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�±¸¶¥·¨³¥´É ²Ó´μ¥ ¨§³¥·¥´¨¥ ¶·μ¡¥£μ¢ ÉÖ¦¥²ÒÌ ¨μ´μ¢
¢Ò¸μ±¨Ì Ô´¥·£¨° ¢ ³μ´μ±·¨¸É ²² Ì ³¥Éμ¤μ³ ®cross-section¯

�·¥¤¸É ¢²¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ ¨§³¥·¥´¨Õ ¢¥²¨Î¨´Ò ¶·μ¥±É¨¢-
´ÒÌ ¶·μ¡¥£μ¢ ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¸ Ô´¥·£¨Ö³¨ ¶μ·Ö¤±  1 ŒÔ‚/ .¥.³. ¨ ¡μ²¥¥ ¢Ò¸μ-
±¨³¨ ¢ ¶μ²Ê¶·μ¢μ¤´¨±μ¢ÒÌ ¨ ¤¨Ô²¥±É·¨Î¥¸±¨Ì ³μ´μ±·¨¸É ²² Ì, ¢ Éμ³ Î¨¸²¥ ¨
¢ § ¢¨¸¨³μ¸É¨ μÉ ¨Ì μ·¨¥´É Í¨¨. �·μ¥±É¨¢´Ò¥ ¶·μ¡¥£¨ ¡Ò²¨ ¨§³¥·¥´Ò ³¥Éμ-
¤μ³ ®cross-section¯ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ μ¶É¨Î¥¸±μ° ¨ Ô²¥±É·μ´´μ° ¸± ´¨·ÊÕÐ¥°
³¨±·μ¸±μ¶¨¨. �·μ¢¥¤¥´μ ¸· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥·¥´´ÒÌ ¶·μ¡¥£μ¢ ¸
· ¸Î¥É´Ò³¨ §´ Î¥´¨Ö³¨, ¶μ²ÊÎ¥´´Ò³¨ ¸ ¶μ³μÐÓÕ · §²¨Î´ÒÌ ±μ³¶ÓÕÉ¥·´ÒÌ
¶·μ£· ³³ ¨ É ¡²¨Í ¶·μ¡¥£μ¢ ¨μ´μ¢ �μ·É±²¨Ë  ¨ ˜¨²²¨´£ .
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Experimental Studies of Swift Heavy Ion Projected Ranges
in Single Crystals Using ®Cross-Section¯ Method

The experimental data on the measurements of heavy ions with about 1 MeV/amu
and more higher energies projected ranges in dielectric and semiconductor single
crystals with taking into account its crystalographic orientations are presented. Pro-
jected ranges were measured using ®cross-section¯ and optic and electron scanning
microscope. The comparison of experimental measured projected ranges with cal-
culated corresponding values obtained with various computer codes and projected
range from Nordclife and Shilling table data is made.

The investigation has been performed at the Flerov Laboratory of Nuclear Reac-
tions, JINR.
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�·¨³¥´¥´¨¥ ¶ÊÎ±μ¢ ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¢ Ô±¸¶¥·¨³¥´É Ì ¶μ ¨μ´´μ° ¨³¶² ´-
É Í¨¨ ¨ ¶μ ¸μ§¤ ´¨Õ ¸É·Ê±ÉÊ· ¸ § ¤ ´´Ò³¨ ¸¢μ°¸É¢ ³¨, ¢ Éμ³ Î¨¸²¥ ¨ ´ -
´μ· §³¥·´ÒÌ μ¡Ñ¥±Éμ¢ ¤²Ö ´ ´μÉ¥Ì´μ²μ£¨Î¥¸±¨Ì ¶·¨³¥´¥´¨°, ¶·¨¢¥²μ ± ¤¥-
É ²Ó´Ò³ ¨¸¸²¥¤μ¢ ´¨Ö³, ¸¢Ö§ ´´Ò³ ¸ μ¶·¥¤¥²¥´¨¥³ ¶·μË¨²Ö ¢´¥¤·¥´´ÒÌ Î -
¸É¨Í N(x), ¨Ì Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É·  ¨ ¶·μ¸É· ´¸É¢¥´´μ£μ · ¸¶·¥¤¥²¥´¨Ö
¶¥·¢¨Î´μ ¢Ò¡¨ÉÒÌ  Éμ³μ¢, ´¥μ¡Ìμ¤¨³μ£μ ¤²Ö ¶μ²ÊÎ¥´¨Ö ¶·μË¨²Ö ¤¥Ë¥±Éμ-
μ¡· §μ¢ ´¨Ö D(x) ¶μ £²Ê¡¨´¥ μ¡²ÊÎ¥´´μ£μ ¸²μÖ. �¥Ï¥´¨¥ ÔÉ¨Ì § ¤ Î μ¸´μ-

¢Ò¢ ¥É¸Ö ´  · ¸Î¥É Ì ¶μÉ¥·Ó Ô´¥·£¨¨ ´  Ê¶·Ê£μ¥ Sel(Z) ≡ −
(

∂E

∂Z
(Z)

)
el

¨

Ô²¥±É·μ´´μ¥ Éμ·³μ¦¥´¨¥ Sinel(Z) ≡ −
(

∂E

∂Z
(Z)

)
inel

.

–¥²ÓÕ ´ ¸ÉμÖÐ¥° · ¡μÉÒ Ö¢²Ö¥É¸Ö Ô±¸¶¥·¨³¥´É ²Ó´μ¥ μ¶·¥¤¥²¥´¨¥ ¶·μ-
¥±É¨¢´ÒÌ ¶·μ¡¥£μ¢ ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¢ ·Ö¤¥ ¤¨Ô²¥±É·¨Î¥¸±¨Ì ¨ ¶μ²Ê¶·μ¢μ¤´¨-
±μ¢ÒÌ ±·¨¸É ²²μ¢ ¢ § ¢¨¸¨³μ¸É¨ μÉ ¨Ì μ·¨¥´É Í¨¨ ¶μ μÉ´μÏ¥´¨Õ ± ¶·μ-
Ìμ¦¤¥´¨Õ ¶ÊÎ±  ¨μ´μ¢ ¨ ¸· ¢´¥´¨¥ ¸ ¸ÊÐ¥¸É¢ÊÕÐ¨³¨ ³¥Éμ¤ ³¨ · ¸Î¥Éμ¢
¶·μ¥±É¨¢´ÒÌ ¶·μ¡¥£μ¢.

1. �‘��‚�›… ’…��…’ˆ—…‘Šˆ… ��‹�†…�ˆŸ

‚ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ ¶·μÍ¥¸¸Ò Ê¶·Ê£μ£μ ¨ ´¥Ê¶·Ê£μ£μ Éμ·³μ¦¥´¨Ö Ë ±-
Éμ·¨§ÊÕÉ¸Ö, ¶μÉ¥·Ö Ô´¥·£¨¨ ´  ¥¤¨´¨ÍÊ ¤²¨´Ò ¶ÊÉ¨ ¢ ³ É¥·¨ ²¥ ¸ ¶²μÉ´μ¸ÉÓÕ
 Éμ³μ¢ n ¨³¥¥É ¢¨¤

−dE

dZ
= n [Sinel(Z) + Sel(Z)] . (1)

�μÉ¥·¨ Ô´¥·£¨¨, μ¡Ê¸²μ¢²¥´´Ò¥ Ê¶·Ê£¨³ ¢§ ¨³μ¤¥°¸É¢¨¥³, μ¶·¥¤¥²ÖÕÉ¸Ö ¸
¶μ³μÐÓÕ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö. ‡ ¢¨¸¨³μ¸ÉÓ Ô²¥±-
É·μ´´ÒÌ ¶μÉ¥·Ó μÉ ¸±μ·μ¸É¨ ¨μ´μ¢ μ¶¨¸ ÉÓ ¥¤¨´Ò³  ´ ²¨É¨Î¥¸±¨³ ¢Ò· ¦¥-
´¨¥³ ¤²Ö ¢¸¥Ì §´ Î¥´¨° Ô´¥·£¨¨ ¨μ´μ¢ ¶·¥¤¸É ¢²Ö¥É¸Ö § É·Ê¤´¨É¥²Ó´Ò³. �μ-
ÔÉμ³Ê μ¡ÒÎ´μ ¢Ò¤¥²ÖÕÉ É·¨ μ¡² ¸É¨ ¸±μ·μ¸É¥° ¨μ´μ¢, ¤²Ö ± ¦¤μ° ¨§ ±μÉμ·ÒÌ
¶μ²ÊÎ¥´Ò ¢Ò· ¦¥´¨Ö, μ¶¨¸Ò¢ ÕÐ¨¥ ¸ ¤μ¸É ÉμÎ´μ° ÉμÎ´μ¸ÉÓÕ Ô²¥±É·μ´´Ò¥
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¶μÉ¥·¨ Ô´¥·£¨¨. • · ±É¥·´Ò³ §´ Î¥´¨¥³, ¶μ μÉ´μÏ¥´¨Õ ± ±μÉμ·μ³Ê ¸±μ-
·μ¸ÉÓ ¨μ´μ¢ ¸Î¨É ¥É¸Ö ³ ²μ° ¨²¨ ¡μ²ÓÏμ°, Ö¢²Ö¥É¸Ö ¸±μ·μ¸ÉÓ Ô²¥±É·μ´μ¢ ´ 
μ¤´μ° ¨§ ¶·μ³¥¦ÊÉμÎ´ÒÌ μ·¡¨É  Éμ³  [1]:

VA = V0 Z2/3. (2)

‡¤¥¸Ó V0 = e2
0/� = 2,19 · 108 ³/¸ Å ¡μ·μ¢¸± Ö ¸±μ·μ¸ÉÓ ¢  Éμ³¥ ¢μ¤μ·μ¤ ,

Z Å ¢¥²¨Î¨´  ¶μ·Ö¤±  § ·Ö¤  Ö¤·  ³¨Ï¥´¨ Z2 ¨²¨ § ·Ö¤  Ö¤·  ¨μ´  Z1.
‚ μ¡² ¸É¨ ¡μ²ÓÏ¨Ì ¸±μ·μ¸É¥° ¨μ´μ¢ V � VA Ô²¥±É·μ´´Ò¥ ¶μÉ¥·¨ Ìμ·μÏμ
μ¶¨¸Ò¢ ÕÉ¸Ö Ëμ·³Ê²μ° 
¥É¥Ä
²μÌ 

SBB
inel = 8π · Z2

1 · Z2 · a2
0 · E2

R · M1 · ln
[

4meE

M1 · Ī

]
· 1
me · E

, (3)

£¤¥ Z1, M1 ¨ Z2, M2 Å § ·Ö¤Ò ¨ ³ ¸¸Ò Ö¤¥· ´ ²¥É ÕÐ¥£μ ¨μ´  ¨  Éμ³ 
³¨Ï¥´¨ ¸μμÉ¢¥É¸É¢¥´´μ, a0 ≡ �

2/
(
mee

2
0

)
= 0,529 · 10−8 ¸³ Å ¡μ·μ¢¸±¨°

· ¤¨Ê¸, Er = mee
4
o/

(
2�

2
)

= 13,6 Ô‚ Å Ô´¥·£¨Ö �¨¤¡¥·£ , E Å Ô´¥·£¨Ö ¨μ´ ,
me Å ³ ¸¸  Ô²¥±É·μ´ ,   Ī Å ¸·¥¤´¨° ¶μÉ¥´Í¨ ² ¨μ´¨§ Í¨¨  Éμ³  ³¨Ï¥´¨:

Ī = (9, 76 + 58, 8 · Z−1,19
2 ) · Z2. (4)

‚ μ¡² ¸É¨ ¶·μ³¥¦ÊÉμÎ´ÒÌ ¸±μ·μ¸É¥° ¨μ´μ¢ V ¶μ·Ö¤±  VA ´¥ ¸ÊÐ¥¸É¢Ê¥É
 ´ ²¨É¨Î¥¸±¨Ì ¢Ò· ¦¥´¨° ¤²Ö Sinel(Z). „²Ö V < VA ¸Î¨É ¥É¸Ö Ê¸É ´μ¢²¥´-
´Ò³, ÎÉμ Ô²¥±É·μ´´Ò¥ ¶μÉ¥·¨ Ô´¥·£¨¨ ¶·μ¶μ·Í¨μ´ ²Ó´Ò ¸±μ·μ¸É¨ ¨μ´μ¢,
É. ¥. Sinel(Z) = kV , £¤¥ k Å ËÊ´±Í¨Ö  Éμ³´ÒÌ ´μ³¥·μ¢ ¨ ³ ¸¸ ¡μ³¡ ·¤¨·ÊÕ-
Ð¨Ì Î ¸É¨Í ¨  Éμ³μ¢ ³¨Ï¥´¨ [1]. ‡´ Î¥´¨Ö k ²¥¦ É ¢ ¨´É¥·¢ ²¥ μÉ k = 0,1
¤μ k = 0,25. ‹¨´¥°´ Ö § ¢¨¸¨³μ¸ÉÓ ¶μÉ¥·Ó Ô´¥·£¨¨ μÉ ¸±μ·μ¸É¨ ¨μ´μ¢ μ¡μ-
¸´μ¢ ´  ¢ É¥μ·¥É¨Î¥¸±¨Ì ³μ¤¥²ÖÌ ”¨·¸μ¢  ¨ ‹¨´¤Ì ·¤ , · ¸¸³ É·¨¢ ÕÐ¨Ì
 Éμ³ ± ± ±¢ §¨±² ¸¸¨Î¥¸±ÊÕ ¸¨¸É¥³Ê. 	±μ´Î É¥²Ó´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö Ô²¥±-
É·μ´´ÒÌ ¶μÉ¥·Ó Ô´¥·£¨¨, ¶μ²ÊÎ¥´´Ò¥ ¢ ÔÉ¨Ì ³μ¤¥²ÖÌ, ¨³¥ÕÉ ¢¨¤ (¸μμÉ¢¥É-
¸É¢¥´´μ [1, 2]):

SF
inel = 7, 51 · 3 · π2

16
· (Z1 + Z2) · a2

0 ·
(

me · ER · E
M1

)1/2

, (5)

SL
inel = 16, 0 · Z

7/6
1 · Z2π

2

[
Z

2/3
1 + Z

2/3
2

]3/2
· a2

0 ·
(

me · ER · E
M1

)1/2

. (6)

’μ£¤  ¶·μ¥±É¨¢´Ò¥ ¶·μ¡¥£¨ ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¢ ¶·¨¡²¨¦¥´¨¨, ±μ£¤  Ê¶·Ê£¨¥
¶μÉ¥·¨ Ô´¥·£¨¨ ³´μ£μ ³¥´ÓÏ¥ ´¥Ê¶·Ê£¨Ì (Sinel � Sel), ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

RBB
p =

(
E

Er

)2

·
(

M1

me

)
· 1
16 · π · n · a2

0 · Z2
1 · Z2 · ln[4me · E/(M1 · Ī)]

, (7)

2



RF
p
∼=

(
M1 · E
me · ER

)1/2

· 7, 51 · 323 · π2

3 · π2 · (Z1 + Z2) · a2
0 · n

, (8)

RL
p
∼=

(
M1 · E
me · ER

)1/2

·

(
Z

2/3
1 + Z

2/3
2

)3/2

8 · π · a2
0 · n · Z7/6

1 · Z2

. (9)

„²Ö ¶μ²ÊÎ¥´¨Ö § ¢¨¸¨³μ¸É¥° N(x) ¨ D(x) · §· ¡μÉ ´ ·Ö¤ ±μ³¶ÓÕÉ¥·´ÒÌ
¶·μ£· ³³, ¨§ ±μÉμ·ÒÌ ´ ¨¡μ²¥¥ Ï¨·μ±μ ¶·¨³¥´Ö¥É¸Ö ¶·μ£· ³³ 
SRIM-2007 [3, 4]. ‚ ÔÉμ° ¶·μ£· ³³¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö ³μ¤¥²Ó´Ò¥ ¶μÉ¥´Í¨ ²Ò
· ¸¸¥Ö´¨Ö ¸ ¶·¨³¥´¥´¨¥³ ³¥Éμ¤  Œμ´É¥-Š ·²μ.

‘ÊÐ¥¸É¢ÊÕÉ ¶·μ¸ÉÒ¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ³¥Éμ¤¨±¨, ¶μ§¢μ²ÖÕÐ¨¥ ¤μ¸É -
ÉμÎ´μ ÉμÎ´μ μ¶·¥¤¥²ÖÉÓ ¶μ²μ¦¥´¨¥ ³ ±¸¨³ ²Ó´μ ¶μ¢·¥¦¤¥´´μ° μ¡² ¸É¨ ¢
±μ´Í¥ ¶·μ¡¥£  Rp ¢Ò¸μ±μÔ´¥·£¥É¨Î´ÒÌ ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¢ É¢¥·¤ÒÌ É¥² Ì [5, 6].
�μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨ ¶μ¸²¥¤ÊÕÐ¥£μ μÉ¦¨£ , ¢μ ¢·¥³Ö ±μÉμ·μ£μ ¶·μ¨¸Ìμ¤ÖÉ ¶·μ-
Í¥¸¸Ò ±μ ²¥¸Í¥´Í¨¨ · ¤¨ Í¨μ´´ÒÌ ¤¥Ë¥±Éμ¢,   É ±¦¥ μ¡· §μ¢ ´¨Ö £ §μ¢ÒÌ
¶μ· ¢ ¸²ÊÎ ¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ ¨´¥·É´ÒÌ £ §μ¢, ³μ¦´μ ¶·μ¢μ¤¨ÉÓ ¨§¡¨· -
É¥²Ó´μ¥ Ì¨³¨Î¥¸±μ¥ É· ¢²¥´¨¥. ‚ ·¥§Ê²ÓÉ É¥ É ±μ° μ¡· ¡μÉ±¨ ³ ±¸¨³ ²Ó´μ
¶μ¢·¥¦¤¥´´ Ö μ¡² ¸ÉÓ ¨ μ¡² ¸ÉÓ § ²¥£ ´¨Ö ¨μ´μ¢ (¶¨±  
·Ô££ ) ¢¨§Ê ²¨§¨-
·ÊÕÉ¸Ö ¨ ³μ£ÊÉ ¡ÒÉÓ μ¡´ ·Ê¦¥´Ò ¢ μ¶É¨Î¥¸±μ³ ³¨±·μ¸±μ¶¥ ¢ ¢¨¤¥ ¶μ²μ¸.
‚ · ¡μÉ¥ [5]  ´ ²μ£¨Î´Ò³ ³¥Éμ¤μ³ ¡Ò²¨ ¨§³¥·¥´Ò §´ Î¥´¨Ö ¶·μ¡¥£μ¢ ¨μ-
´μ¢ Ê£²¥·μ¤  ¸ Ô´¥·£¨Ö³¨ ¢ ¤¨ ¶ §μ´¥ 40Ä90 ŒÔ‚ ¢ ´¥·¦ ¢¥ÕÐ¥° ¸É ²¨
É¨¶  306. “¸É ´μ¢²¥´μ, ÎÉμ ¢¥²¨Î¨´  ¶·μ¥±É¨¢´ÒÌ ¶·μ¡¥£μ¢ ´ Ìμ¤¨É¸Ö ¢
Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¸ · ¸Î¥É´Ò³¨ §´ Î¥´¨Ö³¨, ¶μ²ÊÎ¥´´Ò³¨ ¸ ¶μ³μÐÓÕ ¶·μ-
£· ³³Ò E-DEP-1 [10], · ¸Ï¨·¥´´μ° ´  ¢Ò¸μ±¨¥ Ô´¥·£¨¨. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ,
ÎÉμ ÔÉ  ¶·μ£· ³³  ¢¥¸Ó³  ÔËË¥±É¨¢´μ  ¶¶·μ±¸¨³¨·μ¢ ²  Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ ¶μ ¤¥Ë¥±Éμμ¡· §μ¢ ´¨Õ ¨ ¶·μ¡¥£ ³ ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¢
³ É¥·¨ ² Ì. Š ¸μ¦ ²¥´¨Õ, ¥¥ ±μ³¶ÓÕÉ¥·´μ¥ ¨¸¶μ²´¥´¨¥ ¨ Ê¤μ¡¸É¢μ ¶·¥¤¸É -
¢²¥´¨Ö · ¸Î¥É´ÒÌ ¢¥²¨Î¨´ ´¨ ¢ ±μ¥° ³¥·¥ ´¥²Ó§Ö ¸μ¶μ¸É ¢¨ÉÓ ¸ ¶·μ£· ³³μ°
SRIM-2007 [3, 4].

ˆ³¥ÕÉ¸Ö É ±¦¥ ¤·Ê£¨¥ ¢μ§³μ¦´μ¸É¨, ¶μ§¢μ²ÖÕÐ¨¥ ÔËË¥±É¨¢´μ μ¶·¥¤¥-
²ÖÉÓ ¶·μ¥±É¨¢´Ò¥ ¶·μ¡¥£¨ ¨μ´μ¢, ¢¥²¨Î¨´  ±μÉμ·ÒÌ Ö¢²Ö¥É¸Ö μ¤´μ° ¨§ ¢ ¦-
´ÒÌ Ì · ±É¥·¨¸É¨± ¢§ ¨³μ¤¥°¸É¢¨Ö ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸ ±μ´¤¥´¸¨-
·μ¢ ´´Ò³¨ ¸·¥¤ ³¨. ‚ · ¡μÉ¥ [6] ¶·μ¡¥£¨ ¨μ´μ¢ Ê£²¥·μ¤  ¨  §μÉ  ¢ Ï¨·μ±μ³
¤¨ ¶ §μ´¥ Ô´¥·£¨° 1Ä24 ŒÔ‚ ¢ ±·¥³´¨¨ μ¶·¥¤¥²Ö²¨¸Ó ¸ ¶μ³μÐÓÕ ³¥Éμ¤ 
μ¶É¨Î¥¸±μ£μ μÉ· ¦¥´¨Ö Ê²ÓÉ· Ë¨μ²¥Éμ¢μ£μ ¨§²ÊÎ¥´¨Ö. �ÉμÉ ³¥Éμ¤ μ¸´μ¢ ´
´  ¨§³¥´¥´¨¨ ±μÔËË¨Í¨¥´É  μ¶É¨Î¥¸±μ£μ μÉ· ¦¥´¨Ö ¶μ¢¥·Ì´μ¸É¨ ³ É¥·¨ ² ,
¢Ò§Ò¢ ¥³μ£μ · ¤¨ Í¨μ´´Ò³¨ ¤¥Ë¥±É ³¨. � ¸Î¥É´Ò¥ §´ Î¥´¨Ö ¡Ò²¨ ¶μ²ÊÎ¥´Ò
¶ÊÉ¥³ ³μ¤¥²¨·μ¢ ´¨Ö ¶μ ³¥Éμ¤Ê Œμ´É¥-Š ·²μ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶·¥¤²μ¦¥´-
´μ£μ ¢ ÔÉμ° · ¡μÉ¥ ¢Ò· ¦¥´¨Ö ¤²Ö Sinel, ÊÎ¨ÉÒ¢ ÕÐ¥£μ μμ¡¥´´μ¸É¨ Ô²¥±É·μ´-
´μ£μ Éμ·³μ¦¥´¨Ö ¶·¨ ´¨§±¨Ì (E < 1 ŒÔ‚) ¨ ¢Ò¸μ±¨Ì (E > 1 ŒÔ‚) Ô´¥·-
£¨ÖÌ ¨μ´μ¢. Œ¥Éμ¤μ³ μ¶É¨Î¥¸±μ£μ μÉ· ¦¥´¨Ö μ¶·¥¤¥²Ö²¨¸Ó É ±¦¥ ¶·μ¡¥£¨
¨ ¶·μË¨²¨ ¤¥Ë¥±Éμμ¡· §μ¢ ´¨Ö ¢ ±·¥³´¨¨, μ¡²ÊÎ¥´´μ³ ¨μ´ ³¨ ±¨¸²μ·μ¤ ,
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Ê£²¥·μ¤  ¨ ¡μ·  ¸ Ô´¥·£¨Ö³¨ ¤μ 100 ŒÔ‚ [7, 8]. 
Ò²μ Ê¸É ´μ¢²¥´μ, ÎÉμ É¥μ·¥-
É¨Î¥¸±¨¥ ¶·μË¨²¨ ¤¥Ë¥±Éμμ¡· §μ¢ ´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ¶ÊÉ¥³ ³μ¤¥²¨·μ¢ ´¨Ö ¶μ
³¥Éμ¤Ê Œμ´É¥-Š ·²μ, §´ Î¨É¥²Ó´μ μÉ²¨Î ÕÉ¸Ö μÉ Ô±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ-
¤ ¥³ÒÌ. �μÔÉμ³Ê ¢ ÔÉμ° · ¡μÉ¥ ¸¤¥² ´ ¢Ò¢μ¤ μ ´¥μ¡Ìμ¤¨³μ¸É¨ ÊÎ¥É  ¢±² ¤ 
¢ μ¡· §μ¢ ´¨¥ · ¤¨ Í¨μ´´ÒÌ ¤¥Ë¥±Éμ¢ ¶μ ³¥Ì ´¨§³Ê Ô²¥±É·μ´´ÒÌ ¶μÉ¥·Ó
Ô´¥·£¨¨ ¢Ò¸μ±μÔ´¥·£¥É¨Î´ÒÌ ÉÖ¦¥²ÒÌ ¨μ´μ¢.

	É³¥É¨³, ÎÉμ Ô±¸¶¥·¨³¥´É ²Ó´μ¥ μ¶·¥¤¥²¥´¨¥ ¶·μË¨²¥° § ²¥£ ´¨Ö ¢Ò¸μ-
±μÔ´¥·£¥É¨Î´ÒÌ ¨μ´μ¢ ¸É ²±¨¢ ¥É¸Ö ¸μ §´ Î¨É¥²Ó´Ò³¨ ³¥Éμ¤¨Î¥¸±¨³¨ É·Ê¤-
´μ¸ÉÖ³¨. ‘É ´¤ ·É´Ò¥ ³¥Éμ¤Ò, É ±¨¥ ± ± μ¡· É´μ¥ ·¥§¥·Ëμ·¤μ¢¸±μ¥ · ¸¸¥Ö-
´¨¥ ¨ ³ ¸¸-¸¶¥±É·μ³¥É·¨Ö ¢Éμ·¨Î´ÒÌ ¨μ´μ¢, ¶·¨³¥´¨³Ò Éμ²Ó±μ ¢ Éμ³ ¸²ÊÎ ¥,
¥¸²¨ ¢´¥¤·¥´´Ò¥ ¨μ´Ò ´ Ìμ¤ÖÉ¸Ö ´  · ¸¸ÉμÖ´¨¨ ³¥´¥¥ ∼ 1 ³±³ μÉ μ¡²ÊÎ¥´´μ°
¶μ¢¥·Ì´μ¸É¨. �μÔÉμ³Ê ¤²Ö ¨§ÊÎ¥´¨Ö ¶·μË¨²¥° § ²¥£ ´¨Ö ¨μ´μ¢ ´  ¡μ²ÓÏ¨Ì
£²Ê¡¨´ Ì ´¥μ¡Ìμ¤¨³μ ¶·¨³¥´ÖÉÓ ¸¶¥Í¨ ²Ó´Ò¥ ³¥Éμ¤Ò, ´ ¶·¨³¥·, ¶μ¸²μ°´μ¥
¸É· ¢²¨¢ ´¨¥ μ¡²ÊÎ¥´´μ£μ ¸²μÖ μ¡· §Í  ¨²¨ ¶·¨£μÉμ¢²¥´¨¥ ®±μ¸ÒÌ¯ Ï²¨Ëμ¢
¸ ¢Ò¸μ±μ° ¸É¥¶¥´ÓÕ ÉμÎ´μ¸É¨ [6].

‚ ·Ö¤¥ ¸²ÊÎ ¥¢ ¶·μË¨²Ó § ²¥£ ´¨Ö ¨μ´μ¢ ³μ¦¥É ¡ÒÉÓ μ¶·¥¤¥²¥´ ³¥Éμ¤ ³¨
· ¤¨μ ±É¨¢´ÒÌ ¨´¤¨± Éμ·μ¢, ´ ¡μ·μ³ Éμ´±¨Ì Ëμ²Ó£,   ¢ ¶μ²Ê¶·μ¢μ¤´¨±μ¢ÒÌ
±·¨¸É ²² Ì ¸ ¶μ³μÐÓÕ ³¥Éμ¤  ¨§³¥·¥´¨Ö Ô²¥±É·μ¸μ¶·μÉ¨¢²¥´¨Ö ¨ ÔËË¥±É 
•μ²²  [8]. 	¸´μ¢´μ° § ¤ Î¥° ¶·¨ ¸μ¶μ¸É ¢²¥´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ · ¸-
Î¥É´ÒÌ §´ Î¥´¨° ¶·μ¡¥£μ¢ Ö¢²Ö¥É¸Ö ¶·μ¢¥·±  ¶· ¢¨²Ó´μ¸É¨ ¶·¨³¥´¥´¨Ö ¸Ê-
Ð¥¸É¢ÊÕÐ¨Ì § ¢¨¸¨³μ¸É¥° ¨²¨ É ¡²¨Î´ÒÌ §´ Î¥´¨° ¨μ´¨§ Í¨μ´´ÒÌ ¶μÉ¥·Ó
Ô´¥·£¨¨ Sinel, ¶μ¸±μ²Ó±Ê ÔÉμÉ ¢¨¤ ¶μÉ¥·Ó Ô´¥·£¨¨ ¤μ³¨´¨·Ê¥É ´ ¤ Ê¶·Ê£¨³
· ¸¸¥Ö´¨¥³ ¶· ±É¨Î¥¸±¨ ¢μ ¢¸¥³ ¨´É¥·¢ ²¥ Ô´¥·£¨° ¨, ¸²¥¤μ¢ É¥²Ó´μ, μ¶·¥-
¤¥²Ö¥É ¢¥²¨Î¨´Ê ¶·μ¡¥£ . 	É³¥É¨³, ÎÉμ ¢ ¡μ²ÓÏ¨´¸É¢¥ · ¡μÉ ÔÉμ£μ ´ ¶· ¢²¥-
´¨Ö ¨§ÊÎ ²¨¸Ó ¶·μ¡¥£¨ ¢Ò¸μ±μÔ´¥·£¥É¨Î´ÒÌ ¨μ´μ¢ ¸ ´¥¢Ò¸μ±¨³¨  Éμ³´Ò³¨
´μ³¥· ³¨ ¨ ³ ¸¸μ° ¢ μ¤´μ±μ³¶μ´¥´É´ÒÌ ±·¨¸É ²² Ì. �μ¸±μ²Ó±Ê ´ ¨¡μ²¥¥
¸²μ¦´Ò³ ¸ ÉμÎ±¨ §·¥´¨Ö É¥μ·¨¨ Ö¢²Ö¥É¸Ö μ¶¨¸ ´¨¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ É¢¥·-
¤Ò³ É¥²μ³ ¨μ´μ¢ ¸ ¢Ò¸μ±¨³¨  Éμ³´Ò³¨ ´μ³¥· ³¨ [1, 2], ¶·μ¢¥¤¥´¨¥ É ±¨Ì
Ô±¸¶¥·¨³¥´Éμ¢ ´  ¶ÊÎ± Ì · §²¨Î´ÒÌ ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢¥¸Ó³ 
 ±ÉÊ ²Ó´Ò³, ¢ μ¸μ¡¥´´μ¸É¨ ¤²Ö ³´μ£μ±μ³¶μ´¥´É´ÒÌ ±·¨¸É ²²μ¢.

2. ����…ƒˆ ˆ���‚ 207Pb ˆ 136Xe ‚ Š�ˆ‘’�‹‹�• LiF, Si, GaAs ¨ Ge

‚¥²¨Î¨´  ¶·μ¡¥£μ¢ Î ¸É¨Í Ö¢²Ö¥É¸Ö μ¤´μ° ¨§ ¢ ¦´ÒÌ Ì · ±É¥·¨¸É¨± ¢§ -
¨³μ¤¥°¸É¢¨Ö ¨§²ÊÎ¥´¨° ¸ É¢¥·¤Ò³¨ É¥² ³¨. �¥¸³μÉ·Ö ´  Éμ, ÎÉμ ¶·μ¡²¥³¥
¶·μÌμ¦¤¥´¨Ö ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í Î¥·¥§ ¢¥Ð¥¸É¢μ Ê¤¥²Ö¥É¸Ö ¡μ²ÓÏμ¥
¢´¨³ ´¨¥, ÉμÎ´μ¸ÉÓ · ¸Î¥É´ÒÌ ³¥Éμ¤μ¢ μ¶·¥¤¥²¥´¨Ö ¶·μ¡¥£μ¢, ± ± ¶· ¢¨²μ,
´¥ ¶·¥¢ÒÏ ¥É ´¥¸±μ²Ó±¨Ì ¶·μÍ¥´Éμ¢ [11, 12]. �μÔÉμ³Ê ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸
¸μ¶μ¸É ¢²¥´¨¥ · ¸Î¥É´ÒÌ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° ¶·μ¡¥£μ¢ Î ¸É¨Í ¢
· §²¨Î´ÒÌ ±·¨¸É ²² Ì.
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�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨§³¥·¥´¨Ö ¶·μ¡¥£μ¢ ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¢ ¶μ²Ê¶·μ¢μ¤´¨-
±μ¢ÒÌ ¨ ¤¨Ô²¥±É·¨Î¥¸±¨Ì ³ É¥·¨ ² Ì ¢±²ÕÎ ²¨ ¸²¥¤ÊÕÐ¨¥ ¸É ¤¨¨:

Å ¶μ²ÊÎ¥´¨¥ ± Î¥¸É¢¥´´μ£μ ¸±μ²  ±·¨¸É ²²  ¢¤μ²Ó ¶·μ¡¥£  ÉÖ¦¥²μ£μ
¨μ´  ¶¥·¶¥´¤¨±Ê²Ö·´μ μ¡²ÊÎ ¥³μ° ¶μ¢¥·Ì´μ¸É¨ Å ³¥Éμ¤ É¨¶  ®cross-section¯;

Å ¶μ¤É· ¢²¨¢ ´¨¥ (¶·¨ ´¥μ¡Ìμ¤¨³μ¸É¨) μ¡²ÊÎ¥´´μ° §μ´Ò ³ É¥·¨ ²  ¸¥-
²¥±É¨¢´Ò³ Ì¨³¨Î¥¸±¨³ É· ¢¨É¥²¥³ ¤²Ö ¶·μÖ¢²¥´¨Ö §μ´Ò ¡·Ô££μ¢¸±μ£μ ¶¨± 
¢¡²¨§¨ §μ´Ò μ¸É ´μ¢±¨ ¨μ´μ¢;

Å ¨§³¥·¥´¨¥ ¶·μ¡¥£  ¨μ´μ¢ ¶·¨ ¨§ÊÎ¥´¨¨ £²Ê¡¨´Ò § ²¥£ ´¨Ö ¶¨±  
·-
Ô££  ´  ¸±μ²¥ ±·¨¸É ²²  (¸ Éμ·Í ) ¸ ¶μ³μÐÓÕ ¸± ´¨·ÊÕÐ¥° Ô²¥±É·μ´´μ° ³¨-
±·μ¸±μ¶¨¨ ¨²¨ μ¶É¨Î¥¸±μ° ¸¶¥±É·μ¸±μ¶¨¨ ¸ ËμÉμ£· Ë¨Î¥¸±μ° ¶·¨¸É ¢±μ°.
’μÎ´μ¸ÉÓ ¨§³¥·¥´¨Ö ¶·μ¡¥£μ¢ ¶·¨¢¥¤¥´  ¢ É ¡². 1Ä3.

’ ¡²¨Í  1. 	±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥·¥´´Ò¥ ¶·μ¡¥£¨ ¨μ´μ¢ ¢ ³μ´μ±·¨¸É ²²¨Î¥¸±¨Ì
³¨Ï¥´ÖÌ, ¢ Éμ³ Î¨¸²¥ ¢ § ¢¨¸¨³μ¸É¨ μÉ μ·¨¥´É Í¨¨ ±·¨¸É ²²μ¢, ¨ · ¸Î¥É´Ò¥ §´ Î¥-
´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ É ¡²¨Í �μ·É±²¨Ë  ¨ ˜¨²²¨´£  [12] ¨ ¶·μ£· ³³
E-DEP-1 [12] ¨ SRIM-2007 [3, 4]

ˆμ´
�´¥·-
£¨Ö,
ŒÔ‚

Œ¨Ï¥´Ó ρ,
£/¸³3

Rexp
d ,

³±³
RED

d ,
³±³

RED
p ,

³±³

RNS
p ,

³±³

RSRIM
p ,

³±³

Xe 118 LiF 2,63 14,5 13,09 13,39 Å 13,6 ± 0,3
Xe 118 Si[100]

Si[111]
Si[110]

2,321 15,7
16,4
16,8

18,59 19,2 15,9 16,5 ± 0,6

Xe 118 GaAs[100]
GaAs[110]

5,815 12,6
12,2

12,5 13,07 12,4 12,1 ± 0,7

Xe 118 Ge[100]
Ge[111]

5,35 14,3
14,8

12,5 12,99 12,5 13,3 ± 0,9

Pb 43,5 LiF Å 9,5 7,6 8,25 Å 6,23±0,31
Pb 43,5 Si Å 9,6 8,85 9,12 Å 7,56±0,52

‚ É ¡². 1 ¸μ¤¥·¦ É¸Ö Ô±¸¶¥·¨³¥´É ²Ó´μ μ¶·¥¤¥²¥´´Ò¥ §´ Î¥´¨Ö Rexp
d , ¸μ-

μÉ¢¥É¸É¢ÊÕÐ¨¥ Í¥´É·Ê ³ ±¸¨³ ²Ó´μ ¶μ¢·¥¦¤¥´´μ° μ¡² ¸É¨ ¢¤μ²Ó ¶·μ¡¥£  ¨μ-
´μ¢ (¶¨± 
·Ô££ ), §´ Î¥´¨Ö RED

d ¨ ¶·μ¡¥£¨ RED
p , ¶μ²ÊÎ¥´´Ò¥ ¶μ ¶·μ£· ³³¥

E-DEP-1 [10], §´ Î¥´¨Ö ¶·μ¡¥£μ¢ ¨μ´μ¢ RNS
p ¨§ É ¡²¨Í �μ·É±²¨Ë  ¨ ˜¨²-

²¨´£  [12],   É ±¦¥ §´ Î¥´¨Ö ¶·μ¡¥£μ¢ RSRIM
p , ¶μ²ÊÎ¥´´Ò¥ ¶μ ¶·μ£· ³³¥

SRIM-2007 [3, 4]. ’μÎ´μ¸ÉÓ μ¶·¥¤¥²¥´¨Ö ¢¥²¨Î¨´ Rexp
d cμ¸É ¢²Ö²  ±0,1 ³±³.

Œ¥Éμ¤Ò μ¶·¥¤¥²¥´¨Ö ¶·μ¡¥£μ¢ ¢ Ê± § ´´ÒÌ ¢ÒÏ¥ ±·¨¸É ²² Ì ¸μ¸ÉμÖ²¨ ¢ ¸²¥-
¤ÊÕÐ¥³: ¢μ-¶¥·¢ÒÌ, μ¡· §ÍÒ ¶μ¤£μÉ ¢²¨¢ ²¨¸Ó É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ¶μ²Ê-
Î¨ÉÓ Éμ·Í¥¢ÊÕ ¶μ¢¥·Ì´μ¸ÉÓ Ìμ·μÏ¥£μ ± Î¥¸É¢  ¨ ¶¥·¶¥´¤¨±Ê²Ö·´ÊÕ μ¡²ÊÎ -
¥³μ° ¶μ¢¥·Ì´μ¸É¨ ³μ´μ±·¨¸É ²² , ¢μ-¢Éμ·ÒÌ, ¨§³¥·¥´¨Ö ¢¥²¨Î¨´ ¶·μ¡¥£μ¢
μ¸ÊÐ¥¸É¢²Ö²¨¸Ó ´  μ¶É¨Î¥¸±¨Ì ³¨±·μ¸±μ¶ Ì ¸ ËμÉμ£· Ë¨Î¥¸±μ° ¶·¨¸É ¢±μ°
¨²¨ ´  Ô²¥±É·μ´´μ³ ¸± ´¨·ÊÕÐ¥³ ³¨±·μ¸±μ¶¥ JSM-840. �Éμ ¶μ§¢μ²¨²μ ¨§-
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³¥·¨ÉÓ ¢¥²¨Î¨´Ò ¶·μ¡¥£μ¢ ¸ ÉμÎ´μ¸ÉÓÕ ´¥ ÌÊ¦¥ ±0,1 ³±³, ÎÉμ ¢¶μ²´¥ Ê¤μ-
¢²¥É¢μ·¨É¥²Ó´μ, É ± ± ± ¶μ²´Ò¥ ¢¥²¨Î¨´Ò ¶·μ¡¥£μ¢ ¶·¥¢ÒÏ ²¨ ´¥¸±μ²Ó±μ
³¨±·μ³¥É·μ¢.

Š·μ³¥ Éμ£μ, ¡Ò²¨ ¨§³¥·¥´Ò ¢¥²¨Î¨´Ò ¶·μ¡¥£μ¢ ¢ Si ¨ GaAs ¢ § ¢¨¸¨³μ-
¸É¨ μÉ μ·¨¥´É Í¨¨ ¶μ¢¥·Ì´μ¸É¨ ³μ´μ±·¨¸É ²² . Œ ¸¸  ¨ Ô´¥·£¨Ö ¨μ´μ¢ ¢Ò-
¡¨· ²¨¸Ó É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ¸μ¡²Õ¤ ²μ¸Ó Ê¸²μ¢¨¥ ²¨´¥°´μ° § ¢¨¸¨³μ¸É¨
Ô²¥±É·μ´´ÒÌ ¶μÉ¥·Ó Ô´¥·£¨¨ μÉ ¸±μ·μ¸É¨ ¨μ´  Sinel = kV , ±μÉμ·μ¥ ¸²¥¤Ê¥É ¨§
³μ¤¥²¥° ‹¨´¤Ì ·¤  ¨ ”¨·¸μ¢ , ²¥¦ Ð¨Ì ¢ μ¸´μ¢¥ ¶·μ£· ³³Ò E-DEP-1 [10].
	¤´ ±μ, ± ± ¢¨¤´μ ¨§ É ¡²¨ÍÒ, Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö Rexp

d ,   ¸²¥¤μ¢ -
É¥²Ó´μ, ¨ ¶·μ¡¥£¨ ¢μ ¢¸¥Ì ¸²ÊÎ ÖÌ μÉ²¨Î ÕÉ¸Ö μÉ · ¸Î¥É´ÒÌ, §  ¨¸±²ÕÎ¥´¨¥³
±μ³¡¨´ Í¨¨ ¨μ´Ò 136Xe ¢ ³μ´μ±·¨¸É ²²¥ GaAs. �·¨ μ¡²ÊÎ¥´¨¨ G¥ ¨ LiF
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶·μ¡¥£¨ ¡μ²ÓÏ¥ · ¸Î¥É´ÒÌ.

‘¤¥² ¥³ ´¥±μÉμ·Ò¥ ¢Ò¢μ¤Ò, ¨¸Ìμ¤Ö ¨§ ¤ ´´ÒÌ, ¶·¨¢¥¤¥´´ÒÌ ¢ É ¡². 1.
Š ± ¢¨¤´μ, ¤²Ö LiF, μ¡²ÊÎ¥´´μ£μ ¨μ´ ³¨ 207Pb ¨ 136Xe, ¨§³¥·¥´´Ò¥ §´ Î¥´¨Ö
¶·μ¥±É¨¢´ÒÌ ¶·μ¡¥£μ¢ ¶·¥¢ÒÏ ÕÉ · ¸Î¥É´Ò¥: Rexp

d > RED
d ¨ Rexp

d > RSRIM
p .

ˆ§ É ¡². 1 ¸²¥¤Ê¥É, ÎÉμ Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ · ¸Î¥É´ÒÌ ¨ Ô±¸¶¥·¨³¥´É ²Ó-
´ÒÌ ¢¥²¨Î¨´ ¶·μ¡¥£μ¢ ´ ¡²Õ¤ ¥É¸Ö ¤²Ö ¸²¥¤ÊÕÐ¨Ì ±μ³¡¨´ Í¨° ¨μ´Ä³¨Ï¥´Ó:
136Xe ¢ Si, 136Xe ¢ GaAs, ´μ ¢ ·Ö¤¥ ±μ³¡¨´ Í¨° ¨μ´Ä³¨Ï¥´Ó ¸μ£² ¸¨¥ Ô±¸¶¥-
·¨³¥´É ²Ó´μ ¨§³¥·¥´´ÒÌ ¶·μ¡¥£μ¢ ¨ · ¸Î¥É´ÒÌ §´ Î¥´¨° ´¥ μÎ¥´Ó Ìμ·μÏ¥¥.
	¸μ¡¥´´μ ÔÉμ ± ¸ ¥É¸Ö ¶·μ¡¥£μ¢ ¨μ´μ¢ ¸¢¨´Í  ¢ ²¥£±¨Ì ³¨Ï¥´ÖÌ É¨¶  LiF
¨ Si. �Éμ, ¶μ-¢¨¤¨³μ³Ê, μ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉμ ±¢ §¨±² ¸¸¨Î¥¸±¨° ¶μ¤Ìμ¤,
´  μ¸´μ¢¥ ±μÉμ·μ£μ · §· ¡μÉ ´Ò ³μ¤¥²¨ ”¨·¸μ¢  ¨ ‹¨´¤Ì ·¤ , μ¶· ¢¤ ´ ¤²Ö
¡μ²ÓÏ¨Ì §´ Î¥´¨° ¶ · ³¥É·  Z = Z1 + Z2. ‚¨¤´μ É ±¦¥, ÎÉμ ¢¥²¨Î¨´ 
¶·μ¡¥£μ¢ ¨μ´μ¢ § ¢¨¸¨É μÉ μ·¨¥´É Í¨¨ ³μ´μ±·¨¸É ²²μ¢, ¢ Î ¸É´μ¸É¨, ¤²Ö ¡μ-
²¥¥ ¶²μÉ´μ Ê¶ ±μ¢ ´´ÒÌ ´ ¶· ¢²¥´¨°, ´ ¶·¨³¥·, ¤²Ö [100] ¢¥²¨Î¨´  ¶·μ¡¥£ 
³¥´ÓÏ¥, Î¥³ ¤²Ö ³¥´¥¥ ¶²μÉ´μ Ê¶ ±μ¢ ´´ÒÌ, ¢ μ¸μ¡¥´´μ¸É¨ ÔÉμ Ìμ·μÏμ ¢¨¤´μ
¤²Ö ¨μ´μ¢ ±¸¥´μ´  ¢ ±·¥³´¨¨ (¸³., ´ ¶·¨³¥·, [13]).

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¨³¥ÕÉ¸Ö μÉ²¨Î¨Ö ¢ ¨§³¥·¥´´ÒÌ ¶·μ¡¥£ Ì ÉÖ¦¥²ÒÌ
¨μ´μ¢ ¨ ¶·μ¡¥£ Ì, ¢ÒÎ¨¸²¥´´ÒÌ ¶μ ¶·μ£· ³³¥ SRIM-2007.

‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´μ ¶μ²ÊÎ¥´´ÒÌ ¢¥²¨Î¨´ ¶·μ¡¥£μ¢ ÉÖ¦¥²ÒÌ ¨μ-
´μ¢ ¢ · §²¨Î´ÒÌ ±·¨¸É ²² Ì ¸ ¶μ²ÊÎ¥´´Ò³¨ ¨§ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ¶μ§¢μ²Ö¥É
¸¤¥² ÉÓ ¢Ò¢μ¤ μ ´¥μ¡Ìμ¤¨³μ¸É¨ μ¸Éμ·μ¦´μ£μ ¨¸¶μ²Ó§μ¢ ´¨Ö ¸ÊÐ¥¸É¢ÊÕÐ¨Ì
³¥Éμ¤μ¢ · ¸Î¥É .

�·¨ ¨μ´´μ° ¨³¶² ´É Í¨¨ ²¥£¨·ÊÕÐ¨Ì ¶·¨³¥¸¥° ¢ ¶μ²Ê¶·μ¢μ¤´¨±μ¢Ò¥ ¨
¤¨Ô²¥±É·¨Î¥¸±¨¥ ³ É¥·¨ ²Ò ¢ ¦´μ¥ §´ Î¥´¨¥ ¨³¥¥É £²Ê¡¨´  § ²¥£ ´¨Ö
¢´¥¤·¥´´ÒÌ ¨μ´μ¢, ¢ μ¸μ¡¥´´μ¸É¨ ¶·¨ ¸μ§¤ ´¨¨ μ¶·¥¤¥²¥´´ÒÌ μ¡Ñ¥³´ÒÌ
¸É·Ê±ÉÊ· ¢ · §¢¨¢ ¥³μ° É¥Ì´μ²μ£¨¨ ´μ¢ÒÌ ¨´É¥£· ²Ó´ÒÌ ¶μ²Ê¶·μ¢μ¤´¨±μ-
¢ÒÌ ¶·¨¡μ·μ¢. ‘ÊÐ¥¸É¢ÊÕÐ¨¥ É¥μ·¥É¨Î¥¸±¨¥ ³¥Éμ¤Ò · ¸Î¥É  ¢¥²¨Î¨´ ¶·μ¡¥-
£μ¢ ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ ¤ ÕÉ §´ Î¥´¨Ö, ±μÉμ·Ò¥ μÉ²¨Î ÕÉ¸Ö μÉ Ô±¸¶¥·¨³¥´É ²Ó´μ
¨§³¥·¥´´ÒÌ.
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3. ����…ƒˆ ‹…ƒŠˆ• ˆ���‚ ‚ LiF ˆ Si


Ò²¨ ¢Ò¶μ²´¥´Ò ¨¸¸²¥¤μ¢ ´¨Ö ¢¥²¨Î¨´ ¶·μ¡¥£μ¢ ·Ö¤  ÉÖ¦¥²ÒÌ ¨μ´μ¢,
´μ ¡μ²¥¥ ²¥£±¨Ì, Î¥³ ¨μ´Ò ¸¢¨´Í  ¨ ±¸¥´μ´ , É ±¨Ì ± ± 11‚, 16O, 22Ne, 35Cl
¨ 40Ar ¸ Ô´¥·£¨Ö³¨ ¢ ¤¨ ¶ §μ´¥ μÉ 1Ä6 ŒÔ‚/ . ¥. ³., ¢ ¶· ±É¨Î¥¸±¨ ¶·¨³¥-
´Ö¥³ÒÌ ¶μ²Ê¶·μ¢μ¤´¨±μ¢ÒÌ ±·¨¸É ²² Ì Si, Ge, AsGa ¨ ³μ¤¥²Ó´μ³ ¨μ´´μ³
Ð¥²μÎ´μ-£ ²²μ¨¤´μ³ LiF c ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¥Éμ¤μ¢ μ¶É¨Î¥¸±μ° ¨ Ô²¥±É·μ´-
´μ° ¸± ´¨·ÊÕÐ¥° ³¨±·μ¸±μ¶¨¨. � ¨¡μ²¥¥ ¨´É¥·¥¸´ Ö Î ¸ÉÓ ÔÉ¨Ì ·¥§Ê²ÓÉ Éμ¢
¶·¨¢¥¤¥´  ¢ É ¡². 2 ¨ 3.

’ ¡²¨Í  2. 	±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ · ¸Î¥É´Ò¥ §´ Î¥´¨Ö ¶·μ¡¥£μ¢ ¨μ´μ¢ ¢ LiF (ρ =
2,64 £/¸³3)

ˆμ´ �´¥·£¨Ö,
ŒÔ‚

Rexp
d ,

³±³
RED

d ,
³±³

RED
p ,

³±³
RSRIM

p ,
³±³

40Ar 46,3
225,0

11,6
40,9

10,1
Å

10,23
Å

9,94±0,16
47,2±0,2

22Ne 27,2
112,5

10,5
57,0

Å Å 11,0±0,2
54,2±0,5

16O 19,7 10,1 6,8 6,86 9,97±0,12

’ ¡²¨Í  3. 	±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ · ¸Î¥É´Ò¥ §´ Î¥´¨Ö ¶·μ¡¥£μ¢ ¨μ´μ¢ ¢ Si (ρ =
2,321 £/¸³3)

ˆμ´ �´¥·£¨Ö,
ŒÔ‚

Rexp
d ,

³±³
RED

d ,
³±³

RED
p ,

³±³
RNS

p ,
³±³

RSRIM
p ,
³±³

40Ar 26,3
34,4

4,9
6,5

9,9
11,6

10,7
11,86

8,9
10,7

8,07±0,27
9,83±0,25

35Cl 17,8
41,1

3,5
6,2

7,75
12,6

7,96
12,84

6,75
12,5

6,28±0,24
11,6±0,2

22Ne 15,3
20,0

3,25
6,15

8,6
11,4

8,81
11,64

7,4
9,5

8,44±027
10,5±0,3

11B 13,6
92,0

22,0
200,0

Å Å Å 15,5±0,2
241,0±1,1

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¸· ¢´¨¢ ²¨¸Ó ¸ · ¸Î¥É´Ò³¨ §´ Î¥´¨Ö³¨,
¶μ²ÊÎ¥´´Ò³¨ ¸ ¶μ³μÐÓÕ ±μ³¶ÓÕÉ¥·´ÒÌ ¶·μ£· ³³ E-DEP-1 [10] ¨ SRIM-
2007 [3, 4]. �·¨ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ° ¨μ´´μ° ¨³¶² ´É Í¨¨ ´¥Ê¶·Ê£¨¥ ¨μ-
´¨§ Í¨μ´´Ò¥ ¶μÉ¥·¨ Ô´¥·£¨¨ μ¶·¥¤¥²ÖÕÉ ¶μ²´Ò¥ ¶μÉ¥·¨ Ô´¥·£¨¨ ¨μ´ , É ±
± ± (−dE/dZ)inel � (−dEdZ)el ¶· ±É¨Î¥¸±¨ ¢¤μ²Ó ¢¸¥£μ ¶·μ¥±É¨¢´μ£μ ¶·μ-
¡¥£ , §  ¨¸±²ÕÎ¥´¨¥³ μ¡² ¸É¨ ¢¡²¨§¨ §μ´Ò μ¸É ´μ¢±¨ ¨μ´  (¶¨±  
·Ô££ ).
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Š ± ¢¨¤´μ ¨§ ¸· ¢´¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥·¥´´ÒÌ §´ Î¥´¨° ¶·μ-
¥±É¨¢´ÒÌ ¶·μ¡¥£μ¢ (¨²¨, ²ÊÎÏ¥ ¸± § ÉÓ, §μ´Ò ³ ±¸¨³Ê³  ¤¥Ë¥±Éμμ¡· §μ¢ -
´¨Ö Å ¶¨±  
·Ô££ ), ¶·¨ μÉ´μ¸¨É¥²Ó´μ ´¨§±¨Ì Ô´¥·£¨ÖÌ · ¸Î¥É´Ò¥ §´ Î¥´¨Ö
¨ ¶μ E-DEP-1 [10], ¨ ¶μ SRIM-2007 [3, 4] ¶·μ£· ³³ ³ μ¶¨¸Ò¢ ÕÉ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¸ ÉμÎ´μ¸ÉÓÕ ¤μ 10Ä20%. ‚ Éμ ¦¥ ¢·¥³Ö ¤²Ö ¢Ò¸μ±¨Ì
Ô´¥·£¨° ¸μ£² ¸¨¥ £μ· §¤μ ÌÊ¦¥, μ¸μ¡¥´´μ ¤²Ö ¨μ´μ¢ 40Ar (225 ŒÔ‚).

Š ± ¨§¢¥¸É´μ, ´¥Ê¶·Ê£¨¥ ¶μÉ¥·¨ Ô´¥·£¨¨ ÉÖ¦¥²μ£μ ¨μ´  μ¶¨¸Ò¢ ÕÉ¸Ö É¥-
μ·¨¥° ‹¨´¤Ì ·¤  ¶·¨ Eion < Elim ¨ É¥μ·¨¥° 
¥É¥Ä
²μÌ  ¶·¨ Eion � Elim,

£¤¥ Elim
∼= M2V

2
0 Z

4/3
1 (§¤¥¸Ó M2 Å ³ ¸¸   Éμ³  ·¥Ï¥É±¨, V0 = e2

0/� Å
¡μ·μ¢¸± Ö ¸±μ·μ¸ÉÓ, Z1 Å § ·Ö¤ Ö¤·  ´ ²¥É ÕÐ¥£μ ¨μ´ .

4. ‚›‚�„›

ˆ§ ¢ÒÏ¥¨§²μ¦¥´´μ£μ ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ ¶·¨ ¶·μ¢¥¤¥´¨¨ ¨³¶² ´-
É Í¨¨ ²¥£¨·ÊÕÐ¨Ì Ô²¥³¥´Éμ¢ ´  § ¤ ´´ÊÕ £²Ê¡¨´Ê ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ
· ¸Î¥É´Ò¥ ±μ³¶ÓÕÉ¥·´Ò¥ ¶·μ£· ³³Ò, ´μ ¸ ÊÎ¥Éμ³ ¢μ§³μ¦´ÒÌ · §²¨Î¨° ¢ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¨ · ¸Î¥É´ÒÌ ¢¥²¨Î¨´ Ì ¶·μ¡¥£μ¢, É. ¥. ¢ ± ¦¤μ³ ±μ´±·¥É´μ³
¸²ÊÎ ¥ ¶·μ¨§¢μ¤¨ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´μ¥ ¨§³¥·¥´¨¥ ¶·μ¡¥£μ¢.
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