � + Y

; W / ! 5 � Y � & > > z > � q 
 [ > > z > ASCA � J � Y � & Capella � � s $ � #

� v � O e 6 9 ~ � - 6 � _ 4 � Fe XVII 9 Fe XVIII � n = 3, 4 ! n = 2 P " & ' , �

Q M 9 # n � 5 ! n = 2 P " & T , � [ D h 10 �A { � z > - ' , � # � Y 0 �

[40;41]
�

EBIT-II ] ; T & v u � Y � 
 = ` [ � � z > � 9 M 9 & o @ , 0 K � T &

[42]
� \ O T &

n � 5 ! n = 2 P " � , { [ ? 5 � s + x ? ( K Fe XVII, 10 �A � K Fe XVIII, 9.25 �A) �B
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[ q � > 4 > 9 
 � ~ � K Fe XVII & v u � Y � & ~ # n � 5 ! n = 2 P " � , 0 � � Fe

XVII B ' , 0 � & 1/10 � q @ � 0 � [ ASCA � � z > s 9 , � & o O c 0 � �

f 5 EBIT-II d : ' Fe X� Fe XX 	 9 ' K f ] W d �

[35]

1.925� 1.940 �A 5 ? ( X f / " • I 8 Fe XVII � Fe X 
 : 


f 6 � G 7 � !  9 ^ � ' � - L W d � ' " 6

[20]

(a) ASCA � L � [ ( Capella ! � 
 g � < w % J b B , ( � * 
 � � � P � � Fe ( � / � y / ? � N 2 ` 5 I

8 � " ! : _ � R $ � / ( | @ 
 10 �A | ( � 5 ? ? � � [ < | @ � � ( a � � (b) EBIT-II _ ( Fe XVII X f / [

! 
 � # 5 � I 8 � ! : _ � � 5 x { ( X f / 




� 3 � � $ U * � w v 	 X d - W S � � 257�

� T s � � & v & T , K � 0 EUVE � J � Y & � J � Centauri & S X c , 0 � � 4

C � D ) � ) 
 � � � z > � Y � � - ' % $ - $ ` � Y ~ � � (T > 10 MK) ) � 8 R b m &

� ` � ~ 0 Y z > � 	 [ & ` � � O e 7 9 ~ � C Q � EBIT 5 8 � � 8 G ; T & v u � V

R � � � e � � 	 Y � = ` � 	 [ \ O T & M $ � � K & Fe VIII � Fe X , � q @ T , 9 
 �

~ Q l # 2 � ` � �

[43;44]
� O e 7(c) 9 ~ � q � v u # ` � � ) � 8 R (T � 18 MK) � H

	 [ & � ; � N & v u � V R � � Y � 4 & ~ # � 6 60� 140 �A D G & � O � Fe VII � Fe XIV

& M e \ V c , X M 0 $ � � K �

f 7 � I h d 7 ' � - L  � { ? ' " 6

[20]

(a) EUVE F [ ( � Centauri ! � X f [ ! 
 � � # Q e < (b) � ( � a � ( � # Q e ) 2 � � 
 (c) 7 : � 


: I � 7 : � x ! ~ 300 eV u � Fe VII � Fe XII 
 : ( X f / 
 � � ! ( 1 ! I 8 " ] J i e 8 � / S n ( 3 � a �

( � # Q e ) 


4.2 � � � Y 


� , � K A � C � ~ � � = : � v u � X c , V R � � Y � � C > & � O c � F A & p

V * [ • 1 � � � � a z � s | � ~ & O c � k % � 0 C ` � @ v u * [ � T � � , ' B &

• 1 L C � � 6 � ; & * [ 9 - 6 � T �

5 8 p V * [ & Y � } � � B ? | } R V h � ~ & � � � � 5 4 C � 8 * [ & Y � [ 5

8 � � 8 G ] ; T

[45]
� B ? � � ) ` > 9 � ^ � } � Y � # Si2+

� Si3+
v Ar 7+

& 5 8 	

- p V * [

[46� 48]
� C Q � � 0 LLNL & 5 8 � � 8 G h ( v Y � X c , V R � � - > � 5

4 C � 8 & 5 8 	 - p V * [

[49;50]
�

� ' & 5 8 	 - p V Y � � 5 4 � ' � , Q l ) o & Y ; � e 8 & R # H ` � , Q l )

o K 15� 18 �A 4 > L e \ V c , & � ) � ^ ) Y ^ 5 8 � & v � ( � 200� 1000 eV) � O ^ c
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6 v H ` ) o K � , & � ) �  { � ' & 5 8 	 - p V � j c z � � p V J � ] & � x p V �

� v J �  W 0 � n � 5 8 v z & � 5 8 u > � J , � 4 C � J , & Q l H ` 6 i , � � K

) � 8 R F � Y � & � , ' B 0 � ) � + H v c 6 v ~ � e 8 ` s % ~ # J �  & � 5 8 u

> � x K 3d ! 2p � , & � ~ W � � O � 2p6 + e � ! 2p53dnl N � x � 0 Z � { � 5 8 u >

� x K 3s ! 2p � , H � ~ �

f 8 (a) EBIT-II ' C S  � 
 � 3 ' � q Fe ' 3d ! 2p ( ; } 3C � 3D : 3E) : 3s ! 2p ( ; }

3F � 3G : M2) W d - � (b) W d � 6 6 9 � w  ' 5 U

[49]

g (b) � & � % � ( 7 : � / r X K � � x K � " (  7 : w @ � L / 


5 v � 4 T & g � � , p V * [ v N � / � v u � M 9 v ~ � e 9 % ~ # � O Fe &

3p3=2 ! 2s1=2 P " * [ Y � � { 6 , ` % / % ~ # J �  & � 5 8 � J , j c v J � ] & �

x p V v j c z � � ) �Y � - ' 9 � ; p V * [ - ' 9 $ O c � � � � � � ' p V * [ O

c & � ) m > $ C 2 � � x & � ) m > $ ` � k % & � ; • 1 X � _ 4 � n � J , K q [ f

@ & Fe L e \ � , & � ) � v u � Y � 
 � v � � 5 8 � J , K } � � , ' B 0 0%� 15%

& � ) � [ , 6 s � � � 8 f B 9 K � & � B s � q � � ) k � ^ � � @ � � [ � 6 q � �

B s � � � ) g � q > M 9 � F 6 1s2 + e � ! 1s2p nl (n � 3) � x & � 5 8 u > � J , & `

> K Fe XXV & 1s2p 1P1 ! 1s2 1S0 & K e \ � x P " ! 5 C �

[53]
� = { $ � , h u v

K� � x , � � � q � ! 5 � � 6 ) � 8 R & 5 8 9 � 8 � B � = 2 
 v # K� � x , 4 > �

J , � x ' B Y � � 9 � ; � & - $ � q � �B H � 9 0 & � ) F @ * _ 4 ; ~ & � � 5 8

u > & D ) H : : � b ' % [ 9 G ; & � � , & ' B � = 9 b m & g c 6 & � , K � B & v H
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f 9 � � P 	 9 Fe23+ 3p3=2 ! 2s1=2 Q # ' q W + \ 6 w  ' 5 U

[49]

| g & � % K � "  7 : w @ � � x K � _ � z 7 : � / r X ( � * 
 I 8 n = 4 g 
 � x { ( l f { � � * ] 8 / � & �

~ { L S 
 y x � V I 8 EBIT-II 7 : � 
 : I � 
 > � 3 I 8 Iron Project ( y / ) [51]
x � 8 F � 3 ( 3 / ) [52]




f 10 EBIT-II � 3 ' � , Ar ' � y - w � 6 9 v ? -

[56]
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W 2 * � � u Fe XXV p E 2

1P 1 � ? 1.850 � 1.852 �A b

+ 5 2 p E � f Z � G > � � G b S �

n EBIT-II [8] 1) Bhalla 2) Bely-Dubau [54]

/10 � 20 cm2 � eV

3 30.92 28.06 25.75

4 10.32 10.03 9.16

5 4.50 4.93 4.57

� 6 11.39 5.07 3) 7.08 4)

) � 1) [ ! � z ) D ( J B < X ~ 15% � 2) ( I _ j � 3) � 3 ! | %

n = 6 � 8 ( � L / � 4) � 3 ! | % n = 6 � 16 ( � L / 


� � � � C 2 & � W

[8;55]
� q � v H & � , - H � ) � 8 R 5 8 W B & ! 5 � = x # 5 8 W

B 9 � ; & H A ; W � . p � 5 8 u > � 5 � � E � � ~ ) o � � � e 10 % ~ # EBIT-II ]

Y � & � + Ar � 5 8 u > , �

* [ $ TSR & 	 W ] & � } v u � V R � � Y �  ~ � � 6 , � � 5 � C � 8 & � 5 8

u > Y �

[17;57]
� � 5 � C � 8 % C H v [ 	 - � E & , � ) � 8 R � 	 [ � C Q � [ g @ V

R ) � 8 R � � � 5 � C � 8 � ^ ) � 5 � Q H � 5 8 	 - 5 � Q l & �

4.3 � ; = D g a � 1 � e R a d U } h B

v u � X c , V R � � e B � & 2 { O � * Q 0 Y � J � Y c � � 9 M v & � O �  [

� � 0 Y Fe XVII V c , 	 [ & � O � � v K W B � � B _ • & � , ' B - & ; : v � � �

p � v u � X c , V R � � e . � � ) { � v � V ' 9 V h D & v H � G � � e ' B X c ,

v H & V ' g � # ` q 2 �

(1) Fe & 3d ! 2p P "

� 6 15.014�A 9 15.261�A { Fe XVII & N A > P " (3C) 9 � x , (3D) � \ O V R F 5

� L e \ � , � B � ~ & � , � q � [ , & ' B - R = I 3C =I3D 
 * ) ~ v H Z a = 4 � e

J B v W B

[58]
� - 6 � x , & C x ' B K K � 6 N A > P " � , & ' B � E ) � 8 R � & �

8 � x X c { � 
 � � e Q � � � Y 0 � � � / � ` � B D 5 8 	 - p V * [ • 1 & F B [

5%� 30% � � � q � ` # � e J B & v H � ) � � v ] � 	 � H ` � ; • 1 & � e " ' B -

% ~ # q � - � [ 2.9� 4.7 � � 4 T

[42;58;59]
� � e " ' B - & H A ; W ( v u � | 2.9) � �

� e J B [ 0� 3 � � 4 T �

� q d S 5 8 � � 8 G Y � & R = I 3C =I3D | 3.03� 0.12 [42]
� � v � [ z & v u � Y �

% ~ � q � ' B - [ g 4 > u K p V ) o (  { j c z � � � x p V � H g c 6 & � 5 8 u > )

� | L H 4 & � q � - ' [ l j C j v u � $ � # ; � N & � v

[60] ( A � { v u Y � � & �

� � , ' B - 2.05 [61] ) � O % 9 M � [ l j C j ) � 8 R � � 9 0 & � , Q l ) o * � � W p

a � � � q | & Y � M � # H g U � & � u � G � e 11 % ~ # � ) $ N � e � q B Torus h

( � 2 & 4 N & Fe XVII � � � [ JET v u � � $ � # ` | & � � � v u � Y � & � , 3C 9

3D ' B - 9 Bely 9 Bely [62]
& � ; • 1 m > $ C 2 � q # ` ^ g � h B D V = & � T B 2 �

H > � & � . � ] [ � q � H � � Bely 9 Bely 9 S ) & C 8 a N ~ - ' [ & • 1 a N q ( � g

@ / x  2 & - ' � � C & � = B H v # � g � 
 ; & • 1 ] Y [ H ` � c � & - ' @ C 2 �
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f 11 PLT m k D k * u n � C  � 
 � 3 ' Fe XVII L f ] W d �

[61]

� C � v u � Y ; � , ' B - L C 	

[ C O � O � A y � Y � & ' B - ~ - v

u � Y � & > � q g � K | � - 6 � x X

c � � & � � v ] � 1.6� 2.8 [ z u & 	 �

� 
 [ A y Z \ & ` � � 4 Y � �

[58]
�

� q C s � ) � } K V R � � | j c � �

K } � V R = [ j c & n c � = = x # X

c ? � � Q + 2.6� 2.8 & � 
 [ Capella H

J � Y �

[63]
� . p � � e " & l j C j

) � 8 R & Y � - ' ? 6 2.05 [61]
� { v

u - ' � i 	 [ g @ ) o Q � � # � e "

& ' B - I 3C =I3D X 0 � o L �

? � � � e " / x  ' B - & g v m

� o L 0 # � ; ; h � y V ' # Fe XVI

& � , 9 3D , & ` >

[24]
� e 12 % ~

# } 4 Fe XVI f B s � EBIT-I ] � 2

& 3 � � � � (a) e � B � Fe XVI fB

s � 2 & � � � (b) e � B , Fe XVI f

B s � 2 & � � � (c) e � k , ] M 0 Fe

XVI � 8 s � 2 & � � � 9 0 & � � [ [

5 8 � v � | (1140� 40) eV s Y � & �

O VIII Ly 
 , � { 6 q � 4 > � � � 0 [

f 12 � � r e T 6 9 � 	 9 H � I a 6 	 � F 0 y !

Z  ' Fe L f ]  �

[24]

(a) t . 7 
 � G � (b) . 7 
 � G � (c) 7 
 � G 


(c) e R v ^ � � q � � | � 0 q s ) � 8 R R � � � E � R 0 { J n [ � 8 G � � - $ 3 �
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Laboratory X-ray Astrophysics

LIANG Gui-yun, ZHAO Gang

(National Astronomical Observatories, Chinese Academy of S ciences, Beijing 100012, China)

Abstract: Laboratory astrophysics measurements are being conductedto address the needs of

X-ray astronomy. The measurements have produced large setsof reliable atomic data, including

ionization and recombination cross sections for charge balance calculations, line lists, excitation

cross sections, and dielectronic recombination rate for interpreting X-ray line formation as well.

Additional experiments focus on solving speci�c puzzles posed by astrophysical observations,

calibrating and developing new X-ray line diagnostics. In this paper, we discuss the types of data

produced and illustrate how the laboratory measurements support space missions such as ASCA,

Chandra, XMM, and ASTRO-E2.

Key words: astrophysics; X-ray; review; atomic data; line formation; spectral diagnostic; spec-
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