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研究成果の概要（和文）：超短パルス・超高強度レーザー技術による高輝度Ｘ線光源とＸ線光学素子を組み合わせて細
胞程度まで集光可能な軟Ｘ線マイクロビーム照射装置を開発し、細胞試料に照射して誘発される放射線生物損傷の生成
メカニズムに関する研究を実施した。また、マイクロビーム照射や軟Ｘ線顕微鏡へも応用可能な高原子番号金属材料を
用いたレーザープラズマ軟Ｘ線源の開発や軟Ｘ線用フレネルゾーンプレートを用いた軟Ｘ線顕微法の開発を行った。

研究成果の概要（英文）：Techniques for generating high energy bright short-pulse x-rays have been develope
d with utilizing intense ultrashort laser pulses. X-ray focusing optics has enabled focused x-ray beams of
 micron spot size in soft x-ray regions. The short duration of laser produced plasma source could be a new
 source in contrast to conventional x-ray sources in investigating the mechanism of the radiation effect o
n biological cells. We investigated whether the soft X-ray laser induces the DNA double strand breaks (DSB
) and single strand breaks (SSB) in living cell or not. The appearance of DSB induced by soft X-ray laser 
was significantly different in that induced by a conventional high energy X-ray source. We also demonstrat
ed an efficient extreme ultraviolet source for an X-ray microscopy technique, and developed a grazing angl
e incident reflection type soft-X-ray microscope using a Fresnel zone plate.

研究分野：

科研費の分科・細目：

複合新領域

キーワード： レーザープラズマＸ線　軟Ｘ線レーザー　放射線生物影響　マイクロビーム

量子ビーム科学・量子ビーム科学



Ĳ� ñ� ǣǗǚǡ�ǤǗǚǡ�ǦǗǚǡǕ¡Ưǖ�

ǚǘŢũǂ×ô¨:ƂĠ 
 
(1)Ʃ XŻŋáƏſ6ĒáŻŔŌöǎ 
� ĒáŻĻŚEĒáŻöǎŢũ5;�ŷƃǈ

Ç9Ɵś)JIĒáŻŔŌöǎ:ŢũL²ŕ

ŞŻ®ưÅEĒáĀ¿��L©ŕ*4ƋKJ

4$0#�90í�³<FHųÙŻEǥŻLŕ
�0oQUxh{qŋáƏſ9FIŷƃwl

v:ĒáŻŔŌöǎ:Ţũ#ĝħ�ŲÉ�Ķ

ç:®ưÅĜƚL�ý9åǂ)J4�I[1]�
(JG:oQUxh{qŋáƏſ5;�Ēá

Żŋá)J0´|ŷƃ:ÃƬ:ŋá)J8"

20ŷƃ9!�4Ɵś)JI�fQ[_y`

{¯īǕĒáŻLŋá)J0":F�8¹ÿǖ

[2]�93�4�āÑ�ƴĵıEÃƬŷƃ5:
ƶ�ÙśŒ93�4Ţũ[3]#ƋKJ4!H�
/:�5ĒáŻĻŚ9!&I�ĒáŻƻŋá

9!&IfQ[_y`{¯ī:įƙ#ƳCG

J4�I[4]�/:F�8ĒáŻŔŌöǎ:Ɨ
Ğ9w{X{kt\oǥŻ#Ď3�Ƨšgv

[Ā��ǈ�Ƅ���ÙRevT{¼ÓĀ�

#ĥ¯5�I6ƀ �w{X{kt\oǥŻ

Lŕ�0ǥŻh{qŋáƏſ:ǂś6ĒáŻ

Đ�:ƕß9Ǆ,IŢũLǂ×*0� 
 
(2)Ʃ XŻƘłĈƌ:ǔð± 
� ƭí�kt\oƩ XŻw{X{�w{X{
kt\oƩXŻŃEXŻƆŖǋÙw{X{:
ǂś9FHƧšgv[zǔƫð XŻŃ9FI
ƕßE®è�A0ĒáŻŔŌöǎŢũ:F�
8ÿŕŢũ#¼Ƅ68H33�I�Ʃ XŻ:
�5DĽǀλ = 2.3−4.4 nm :ǏÍ;�ĸ:Ŭ�
6Ä<J4!H�ĸ9?6M7Âº)J8�
¹Ǎ�Ŕ�Lıą,IŇŶ9ó%Âº)JI�
/:0C�(:ĽǀǏÍ: XŻL�ŕ*0ŷ
ƃL/:AAƕß,I(6#¼Ƅ8Ʃ X Ż
ǐüƿLŝď*0Ţũ#ƋKJ4�I#�Ʃ
XŻ:�Ùĕ#ã8�0C�Ń:ǔƫð±9
Ǆ,IŢũ#ƳCGJ4�I[5]�A0�XŻ
ǐüćļ9!�4DĒá�EXŻƆŖǋÙw
{X{Lŕ�0ƩXŻǐüƿ:ǂś#ľś±
*4�I[6]� 
� /(5ħŢũ5;�ŔŌƜĘƕß9ĥ©8
Ľǀ5�Iĸ:ŬǏÍ:ǔƫðƩ X Ż�Ń
:ǔð±9Ǆ,IŢũ6¿ğ9Ƨšgv
[zǔóðw{X{Ĉƌ9FI�w{X{ǒ
°Ƨšgv[Ʃ XŻŃ�6�XŻ�ÛŶÙ�
LŸB¾K.0Ʃ X ŻǐüƘłƏſ:ǂś
LƋ20� 
 
Ǖ·ƀėŐǖ 
[1] Y. Kobayashi et al., J. Radiat. Res. 50: Suppl., 
A29(2009). 
[2] V. M. Sokolov et al., Oncogene 24, 
7257-7265 (2005). 
[3] N. Hamada et al., Mutat. Res. 639, 35 (2008); 
M. Iwakawa et al., Mutat. Res. 642, 57 (2008). 
[4] K. M. Prise and Joe M. O’Sullivan, Nature 
Reviews Cancer 9, 351 (2009). 

[5] T. Higashiguchi et al., Appl. Phys. Lett. 100, 
014103 (2012).  
[6] A. Barty et al., nature photonics, 2, 415  
 
ǛǘŢũ:ŝŜ 
 
� ħŢũ5;�Ʃ X�����(90eV)���
�������������������
�ƜĘ(ŷƃ)��������¼Ƅ8Ʃ X�
�������ŋáƏſ:ǂś�XŻ�ÛŶ
ÙLŕ�0ǐüļ�Ʃ XŻ�Ń:ǂśLƋ��
A0�ǂś*0Əſ9FH#Mŷƃ>ƩǥŻ
ŋáLƋ��/:ø9ò$Ʀ()JI DNA
Đ�:ŢũLƋ��ƩǥŻŋá9FIĐ�:
rSd\q93�4 DNA �ħƾ§Ě:�û
ǄƲ_ygUƥ:ľĀ±LƗĪ*��û�ƴ
ĵı>� IöǎEĒáŻÿů93�4Ɨ
ĪLƋ�� 
� A0�ëï�ŔŌÿŕŢũ>:�ŕ¼Ƅ8
h[o[Ů:ǔ¶ÙŘ½ƼæĨĘLŕ�0
200-300eV :RevT{ǏÍ:w{X{kt
\oǥŻŃ:ǂś6¿ğ9�ƩǥŻŕ:�Û
ŶÙLŕ�0ǔŪǃ¦ƗƄLĎ3ƩǥŻǐ
üćļ:ǂśLƋ�� 
 
ǜǘŢũ:ěļ 
 
� w{X{kt\oƩ X ŻLǈ�*4ŷƃ
wlv: XŻŋáLÝŒ,I9;�¼Ɣ�ǐ
üƿ~5Wykv:ŋńL¾K.�(J9Ʃ

ǥŻh{qLǈ�zŋá¼Ƅ8Əſ#þƓ6

8I�ƩǥŻŋá9FIĒáŻĐ�:ÝǓ6

*4Èǚ:F�8ƩǥŻoQUxh{qŋ

áƏſ:ǂśLƋ��ħƏſ;�30-50µmŧ
ð:Õ$):´|ŷƃ>:ƩǥŻŋáLÝ

Œ,I0C9ƩǥŻŋáěÁLªú¼Ƅ8

ǋ°pt{nv`L�®*�¼Ɣ�9FIƕ

ł6ƩǥŻŋá6#ơĖ¼Ƅ8ƏſLŠŪ

ÞÅ¢9Ƒ�,I�A0�ƒĕ:ƩǥŻiP

v_{Lǋ°5Óġ¼Ƅ9,I(65�Ă

:ŷƃ>�Ă:�Ùĕ9FHƩǥŻŋáL

¼Ƅ6).I�ƩǥŻŋáÝǓ5;�A-×

C9ƩǥŻh{q:óð6ǈ��ſzWQ\

LƩǥŻŕƂǍŋáÌ CCD Srt9FHţ
ƞ*ƛ�LƋ��ƩǥŻh{q:ǈ��ſŮ

Lţƞ*0ø�ŷƃŋáŕǐüƿƏſ9§H

Ģ �¿+�ſ9ŷƃLƚſ*4ÝǇ:ŋá

LÝĜ,I���ÙRevT{ǏÍǕ90 eV
ŧðǖ:ƩǥŻLŷƃ9ŋá,I0C9;�

Õķ9FI X Ż:ŀƎ:öǎLƷ&IþƓ
#�I0C�ū±YuVyƉƅLŷƃÎǑ6

¿ğ9ŠŪŬ6*4�ŕ*�XŻŋáLƋ��
ū±ƅ}9ƤH��0ŷƃLū±ƅ:Ɛ�

"GƩǥŻLŋá,IƚƘ:0C�ŋáğ9

ÎǑĿL»Hǆ%þƓ#ŉ%�ŷƃ:Vy_

pe{Ysy:śŔ!F=�ŋáğ:ŷƃ>

:[cw[Lĉª).I(6#5$I�Ēá

ŻĐ�Ţũ5; DNA �ħƾ§ĚLƛ�,I



0C:ěļ:|36*4�DNA �ħƾ§Ě
9ÿ+4ľĀ±,I_ygUƥLċ¶ċ�

¹ÿ9FHį¥*�(JLƊ�ǐüƿ5ƕß

,I�řĬƈļL©ŕ*0� 
 

(a)�

(b)�

 
 
ÈǚǢƩ X ŻŋáƏſ(a)Ôƕ6(b)ŠŪÞÅ
¢:ƩǥŻ�ÛŶÙƹſ 
 
� A0�w{X{Ŕąh[o[kt\o9F

IƩǥŻśŔLǌÊżgv[:a_yWi

NQOw{X{Ǖ�������:500 mJ��
v[ë:200 ps(FWHM)zžHƮ*ÃĽĕ:10 
HzǖLŕ�4Ƌ��w{X{ŋáóð�ÚĀ
93�4įƙLƋ20�w{�������

���(ŊňƨǊ: f=30 cm)��������
9ǈ�ŋá*0�ùGJIƩ X Ż:ōĀ;�
ę��������������Ƙł9F

Hƛ�*0�ÝǓ]bcObk;ÈǛ(a)9Ť
,� 
� ĸ:ŬǏÍ: X ŻLŕ�0Ʃ X Żǐüƿ
ǂśLŝď,0C�ǌê9ǔ��ő:ÝŒ5

$IƩǥŻiwev^{ykw{cL�ŕ

*�ǔŪǃ¦ƗƘłćļ:ǂśLƋ20�X
Ż:Ľǀ#š�?7Ūǃ¦ƗƄ;Á},I

#��Æ;�ƍǍõŎ:ƕłLŝŜ6*4ģ

Ƶ5�I 90 eVǕĽǀ 13 nmǖ�Lŕ�4È
2(b):F�8¹áÌ:Ʃ XŻǐüƿLıű*
0� 

TiS�����

�������

�����

	
���

(a)�

�������!


�	�!
�������!

��!

CCD��!

(b)�

 
ÈǛ(a)Ʃ XŻśŔÝǓƏſ:ĳñÈ 
(b)ę�áÌƩ XŻǐüƿƏſ:¤Š 

�
ǝǘŢũąī 
(1) ƩǥŻw{X{ŋáoQUxh{qŋá
Əſ:ǂś6ĒáŻöǎ:ţƞ 
 
� Õķ9FIǥŻ:ŀƎ:öǎLƷ&Iþ
Ɠ#�I0C�µ) 0.1µm:ū±YuVyƅ
LŠŪŬ6ŷƃÎǑÏĩ6¿ğ9�ŕ5$
IǥŻŋáěñ9FHƩǥŻŋáLƋ��ŋ
á*0ƩǥŻh{q:ŪǃkxiNQv;�
Èǜ(a):F�9824�I�w{X{kt\
oƩǥŻh{qLŋá*06$9Ŕą*0
DNA Đ�ŷƃĮ:ĲÙLÈǜ(b)9Ť,�
89eV:ƩǥŻŋá5;�Į¢:äĆǕ|Ƹǖ
9 DNA Đ�#Ŕą*4�I(6#ţƞ5$
I�(J;���ÙRevT{9FHŷƃ¢
:äĆ5Ʃ XŻRevT{#Âº)J�DNA
Đ�Ŕą#äĆǏÍ98206ƀ GJI�
�ø�RevT{ÂºǏÍ6Đ�āÑ:�ƴ
93�4ƗĪLƋ�(65 DNA Đ�:Ŕą
93�4ƗĞ5$I6ƀ GJI�(JG:
Ţũąī93�4;�ƢėĊŨ�5�I� 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 

Èǜ(a)Ʃ X Żh{qkxiNQv�(b)DNA
Đ�#śŔ*4�IŷƃĮ 
 
(2) Ʃ XŻ�Ń:ǂś 
� È 4(a)9h[o[�����������
vLŤ,�È 4(b)9 XŻśŔóð:w{X{
RevT{�ÚĀLŤ,���������
��Ò®,I6 3 nm���� 4 nm����
������ó%824�I�A0�3 nmé
9 �� 4 nm��������������
������
�	����������
����ƀ GJI�(JG:Źī"G��
����ǋÙŁð#�3 nm�����ó%8
I�«: 4 nm �����������Łð
9ƴ*4�8�D:6ƀ GJI��ø�k
t\o:ǋÙŁðL}'I0C�w{X{:
óðLÒ®).�3nmé�4nmé93�4:
w{X{óð�ÚĀ93�4ŢũLƳC4
�%�Ü5�I� 
 

 
È 4(a)h[o[kt\o"G:ś�[mUc
v�(b)Ʃ XŻóð:w{X{óð�ÚĀ 
 
 

 
(3) ¹áÌƩ XŻǐüćļ:ǂś 
� Ʃ X ŻLƜĘ9 22.5 ð:ę�áƖ5�á
).4ƜĘ}:šƪ 100μm ŧð:İ£Ŏ:
ǏÍLŋĞ*�¹á�Ĕ�)J0Ʃ X Ż;�
ĥ¯÷ 500μm�f=10mm�F� 20: FZP9F
24ƨǊ 800mm9ƚſ*0XŻŕ CCDSr
t}9Ź�*0�Ūǃ�ő;ŵ 80�5�I�
È 5(a)9»ù)J0�LŤ,�ËŞěÁ:Ū
ǃ¦ƗƄ;Ĵ�:RbZ:ŭ1}#H"G
È 5(b):F�9�Û�ƴǄĕ:źà�ǕMTFǖ
LĹCĺÜ*0�/:Źī;�Ūǃ¦ƗƄ;�
170ǧ255nm 6ŰÜ)J0�ĸìěÁ:Ūǃ
¦ƗƄ;�ę�áƖ 22.5ðLƀĄ,I6�(
:�:ŵ 2.7 �98I��ÆǂśLƋ20
F=20 :�ÛŴ9!&IÆČǅŗ; 170nm 5
�H�?@œƢ�9ƭ�¦ƗƄLƴą*4�
I� 
 

È 5(a)ŅıƱ:ŪǃkxiNQv�(b)ƛ�)
J0�Û�ƴǄĕ 
�
Ǟǘ�8śƍƢėŮ�
ǕŢũ�ƍƁ�Ţũ¦čƁ¸=ƲđŢũƁ9
;~Żǖ�
 
�ǉƝƢė�ǕƘ� 2� �ǖ 
��M. Nishikino et al.Ǖ� 7Àǖ, Development 

of Soft X-Ray Microscopy Using Fresnel Zone 
Plate for Observation of Laser-Induced 
Surface Dynamics, Springer Proceedings in 
Physics (X-Ray Lasers 2012), ĭƠĥ, Vol. 
147, 2013, p.p. 199-202. 

��M. Nishikino et al.Ǖ� 12Àǖ, Observation 
of the nano-scale surface dynamics of 
femtosecond laser ablation by time-resolved 
soft x-ray imaging technique, Proceedings of 
SPIE, ĭƠĥ, vol. 8849, 2013, 88490E-1-6. 



�
�Û�śƍ�ǕƘ� 4�ǖ 
��Masaharu Nishikino, Observation of the 

surface dynamics of femtosecond laser 
ablation by time-resolved soft x-ray imaging 
technique, The Eighth International 
Conference on Inertical Fusion Sciences and 
Applications, 2013í 9Ĥ 13ĝ, ÖƇşŭ 
�ÐǕÖƇǖ 

��M. Nishikino, Observation of the nano-scale 
surface dynamics of femtosecond laser 
ablation by time-resolved soft x-ray imaging 
technique, SPIE Optics+Photonics (X-Ray 
Lasers and Coherent X-Ray Sources; 
Development and Applications X), 2013í 8
Ĥ 27ĝ, San Diego, USA 

��ƽƺâ�, kt\o X Żw{X{:śŔ
6ŌƥOjw{Ysy�2012íÿŕŌœÛ
�ťĦÛƌƣņ��2012 í 9 Ĥ 11 ĝ�ă
ØÕÛǕăØǖ 

��Masaharu Nishikino, Development of soft 
x-ray microscopy using Fresnel zone plate for 
ibservation of laser-induced surface dynamics, 
International conference on X-ray lasers 2012, 
2012 í 6 Ĥ 14 ĝ , Historical Center of 
Cordeliers, Paris, France 

�
ǟǘŢũŸŽ�
���Ţũ�ƍƁ�

� ƽƺ� â�Ǖ����	����
�������ǖ�

ŏŭƋēļ�ĝħ¶ÙŢũǂśĵı�

¶ÙŦÛŢũƸǁ� ƻÙh{qÿŕŢ

ũ]y_{zŢũ¬�î�

� ŢũƁŘ½ǢǠǙǜǠǙǝǞǙ�

�
���Ţũ¦čƁ�

� 8*�

 
���ƲđŢũƁ�

� 8*�

�

�


