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ƒ¨± ² �.�. ¨ ¤·. P9-2006-38
Š ´ ² ¤²Ö ¶·¨±² ¤´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ´  ¶ÊÎ± Ì ¨μ´μ¢ ´¨§±¨Ì
Ô´¥·£¨° Í¨±²μÉ·μ´  „–-60

„²Ö Í¨±²μÉ·μ´  „–-60 · §· ¡μÉ ´ ± ´ ², ¶·¥¤´ §´ Î¥´´Ò° ¤²Ö ¶·μ¢¥¤¥´¨Ö
¶·¨±² ¤´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ´  ¶ÊÎ± Ì ´¨§±μÔ´¥·£¥É¨Î´ÒÌ ¨μ´μ¢ ¸ ±¨´¥É¨Î¥¸±μ°
Ô´¥·£¨¥° ∼25 Z/A ±Ô‚/´Ê±²μ´, É· ´¸¶μ·É¨·Ê¥³ÒÌ ± ³¨Ï¥´¨ ¨§ ECR-¨¸ÉμÎ´¨± 
Í¨±²μÉ·μ´ . 	¶·¥¤¥²¥´  ¸É·Ê±ÉÊ·  ± ´ ²  ¨ ¶ · ³¥É·Ò ¢¸¥Ì ¥£μ μ¶É¨Î¥¸±¨Ì
Ô²¥³¥´Éμ¢. �·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  É· ´¸¶μ·É¨·μ¢±¨ · §²¨Î´ÒÌ ¨μ´μ¢ μÉ
ECR-¨¸ÉμÎ´¨±  ± ³¨Ï¥´¨. �μ± § ´μ, ÎÉμ ¨μ´Ò ¸ μÉ´μÏ¥´¨¥³ ³ ¸¸Ò ± § ·Ö¤Ê ¢
¤¨ ¶ §μ´¥ Z/A = 2Ä20 ³μ£ÊÉ É· ´¸¶μ·É¨·μ¢ ÉÓ¸Ö ¢ · §· ¡μÉ ´´μ³ ± ´ ²¥ ¸ ¤μ-
¸É ÉμÎ´μ ¢Ò¸μ±μ° μ¦¨¤ ¥³μ° ÔËË¥±É¨¢´μ¸ÉÓÕ. „¨ ³¥É· ¶ÊÎ±  ¨μ´μ¢ ´  ³¨Ï¥´¨
¸μ¸É ¢²Ö¥É ∼40 ³³. �·¨¢¥¤¥´Ò É ±¦¥ Ì · ±É¥·¨¸É¨±¨ μ¸´μ¢´ÒÌ μ¶É¨Î¥¸±¨Ì Ô²¥-
³¥´Éμ¢ ± ´ ² .

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �.”²¥·μ¢  	ˆŸˆ.

‘μμ¡Ð¥´¨¥ 	¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2006

Gikal B.N. et al. P9-2006-38
Channel for Applied Investigations on Low Energy Ion Beams
of Cyclotron DC-60

The channel intended for carrying out applied investigations on the low energy
ion beams having the kinetic energy 25 Z/A keV/a.u. and transported from the
ECR-source to a target is worked out. The channel structure and parameters of
all its optics elements are deˇned. The calculation results of different ion types
transportation are given. It is shown that ions having the ratio of their mass to
charge Z/A = 2Ä20 can be transported in the worked out channel with enough high
expected efˇciency. At that the ion beam diameter on the target is ∼40 mm. The
characteristics of the basic optical elements of the channel are also given.

The investigation has been performed at the Flerov Laboratory of Nuclear Reac-
tions, JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2006



„²Ö ¶·μ¢¥¤¥´¨Ö ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨ ¶·¨±² ¤´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ´  ¶ÊÎ± Ì
ÉÖ¦¥²ÒÌ ¨μ´μ¢ ´¨§±¨Ì Ô´¥·£¨° (¸ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¥° ∼25 Z/A ±Ô‚/´Ê±-
²μ´, £¤¥ Z Å § ·Ö¤ ¨μ´ , A Å ¥£μ  Éμ³´Ò° ¢¥¸) ¢ Í¨±²μÉ·μ´¥ „–-60 ¸μ§¤ ´
¸¶¥Í¨ ²Ó´Ò° ± ´ ². ‚ ´¥³ ¶ÊÎ±¨ ¨μ´μ¢ É· ´¸¶μ·É¨·ÊÕÉ¸Ö μÉ ECR-¨¸ÉμÎ´¨± 
¤μ ³¨Ï¥´¨ ¡¥§ Ê¸±μ·¥´¨Ö ¢ Í¨±²μÉ·μ´¥. � ¸ÉμÖÐ Ö · ¡μÉ  ¶μ¸¢ÖÐ¥´  · ¸Î¥ÉÊ
¨ ¸μ§¤ ´¨Õ ÔÉμ£μ ± ´ ² .

1. ��‘—…’ Š���‹� „‹Ÿ ��ˆŠ‹�„�›• ˆ‘‘‹…„�‚��ˆ‰

‘Ì¥³  ± ´ ²   ±¸¨ ²Ó´μ° ¨´¦¥±Í¨¨ Í¨±²μÉ·μ´  „–-60 [1] ¶μ± § ´  ´ 
·¨¸. 1. � Î ²Ó´Ò° ÊÎ ¸Éμ± ± ´ ²  ¤²Ö ¶·¨±² ¤´ÒÌ ¨¸¸²¥¤μ¢ ´¨° (μÉ ECR-
¨¸ÉμÎ´¨±  ¤μ ¶μ¢μ·μÉ´μ£μ ³ £´¨É  IM90) ¸μ¢¶ ¤ ¥É ¸ ´ Î ²Ó´Ò³ ÊÎ ¸É±μ³
± ´ ²  ¨´¦¥±Í¨¨. Š ´ ² ¤²Ö ¶·¨±² ¤´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ´  ¶ÊÎ± Ì ¨μ´μ¢ ´¨§-
±¨Ì Ô´¥·£¨° · ¡μÉ ¥É ¶·¨ ¢Ò±²ÕÎ¥´´μ³ ±¢ ¤·Ê¶μ²¥ IQ1 ¨  ´ ²¨§¨·ÊÕÐ¥³
³ £´¨É¥ IM90.

‘Ì¥³  · §· ¡μÉ ´´μ£μ ± ´ ²  É· ´¸¶μ·É¨·μ¢±¨ ¨μ´μ¢ ´¨§±¨Ì Ô´¥·£¨°
¶·¨ · ¡μÉ¥ ´  ³¨Ï¥´Ó ’ ¡¥§ ¸± ´¨·ÊÕÐ¥° ¸¨¸É¥³Ò ¶μ± § ´  ´  ·¨¸. 2. � Î -
²μ³ ± ´ ²  Ö¢²Ö¥É¸Ö ÉμÎ±  ¶¥·¥¸¥Î¥´¨Ö ¢¥·É¨± ²Ó´μ° ¨ £μ·¨§μ´É ²Ó´μ° μ¸¥°
± ´ ²  ¨´¦¥±Í¨¨ �0 (¸³. ·¨¸. 2).

�  ·¨¸. 3 ¶μ± § ´  ¸Ì¥³  ±μ´¥Î´μ° Î ¸É¨ ± ´ ²  ¤²Ö ¸²ÊÎ Ö, ±μ£¤  ¨¸-
¶μ²Ó§ÊÕÉ¸Ö ³ £´¨É´Ò¥ ¸± ´¥·Ò ¤²Ö · §¢¥·É±¨ ¶ÊÎ±  ¶μ ³¨Ï¥´¨ [2]. ‡¤¥¸Ó
ASM Ä ¡²μ± ¤¢ÊÌ ³ £´¨É´ÒÌ ¸± ´¥·μ¢.

Š ± ¢¨¤´μ ¨§ ·¨¸. 2 ¨ 3, ¢ ÔÉμ³ ¸²ÊÎ ¥ · ¸¸ÉμÖ´¨¥ μÉ Í¥´É·  ¸μ²¥´μ¨-
¤ ²Ó´μ° ²¨´§Ò AS4 ¤μ ³¨Ï¥´¨ ’ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ 668 ¤μ 2105 ³³.

� · ³¥É·Ò ¶ÊÎ±μ¢ ¨μ´μ¢ ¶·¨¢¥¤¥´Ò ¢ É ¡². 1.
‚ ¶·μ¢¥¤¥´´ÒÌ · ¸Î¥É Ì ÊÎ¨ÉÒ¢ ²μ¸Ó ¢²¨Ö´¨¥ ´ Î ²Ó´μ£μ · §¡·μ¸  ¨μ-

´μ¢ ¶ÊÎ±  ¶μ ¶·μ¤μ²Ó´Ò³ ¨³¶Ê²Ó¸ ³ Δp/p [3]. � ¸¸Î¨É ´´μ¥ ¨§³¥´¥´¨¥
μ£¨¡ ÕÐ¨Ì ¶ÊÎ±μ¢ ¶μ É· ±ÉÊ ± ´ ²  ¶μ± § ´μ ´  ·¨¸. 4Ä6. �  ¢¸¥Ì ·¨¸Ê´± Ì
£μ·¨§μ´É ²Ó´Ò° ¶μ²Ê· §³¥· ¶ÊÎ±  μ¡μ§´ Î¥´ H, ¢¥·É¨± ²Ó´Ò° Å V.

‚ É ¡². 2 ¶·¨¢¥¤¥´Ò · ¸¸Î¨É ´´Ò¥ ¢¥²¨Î¨´Ò ³ £´¨É´ÒÌ ¶μ²¥° ¢ ¸μ²¥´μ-
¨¤ Ì ¨ 450 ¶μ¢μ·μÉ´ÒÌ ³ £´¨É Ì ± ´ ²  ¤²Ö ¶ · ³¥É·μ¢ ¶ÊÎ±μ¢, ¤ ´´ÒÌ ¢
É ¡². 1.

Š ± ¢¨¤´μ ¨§ ¶·¨¢¥¤¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢, ± ´ ² É· ´¸¶μ·É¨·μ¢±¨ ¨μ´μ¢
´¨§±¨Ì Ô´¥·£¨° ²ÊÎÏ¥ ¢¸¥£μ ´ ¸É·μ¥´ ´  · ¡μÉÊ ¸ ¨μ´ ³¨, Ê ±μÉμ·ÒÌ A/Z =
6Ä12.
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�¨¸. 1. ‘Ì¥³  ± ´ ²   ±¸¨ ²Ó´μ° ¨´¦¥±Í¨¨ Í¨±²μÉ·μ´  „–-60. ‡¤¥¸Ó ECR Å ¨¸ÉμÎ-
´¨± ¨μ´μ¢; IS1, IS2, IS3 Å Ëμ±Ê¸¨·ÊÕÐ¨¥ ¸μ²¥´μ¨¤Ò; IQ1 Å ±¢ ¤·Ê¶μ²Ó´ Ö ²¨´§ ;
ICM1, ICM2 Å ±μ··¥±É¨·ÊÕÐ¨¥ ³ £´¨ÉÒ; IM90 Å ¶μ¢μ·μÉ´Ò° ³ £´¨É. “± § ´Ò
¶μ²μ¦¥´¨Ö ¸¥·¥¤¨´ μ¶É¨Î¥¸±¨Ì Ô²¥³¥´Éμ¢ ¨ ¨Ì £ ¡ ·¨É´Ò¥ · §³¥·Ò

’ ¡²¨Í  1

A/Z 2 4 6 12 15 18 20
Uinj, ±‚ 25

³¨ÉÉ ´¸, π ³³ · ³· ¤ 412 292 244 168 152 137 130
� Î ²Ó´Ò° ¤¨ ³¥É· ¶ÊÎ± , ³³ 10
’μ± ¶ÊÎ± , ³±� 100
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�¨¸. 2. ‘Ì¥³  ± ´ ²  ¤²Ö ¶·¨±² ¤´ÒÌ ¨¸¸²¥¤μ¢ ´¨°: AS2Ä4 Å ¸μ²¥´μ¨¤Ò; �Œ45-1,
2 Å 45◦ ¶μ¢μ·μÉ´Ò¥ ³ £´¨ÉÒ; AQ2 Å ±¢ ¤·Ê¶μ²Ó´ Ö ²¨´§ ; ’ Å ³¨Ï¥´Ó

�¨¸. 3. ‘Ì¥³  ±μ´¥Î´μ° Î ¸É¨ ± ´ ² x

�¨¸. 4. 	£¨¡ ÕÐ¨¥ ¶ÊÎ±¨. A/Z = 2, Uinj = 25 ±‚, ε = 412 π ³³·³· ¤
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�¨¸. 5. 	£¨¡ ÕÐ¨¥ ¶ÊÎ±¨. A/Z = 12, Uinj = 25 ±‚, ε = 168 π ³³·³· ¤

�¨¸. 6. 	£¨¡ ÕÐ¨¥ ¶ÊÎ±¨. A/Z = 20, Uinj = 25 ±‚, ε = 130 π ³³·³· ¤

’ ¡²¨Í  2

Œ £´¨É´μ¥ ¶μ²¥, ’²
A/Z IS1 AS2 AS3 AS4 AM45-1, 2
2 0,224 0,044 0,134 0,144 0,0808
4 0,32 0,10 0,18 0,21 0,1142
6 0,39 0,13 0,22 0,278 0,1398
12 0,58 0,26 0,30 0,40 0,1978
15 0,64 0,32 0,34 0,40 0,2212
18 0,70 0,36 0,406 0,446 0,2423
20 0,70 0,32 0,48 0,46 0,2554
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2. �‘��‚�›… ����Œ…’�› Œ�ƒ�ˆ’���’ˆ—…‘Šˆ•
�‹…Œ…�’�‚ Š���‹�

2.1. ‘μ²¥´μ¨¤ AS2. ‚ ± ´ ²¥ ¶·¨±² ¤´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ¢´¥Ï´¨° ¸μ²¥-
´μ¨¤ AS2 Ëμ·³¨·Ê¥É ¶ÊÎμ± ¤²Ö ¶μ¢μ·μÉ´μ£μ ³ £´¨É  �Œ-45-0.4 ¸μ¢³¥¸É´μ ¸
¸μ²¥´μ¨¤μ³ IS1. ‘μ²¥´μ¨¤ Ö¢²Ö¥É¸Ö  ¸¨³³¥É·¨Î´μ° ³ £´¨É´μ° ²¨´§μ°, ³ £-
´¨É´μ¥ ¶μ²¥ ±μÉμ·μ° ¸¨³³¥É·¨Î´μ μÉ´μ¸¨É¥²Ó´μ μ¸¨ ¨ μÉ´μ¸¨É¥²Ó´μ ¸·¥¤´¥°
¶²μ¸±μ¸É¨ ± ÉÊÏ±¨, ¶¥·¶¥´¤¨±Ê²Ö·´μ° μ¸¨. ˆ´¤Ê±Í¨Ö ÔÉμ£μ ¶μ²Ö ¨³¥¥É ± ±
¶·μ¤μ²Ó´ÊÕ, É ± ¨ · ¤¨ ²Ó´ÊÕ ¸μ¸É ¢²ÖÕÐ¨¥, ÎÉμ ¨ μ¶·¥¤¥²Ö¥É Ëμ±Ê¸¨·ÊÕ-
Ð¨¥ ¤¥°¸É¢¨Ö ¸μ²¥´μ¨¤ . 	¸´μ¢´Ò¥ ¶ · ³¥É·Ò ¸μ²¥´μ¨¤  AS2:
³ £´¨É´μ¥ ¶μ²¥ ’² 0,33
¢´ÊÉ·¥´´¨° ¤¨ ³¥É· É·Ê¡Ò ¸μ²¥´μ¨¤ , ³³ 100
ÔËË¥±É¨¢´ Ö ¤²¨´  ¸μ²¥´μ¨¤ , ³³ 204,4
´μ³¨´ ²Ó´Ò° Éμ±, � 226,9
´μ³¨´ ²Ó´μ¥ ´ ¶·Ö¦¥´¨¥ ´  μ¡³μÉ±¥, ‚ 18,8
³μÐ´μ¸ÉÓ ¶¨É ´¨Ö μ¡³μÉ±¨, ±‚É 4,27

�  ·¨¸. 7 ¶·¨¢¥¤¥´  ±·¨¢ Ö ¢μ§¡Ê¦¤¥´¨Ö ¸μ²¥´μ¨¤  AS2 ± ± ·¥§Ê²ÓÉ É
¨§³¥·¥´¨°.

�¨¸. 7. Š·¨¢ Ö ¢μ§¡Ê¦¤¥´¨Ö ¸μ²¥´μ¨¤ 
AS2

�¨¸. 8. Š·¨¢ Ö ¢μ§¡Ê¦¤¥´¨Ö ¸μ²¥´μ¨¤ 
AS4

2.2. ‘μ²¥´μ¨¤ AS4. ‘μ²¥´μ¨¤ AS4 ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö Ëμ±Ê¸¨·μ¢±¨ ¨μ´-
´μ£μ ¶ÊÎ±  ´  ¢ÒÌμ¤¥ ± ´ ²  ¤²Ö ¶·¨±² ¤´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. 	¸´μ¢´Ò¥ ¶ · -
³¥É·Ò ¸μ²¥´μ¨¤ :
³ £´¨É´μ¥ ¶μ²¥ ¸μ²¥´μ¨¤  B, ’² 0,5
¢´ÊÉ·¥´´¨° ¤¨ ³¥É· É·Ê¡Ò ¸μ²¥´μ¨¤ , ³³ 100
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ÔËË¥±É¨¢´ Ö ¤²¨´  ²¨´§Ò ¸μ²¥´μ¨¤ , ³³ 133,7
´μ³¨´ ²Ó´Ò° Éμ±, � 360
´μ³¨´ ²Ó´μ¥ ´ ¶·Ö¦¥´¨¥ ´  μ¡³μÉ±¥, ‚ 20
³μÐ´μ¸ÉÓ ¶¨É ´¨Ö μ¡³μÉ±¨, ±‚É 7,2

�  ·¨¸. 8 ¶·¥¤¸É ¢²¥´  ±·¨¢ Ö ¢μ§¡Ê¦¤¥´¨Ö ¸μ²¥´μ¨¤  AS4.
2.3. �μ¢μ·μÉ´Ò¥ ³ £´¨ÉÒ �Œ-45-1, 2. �ÊÎμ± ¨μ´μ¢, Ê¤¥·¦¨¢ ¥³Ò° Ëμ-

±Ê¸¨·ÊÕÐ¨³¨ ¸μ²¥´μ¨¤ ³¨ IS1 ¨ AS2 ¢ É·¥¡Ê¥³ÒÌ · §³¥· Ì, É· ´¸¶μ·É¨-
·Ê¥É¸Ö ¨ ¶μ¢μ· Î¨¢ ¥É¸Ö ¶¥·¢Ò³ ¶μ¢μ·μÉ´Ò³ ³ £´¨Éμ³ AM-45-1 ¶μ É¨¶Ê
Ëμ±Ê¸¨·μ¢±¨ ¶ · ²²¥²ÓÄËμ±Ê¸ ¢´¨§ ´  45◦. ‚ ÉμÎ±¥ Ëμ±Ê¸  ¶·μ¨¸Ìμ¤¨É
 ´ ²¨§ ¶ÊÎ±  ¸ ¢Ò¡· ´´Ò³ μÉ´μÏ¥´¨¥³ ³ ¸¸Ò ± § ·Ö¤Ê A/Z. � ¶· ¢²¥´¨¥
³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨ ³ £´¨É  Å ¢¥·É¨± ²Ó´μ¥. 
ÉμÉ ¶·μ³¥¦ÊÉμÎ´Ò° Ëμ±Ê¸
¶¥·¥¢μ¤¨É¸Ö ¸μ²¥´μ¨¤μ³ AS3 ¢μ ¢Éμ·μ° ¶·μ³¥¦ÊÉμÎ´Ò° Ëμ±Ê¸ ¤²Ö ¢Éμ·μ£μ
¶μ¢μ·μÉ´μ£μ ³ £´¨É  AM-45-2. �ÊÎμ± ¢ ÔÉμ³ ³ £´¨É¥ ¸´μ¢  ¶μ¢μ· Î¨¢ ¥É¸Ö
´  Ê£μ² 45◦ ¨ É· ´¸¶μ·É¨·Ê¥É¸Ö ´  ´μ¢Ò° £μ·¨§μ´É ²Ó´Ò° Ê·μ¢¥´Ó ± ´ ² 
¶·¨±² ¤´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ¶μ É¨¶Ê Ëμ±Ê¸¨·μ¢±¨ Ëμ±Ê¸Ä¶ · ²²¥²Ó. „ ²¥¥ ¶Ê-
Îμ± É· ´¸¶μ·É¨·Ê¥É¸Ö ´  ³¨Ï¥´Ó ±¢ ¤·Ê¶μ²Ó´μ° ²¨´§μ° AQ2 ¨ ¸μ²¥´μ¨¤μ³
AS4 ¶μ É¨¶Ê Ëμ±Ê¸¨·μ¢±¨ ¶ · ²²¥²ÓÄËμ±Ê¸. � ¶· ¢²¥´¨¥ ³¥¤¨ ´´ÒÌ ¶²μ¸-
±μ¸É¥° ¢ μ¡μ¨Ì ¶μ¢μ·μÉ´ÒÌ ³ £´¨É Ì Å ¢¥·É¨± ²Ó´μ¥. 	¸´μ¢´Ò¥ ¶ · ³¥É·Ò
¶μ¢μ·μÉ´ÒÌ ³ £´¨Éμ¢ �Œ-45-1, 2:
Ê£μ² ¶μ¢μ·μÉ  μ¸¥¢μ° É· ¥±Éμ·¨¨, ◦ 45
· ¤¨Ê¸ μ¸¥¢μ° É· ¥±Éμ·¨¨, ³³ 400
³¥¦¶μ²Õ¸´Ò° § §μ·, ³³ 100
· ¸Î¥É´ Ö ¨´¤Ê±Í¨Ö ³ £´¨É´μ£μ ¶μ²Ö B, T² 0,27
Ê£μ² Éμ·Í¥¢μ£μ ¸±μ¸  ¶μ²Õ¸μ¢, ◦:

¢Ìμ¤´μ° εin +12
¢ÒÌμ¤´μ° εout +12

´μ³¨´ ²Ó´Ò° Éμ±, � 24,4
´ ¶·Ö¦¥´¨¥ ´  μ¡³μÉ±¥ ¶·¨ ´μ³¨´ ²Ó´μ³ Éμ±¥, B 89,0
´μ³¨´ ²Ó´ Ö ³μÐ´μ¸ÉÓ ¶¨É ´¨Ö, ±‚É 2,17

�  ·¨¸. 9 ¶·¥¤¸É ¢²¥´  ¨§³¥·¥´´ Ö ±·¨¢ Ö ¢μ§¡Ê¦¤¥´¨Ö ¶μ¢μ·μÉ´ÒÌ ³ £-
´¨Éμ¢ �Œ-45-1,2,   ´  ·¨¸. 10 ¶μ± § ´ ¨Ì ¢´¥Ï´¨° ¢¨¤.

� §·¥Ï¥´¨¥ R ¤²Ö ¶μ¢μ·μÉ´μ£μ ³ £´¨É  �Œ-45 μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

R =
D

d
, (1)

£¤¥ D Å ¢¥²¨Î¨´  ¤¨¸¶¥·¸¨μ´´μ° ËÊ´±Í¨¨ ¶μ¸²¥ ¶μ¢μ·μÉ´μ£μ ³ £´¨É ; d Å
¤¨ ³¥É· ¶ÊÎ±  (ÊÎ¥É¢¥·¥´´Ò° ¸·¥¤´¥±¢ ¤· É¨Î´Ò° ¶μ²Ê· §³¥· ¶ÊÎ± ).

� §²¨Î´Ò¥ § ·Ö¤μ¢Ò¥ ¸μ¸É ¢²ÖÕÐ¨¥ ¶ÊÎ±  ¡Ê¤ÊÉ · §¤¥²ÖÉÓ¸Ö ¶·¨ ¢Ò¶μ²-
´¥´¨¨ Ê¸²μ¢¨Ö

R

2
δ(A/Z)
A/Z

� 1. (2)
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�¨¸. 9. Š·¨¢ Ö ¢μ§¡Ê¦¤¥´¨Ö ¶μ¢μ·μÉ-
´ÒÌ ³ £´¨Éμ¢ �Œ-45-1, 2

�¨¸. 10. �μ¢μ·μÉ´Ò° ³ £´¨É �Œ-45

‡ ¢¨¸¨³μ¸ÉÓ · §·¥Ï¥´¨Ö R μÉ · ¸¸ÉμÖ´¨Ö ¶μ¸²¥  ´ ²¨§¨·ÊÕÐ¥£μ ³ £´¨É 
¤²Ö A/Z = 6 ¶μ± § ´  ´  ·¨¸. 11. Š ± ¢¨¤´μ ¨§ ÔÉμ£μ ·¨¸Ê´± , · §·¥Ï¥´¨¥
¤μ¸É¨£ ¥É ³ ±¸¨³Ê³  ´  · ¸¸ÉμÖ´¨¨, 900 ³³ μÉ ¢ÒÌμ¤  ¨§ ³ £´¨É  �Œ45-1.

�¨¸. 11. � §·¥Ï¥´¨¥ R ± ± ËÊ´±-
Í¨Ö · ¸¸ÉμÖ´¨Ö μÉ ³ £´¨É  �Œ45-1
(A/Z = 6)

�¨¸. 12. ‡ ¢¨¸¨³μ¸ÉÓ Rmax μÉ ¢¥²¨-
Î¨´Ò A/Z
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�·¨ Ë¨±¸¨·μ¢ ´´μ³ ¶μÉ¥´Í¨ ²¥ Ô±¸É· ±Í¨¨ ¨§ 
–�-¨¸ÉμÎ´¨±  ¨μ´μ¢
Ô³¨ÉÉ ´¸ ¶ÊÎ±  Ê³¥´ÓÏ ¥É¸Ö ¸ Ê¢¥²¨Î¥´¨¥³ μÉ´μÏ¥´¨Ö A/Z. 
Éμ ¶·¨¢μ¤¨É
± Ê³¥´ÓÏ¥´¨Õ ¤¨ ³¥É·  ¶ÊÎ±  ¨ Ê¢¥²¨Î¥´¨Õ · §·¥Ï¥´¨Ö R. �  ·¨¸. 12 ¶μ-
± § ´  § ¢¨¸¨³μ¸ÉÓ ³ ±¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö · §·¥Ï¥´¨Ö Rmax μÉ ¢¥²¨Î¨´Ò
A/Z.

2.4. ‘μ²¥´μ¨¤ AS3. ‘μ²¥´μ¨¤ AS3 ¸²Ê¦¨É ¤²Ö ¶¥·¥Ì¢ É  ¨μ´´μ£μ ¶ÊÎ± ,
¶·μÏ¥¤Ï¥£μ ¶μ¢μ·μÉ´Ò° ³ £´¨É �Œ-45-1 ¨ ¶¥·¥¤ Î¨ ¥£μ ´  ¢Ìμ¤ ¢Éμ·μ£μ
¶μ¢μ·μÉ´μ£μ ³ £´¨É  �Œ-45-2. 	¸´μ¢´Ò¥ ¶ · ³¥É·Ò ¸μ²¥´μ¨¤  AS3:
³ £´¨É´μ¥ ¶μ²¥, ’² 0,5
¢´ÊÉ·¥´´¨° ¤¨ ³¥É· É·Ê¡Ò ¸μ²¥´μ¨¤ , ³³ 100
ÔËË¥±É¨¢´ Ö ¤²¨´  ¸μ²¥´μ¨¤ , ³³ 513,4
´μ³¨´ ²Ó´Ò° Éμ±, � 394,6
´μ³¨´ ²Ó´μ¥ ´ ¶·Ö¦¥´¨¥ ´  μ¡³μÉ±¥, ‚ 57,2
³μÐ´μ¸ÉÓ ¶¨É ´¨Ö μ¡³μÉ±¨, ±‚É 22,6

�  ·¨¸. 13 ¶·¨¢¥¤¥´  ¨§³¥·¥´´ Ö ±·¨¢ Ö ¢μ§¡Ê¦¤¥´¨Ö ¸μ²¥´μ¨¤  AS3,  
´  ·¨¸. 14 ¶μ± § ´ ¥£μ ¢´¥Ï´¨° ¢¨¤.

�¨¸. 13. Š·¨¢ Ö ¢μ§¡Ê¦¤¥´¨Ö ¸μ²¥-
´μ¨¤  AS3

�¨¸. 14. ‘μ²¥´μ¨¤ AS3

2.5. Š¢ ¤·Ê¶μ²Ó AQ2. ‚ ± ´ ²¥ ¤²Ö ¶·¨±² ¤´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ¨¸¶μ²Ó§Ê-
¥É¸Ö ±¢ ¤·Ê¶μ²Ó´ Ö ²¨´§  11Š29-60 ¤²Ö ¸μ£² ¸μ¢ ´¨Ö Ô³¨ÉÉ ´¸  ¶ÊÎ±μ¢ ¨μ´μ¢
¸  ±¸¥¶É ´¸μ³ ±μ´¥Î´μ£μ ÊÎ ¸É±  ± ´ ² . 	¸´μ¢´Ò¥ ¶ · ³¥É·Ò ±¢ ¤·Ê¶μ²Ó-
´μ° ²¨´§Ò:
³ ±¸¨³ ²Ó´Ò° £· ¤¨¥´É ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö, G, ’²/³ 0,6
¤¨ ³¥É·  ¶¥·ÉÊ·Ò 2a, ³³ 110
¤²¨´  ¶μ²Õ¸´μ£μ ´ ±μ´¥Î´¨± , ³³ 200
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´μ³¨´ ²Ó´Ò° Éμ±, � 4,8
´μ³¨´ ²Ó´μ¥ ´ ¶·Ö¦¥´¨¥ ´  μ¡³μÉ±¥, ‚ 16,6
³μÐ´μ¸ÉÓ ¶¨É ´¨Ö μ¡³μÉ±¨, ‚É 80

�  ·¨¸. 15 ¶·¥¤¸É ¢²¥´  ±·¨¢ Ö ¢μ§¡Ê¦¤¥´¨Ö ±¢ ¤·Ê¶μ²Ó´μ° ²¨´§Ò,   ´ 
·¨¸. 16 Å ¥¥ ¢´¥Ï´¨° ¢¨¤.

�¨¸. 15. Š·¨¢ Ö ¢μ§¡Ê¦¤¥´¨Ö ±¢ ¤·Ê-
¶μ²Ó´μ° ²¨´§Ò

�¨¸. 16. Š¢ ¤·Ê¶μ²Ó´ Ö ²¨´§ 

2.6. Œ £´¨É´Ò¥ ¸± ´¥·Ò. ‘± ´¨·ÊÕÐ Ö ¸¨¸É¥³  (ASM, ¸³. ·¨¸. 3) ¶·¥¤-
´ §´ Î¥´  ¤²Ö ¨¸¶μ²Ó§μ¢ ´¨Ö ¢ ± ´ ²¥ ¤²Ö ¶·¨±² ¤´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. 	´ 
¤μ²¦´  μ¡¥¸¶¥Î¨¢ ÉÓ μ¡²ÊÎ¥´¨¥ ¨μ´ ³¨ ´¥¶μ¤¢¨¦´μ° ³¨Ï¥´¨, ¨³¥ÕÐ¥° · §-
³¥·Ò 80 × 80 ³³. �·¨ ÔÉμ³ μÉ´μ¸¨É¥²Ó´ Ö ´¥μ¤´μ·μ¤´μ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö
¶²μÉ´μ¸É¨ Î ¸É¨Í ¶μ ¶μ¢¥·Ì´μ¸É¨ ³¨Ï¥´¨ ¤μ²¦´  ¡ÒÉÓ ´¥ ¡μ²¥¥ ±10 %,  
³ ±¸¨³ ²Ó´Ò° Ê£μ² ¢Ìμ¤  Î ¸É¨Í ¢ ³¨Ï¥´Ó ´¥ ¤μ²¦¥´ ¶·¥¢ÒÏ ÉÓ 3◦. 	¸´μ¢-
´Ò¥ ¶ · ³¥É·Ò ¸¨¸É¥³Ò ¸± ´¨·μ¢ ´¨Ö:
¤²¨´  ¢¥·É¨± ²Ó´μ£μ ¸± ´¥·  ¶μ ³ £´¨ÉÊ, ³³ 200
Î ¸ÉμÉ  · §¢¥·É±¨ ¢¥·É¨± ²Ó´μ£μ ¸± ´¥· , ƒÍ 100
¤²¨´  £μ·¨§μ´É ²Ó´μ£μ ¸± ´¥·  ¶μ ³ £´¨ÉÊ, ³³ 200
Î ¸ÉμÉ  · §¢¥·É±¨ £μ·¨§μ´É ²Ó´μ£μ ¸± ´¥· , ƒÍ 90
³ ±¸¨³ ²Ó´ Ö ¨´¤Ê±Í¨Ö μÉ±²μ´ÖÕÐ¥£μ ³ £´¨É´μ£μ ¶μ²Ö, ’² 0,03
¸Ê³³ ·´ Ö ¨´¤Ê±É¨¢´μ¸ÉÓ μ¡³μÉμ±, ³ƒ´ 123
¶¨±μ¢Ò° Éμ± ¢ μ¡³μÉ± Ì, � 3

�  ·¨¸. 17 ¶μ± § ´ ¢´¥Ï´¨° ¢¨¤ ¸± ´¨·ÊÕÐ¥£μ ³ £´¨É .
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�¨¸. 17. ‘± ´¨·ÊÕÐ¨° ³ £´¨É

2.7. ‘¨¸É¥³  ¤¨ £´μ¸É¨±¨ ¨ ±μ··¥±Í¨¨ ¤¢¨¦¥´¨Ö Í¥´É·  ³ ¸¸ ¶ÊÎ± .
‘¨¸É¥³  ¤¨ £´μ¸É¨±¨ ¸μ¸Éμ¨É ¨§ Í¨²¨´¤·μ¢ ” · ¤¥Ö ¨ ¶·μË¨²μ³¥·μ¢. ‚ ¡²μ-
± Ì ¤¨ £´μ¸É¨±¨ · ¸¶μ² £ ÕÉ¸Ö ´¥μÌ² ¦¤ ¥³Ò¥ Í¨²¨´¤·Ò ” · ¤¥Ö, ¸²Ê¦ Ð¨¥
¤²Ö μ¶·¥¤¥²¥´¨Ö Éμ±  ¶ÊÎ± . ‚ ÔÉ¨Ì ¡²μ± Ì ¤¨ £´μ¸É¨±¨ É ±¦¥ · §³¥Ð ÕÉ¸Ö
¶·μË¨²μ³¥·Ò ¤²Ö μ¶·¥¤¥²¥´¨Ö ±μμ·¤¨´ É Í¥´É·  ¶ÊÎ±  ¨ ¥£μ · §³¥·μ¢.

Šμ··¥±É¨·ÊÕÐ¨¥ ³ £´¨ÉÒ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ±μ··¥±Í¨¨ ¶μ²μ¦¥´¨Ö Í¥´-
É·  ³ ¸¸ ¶ÊÎ± . Š ¦¤Ò° ¨§ ´¨Ì ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¶·Ö³μÊ£μ²Ó´Ò° ³ £´¨-
Éμ¶·μ¢μ¤, ´  ¤¢ÊÌ ¶·μÉ¨¢μ¶μ²μ¦´ÒÌ ¸É¥´± Ì ±μÉμ·μ£μ · ¸¶μ²μ¦¥´Ò μ¤¨´ -
±μ¢Ò¥ ¶μ Î¨¸²Ê ¢¨É±μ¢ ± ÉÊÏ±¨, ¶¨É ¥³Ò¥ μ¤¨´ ±μ¢Ò³ Éμ±μ³. 	¡¥ ¶ ·Ò
± ÉÊÏ±¨ ¢±²ÕÎ ÕÉ¸Ö É ±, ÎÉμ¡Ò ¨Ì ³ £´¨É´Ò¥ ¶μ²Ö ¢´ÊÉ·¨ § §μ·  ¸±² ¤Ò¢ -
²¨¸Ó. ‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ ¥É¸Ö ®¤¢ÊÌ¶²μ¸±μ¸É´μ°¯ ±μ··¥±Éμ·, ¶μ§¢μ²ÖÕÐ¨°
§  ¸Î¥É ±μ³¡¨´ Í¨° ¶μ²¥°, ¸μ§¤ ¢ ¥³ÒÌ · §´Ò³¨ ¶ · ³¨ ± ÉÊÏ¥±, μÉ±²μ´ÖÉÓ
¶ÊÎμ± ¢ ²Õ¡μ° ¶²μ¸±μ¸É¨, ¶·μÌμ¤ÖÐ¥° Î¥·¥§ μ¸Ó ³ £´¨É  ±μ··¥±Í¨¨. Šμ·-
·¥±É¨·ÊÕÐ¨¥ ³ £´¨ÉÒ ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨¥ μ¸´μ¢´Ò¥ ¶ · ³¥É·Ò:
³ ±¸¨³ ²Ó´ Ö ¨´¤Ê±Í¨Ö ³ £´¨É´μ£μ ¶μ²Ö, ’² 0,0065
³ ±¸¨³ ²Ó´Ò° Ê£μ² ±μ··¥±Í¨¨, ◦ 0,57
³ ±¸¨³ ²Ó´Ò° Éμ± ¢ ± ÉÊÏ±¥, � 4,8
´μ³¨´ ²Ó´μ¥ ´ ¶·Ö¦¥´¨¥, ‚ 6,4
³μÐ´μ¸ÉÓ ¶¨É ´¨Ö μ¡³μÉ±¨, ‚É 31

�  ·¨¸. 18 ¶μ± § ´  ¨§³¥·¥´´ Ö ±·¨¢ Ö ¢μ§¡Ê¦¤¥´¨Ö ±μ··¥±Éμ· ,   ´ 
·¨¸. 19 Å ¢´¥Ï´¨° ¢¨¤ ±μ··¥±Éμ· .
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�¨¸. 18. Š·¨¢ Ö ¢μ§¡Ê¦¤¥´¨Ö ±μ·-
·¥±É¨·ÊÕÐ¥£μ ³ £´¨É 

�¨¸. 19. Šμ··¥±É¨·ÊÕÐ¨° ³ £´¨É

‡�Š‹	—…�ˆ…

	¶·¥¤¥²¥´Ò £ ¡ ·¨É´Ò¥ · §³¥·Ò ± ´ ²  É· ´¸¶μ·É¨·μ¢±¨ ¨μ´μ¢ ´¨§±¨Ì
Ô´¥·£¨° ¨ ¶ · ³¥É·Ò μ¶É¨Î¥¸±¨Ì Ô²¥³¥´Éμ¢ ± ´ ² .

�·μ¢¥¤¥´´Ò¥ · ¸Î¥ÉÒ ¶μ± § ²¨, ÎÉμ ¨μ´Ò ¸ μÉ´μÏ¥´¨¥³ ³ ¸¸Ò ± § ·Ö¤Ê
¢ ¤¨ ¶ §μ´¥ A/Z = 2Ä20 ³μ£ÊÉ É· ´¸¶μ·É¨·μ¢ ÉÓ¸Ö ¢ ± ´ ²¥ ¸ ¤μ¸É ÉμÎ´μ
¢Ò¸μ±μ° μ¦¨¤ ¥³μ° ÔËË¥±É¨¢´μ¸ÉÓÕ.

„¨ ³¥É· ¶ÊÎ±  ´  ³¨Ï¥´¨ (¡¥§ · §¢¥·É±¨) ¶μ²ÊÎ ¥É¸Ö ¶·¨¡²¨§¨É¥²Ó´μ
40 ³³.

�  μ¸´μ¢¥ ¶·μ¢¥¤¥´´ÒÌ · ¸Î¥Éμ¢ ¡Ò² ¸¶·μ¥±É¨·μ¢ ´ ¨ ¨§£μÉμ¢²¥´ ± ´ ²
¤²Ö ¶·¨±² ¤´ÒÌ ¨¸¸²¥¤μ¢ ´¨° Í¨±²μÉ·μ´  „–-60.
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