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Á� ¯­lfËì�úïáL§¥�lf�Ý�A´Cc5âuy�, lf�Ý�A´�¯­lf

3�Ná�¥ÚåËì�ú��ú�¡, �ú�ÇÚ�ú/m�lf�Ý�'5, {�0�
�Ná

�¥¯­lfËì�úïáL§¥lf�Ý�A�uy!ïÄyGÚÌ�¢�(J, ¿?1
}Á5

µd.

'�c lf�Ý�A �úïáL§ ¯­lf �Ná�

1 Úó

Uþ�0.1—300MeV/u�¯­lfBL�Ná

��, Ì�´ÏL�q�f>f�m���5-E½

ÏLqá�¥p�Ý>f-u��ÙUþ (Ï~¡�

�>fU� (dE/dx)e, k��^á�élf�>f{

��+Se L«), >fU�3Ølf�§"àØ{�

«±	���lf´»þåÌ��^. dd��, ¯

­lf3�Ná�¥Úå��A��þ´p�Ý>f

-u�A½>fU��A
[1—4]

. Ïd, �Ï±5<�

3¯­lfp�Ý>f-u�AïÄ¥, ��ò>f

U������'�ëê. ,
, 3�C��
r>

f-u�AïÄ�¢�ó�¥, uy3�Ó>fU�

^�e, '�ú�lf��ú�¡��'�¯�lf

��ú�¡�, 3ù«�¹e, >fU�Ø2´ïÄ

¯­lfp�Ý>f-u�A���'�ëê, �7

L�Älf�Ý�K�, ù«p�Ý>f-u�A¥

�lf�Ý�'5�¡��lf�Ý�A
[5—11]

.

¯­lf3�Ná��úïáL§¥�lf�

Ý�A´J. M. Costantini�<ïÄ¯­lf3^ý

�Ná�kc�0�Y3Fe5O12(YIG) ¥�Ëì�ú

�uy�
[5, 6]

, �X, A. Meftah�<XÚ/ïÄ
¯

­lf3YIG¥�ú�¡��Ý�A
[7]

. ��37

á
[8, 9]

!��N
[10, 11]

!ìq
[12—14]

Ú��N
[15, 16]

á

�¥þuy
p�Ý>f-uÚå�ú�lf�Ý

�A. ,
, �8c��, <��Ø��lf�ÝXÛ

K�¯­lf�ú�ïá, ½ö`<��Ø��lf

�Ý�A�å
½��. ,
ïÄöÏLËìJþ�

»�©Ù½δ>fUþ�»�©Ù�O�, 39¸�

.�µee, é¯­lf3�Ná�¥�úïá�l

f�Ý�A�¢�(J?1
½5�½�½þ�)

º
[7, 17]

. k<ò>fU�=��9¸��Çg Ïf�

�£ãlf�Ý�A���ëê, oÑ/)º
Ü©

k'�Ý�A�¢�(J
[18]

. �k<}Áòlf�

Ý�A�Ð©>lÇ�éX, 3lf�¿�.�µe

e½5)º
�úïáL§¥�lf�Ý�A
[15, 16]

.
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)º�´�~ÐÚ�, �þ�k'lf�Ý

�A�¢�y�k�u?�Ú�«, �A�nØk�

uïá.
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�AÄk´3^ý�Ná�¥uy�, J. M. Costan-

tini�<
[5, 6]

^A��AzMeV� 32S, 63Cu, 84KrÚ

132Xe�õ«¯­lfåËì
kc�0�YIG, ^

X��û�!�Ú^zrÝÚ���Ñ� (CRBS)

©ÛüÌÑ�ú�¡σd 9Ùk��»Re, ¿�F.

Studer
[17]

�<^GeVUþ�õ«¯­lfËìYIG

�¢�(J?1
'�. uy3�Ó>fU�e, $

�lf (v/c 6 0.1)Ëì'p�lf (0.15 6 v/c 6 0.3)

Ëì��ú�¡�, XUþ�1.5MeV/u� 32Slf

ÚUþ�35MeV/u� 84Kr lfäk�Ó�>fU

� (7MeV/µm), �Ù�ú�¡���A�, ©O�

1.1×10−13cm2(32SlfËì) Ú0.08×10−13cm2(84Kr

lfËì), ¦�@�ù«�É´d$�«�ÈUþ�

Û�z�AÚå�.

A. Meftah � < ^ � | ? u $ � (l f å U þ

E 6 3.6MeV/u) «�¯­lf15MeV 19F, 50MeV
32S, 650MeV 181Ta, 750MeV 208PbÚ666MeV 238U

Ëì
�.�Gd3Ga5O12 �	òYIG�, ^C-RBS

© Û
ù
$�«�¯­lf3YIG¥Úå��

ú
[7]

. ¿Â8
��A�¤k�¯­lfËìYIG

�¢�êâ, XÚ/'�
3>fU� (dE/dx)e �

Ó��¹e, du\�lf��Ý (½Uþ) ØÓ


Úå�ú§Ý��É. ã1�Ñ
p�« (•êâ5g

ë�©z [1, 19—22]) Ú$�« (� êâ5gë�©z

[5, 7], △Ú♦êâ5gë�©z [23—25]) ��ú�Ç

ε = A/dE/dx�dE/dx�Cz'X. L1�Ñ
p�

Ú$�«õ«¯­lfËìYIG¢�êâ, L¥�ë

êA, Re ÚRd ©O��ú�¡!k��»Ú»,�

�» (66%�U��È3Ù¥�Î/«��»), Ó�

��Ñ
�'êâ�Ñ?. lã1wÑ3�Ó>fU

�e, p�«��ú�Çε'$�«��ú�ÇA�

ü$
��, X325—43.5keV/nm>fU�«m, �

ú�Çεl0.44ü$�0.23(eV/atom)−1, `²
�ú

�ÇÚlf�Ý�'5. lL1wÑ3�ÓÚ�C�

>fU�e, $�«­lfÚåËì�ú�AÚRe '

p�«lf��Aëê��õ, 
Uþ�È�Ì�«

�=»,��»Rd K��õ, `²$�lf��ú�

¡��, Uþ�È�Û�z. ù
¢�(JL², 3»

,ïáL§¥, >fU�Ø2´���'�ëê, �

ú�¡��6u�lf�Ý�'�Uþ�È�î�

©Ù.

ã 1 p�« (•) Ú$�« (2, △ Ú ♦) ��ú�Ç

ε =A/dE/dx�dE/dx�Cz'X

L 1 p�Ú$�«¯­lfËìYIG¢�êâ�'�

�¬ dE/dx/

SÒ
lf

(keV ·nm−1)
Ē/(MeV ·u−1) v/(×109cm · s−1) A/cm2 Re/nm Rd/nm ë�©z

1 Kr 7.2 33.3 8.1 (8.1±1.6)×10−15 0.51±0.05 9.3 [19]

2 S 6.9 1.56 1.7 (3.5±0.4)×10−14 1.1±0.1 3.3 [ 7 ]

3 K 13 10.7 4.5 (1.2±0.4)×10−13 2.0±0.4 6.3 [19]

4 Cu 13 0.8 1.3 (5.3±0.9)×10−13 4.3±0.4 2.4 [ 5 ]

5 Mo 18 8.0 3.9 (2.3±0.7)×10−13 2.7±0.4 5.6 [20]

6 Kr 17 2.8 2.3 (5.3±0.8)×10−13 4.1±0.4 4.0 [ 5 ]

7 Xe 19 19.6 6.3 (3.0±0.6)×10−13 3.1±0.3 7.7 [21]

8 Xe 19 0.42 0.9 (6.7±1.0)×10−13 4.6±0.4 1.8 [ 5 ]

9 Xe 25 8.3 3.9 (5.5±0.5)×10−13 4.2±0.2 5.6 [5,20]

10 Xe 24.6 1.4 1.7 (1.3±0.2)×10−12 6.4±0.5 3.2 [ 5 ]

11 Pb 37 16.5 5.7 (9.7±0.9)×10−13 5.6±0.3 7.2 [22]

12 U 36 1.4 1.7 (1.5±0.4)×10−12 6.9±0.5 3.2 [23,24]

13 Pb 40 12.0 4.8 (8.2±1.5)×10−13 5.1±0.5 6.5 [22]

14 Ta 37.5 3.6 2.6 (1.4±0.3)×10−12 6.7±0.8 4.3 [ 7 ]

15 U 47 10.5 4.5 (9.8±1.4)×10−13 5.6±0.4 6.2 [19]

16 U 43.5 2.8 2.3 (1.2±0.3)×10−12 6.2±0.8 4.0 [ 7 ]
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2.2 7áá�¥�úïá�lf�Ý�A

du¢�^��Û�, 3�����ã�mS,

<�ÊH@�>fU�Ø�U37áá�¥Úå�

ú. ��X×�fSêpU­lfÚìqC60 lf�

Ñy, >fU�Ó��U37áá�¥�)"�!Ú

å�ú�±y¢. ��ý�Ná��', ¯­lf3

7á½>�N¥Úå�ú�>fU�K��p. ��

�*	�
¯­lf37áá�¥Úå�ú�lf�

Ý�A.

ã 2 4MeV/u�Kr(N)Ú42.9MeV/u�Xe(•)lf

Ëì7áBiq�>{ÇOþ∆ρ�Ëìþ�Cz

��1�<
[8]

3100K$§e, ^äk�17keV/

nm � Ó > f U � � ü « ¯ ­ l f, = U þ �

42.9MeV/u�XelfÚUþ�4MeV/u�KrlfË

ì
7áBi�¬, 3�ÿþ
ËìÚåBi�¬>{Ç

�Cz. ã2�Ñ
ËìÚå>{Ç�Oþ∆ρ�Ëì

þΦt�Cz5Æ, w,3�Ó�Ëìþe4MeV/u�

KrlfÚåBi�¬>{Ç�Czþ'42.9MeV/u�

XelfÚå>{Ç�Czþ�2—4�, =3�Ó�

>fU�e, $�Krlf'p�Xelf37áBi¥

Úå��ú§Ý�2—4�. Ó�¦���¤
^Uþ

©O�2, 10 Ú20MeV/u�Pblf320K §ÝeË

ìBi�¬�¢�, ¿�¦<3�Ó>fU�e�¢�

(J?1
'�
[26]

, Ó�uy$�lf'p�lf�

)d»,��»�. `²>fU�37áBi¥�)�

�úØ=�6u>fU�, ��6ulf�Ý.

H. Dammak
[9]

�<^Uþ�18MeV�C60 ìq

lfËì
7áTiÚZrq, ^TEM*ÿ
ìqlf

3X7áq¥Úå�Ëì�ú, ¿�GeVUþ�Pb

ÚUlfËì�(J?1
'� (�L2). w,, U

þ�MeVþ?�ìqlf3X7áq¥Úå�Ëì

�ú��Uþ�GeVþ?�PbÚUlfî­�õ.

X3Zrq��¹e, ^8c�±\���­�ü�

flfUlfE,vk*	�?Û�ú, �Ïé�

U´3Zrq¥�úïá�>fU�K�ép. �^

Uþ�18MeV�ìqlfËì�%*	�
�»�

10—20nm�:Gd»,. üö�>fU����Ã

A, �3Zrq¥E¤��úY²�OXd��´ØU

�^>fU���ëê)º�, �7L�Älf�Ý

�Ï�. MeVUþ�ìqlf�GeVUþ�Ulfä

k�C�>fU�, �Ù�Ý==�Ulf�1/30,

Ù�)�g?δ>f�Uþ (Em)�==�Ulf�

1/1000; GeVUþ�Ulf�)δ>f�»��§�

AZnm, 
Uþ�MeVþ?�C60 lf�)δ>f�

»��§==�A��f��, Ïd, 3C60 lfËì

�¹e, ÙUþ�È�Ý'UlfËìp�õ, ��

10eV/Å3(½100eV/atom), Xd×Uþ�Ý�µþÚ

å
�*	��Zrq�*(��Cz½�ú�ïá.

L 2 pUü�flf�ìqlf37áq¥Úå�ú�'�

\� (dE/dx)n/ (dE/dx)e/
qá�

lf
E/MeV V /(cm·ns−1)

(keV·nm−1) (keV·nm−1)
Em/eV �ú£ã

Ti Pb 845 2.80 0.08 36 8800 �»��5nm�:G»,

C60 18 0.22 1.8 43 50 �»�15—25nm�ëY»,

Zr U 5550 6.71 0.03 41 49000 vk*	��ú

C60 18 0.22 1.8 44 50 �»�10—20nm�:G»,

5: Em �δ>f���Uþ

2.3 ��N¥lf�Ý�A�¢�(J

y®uy���N¥�>fU��AÌ��):


~êÚ=C§Ý�Cz, 
�úïáL§¥�lf

�Ý�A´�CAccâuy�
[15, 16, 27]

.

N. Ishikawa �<^80MeV—3.84GeV�¯­l

f (35Cl—238U)Ëì
����EuBa2Cu3Oy , ÿþ


du>f-uÚåEuBa2Cu3Oy :
ëê�Cz.

ÿþ(JL², 3p�lf«(v > 2.6×109cm/s), =ã

3(a) ¥ u�Se -lf�Ý­�þSe ���m>lf

�>f-u�A, =zü lf6d>f-uÚåC

¶:
~ê��éCz ((∆C/C0)/φ)e �>fU�S4
e

Cz (�ã3(b)). �3$�lf« (v 6 1.7×109cm/s),

=ã3(a) ¥ u�Se-V ­�þSe ����>lf�

C ¶:
~ê��éCz ((∆C/C0)/φ)e  lS4
e Cz,


�Ð©>lÇ (dJ/dx)4 Cz (�ã3(b)), `²3$
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ã 3 (a)>fU�Se �lf�Ý�Cz, (b)>f-u�A�Se �Cz

­�����>�lf^�%��L«, m>�lf^¢%��L«; ã (b)¥¢�L«m>lfËì�>f-u�A�S4
e ¤�'.

�«>fU�Ø´£ã�úïá���ëê, �7

L�Älf�Ý�Ï�. 3��lf�Ý�� (�

)p�«Ú$�«), ((∆C/C0)/φ)e þ�Ð©>lÇ

(dJ/dx)4 Cz (�ã4).

ã 4 >f-u�A�Ð©>lÇdJ/dx�Cz

¢�L«“�A” � (dJ/dx)4 ¤�'.

2.4 ìqá�¥�lf�Ý�A

ìqá�C60 �<G©f(�Ú~§e¡%á�

(fcc) �¬N(�½NºX
p©fá�Ú��¬N

�,
Ä�A:, \�Ùd3�A^cµ, ¯­lf

3ìqá�¥>fU��A�ïÄÚå
<��2

�'5. �®uy�>fU��AÌ��)C60 ©

f�àÜ!p§pØ��/¤Ú¬�→ �¬�=

C. Ó��*	�
�úïáL§¥�lf�Ý�

A
[12—14, 28]

.

ã 5 2.0GeV Xe l f Ë ì C60 � � � 1 × 1011

ions/cm2 �ØÓ>fU�e�RamanÌ

(a) Se = 12.81keV/nm, (b) Se =13.50keV/nm,

(c) Se = 15.44keV/nm, (d) Se = 15.46keV/nm,

(e) Se = 18.05keV/nm.

��K|
[12—14]

^=²­lf\�ì (HIRFL)

Jø�Uþ�2.0GeV�XelfËì
õ�æU��

.�AlÊC60 ��, ?\æÈ��C60 ���lfU

þE!lf�ÝV !ØU�Sn!>fU�Se ÚSe/Sn

��XL3¤«. ã5�Ñ
ËìC60 �¬�Raman

Ì. dL3��, ?u>fU���(Se=18.05keV/nm)

L 3 136XelfËìC60 ����'ëê

�¬?Ò ions E/GeV V /(cm·ns−1) Sn/(eV·nm−1) Se/(keV·nm−1) Se/Sn

(b) Xe 1.628 4.81 8.9 13.50 1.52±103

(c) Xe 1.068 3.89 12.8 15.44 1.21±103

(e) Xe 0.425 2.46 28.4 18.05 6.36±102

(d) Xe 0.107 1.23 89.6 15.46 1.73±102

(a) Xe 0.037 0.72 208.4 12.81 61.46

5: Se ÚSn ��dTRIM§SO�
[14]

.
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?�¬ (e) ü>�C60 �¬ (a) Ú (b), (d) Ú (c) äk

A��Ó½�~�C�>fU��, �§��m�l

f�Ý�É��, dã5¤�?u$�«��¬ (a) Ú

(d) w,'?up�«� (b) Ú (c) �¬;É����

�ú, Ù? u1460cm−1 ?�C60 �Ag(2)�Ä��

rÝ²weü, ¸/Ð°½3��§Ý��î­, `

²>fU�3ìqá�C60 ���úïáL§¥, Ó

��3lf�Ý�A.

3 ?Ø

lþã¢�(JwÑ, ¯­lf3�Ná�¥d

r>f-uÚå�ú�L§¥, lf�Ý´��é­

��ëê, ¦+�8c��, <��Ø��lf�Ý

K�¯­lf�úïá�Ä�Å�, �Ek<élf

�ÝK��ú�¡�¢�êâ?1
}Á5)º. 8

cÌ�kü«'ulf�ÝK��úïá�Ä�Å

�, �«´Äu9¸�., ���Û�Uþ�È�Ý

�'�Å�
[29—32]

, 
,�«´Äulf�¿�.�

Ð©>lÇ�'�Å�
[15, 16, 27]

.

Äu9¸�.�)º¥, Ì��Ä
du�È3

�N:
¥�Uþ�m©Ù´�lf�Ý�'�, Ï

d, �ú�ïá½lf»,�/¤ÒØU==^>f

U�Se £ã, �7L�Älf�Ý�K�, =��Ä

u�g?δ>fUþ��m©Ù. $^Waligorski�

<JÑ�O��ÈUþ»�©ÙD(r)�©Ûúª
[17]

,

��
3�ÓSe ��¹e, lf�Ý�×, �ÈUþ

�©Ù�� (½NÈ) ��, �È3»,�¥�Uþ�

Ý��, dd, �½5½�½þ/)º3¯­lf�

úïáL§¥lf�Ý�K�.

��1�<
[31]

�Ä
7á�9åÆëê!>f–

(fÍÜXê±9\�lf3ü �mSJø�>f

XÚ�Uþ�Ý�ëê, ÏLé>fU��9D��

§?1ê�¦), ��
>fU�Úå�9¸L§¥

:
§Ý��mÚ�m�Cz, l
�½þ/�Ñd

»,�º�. ¦�3ISþ1�gò>fU�!á�

Ô5�Ëì�AäN/éX3�å�Ä, ÐÚJÑX

7á¥llf�Èu>fXÚ�Uþ=z�q�f 

£U¿ÚåËì�A��U�ª. ÙïÄ(JL²,

éu�½�7á, d»,�º�Ø=�>fU���

��k', ��\�lf�ÝÚËì§Ý�k'.

A. Dunlop � <
[32]

J Ñ ^ N U þ � Ý P (=

Se/πR2
e)£ãr>f-u/¤�d»,, d»,�

k��»Re �δ>f��§k', 
δ>f��§�

��\�lf��Ý½Uþk', Ïd, ^P �OSe

£ãr>f-uÚå�d»,�¹
lf�Ý��

z. �´, ¯­lf3qÔ�¥�»�Uþ©ÙØÛ

�u»,�ºÝ, �Ï3u»,�/¤3»����

�½puU�K�. ¯¢þ, »�Uþ©Ù�u»,

�º���, Ïd, P �Ø��´��£ãr>f-u

/¤d»,�Ðëê.

G. Szenes
[18]

JÑ^Ùïá�9¸�.¥��Ç

Ïfg L��Ý�A, g �Ôn¿Â´>fU�Se =

��9U�'©, �kSe �È39¸¥�Uþ'©O

\½~��, �ÇÏfg âkCz, ~X, 3�Ó>f

U�ØÓlf�Ý�¢�¥, $�lf'p�lf�

g Ïf�.

�´, 3þã)º¥þkØv�?, Ò3c<Ä

:þ��Ñy�G. Szenes�)º¥��3²w�¯

K, 3¦��.¥==.½
3ü��Ý�É�~

��«� (E < 0.2MeV/u, ÚE > 7.6MeV/u) �g �

(0.36Ú0.17), ¿vk�Ñg �lf�ÝCz�)Û'

X, �vk`²��o3ØÓU«, >fU�=��

9¸��Çk¤ØÓ, Ïd, Ù�.�lf�Ý�A

�O(L��k����ål.

Äulf�¿�.�lf�Ý�A�)º´N.

Ishikawa�<
[15]

3©Û80MeV—3.84GeV�¯­l

f (35Cl—238U)3����EuBa2Cu3Oy ¥Úå:


ëê�CzL§¥JÑ�. ¦�uy�k3p�«,

zü lf6d>f-uÚåC ¶:
~ê��éC

z ((∆C/C0)/φ)e �>fU�S4
e Cz, 
3$�«, d

ulf�Ý�A��3, ((∆C/C0)/φ)e K�Ð©>l

Ç (dJ/dx)4 Cz, 
�, 3��U« ((∆C/C0)/φ)e þ

�Ð©>lÇ (dJ/dx)4 Cz, ù�Cz5ÆÎÜlf

�¿�.�©Û. ���w��d�Ó½aq�¢�

(J.

nþ¤ã, ¯­lf3�Ná�¥�úïáL§

¥�lf�Ý�A´ÊH�3�, Ïd, 3¯­lf

p�Ý>f-u�AïÄ¥, Ø>fU�	, lf�

Ý´q��'�ëê. ¦+<�®$^ØÓ�Ôn�

.½5/½�½þ/)º
yk�Ü©¢�(J, �

�8c��, <��Ø��lf�ÝXÛK�¯­l

f�ú�ïá, ½ö`<��Ø��lf�Ý�A�

å
½��. Ïd, �þ�k'lf�Ý�A�¢�

y�k�u?�Ú�«, �A�nØk�uïá.
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Ion Velocity Effect in the Process of the Damage Creation in Solid

Materials Induced by Swift Heavy Ion Irradiations *

JIN Yun-Fan1) WANG Zhi-Guang

(Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China )

Abstract In recent years, the velocity dependence of the damage cross section, the damage efficiency and the damage

morphology of solid materials induced by swift heavy ions, named ion velocity effect, is observed. But the mechanism

or origin of the ion velocity effect is not clear up to now. In this paper, the discovery, current researching situation

and some typical experimental results of ion velocity effect in the process of the damage creation in solids induced by

swift heavy ion irradiations were briefly described, and the main theoretical explanation of ion velocity effect was also

reviewed and discussed in short words.
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