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��������������� ������ !" �#$%&'
(�)�*+,-.�/0 ��12345�.6��*7 8�9:�;<=/0 >? 30 cm� 12@
������7 >? 0.5 mm�#ABCD'EF�GH	IJ=/K7 GH*LMNOP�PQ3
�R-7 EFSTUVWX*E�YZ	[\�
/0 \�U 300 km/s]�*7 YZ*V^-7 _�
3 1 keV]�7 `a�3 0.1 g/cm2�bc3*6/0 bc3 Xd	e-.fJgh	i���7 keV

jk�lmnoKp/0 q
� Xdrs�btu'(sKvp-7 wsGH�Jxy#Az{�|
}���~��0 ��*U 0.5 keV�#At'��3��
7 q
�7 1.2 mmy
.������
��	�n-�0 �����	��������n-7 a�3 1020 cm�3� ��� 30 eV�����
��� !"#$� X�%��& He-like'(	�)
�*+�,#�%-./$012&3�4
/50 Chandra�6
 7 CYGNUS X-3, VELA X-189�:;<=	$�> � �?@�0A
74  8 � )
���B���&C. DEFG H�I��J?!K� Chandra�LM&NO5!?
.PQ�&K*#� 3��RS��F��T 7EF&U./$������� 74

1. # $ % �

�������89V WX�Y��Z(	�
C7�&�[X  �! 74��0"#$\ �
]^� �C*%&�_�'`�a(0bcJ8
X� 2#)�*+ 7$4 d !ef,,0- 
! DY�gh4 !ciO8.� $Nj�K.#�
k&-l4 /� 1#� J#m#1ngc95o 
7G $� /?!?74 D�gh� p0Kqc*rs
01t!C7�&-l4u*+ 10#v289�!
ciO8.*h!.#�k� 40w3�0xy7r
z4{� |5�}66�~t/�U.89� 2�
z 3�z$! `t!� �L `�7$n� !
�� 2�z�t!4���0 79� ��	��

�=&��894���4 
������0�
&dh*�207?�+ 7u�K� p0K�o

57��&x�c7j9�o ?0$ 8��*
?G $! 74
d�d���58$?j�K9��&� ?�

�0�: !C7;��U.4 8����<�s
��<=��0��� 7�� D�*9��>�
?��@� 0-./$�*t7G $;��AB
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 !Dh&F ?89&UX� D«n0E�¬�
­ &�??89® !F ?89*�&-4

X�GS¯*+&6
g5!?.%��HI
°�����12�J±120²t7�&³´ 
7?4 Cyg X-1�CKg5.¡j*� F��<
µ�	$LS89*.M¶GS�·`� F��<
µ�	�BX�KLSKN�=¸�¹O !?

Y� Pº
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��
������� ��� 107 K

(keV)�� !"#$�%"&'(��)*�+
,-.�/� 01 123� 4 
��
� 56�
%"&'(���789:���� ;<���=
�� (Tr)� keV�� �=)>?@A��B1)�
-��>? ��8 XCD.EF�GHIJF
K&LM���NO��P XCQRST� UV
WXY 2 Z 6[\�
%"&'(��]^S/,� _�`a� bc�

a/d efg'ha)ij�akS;l�j/
XCD�mnNO��F8�� 4 _S� Cyg

X-3�%"&'(��o	QR�ia)ij.W
pM�Fq�� ASCAr Chandra/d XCN
OsatM�M�P XCuv'h���1 2 
�j�efg'hatM �wx/ XC.� 4
 XCS6yz
EP{|}� �~� ���f/
d keV�� �C�;<�NO��F8�� -
�M �C���� 10 eV�� ia�� �`
� XCSz
E� H-liker He-like�/�P{|
}/dtM����F8�.����F8�3)�
_�`a XC�a VELA X-1�B8F�

Chandrasa�NOEP XCuv'h� ��

/������M���/��F8�4)� - 

XS� KallmanM���EF�P X-STARe�
�.8jP8����/�z
)���`��
e��)�8FNO.����  ¡)¢�F8
�� VELA X-1 uv'h��B8F�P.p£
SiXIII 0He-like{|}3 tM 6.6�6.8 AÕ (1.80�
1.88 keV)¤� ¥B �C�B8F¦�C.§
¨C�;l�� ©�S����F8�.�
�
�F8�5)�

1 1 XC�a |ª�«1 023 .� 4 ¬­®�¯¬­ |ª�«1 0°3� ±²³�´�Sµ¶E� �=�
�� 0.5 keV !"f'y·) 160 ps A� ¬­®¸�¹ºS�P�

1 2 XCNOsa Chandra�.MpP Cyg X-3

tM�=��� XCuv'h�� Co, S, Ar,

Si/d �C�efg'hatM �w X

CS��z
EPia��tM�=��F8
�3)�
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��� /09:��1 L�MN%��)
����� OPQR�OSTUV*W+,*3�
-.� �/��X���BYNB��
/09:�0NZ�%1 %�.
 -1[26

343L�� 5��6\
]7^UV8 (Liv-

ermore, Los Alamos, Sandia)�_9�
��:�
3`�5��NB;8
]<��	=+a>b?
���`�
@A� Bc� d	
1Ce

�)
�f�� DE�B'ghijk
lm
1�UV
����� OPQR�OST9:��F>G
n
����5��

1. o4 (Verification)

2. 4� (Validation)


 2HI�Jpq�L��KM���� -o46 �
�� OPQR�OST�MNL	r�s���t
'gu(v5����%�� MN
wx�L
�� .��� -4�6 ��	yO
?z�&
1

��������{y�N�%�L�� OPQ
R�OST�|t}P
�+� L	r�s3�)
���LL�
�� .���{y�N�%�� 
wx�QN~��n���N��L� � �n�
�� �R
=�ST
�	
�	
1�)��

���?z�&
����
�� UV�N��&
����{y�N�% -4�6 �5���
�
���
��3WXY�L�Y� %�
=�ST���� Post�
;<3�]Z[
2

\��d	�]�]�&
��f �� 6\

-�	��^��B]7^
��d	6 �_`
SBSS# 
�a"�b�5����� 1996�


CTBT �c�
]�&��de#fg�� �G
]
�&��N
t
�B� �%�� 6\�]7^

2\�UV2����h�B��.n�� 4,000�
�%�� NIF (National Ignition Facility)7)�� 
�>R������r�UV83�i�B� �&
�j�
P�k<�&�� ]7^
���
UV
2�43�1[2 �i/2\# �����/��
L�� l�t�A�\
9:m�
LCn
o�
Wp�����q
;<8)�/���BYNB
��
�%�� r�3� ]7^UV8�L���r�

UV8�� st
u�� ]7^
mv
w�
x
�
1� �yz��
 21�@3�%30NZ�
%?������ 08� 4 
6\�	:¡�¡
(at St. Louis)
{|¢£� NIF
}~�*
 Ed

Moses� -�t
�L�n��¤¥
 ���
LHC��8 CERN
2 3� ��r�U�� �
>R��� NIF�¦r+,���^9:
\§
¨�3���NB�� .
B>
�������
&��R�	�L�6 �©�B�
5�� ���. � ªB«�n
2 
 keV%
�¬­ keV�®
���3¯���°���5
�Bx±� �30 eV��# 
²�'()*��1

2 
��ST3
����%�UV��B
>� ³�3Wp��2 
 X�y�´
�&�
?z�&�f�B� ��±�� keV�®
���
��&��0���
1Jp\�L��X���
�NB
�� n���>�
�&�L�� X-

STAR���
1�UV��®��,� �t�8
%,
.�µ'()*
�&�p\3
�B�
R���]�+UV
o��	�L� -<�6 �
+,���� ��¶��L��'(Tj��3=
>�¯� keV�®
��°��&�30��N
�� O�
3[ 
� -�&�3P�W�T·j
k���y6 �L��
����� � 2�3�¸�>aR����,�

B��� X�°
0�n �b�� � 3���
P�W�T·jk�32�x±¹ºI'()*
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����������	
��� Cyg X-3, VELA

X-1�
����������� �������
	����� � 4��	���
 !"!	�#
$ %��&'�
�( �)*�+,���	��
��� -.� �����/�#01231��4
5�67�89� :;� ns<10�9 s, ps<10�12 s,

mm<10�4 cm�=��

2. ����� keV���	
��

�� X��

��>� (1870�71)5?��$@ABC/� D
�-EFGH	IJ5�� �K��	LM$� �
NOP� �Q�� !�R
�ST�$U� �Q
� VW�"X�R
	�O9��Y� #$Z5
=�
[/E�\9-�������	]�V�
#9%&5'(�$� ^_!`/)*- %^_!
`�+( 	,a�� +�-��/#$Z�-b�
+.�c9 %@d`��/( P
�e7��,a
�$� �V�� ^_!`f _g!hf��05

��ij� @d`��klP %ml� no�1
2�p5-�\95�35 1	4����5q#
r�(�,a�$�@d`�ml/st��f5�
-u� %1( P56V��
�	vw$� �����
x57�� y8
�	9:�� %�;z( �#9
{<5|i=#$� N7P 1900>� 12}� 
�
?@� 20~��A���BC�=M$�
 !"!�D���R
�^_!`�+	��
N�P�i�\95-M$� �7P %�!d�(
���7�L 3��E�=�� NIF���/� L
3��;��e#�VW 96Fj�����i$+
� G5 !"!	HY�� ����  !"!/
 G(����I5��e7� �� GP@d�
���� �J eV�R
5-�� �/ X�5K�
Yf�k05�#����+� !/"XR
P
100 eV���#"X�L$e7�� N�#"X�
-���MNO(	�#�� ���P�MN�	
Q��� -���Rq7�	 35¡N��
¢£!d��¤5�e-�	��Y.t�� �

L 3 SX !"!2¥¦�§!P��T�-�#
X�5U¨e7� @d`��/5©# X�
�T� !PL$e7�� N�\9-�E	
%¢£!d�( ��J�#�� -ª5�Rq
MN�	Vt�� T� !	L$� X�5
\�Q��«¬�QD	­i¡N�N�P�
i�� ®/� NIFWV��;VW 96Fj
��  !"!	¯X��_°!±L�

L 4 L���²#X�P %¢£!d�(�  !
"!SX³�7KY5� Z(P´�� �eP
0105Uµ�
[	Vt� Z(5¶·[P
\=�$315�#e7�b¸U�)¹	3
1201������ ;L�\9-��g!
�]P^W7�� N7�� º_-�¶·[`

-EPµV�� �a

[�*b2cp»
¼-E5��e7��
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 �����
�� ��
���	���������	�	 4����
�Shock Break-Out� �����	 ��
�� �
!
��"#$�%�&
 '(�����)*��
���� ���+�
� ��,�)-	 3�./
�0�12�� ��3454���
( X��
�678	����
�� �9��� �:;<
=>?@����	
 ����) “Opacity Ex-

periment”9)A 1980����BC��DE� F�
GH� I�	���J!7���( OPAL

K4LAM"� N#�$�%O�P&'�(�	
�QR(


NIF���)S))3454��-�P� T4
UV���*�+,��	��9�A 300 eV�
�'��W	
 X)�3454�A TrY100 eV

�ZO10)
 ��[�� TrY1 keV�)	�	 3�A
-$
 +��./)3454\�A�<]^_`�
a@bc`�de"�fR���9�� 4g� 
0
�1)�	
 
(�R�� T4UV��-�
X�23�4h�./) 1 keV�ij4`�5�
k	��A67l�*�A)�� 8
-mjno
m�./�W	
 F��� 9p�:qrUsc�
���tu(11)

;v 6 mm�<w 500 mm�rU<xy>,z
�=>� 12?�3454�{�
 3454�|
}@~4A 4 kJ��@<@ 1.2 ns
 rU<xy>
��A�BAC�� VY250 mm/1.2 nsY200 km/s

���,����D
� �E|}@~4��|}
@~4�FC	
 �	����9�� 0.5 keV�
G
�� 0.1 g/cm2��� X��H
���*�
�Bv-,Km���	
 KmA 1����P+

� Km��C�I��'���	J 100 ps�
�� ��9��K(�	

��:q,���	 1/����LM�4
(
�jNOP���� F�=>��-3454�Q
��+��	��� 30 eV����� �
�A
1020 cm�3& �jNrUsc�k	
 F��� :q
���
(����R��� �jN�����	

X����
(
 100 ps�AS��	� ��C�
	�P
�)-��/)��6��TU���V
��	�� *�P ps��4�4�WEWXA)
-


3. �����������	
��

���

<w 1.4 m�Y�Z�����rU<xy>,
z�� M[�-\E���u� F���	 1/�
�������{�7�	�jN�,�]��
	
 F�,Q����A 1.2 mm
 Y�Z�� 12

��^��<w 30 cm�3454� 12?� 3`
s� �7�� rU<xy>,=>�_����
{�7�	
 F�O¡\�A 1015 W/cm2 (Y1022

erg/cm2 s)�W	
 3454��`A 0.53 mm
 �

	 5 3454:q���F¢�j£4¤	
 ¥a
¦�b�§c�)	�A� de,�¨©<w
A 5 mm���� rU<xy>�,z��f
Nª«�fN�¬¦de�g­®¢
� F�
=>�� hi�3454�{��	./�W
	
 ��� 10 Hz���¯Ej�./�W
	
 3454{��� ,z=>Ai�k��
�)E� F��l�:q�°�	
 ����
E|}@~4��|}@~4�F±
� F�
9�� 5mk�²³�� ´E� I*9�A
n-�
���-� µdeKm�¶,7�	
�� ���¥o·�:�*�°�	
 ���
	m@^_p��´E�de�+�
� ¥d
¸�¹º�°�	
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��� � 5����	�12)
���

� ��
����������� ���� �������
���� !"�#$%&�'(� ���)��
*+�,-./0��	
� ��
12���3
4��
56�789:;
< (implosion)�
==� >?@5A�
� (explosion)�BCD3 >
?@��-EF�G4������ 
<�H�-
EF�G4�3 4��� I��JK��LM�N
O��PQ13)3 RQ� XST�U�VWX#%Y
Z��NO�H�� [L\�] 2�^ 4_`3 (Q
�Pa� bc�.
<��Qde.� 5��
5
�fgh
5ij� 5kalm5��n��de

5�3 4�deoi��':p9&q�� 6�
��3 Trr500 eV�� s9��
bct�u.
�vmwx�3 4��
5�'� 160 psyv4�
�z{�|oPQ3 
<de��}� 50 mm��
n�� 500 eV�� s9��;de~�oi
950 mm
�Q$��� !"
�'x��� ��
	
� ��u�� x. xrL/(nR2)�10 [erg cm/

s]�5�� �	
���G4�4��|o�14)3
H(� Trr1 keV�b������ xr320�5��
JK�����
H��v3
4��';,-�$����
�'(aH keV

 ���'.z{��5=3 4�.,-$���
!"#���x��Q����3 RQ� 
<oi
�!�'5(�� $��*
�=����;�'

(a 30 eVD��� !";��(aH� keV 
�� XS.�{��5=3 
<����$��
� !"���F|���� 500 eV�!�'
�
��	
� !"oi� keV ���'��{
���3 � s9�����9�. hnr2.822 Tr

(r1.4 keV)���� Li-like, He-like�	
��q
��.���� 523 eV, 2.44 keV���4�o
i� �� He-like��S�{���aH$=3

Cyg X-3� VELA X-1� Chandra�:p9&
q�{t�u�
�� He-like Sioi��%S��
�� ��Si(�gh
¡&(Q3 bc�'i
�Q:p9&q�(�{�¢£;� 7
)kQ3
Cyg X-3�.¤io��*�¥�+¦(a=�O

¡§3 bc¢£��{t�u;�v¨�(a=
�4��|o�3 44�� hnr 1.863 keV.
He-like$���©s� 1s2p�1s2��%ª¦
�

� 6 �~� «¬�bc�'i�Q
<� !"o
i� XS:p9&q3 �­
�'n��
400, 500, 600 eV�� s9��;®x3

� 7 (a).����bc�'i�Q$���
He-like�©soi��':p9&q3 hnr
1.865 keV.�%S���� ��¯
�°d
±���3 1.855 keV
��9;H°�.²
f³´ª¦
��H�3 ���i
¯ 1.84

keV�,�µ.� ¶
 3-�·@S�f5�

��4��¸¹�./(Q3 (b). Cyg X-

3oi��'3 ¤io��*�¥�+¦(a
=�3 (c). VELA X-1�ºF3 bc�:p
9&q��v»a=�3
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������� ��	
� ��
�������
���������
����� !"���#
�$� % 7�&'�(& hn)1.840 keV���*
+����,�-!"�5)� �./���012
3456�7"!8� 9:��
;�<=>=
?@��ABC�D3% 8EFG� ��45�&
�H�IJK& t)150 psE��� ��& t)300

psL�M��
� N,O&PQR$�ST-!"
���
U��� L9� He-like=?@L����
 !"���
U���
VWAXYZJ[ HULLAC� He-like<=>

�\]�^_2`Jab�*+BC3cd!e�
�� f	*+�*+BC
 0.08 ps����Eg
-���*+& 108hi"�jL$� 1s2s
;E�
�=?@
 1s2p
;E��=?@�$ 1kh�
Rlm-�n o./���EpqA�rA�4
�� �"�� &st�uO#pv���	
�
��r"�Hu�� Lw (n)2)������B
C& 50 ps���� ������� 1s2s
;�=
?@& 1s2pE
d 8x#�Rlm�y�"��
&�z� ���&��� �"�{|�dy��
�� pBE� ���
}~������
� X�
&���BC�l�34�G�������iB
CEU9$��-�n�&����� ��	
�

��BC&f	��pqA�BC�����
.
/�E��-9� XY��
����&� fp�
��� David Salzmann������r-!�-
"15)� He-like=?@E�G���&� 6�E\-
"�

% 8 500 eV��H�A� X�3���A 30 eV

�<=>E�H-9�y���
;�BC�
D���45,�� �H�IJK& t)150

psE�$� �����& 160 ps�

% 9 ������6�� L�� <=>� Be-like

=?@
�$� ��EKw��Y
���
�� X����G��� Lw��Y
Kw
E ¡�E*+G�� ��¢� #� 1£� L

w��Y��¤¥�E�$� *+^_2`J
& LwE���Y
�"uO�$¦R���

% 10 ./§¨3�"9���� X��©Kª2�
�=@��«3¬¡G"��EG�9­� �
=@��3®¯�E°R-!�"!"�� G
��� ±�²³r"�H&f	��� ´E 3

�����
¬|�� µ¶·E¸¹ºC*+
E��¦"(#¬|��
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��� �� 1.84 keV��� ��	
 ���
�
�� �����������
�� � 8���
����� Be-like�������� �!"��
#$�� � 9���� K%��&�	%�
'�
#�(��� L%����&��)"�� ��

� L%��*�+,��& -�.
�&
 ���/
�0���� #��)12345�6����7
$�� .
�&�8&9�:5;��<����
��"���� �)12345�6���=��
>�� ?�� .
�&��&���@A�*BC
��0���� @A�D��EF�>G�� 12
345�H�����
"�� #��C� I !
�J��"�K�L�����MN�� #O�P
QRS�� 10���� 3$�T�.
���>
�� P%U��I&� DhnV7 eV�J��C�	
W�X'� +,��	�'YP%�$Y���

4. � � �

Z'K[<"$\ �#]^�_`a	bc:
d53�(e
 �>��
�� ��_`a	bc
:d53<��$\� f)�gh�'�i��>
���>��e*<#����$j<+k'�?
?#]��lm"�����n�� ����>f
)���,o#]���lm< �#]^f)��
(Laboratory Astrophysics)
16) �� �W5p5f)
��
 (Laser Astrophysics)�q�r�s ��
�� �7$�t�-.uv� �LA
 �0��
$w�/x'����W5p501���23
� TrV0.5 keV�456y<#]^�F����
�n�� e!� ��7< 1 keV�8z�9:*'
Y��� ��56���{�;|b}~���

�<6�$� He-like�L�@�:�3�
Chandra���N� X�=
�� 2>�@�:
�3<���e'�� #'Y#]RS��?I@
�=� 6���"����12345A�M�$
��	���B�� CD�%�RS��EF�$
���>�G�)���L���>�� H� 3$
�.
��	W�X'Y�I�$Y�����J

���>���
�%�5��K!��8'� I@��C���

�L��>��M�� G�'Y*NO�FI'�
�5X�P�'Y��<IQ'���"����
T�>�� ��
�� �5X�RS�L��>�
�G�� G���>��e*��7PQ�RS<
�T'Y������>�>�� �$����5
X�RS���<"�Y�I'��N�� �T�
>���U<L��V=('Y� �W>����
3�*�%RS<�e"���X'>�$\�%
�5���Y'����U<ZM'����N>
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X-Ray Astronomy of Binary Star with

Mini-Compact Object Created by Laser

Driven Implosion

Hideaki TAKABE and Shinsuke FUJIOKA

Institute of Laser Engineering, Osaka University,

Yamada-oka 2�6, Suita, Osaka 565�0871, Japan

Abstract : In Osaka University, we are promoting

Laboratory Astrophysics Project with large-scale

intense lasers originally developed for laser fusion

research. Here we introduce one interesting

example experimentally demonstrated recently.

When twelve beam lasers with 30 cm in diameter

are focused on the surface of a spherical shell

plastic target with 0.5 mm in diameter, the

surface of the target reaches the pressure of

several tens Mbar and the inner part of the shell

is accelerated toward the center with velocity of

about 300 km/s, and the core temperature

reaches keV and column density of 0.1 g/cm2 is

realized just after the material collides at the

center. The spherical core is optically thick to

X-ray and it becomes a strong X-ray source.

Regarding this core as a compact object of X-ray

binary, we have carried out a model experiment

of the photo-ionization of the surface plasma of

the companion star. We obtained clear evidence

of the photo-ionization with He-like silicon ion

line emission, when the keV thermal X-ray is

irradiated on the relatively low density surface

plasma of silicon with density 1020 cm�3 and

temperature of 30 eV produced by week laser

irradiation. We have obtained a good agreement

of the spectra with those from CYGNUS X-3

and VELA X-1 observed by Chandra X-ray

satellite. The hump observed at low energy side

of the resonance line, however, is identified

theoretically due to three satellite lines emission,

although it is reported due to forbidden line

contribution in the analysis of Chandra data.
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