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1 Ú ó

�m4b	 (EUV) ��"�º´<a&ÿ�
���óä��, Ì�^5iÿÚý�K��m
UíCz���¹Ä, ;�ÑÖu�mUíý�ï
Ä, Jø�F�!p©E�¤�*ÿ. ��X¦^
�m�O\, 3$/¥;�^�e$1� EUV �
�"�º¤��þ (ã��é'Ý9þ!5) Åì
eü [1], '�¯K´^uTÅã"�º¥�ü�'
�1Æì�=��È1¡Úõ����ºdu�
m�¸epUâfå�Ëì�ú�AÚå�1Æ
5U�òz [2−4] E¤�.

8c EUV ��¤�"�º2�¦^�õ��
��ºÏ~´d Mo Ú Si �O�È/¤� Mo/Si

õ��, ��þÝ4� (±Ï�u 10 nm), éL¡Ú
��.¡�¦ép (X.¡1w!vk¤©·Üy
��). pUâfåËìw,¬éù«$�ì��
�*(�G��)��K�, ?K�§��¦
¸5U. XJ=lÔnÚåÆ5U��Ýé Mo/Si

õ����º?1ïÄw,�3X4��(J, Ï

d, 3�fY²þïÄ�mËìé§��*(�G
��K�¤��\n)Ëì^�e Mo/Si õ��
5UCz���7Ø����ÃãÚ'�Ú½,

Ó����Jp'�1Æì��|Ëì�úUå
Jø7��nØ;�.

3�m�¸e, EUV ��"�º¥�õ��
��ºó��A����³3	��mËì�¸
e, Ø5g��1f�K�	, �ò;É�f!>
f�pU�»��å���Ëì. ïÄL², �f
é1Æì��»�´û½5� [5]. �få���
Ëì����"�º1Æ5U�òz, ?K�
Ù¦¸Æ·. lá��Æ��Ýw, pUâfå�
ËìU
é1Æì���*(��)»�, �)�
«a.�"�(�, ?UC Mo/Si õ���.¡
G�, E¤"�º¤��þ�²wü$ [1−4]. k�
ud, �©æ^�mËì�¸�[Eâé Mo/Si õ
����º?1�[�fËì, |^ß�>fw�
º (TEM) *	Ëìc� Mo/Si õ����*(�
G�, &? Mo/Si õ���*(��1Æ5U��
m�S3éX9üz5Æ.
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2 ¢�á�9�{

æ^^�í�{�� Mo/Si õ����º�
¬, z¬õ����º´d Mo/Si V±Ï��È3
�1w� Si Ä.þ��¤�, Ù(�ëê�: ±
Ï�þ 7.14 nm, Ù¥ Si Ó±ÏþÝ� 60%, ±Ïê
� 60, Mo/Si õ��¢��¬���±ÏþÝ�ó
�Å�� 0.51 �.

|^�m�¸�[C��)��fåé Mo/Si

õ � � � � º � ¬ ? 1 Ë ì, � f Ë ì ? n
ó ² ë ê�: � f å U þ� 100 keV, Ë ì J þ
� 6×1011 cm−2, Ëì��¬¿S§Ý� 300 K,

ý�Ý� 10−5Pa, ËìL§¥�fåR�u�¬L
¡\�.

ò Ë ì c � � Mo/Si õ � � � � ¤ � ^
u TEM * 	 � î � ¡ TEM � ¬, �( � *

	 3 JEM-2100F . TEM þ ? 1, \ � > Ø
� 200 keV; |^p©EÇ McPHERSON247 .Ð
\�^ X �� —— ý�b	üÚ¤ÿþËìc
� Mo/Si õ�����Ç.

3 ¢�(J9©Û

3.1 ËËËìììccc��� Mo/Si õõõ������LLL¡¡¡���***(((���
���CCCzzz

ã 1(a)��fËìc Mo/Si õ��� TEM �,

du Mo ��fSê�u Si, Ïdã 1(a) ¥�Ú^
«� Mo N��, fÚ^«K� Si N��. ã 1(a)

w« Mo/Si õ��¥y¤©±Ï5Cz�N�(
�, ¿��N��²�, ����m�.¡²ß�
²w. ã 1(b) �p©E TEM �w« Mo/Si õ��
d¬N� Mo �Ú�¬(�� Si ��Ó|¤.

50 nm 2 n m

ã 1 Ëìc Mo/Si õ��� TEM �

5 n m 10 nm

ã 2 Ëìc� Mo/Si õ���p©E TEM �9LÞ«
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ã 3 Ëì� Mo/Si õ��ÛÜ«�� TEM �

ã 4 Mo/Si .¡?�f*Ñ«¿ã

ã 2�Ëìc� Mo/Si õ���p©E TEM

�. dã 2(a) �±wÑ, ¦+ Mo/Si .¡²w���
�é'�²�, �lã 2(a) ¥�´�±uy3 Mo

�Ú Si ��m�3X��é�����
�«�,
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Ï~òù�«�¡�LÞ�. ù`² Mo/Si .¡?
�´�3�½�¤©·Üy�. ïÄL² [6], Mo/Si

õ��kõ«���{, X^�í�{!>få�
{�, �ÃØæ^=«�{, 3X Mo ÚX Si ��
mo�3X��LÞ�, �3 Si þÛ Mo �ÙS
.¡o'3 Mo þÛ Si ��S.¡þ. ã 2(b) w
« Mo/Si õ��²�fËì�, Mo/Si .¡«�C
��éo÷, Ù�Ï3uËì� Mo/Si õ��.¡
LÞ��þÝ�éuËìck¤O\. ÏLép©
E TEM ��c[ÿþ, uyËìc.¡LÞ��
²þþÝ�� 0.5 nm, Ëì��� 1.2 nm, k
«
�²���G.¡(�$��)
²w�� (½
Û), ùòé Mo/Si õ�����Ç�)Ø|�K
�.

ã 3 � Mo/Si õ��²�fËì�,
«�
;.� TEM �, �Ëìc Mo/Si õ�� (ã 1(a))

?1é', uy Mo/Si õ��²�fËì��Nþ
(�E¥y±Ï5Cz, �ÛÜ«� (ã 3(a)) Ñy

 Mo ��Ä Si ��°�y�, �O«�(��
±Ï5$�;�»�, � Mo � Si ��m�.¡C
�o÷$��. ù`²Ëì� Mo � Si ��m
Ñy
��î�¤©·Üy�. ã 3(b) w«Ëì
� Mo/Si õ����G(�u)
²w�Û, �
)ù«Ûy���Ï�Ukü«: �«���f
BL Mo,Si �Ó¼ Mo Ú Si ¥�>f/¤,��
�f, ¿�÷ Mo/Si õ��¥�� �:"�/¤
���í�, ù
í�3ËìL§¥Øä�áÂ�
�f��, ��S�Øå�L Mo/Si õ���|
ÜrÝ�, Ò¬¦ Mo/Si õ��S��G(�u)
C/E¤Û; ,�«K�U´du�fËì�,

3¬N Mo �¥�)
�þ�� "�, � ��
3òÚå¬�NÈ�)ä, l�)AC¦ Mo/Si

õ��u)Û. nØO�(JL² [7], WY�f
Úå�N)ä�3 1—2 ��fNÈ, � �N
)äK�� 0.5 ��fNÈ.

du Mo ��¬N(�, Si ���¬(�, �
�fËì Mo/Si õ��á��, \��f� Mo,Si

��fØ�mÏL¥Õ�^u)�5-E, ò�
Ü©UþD4� Mo ¬��f. �ùÜ©Uþ�
L Mo �f� £KU�, ò¬�)¤¢�l 
�A, = Mo �flmÙ¬� �, 3õ��.¡

Ú Mo �SÜ/¤�þ�� ½mY�f, Ù¥
3 Mo �SÜ/¤�� ÓÌ�Ü©. ± �ïÄ
ó�L², ¬N Mo �SÜ�N´/¤� "� [8].

du Si �f�NÈ' Mo �f�, Ïd� Mo Ú Si

Ó�u)*Ñ�, Si �f�N´ÏL[£?\�
¬N Mo �¥��  �. Mo/Si õ��3Ëì�
Úå�*Ñ�©�ü«�¹, �«�� 3.¡
?, ,�«�� 3 Mo �SÜ, ÙL§«¿ãX
ã 4 ¤«, Ù¥ã 4(a) �Ëìc�fü�«¿ã,

ã 4(b) Ú (c) ©O�Mo �f3.¡?Ú3 Mo �
SÜ/¤� ��*Ñ«¿ã, ã 4(d) Ú (e) ©O
�*Ñ�.¡?��fü�«¿ã. �����
fu)*Ñ�, �3.¡?/¤aq�âG�(
�, O\Ù.¡o÷Ý, Xã 4(d) Úã 2(b) ¤«;

��õ�fu)*Ñ� Si �C°,Mo �CÄ, ¦
õ��°Ýu)UC, Xã 4(e) Úã 3(a) ¤«. 3
dL§¥Ã¦Ñ¬\ì Mo/Si .¡�¤©·Ü, E
¤ Mo/Si .¡LÞ�°Ý�O\.

ã 5 Ëì� Mo/Si õ�� Mo �¥���(�

ã 5 �Ëì� Mo/Si õ��,�«�¼��
p©E TEM �, L²�fËì�¦,
 Mo �«
�u)ä�, /¤�G(�. Xþ¤ã, �fËì�
��flmÙ�~ �/¤�þ�� "�, Ù
¥� "�´/ª��{ü�:"�, ù
� :
"�3�½^�e  �pvà/¤��º�
�� q"� [9−14]. du Si �S��¬(�, Ï
dËì��¬ Si �S�� *Ñ-¹U�$, � 
�N´ÏL*ÑÅìà83�å/¤� ìq,

�� Mo �fék�U¬ÏL� ½Ù¦(�"
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��´»u)Or*Ñ, Åì[£�®/¤�� 
ìq �?, l/¤ã 5 ¤«�G Mo �(�.

50 nm

50 nm

ã 6 �fËì� Mo/Si õ��¥��¡�ú"�

50 nm

ã 7 �fËì� Mo/Si õ��¥!5"�� TEM �

Mo/Si õ��²�fËì�²~Ñy�,�«
"�Xã 6 ¤«, lã 6 ¥�±wÑ, Ëì�ÛÜ
«�õ���¤©±Ï5CzN�(�����,

�)
aqu3p��Ú ��¥*	���l

fN�¡ [15] ��ú/m. kïÄL², 3Ëì�ú
L§¥, �lfN���L¡�p�^=��)L
¡�¡, ��"�!À/9�íÂB�Ñ¬3Ë
ìL§¥�)�lfN. �lfN�¡�ú���
A:�: �¡�ú�¡È���'�½, =¦±
�pUþ�1åËìÙ¡È�Ø¬*�, �Ä�þ
Ø¬UC��1å�A5. �fËì Mo/Si õ��
�, 3 Mo/Si õ��S´Ä�¬�)lfNL¡�
¡�ú±9�)ù�y��Ån, �k�u38�
�ó�¥?1��\�ïÄ\±(@.

ã 7 � Mo/Si õ��²�fËì�*	��
,�«"�(�. dã 7 �±wÑ,Mo/Si õ��²
�fËì�¤©±Ï5Cz�N�(��)
�
 , l�X�ºÜm©����C�¿d�5�²
�G�Åì��>��å/¤².��/"�.

p��9 ��²-1ÀÂÁ��, 3ÙSÜ*	
�
�þ�!5"� [16], Ù/m��©¥ã 7 �
�*/m�q.

��"��±©���"�Ú	Ï"�ü«.

��"�´d��)�Å�Úå�, Ï~Ly�N
S�É!�«!ÎG�(�9õ¬��. 	Ï"�
K�U´d	5"�«f¤Úå�, ��U´dL
¡À/½ÄNØÀ¤�. !5"�K´�«	Ï"
�, Ù¤Ï´�X¥¹k"�«f, "�«f��
3ò3�X¥�),��"�, ���SÜ�º�
"�É9���Ñ���Ò¬�)
!5"�. �
�fËì Mo/Si õ���, �f3�õ��¥� Si

�fÚ Mo �f�-EL§, �X\��f3á�
¥��\ÙUþØäeü, Ü©\��f���È
3õ���A��§�Ý?, @o�f3 Mo/Si õ
��¥K�±�@�´�«	5�"�«f. �
�f3 Mo/Si õ��Su)Xc¤ã�á��^
�ò3õ��S�)���í�, ù«���í�
3 Mo/Si õ��SK���«,��3; �f
3-EL§¥�¬¦õ���)�þ�:"�, ù

,�Ú"���3Ñ�UE¤ Mo/Si õ���
)!5"�.

3.2 ËËËìììccc��� Mo/Si õõõ������������ÇÇÇ���CCCzzz

ã 8�Ëìc� Mo/Si õ����º�¬��
�Ç�. ã 8 w« Mo/Si õ����º²�fË
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ì���Çü$
 5.7%, `²�fËì3 Mo/Si õ

ã 8 �fËìc� Mo/Si õ�����Ç

��¥/¤��«"�(�(¢é��Ç�ü$
åX���^. �8c·��ØU²(/(½z
�«"�3��Çü$�L§¥�ü��Ú. ùw
,I����\![��¢�ÚnØó�âUé

T¯Kk�\�\�
).

4 ( Ø

|^ß�>fw�º (TEM) é�fËìc
� EUV ��"�º Mo/Si õ����*(�?1

L�, ¿éÙËìc���Ç�Cz?1
ÿþ.

¢�(JL², �fåËì�,Mo/Si õ����Ç
k²w�ü$, ¸� ��¬�)£Ä.�(�©
Û(Jw«, �fËì� Mo/Si õ��±Ï5;�
»�, � Mo �Ú Si ��m�.¡C�o÷$��
; 3,
 Mo �«�u)òä, /¤�G(�; d
	�fËì� Mo/Si õ���¬/¤�¡Ú5!
(�. �fËìpu�:"�Ú� q"�(�
î/K�
 Mo/Si õ��¥�f�*Ñ1�Ú
AåG�, �¦ Mo/Si õ��/¤
�«�*"�,

�´ù
�*"��/¤��
 Mo/Si õ���
�º1Æ5U�ü$.
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Microstructures of Mo/Si multilayer mirror
after proton irradiation∗
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Abstract

In this paper we characterize the microstructures of Mo/si multilager in space solar telescope induced by proton irradiation by

transmission electron microscope (TEM). The optical performances of the Mo/Si multilayer mirror before and after proton irradiation

are also determined. The experimental results show that some defect structures are introduced after proton irradiation. The Mo/Si

periodic structure is destructed in some irradiation regions. The widths of Mo layer and Si layer significantly change and the Mo/Si

interface is much rougher than before irradiation. Moreover, the obvious distortions of the Mo/Si interface and the formation of the small

islands in Mo layer are also found. Furthermore, proton irradiation reduces the reflectivity of Mo/Si multilayer mirror. The dominante

mechanism of optical degeneration of the Mo/Si multilayer induced by proton irradiation should be attributed to the formation of the

defect structures.

Keywords: space solar telescope, Mo/Si multilayer film, microstructure, reflectivity
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