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S�Ø L§¥õ�¥�q�Cz5Æ�ïÄ´.5�åàC�Ø%SN. |^��¤�Eâ�±Jp$ Z

á�©.¡¤��Ý�A:3 1/�.-1C�þmÐ
�'ïÄ.¢�ÏL-1� Ti qÚ��:�1��ª
�) 4.75 keV � X���:, �éS�Ø L§¥�q��¬ÝK¤�¼�
�ß�õ�¥�q�ã�, �m©
EÇ`u 10 µm. Ó�|^��6NåÆê��[§S©Û
¥�$Ä�L§,¢�(J�ê��[(JÎÜ�Ð.

L²
 X����¤�Eâ3pUþ�ÝÔn�¸eE,U
Jp$ Z á�©.¡��Ý, ¼�p�þ�Ônã
�, U
2�A^u��àCU!UNÔn�c÷�Æ+�.

'�c: pUþ�ÝÔn, .5�åàC, ��¤�Eâ, õ�¥�q�

PACS: 87.64.mh, 87.59.–e

1 Ú ó

.5�åàC (inertial confinement fusion, ICF)

´8c<a¼��'!��àCU�Ì�å»
��. 3 ICF �ïÄ¥q�´�;àC��-��
�¥ÙÌ�(��)��íN�!��-��Ú
¥��¡�. �c�S�q��O¥�
~�a
| - �VØ½5���·Ü�A!7 M �U6
���ý9�A�Ø|Ï�é�ªàC:»�)
K�, q�¥� (=�¡�)   ¬æ^õ�(�,

Ùz��þ�$ Z á��¤ [1,2]. q��(�|¤
¦�DÚ�ÄuáÂ�n�¤�EâéJ¼�p
�þ�q�ã�, �S�Ôn�ïÄ�5(J.

��¤�Eâl,	���¡\Ã, |^M X

��ò�Ç¥�£Ü©'áÂÜ©pn�êþ?
�A:é$ Z á�¤�, l¼�p�þ�q�ã
�. IS	ïÄ<
l 2004 cm©|^��¤�

Eâ3 X 1Å²�eé ICF q�?1ÿþÚuÿ,

¤õ��q�¥��©�(�, ¿ò���q�ë
êÿþ�Ì��{ [3,4]; l 2010 cm©3pUþ
�ÝÔn (HEDP) �¸e|^��¤�Eâé$ Z

á��¬¤�. ù
ïÄ�,¼�
ÐÚ�¢�(
J [5,6], �´3pUþ�ÝÔn�¸e�éS�Ø
 L§q��¬�Ä�¤�E,�3X¤��m
©EÇ�¦p, �¡�¡�o�¦p, D(¶-�
¦p�J:, ImÐ?�Ú�'ïÄ.

�©± 1/�.-1C��¢�²�, |^
��¤��±Jp$ Z á�©.¡�Ý�A:, 3
pUp�ÝÔn�¸e, ïÄS�Ø \��ãq
�¥� (=�¡�) �CzL§. ¢�|^-1�q
Ú��:�1��ª�)
 4.75 keV �OüU�
:, ÏL�¡�¡�oÚÈ¡`z�ª¼�
�
ß�õ�¥��q�ã�, �m©EÇ`u 10 µm.

Ó�|^��6NåÆê��[§S©Û
¥�
$Ä�L§, ¢�(J�ê��[(JÎÜûÐ.
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¢�(JL²
 X����¤�Eâ3pUþ�
ÝÔn�¸eE,U
Jp$ Z á�©.¡��
Ý, l¼�p�þ�Ônã�, U
2�A^u
��àCU, UNÔn�c÷�Æ+�.

2 ¢��O

�©�ó�´Äuþ°1Æ°�Å�ïÄ¤
� 1/�.-1C��¢�²�Ðm�, TC�
äk1l´ (� 260 J/1 ns/351 nm) S�Ø °Ä-
1Ú1Ê´ (� 1000 J/1 ns/351 nm) �1-1. ¢�
æ^�q��¬�» 250 µm, SÜvk¿��í
N; ¥�þÝ 20 µm, �)
ü�(�, ©O�à�
¯L (PS, � 10 µm) Ú%� (CH, � 10 µm). ¢�æ
^�P¹���U90ý X 1�¡.

� � ¤ � EâÌ � �¢y �ª©�Z�
{ [7]!û�{ [8]!aÓ¶��{ [9] Ú1»}�
{ [10]. Ù¥Z�{Úû�{I�²11âU¢
y1»}�{8c¿Ø¤Ù, ¤±ÀJ
aÓ¶
��{��Ì��ïÄ�{. aÓ¶��¤��
nXã 1 ¤«. |^�r� - Ä�¿Åû�¼�
� N�, l�ª3¤�¡þ¼��ÝOr�ã
�. T�{¢y�'�3uål�ÀJ, 1��
¬�ål R1 �ÀJÌ��
�±1�ý��
Z5v
Ð, 3ùpæ^�Z�Ý�Vg5£ãT
¯K. ��5`�Z�Ý lcoh = λ(R1)/s (R1 ´1
��¬�ål, s ´�à�1��, λ ´Å�)

I�����þ?âU÷vI¦. 3 1/-1
C�õÇ�Ý��e, ÀJ 4.75 keV (� 0.26 nm)

U:� X ����1, Ù��º� 7 µm; 3 
1/-1C�1´��eÀJ R1 = 20 mm, �
ªT�OeÙ1��Z�Ý�� 0.7 µm ÷v
¢�I¦; �¬�&ÿì�ål R2 �ÀJÌ�
´÷v�ÝD4¼ê (CTF) ���4��^�,

= R2 = (2k + 1)(2λu2)−1 (k �g,ê, λ ´Å
�, u = s−1 ´¤�XÚýOU����mªÇ).

3 k = 0 ^�e, R2 � 95 mm, ù�ål�éuq
:LCØ|uD(�o,�¡�¡�¶-. 3 k = 1

^�e, R2 � 285 mm, ù�ål�é5`'�Ü
·. e R2 ål2O\, ò¬��ã��m©Eü$
±91�Ý~f�Ø|Ï�. nÜ�Ä�ªÀJ

 R2� 285 mm ���¬�&ÿì�ål [11,12].

� � � �
ã 1 aÓ¶��¤�«¿ã

�©ó�ÏLn�Ü©�¢�ÅÚí?. 1�
Ú´��:�1�¢�, |^põÇ�Ý-1ì�
qÔ��p�^¼����u 10 µm ��:; 1
�Ú´·�q�¤�¢�, ÏLÓ��q��¬�
���áÂ�é'(J, âÑ��¤��`³; 1
nÚ´S�Ø Ä�q�¤�¢�, ¼�q�Ä�
��ã�, ¿ò¢�(J�ê��[(Jé'.

3 ¢�(J

3.1 ������:::���111¢¢¢���

aÓ¶��¤�I¦����3 10 µm �
m��à�:1��¢�^1, 3põÇ�Ý
-1ì�qÔ��^L§¥, �)� X ��1
���Ï~´d-1����5û½�. B
¦?�r-1ì��  3Az��þ?, Ã{
��¼�Ü·�:1, ¤±ÄkmÐ¼��:
�ó� [13,14]. �©æ^��:�1�/ª5
¼��:, Ù¢�üÙXã 2 ¤«. 1Ê´-
1 (� 200 J/200 ps/351 nm) 5\�1qþ�)��
�»� 150 µm!U:� 4.75 keV � X 1 (�1
qá�� Ti), ål�1q 4.4 mm �� 20 µm þ
� Ta ¡�����¶-�1qÜ©�)��þD
(, Ta ¡þm�»� 10 µm ���, ÏL����
å, 3��?/¤g?:1. ¢��O¥I�ò
����Y²���� 15◦ ��, ���q�)�
�¡�¡���í?\&ÿì, ù�������
¦���3Y²���Ï1�» �� 7 µm. ¢
�¥�
¼�OüU� 4.75 keV � X 1, æ^

õ�|ÜÈ¡ (200 µm Be + 4.7 µm Al + 2 µm

Ti) �/ª5ÈK$UD(Ü©, `z
1�ü
Ú5. ¢���¬æ^q��, ±Ï©O� 50 µm
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Ú 25 µm. ¢�(JXã 3 ¤«. ÏL��:�1
�±¼��ß�pé'Ý���ã�, �m©E`
u 10 µm, ù«#.�Äur-1�Ô��^��

:U
÷v��¤�Ôn¢��I¦ (ã�¥Ñ
y�çÚ�:´du�¡g�¤��, é¢�(J
E¤�½�K�).� � � � � � � � � � � � � � 	 
� � � 
 �  � � � 
 � �� � � 
�� � � � � � 
 
 � � � � � 
 
 � � � � � � 
 


ã 2 ��:�1¢�üÙ

� � � � � � � � � � � � � � � � � � � � ��� � �� � �� � �
� 	

� � 	 
 � � 	 
� � � � 
ã 3 ��:�1¢�(J (a)���¬ã�; (b)���¬rÝ©Ùã

3.2 ···���¢¢¢���(((JJJ

1�ÚmÐ
é'5�¢�, éÓ�q��¬
©OÏLáÂ¤�Ú��¤�¼�¢�(J¿?
1é'. ¢�Äk|^�à� X 1Å¼�q��
¬�áÂ�. �â�ÝD4¼ê, ��¬�&ÿì
�ål R2 �"=�¼�XáÂ�� (¢S¢�¥

òq��¬��u IP ¤��þ5¢y�¬�&
ÿì�"ål). ,�òÓ�q��¬A^u-1
�q¢�, ¢�üÙ���:�1¢��Ó. ¢�
(JXã 4 Úã 5 ¤«. ã 4(a)�áÂ�, ã 4(b)

����. é'áÂ�Ú����±w��,d
u%�á� (�Ý 0.97 g/cm3) �à�¯Lá� (�
Ý 1.05 g/cm3) þ´d C, H ���¤��Ý�É4
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�, l¢�ã�þØU�*/«©q�ü�¥�,

¿�du-1�lfN X 1�'�u X 1Å
äk���D(K�, Ù¤��þ�é��; �´
ã 4(b) ���¢�(J¥q�¥��S	.¡ä
k²w���¤�A�, =¥�S.¡äkV�,

¥�	.¡äk�� [15,16]. ã 4(a)áÂ�¢�
(JKÃ{*ÿ�ù«Ôny�. �ó�, ��¤
��±�²w!�ß/©EÑq�¥�S	.¡
� �. ù�A5¦���¤�Eâ3 ICF �ï
Ä¥, cÙ´�
��¡�CzL§;��'�Ô
nþ (~XS�6�!�{�þ!·Ü�A�) �

ïÄ¥�'�uáÂ¤�äkwÍ�`³. ã 5(a)

�ã 4(a) q�¥�Ü©�rÝ©Ùã, ã 5(b) �
ã 4(b) q�¥�Ü©�rÝ©Ùã. ÏL¥�rÝ
©Ùã�±²w/w�áÂ¤��U¼�q�ü
�¥��m%��Úà�¯L��©.¡; ��
¤�(JL²3q�¥��¥% �Ñy
%�
�Úà�¯L��©.¡, %��þÝÚà�¯L
�þÝþ� 10 µm. ¢�(JL²
��¤�U

k�/Jp$ Z Ô�©.¡?��Ý, =¦´%�
Úà�¯Lü«A�vk�O�Ô��U
²w
/«©m5.

� � � � � � � �� � � � � �
ã 4 Ó�õ�¥�q��¬ X��ã� (a) |^ X 1Å¼�áÂã� (�¬�&ÿìål�"); (b) |^-1°Ä X ¼
���ã� (�¬�&ÿìål 275 mm)

� � � � � � � � �� �� � �� � �� � �� � � � 	 
 � � 
�  � � �� �� � � � �� � � �  �� � �� � �� � �� � ��  �
� � �� � �

ã 5 �ã 4 q�ã�¥�Ü©rÝ©Ùã (a) |^ X 1Å¼�áÂã� (�¬�&ÿìål�"); (b) |^-1°Ä X 1
¼���ã� (�¬�&ÿìål 275 mm)

3.3 ÄÄÄ���¢¢¢���(((JJJ

ïÄ��¤�Eâ��ª8�´òÙA^

uS�Ø ¢�¥, |^Ù�±Jp$ Z Ô�
© . ¡ � Ý � A : 5 ¼ � p � þ � q�Ä �
ã�. �dmÐ
1nÚÄ�¢�, ¢�üÙX
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ã 6 ¤«, 3·�¢�Ä:þ\\
oå°Ä-
1 (� 50 J/200 ps/351 nm) ü à � � ° Ä Ø  
q�. ÏLUC1Ê´�1-1�oå°Ä-1
�ò´�m, |^�¡P¹S�Ø L§,��
m : � q�Ä � ã �, ò ´�m © O� 200 ps

Ú 1000 ps.

1Ê´�1-1 (� 200 J/200 ps/351 nm) ò´
°Ä-1 (� 4×50 J/200 ps/351 nm) 200 ps �¢�
(JXã 7 ¤«. du�1±Y�m� 200 ps,¢S
þ�¡P¹��S�Ø �m� 200 ps—400 ps �

áóÀÈ©L§. lã 7(a) �±w�3S�Ø Ð
ÏÉ�-1Ëì��> (m>) ��É�-1Ëì
��> (�>) Ä��q, vk²w��É; ã 7(b)

´q�¥�É�-1Ëì�>�[!ã, l¥�
�±²w/*	�SÜV�Ú	Ü���(�;

ã 7(c)´ã 7(b) ¥��rÝ©Ùã, lãþ�±w
�%��Úà�¯L��©.¡Ñy
Cz, ¿�
´?u¥�¥%, d�SÜ�à�¯L�þÝE,
� 10 µm %��duÉ�-1�¡�K�þÝ
~�� 6 µm.

� � � � � �� � � �� 	 
� �  � � � � � � �  � � � � � �  � � 	 � �� � 	 � � � � � � � � � � 	 � � �� � � � � � � � � � � � 	 � � �� � � � � �
ã 6 Ä���¤�¢�üÙ

� � � � � � � �� �� �� � �� � �� � �� � � � � �� � � � � � � �	 
 � 	 � � 	  �
ã 7 1Ê´-1ò´o´°Ä-1 200 ps ^�eq� X����ã� (a) �Nq�ã� (-1lã�m¡5\); (b) -1
5\¡¥�[!ã; (c) ã� (b) �¥�rÝ©Ùã

148701-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 14 (2012) 148701

1Ê´�1-1 (� 200 J/200 ps/351 nm) ò´
°Ä-1 (� 4×50 J/200 ps/351 nm) 1000 ps �¢�
(JXã 8 ¤«. du�1±Y�m� 200 ps,¢S
þ�¡P¹��S�Ø �m� 1000 ps—1200 ps

�áóÀÈL§. lã 8 �±w�3S�Ø ¥�
ÏÉ�-1Ëì��> (m>) ��É�-1Ëì
��> (�>) �)
²w��É (çÚ��Ü©L
«q�Ð©��), m>�¥�3É�-1Ëì�¹
e�¡� (=¥�Ü©) A�?u���1G�, �
Ï�Tq�SÜ¿�¿��-�íN,�¡�¿�
üX»��.��	�Ñ, ´�¥%�kÜ©$
Ä. �é��>�¥��É�-1ËìE,U
�
±·�����G�.

� � � �
ã 8 1Ê´-1ò´o´°Ä-1 1000 ps ^�eq� X�
���ã� (çÚ��Ü©�q�Ð©G�)

4 ��6NåÆê��[

Ä u¢� ^ � æ ^ 
 ��6 N å Æê
� � [ § S ? 1 
 ê � � [, � [ ¥ æ
^ 200 ps/10 14 W/cm2 �-1þ!¥.é¡S�
Ø q�, q�ëê��» 270 µm, ¥� 20 µm

��¥, q�SÜØW¿íN, ¥�á��%�.

�[(JXã 9 ¤«. lã 9 �±w�, 3S�
Ø   Ð Ï (0—350 ps), q�� N A � v k $ Ä,

�k¥��¡�Ü©�ú/ SÜ$Ä; 3ù�
� (> 350 ps) q�m©wÍ/$Ä. duq�SÜ
¿vk¿í, 3S�Ø L§¥q�¥��Ñ��
î. 3 1000 ps NCØ �Ð©�»��� (��
@�ù�G�e�S��Ý�����G�). ê

��[(J�¢�(J (ã 7, ã 8) �', 3S�Ø
 q�$Äª³þÄ�ÎÜ, �´ê��[(J'
¢�(J�Ø ��¯�
, ùÌ�´Ï���6
NåÆê��[§Svk�Ä¢S¥���*Ñ
�A�Ï�¤E¤.

� � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � ��� � � � �� 	
 � � � �  �：� � � � � � � � � � � � � � �
 � � � � � � �
 

� � � � � �
ã 9 ��6 N å Æê� � [ ( J (° Ä - 1 200 ps /

1014 W·cm−2, q�Ø¿í, �» 270 µm, ¥�þÝ 20 µm)

5 ? Ø

nÜ©ÛÔn¢�(JÚê��[(J (�
ã 7, 8, 9), �±òS�Ø ¥�\�L§©�ü�
��²w��ã. 1���ãÔnL§{ü£ã�
�°Ä�¡¥�	L¡�, �)���¥%DÂ
�ÀÂÅ, �ÀÂÅl¥�SL¡DÑ��ò�)
���	DÂ�DÕÅ, ��TDÕÅDÂ�¥�
	L¡, ù��ã¥q�É�°Ä�¡�S�ú
\�í?, �´g��NA�Ø£Ä. 1���ã
ÔnL§{ü£ã��DÕÅDÂÑ¥�	L¡
��, ��q�m©ì�\� ¥%$Ä, ��	
Ü�¡Ø�SÜØr��, ,�q�òCq!�G
�±��S��Ýw1. ÏLÔnL§©Û�±w
�, 3��S�\�L§¥q�¥� (=�¡�) �
CzéuS�ÔnÆ�ïÄ�'�. ,��¡,

S�Ø L§¥�¡�Cz�´�~E,�, 3Ø
 ÐÏ�¡��$ Z $�Ý�%�á�, �
¥
�Ï�¡�ò¬ÅìC�$ Z p�Ý�%�á�.

�éù�AÏ�ÔnL§æ^DÚ� X��áÂ
¤�Å�éu X���1�U:ÀJ�~(J: e
À���1U:�p (> 4 keV), 3S�Ø ÐÏq
�¥�áÂ�féJ¼����q�ã�; eÀ�
��1U:�$ (< 3.5 keV), 3S�Ø ¥�Ïq
�¥�áÂ�rÓ�Ã{¼����q�ã�. �
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´|^��¤�Eâ�±Jp$ Z á�©.¡�
Ý�A:, À�U:�p (5—20 keV) � X���
��1ÒU)ûù��¯K, l¼����S
�L§p�þ�q�ã�.

6 ( Ø

|^��¤�Eâ�±Jp$ Z á�¤�
�Ý�A:3 1/�.-1C�þmÐ
�'
ïÄ. ¢�ÏL-1�qÚ��:�1��ª�
) 4.75 keV � X ���:, �éS�Ø L§

¥�q��¬ÝK¤�¼�
�ß�õ�¥�q
�ã�, �m©EÇ`u 10 µm. Ó�|^��6
NåÆê��[§S©Û
¥�$Ä�L§,¢�
(J�ê��[(JÎÜ�Ð. L²
 X����
¤�Eâ3pUþ�ÝÔn�¸eE,U
Jp
$ Z á�©.¡��Ý, ¼�p�þ�Ônã�,

U
2�A^u��àCU!UNÔn�c÷
�Æ+�.

a� 1/-1C�$1|Úà1àC¥%qÔn�

�ÜÓ���å|±.
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Abstract

The variation of multi-layer shell capsule in implosion process is the most important part of inertial confinement fusion. Phase

contrast imaging which relies on gradients of the refractive index and wave interference is proposed to characterize the typical implosion

capsule. The experiments are performed on the Shenguang / laser facility. The point-like X-ray source at 4.75 keV can be efficiently

produced from laser interactions with Ti target and observed by pinhole- point backlight technique. The phase contrast images obtained

with point-like X-ray source provide complementary information about the multi-layer shell capsule, and the spatial resolution is

better than 10 µm. The X-ray phase contrast imaging shows more detailed features than absorb imaging, and good agreement with

one-dimensional numerical simulations.

Keywords: high energy density physics, inertial confinement fusion, phase contrast imaging, multi-layer shell
capsule

PACS: 87.64.mh, 87.59.–e

* Project supported by the National Natural Science Foundation of China (Grant No. 10775120).

† E-mail: Jiangshn@vip.sina.com

148701-8


