
P18-2005-30

Œ. � °Î ´∗

®TRACK¯ Å Œ��’…-Š��‹�-Š�„,

Œ�„…‹ˆ�“�™ˆ‰ ‘ˆ‘’…Œ›

”��Œˆ��‚��ˆŸ ���’����ƒ�

’…���…‚’ˆ—…‘Š�ƒ� �“—Š�

∗ ‘²µ¢ Í±¨° É¥Ì´¨Î¥¸±¨° Ê´¨¢¥·¸¨É¥É, �· É¨¸² ¢ 



� °Î ´ Œ. P18-2005-30
®Track¯ Ä ³µ´É¥-± ·²µ-±µ¤, ³µ¤¥²¨·ÊÕÐ¨° ¸¨¸É¥³Ò Ëµ·³¨·µ¢ ´¨Ö
¶·µÉµ´´µ£µ É¥· ¶¥¢É¨Î¥¸±µ£µ ¶ÊÎ± 

‚ÒÌµ¤ÖÐ¨¥ ¨§ Ê¸±µ·¨É¥²Ö ¶·µÉµ´´Ò¥ ¶ÊÎ±¨, ¶·¨³¥´Ö¥³Ò¥ ¤²Ö É¥· ¶¥¢É¨Î¥-
¸±¨Ì Í¥²¥°, ´¥µ¡Ìµ¤¨³µ ³µ¤¨Ë¨Í¨·µ¢ ÉÓ ¶¥·¥¤ µ¡²ÊÎ¥´¨¥³ ¶ Í¨¥´É , ÎÉµ¡Ò
¸µ§¤ ÉÓ É·¥¡Ê¥³µ¥ ¶·µ¸É· ´¸É¢¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¤µ§Ò ´  ³¨Ï¥´¨. Œ ²Ò¥
¨ ¸·¥¤´¨¥ ¶·µÉµ´´Ò¥ ¶µ²Ö Ëµ·³¨·ÊÕÉ¸Ö µ¡ÒÎ´µ ¶·¨³¥´¥´¨¥³ · ¸¸¥¨¢ ÕÐ¨Ì
Ëµ²Ó£ ¨ ±µ²²¨³ Éµ·µ¢. �Ê¦´µ ³¨´¨³¨§¨·µ¢ ÉÓ ¶µÉ¥·¨ ¶ÊÎ±  ¢¡²¨§¨ ¶ Í¨¥´É .
� §· ¡µÉ ´  ¶·µ£· ³³  ®Track¯, ¢ÒÎ¨¸²ÖÕÐ Ö ¶·µË¨²¨ ¶·µÉµ´´µ£µ É¥· ¶¥¢É¨-
Î¥¸±µ£µ ¶ÊÎ±  ´  ³¨Ï¥´¨ ¶µ¸²¥ ¶·µÌµ¦¤¥´¨Ö ¸¨¸É¥³µ° · ¸¸¥¨¢ É¥²¥° ¨ ±µ²-
²¨³ Éµ·µ¢. �·¥¤¸É ¢²¥´´ Ö Ë¨§¨Î¥¸± Ö ³µ¤¥²Ó ¶·¨³¥´¥´  ¢ ¶·µ£· ³³¥. ‘· ¢-
´¥´¨¥ ·¥§Ê²ÓÉ Éµ¢ ¸¨³Ê²ÖÍ¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³ ¶µ± §Ò¢ ¥É ¨Ì Ìµ·µÏ¥¥ ¸µ¢¶ -
¤¥´¨¥. � §· ¡µÉ ´´ Ö ¶·µ£· ³³  ¶·¥¤¸É ¢²Ö¥É ¡Ò¸É·µ¥ ¨ ÔËË¥±É¨¢´µ¥ ¸·¥¤¸É¢µ
¤²Ö ¶·µ¥±É¨·µ¢±¨ · ¸¸¥¨¢ ÕÐ¨Ì ¸¨¸É¥³.

� ¡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¡´ , 2005

Rajcan M. P18-2005-30
®Track¯ Å Monte Carlo Code to Model Proton Therapy Beam
Modifying Systems

Proton beams delivered by the accelerator, used for therapy, need to be modiˇed
before entering the patient in order to deliver the prescribed spatial dose distribution
to the target. Small and medium proton ˇelds are usually formed by a system
of scatterers and collimators. Beam-losses in the vicinity of the patient should be
minimized. ®Track¯ Å a computer code to calculate beam proˇles on the target
after passing through a system of scatterers and collimators Å has been developed.
A physical model used in the code is presented. The results of simulations are in a
good agreement with the experimental data. The developed code represents the fast
and effective instrument to assist the design of beam scattering systems.

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

Communication of the Joint Institute for Nuclear Research. Dubna, 2005
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�·¨³¥´¥´¨¥ ¶·µÉµ´´ÒÌ ¶ÊÎ±µ¢ ¢ É¥· ¶¨¨ µ´±µ²µ£¨Î¥¸±¨Ì § ¡µ²¥¢ ´¨°
¨³¥¥É ¢ ¸· ¢´¥´¨¨ ¸ ±² ¸¸¨Î¥¸±µ° · ¤¨µÉ¥· ¶¨¥° ³´µ£µ ¶·¥¨³ÊÐ¥¸É¢ [1].
„²Ö µ¡²ÊÎ¥´¨Ö µ¡Ñ¥³  µ¶ÊÌµ²¨ µ¤´µ·µ¤´µ° ¤µ§µ° É·¥¡Ê¥É¸Ö ¶·¥µ¡· §µ¢ ´¨¥
Ë¨§¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ ¶·µÉµ´´µ£µ ¶ÊÎ± , ¢Ò¢¥¤¥´´µ£µ ¨§ Ê¸±µ·¨É¥²Ö. ‚
µ¸´µ¢´µ³ ´¥µ¡Ìµ¤¨³µ Ëµ·³¨·µ¢ ÉÓ ¶·µ¡¥£ Î ¸É¨Í ¶ÊÎ±  ¢ É¥²¥ ¶ Í¨¥´É  ¨
¶·µË¨²Ó ¶ÊÎ± . ˜¨·µ±µ¥ ¶·¨³¥´¥´¨¥ ¨³¥ÕÉ ¸¨¸É¥³Ò Ëµ·³¨·µ¢ ´¨Ö É¥· -
¶¥¢É¨Î¥¸±µ£µ ¶ÊÎ± , ¢±²ÕÎ ÕÐ¨¥ ¢ ¸¥¡Ö ¶µ¢ÒÏ ÕÐ¨¥ ¤¨¢¥·£¥´Í¨Õ ¶ÊÎ± 
· ¸¸¥¨¢ ÕÐ¨¥ Ëµ²Ó£¨, ±µ²²¨³ Éµ·Ò ¶ÊÎ±  ¨ ¤·¥°Ëµ¢Ò¥ ¶·µ³¥¦ÊÉ±¨ [2], ¨Ì
É ±¦¥ ´ §Ò¢ ÕÉ · ¸¸¥¨¢ ÕÐ¨³¨ ¸¨¸É¥³ ³¨. �´¨ ¶·¨³¥´ÖÕÉ¸Ö ¤²Ö ¶·µÉµ´´µ°
É¥· ¶¨¨ µ¶ÊÌµ²¥° ³ ²µ£µ ¨ ¸·¥¤´¥£µ · §³¥· . ’¨¶¨Î´µ ¨Ì ¨¸¶µ²Ó§µ¢ ´¨¥ ¢
¶·µÉµ´´µ° É¥· ¶¨¨ £² §  [3]. �·µ¥±É¨·µ¢±  · ¸¸¥¨¢ ÕÐ¥° ¸¨¸É¥³Ò § ±²ÕÎ -
¥É¸Ö ¢ ¢Ò¡µ·¥ ´¥µ¡Ìµ¤¨³ÒÌ ¢ÒÌµ¤´ÒÌ ¶ · ³¥É·µ¢ É¥· ¶¥¢É¨Î¥¸±µ£µ ¶ÊÎ±  ¨
§ ¢¨¸¨É µÉ ¶ · ³¥É·µ¢ ¶ÊÎ± , ¢Ìµ¤ÖÐ¥£µ ¢ ¸¨¸É¥³Ê. �¤´µ° ¨§ Í¥²¥° ¶·µ¥±É 
¸¨¸É¥³Ò Ö¢²Ö¥É¸Ö ¶µ´¨¦¥´¨¥ ¶µÉ¥·Ó ¶ÊÎ±  ¢¡²¨§¨ ¶ Í¨¥´É  ¨ µ¡· §µ¢ ´¨¥
µ¤´µ·µ¤´µ£µ ¶·µË¨²Ö ¶ÊÎ±  ´  ³¨Ï¥´¨. — ¸É¨ÍÒ, ¶µÉ¥·Ö´´Ò¥ ´¥¤ ²¥±µ µÉ
¶ Í¨¥´É , ¶µ¢ÒÏ ÕÉ ¤µ¶µ²´¨É¥²Ó´ÊÕ ¤µ§Ê ¤²Ö ¶ Í¨¥´É  ¶µ¸·¥¤¸É¢µ³ ¢Éµ·¨Î-
´ÒÌ Î ¸É¨Í,   É ±¦¥ · ¤¨ Í¨µ´´ÊÕ ´ £·Ê§±Ê É¥Ì´¨Î¥¸±µ£µ µ¡µ·Ê¤µ¢ ´¨Ö, ¨¸-
¶µ²Ó§µ¢ ´´µ£µ ¢µ ¢·¥³Ö ²¥Î¥´¨Ö. �µ¤¤¥·¦±Ê ¶·µ¥±É¨·µ¢±¨ ¶·¥¤¸É ¢²Ö¥É ¸µ-
§¤ ´´ Ö ±µ³¶ÓÕÉ¥·´ Ö ¶·µ£· ³³  ®Track¯, ¶µ§¢µ²ÖÕÐ Ö ¢ÒÎ¨¸²ÖÉÓ ¸¢µ°¸É¢ 
É¥· ¶¥¢É¨Î¥¸±µ£µ ¶ÊÎ±  ´  µ¡²ÊÎ ¥³µ° ³¨Ï¥´¨ ¤²Ö · §²¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨°
· ¸¸¥¨¢ ÕÐ¥° ¸¨¸É¥³Ò.

�·µ£· ³³  ®Track¯ ¨¸¶µ²Ó§Ê¥É ³¥Éµ¤ Œµ´É¥-Š ·²µ [4], ³µ¤¥²¨·ÊÕÐ¨°
¶·µÌµ¦¤¥´¨¥ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¸±¢µ§Ó · ¸¸¥¨¢ ÕÐÊÕ ¸¨¸É¥³Ê, ¢ÒÎ¨¸²Ö¥É ¢
µ¶·¥¤¥²¥´´µ³ ³¥¸É¥ ¶·µË¨²Ó ¶ÊÎ± , ¤¨ £· ³³Ò Ô³¨ÉÉ ´¸  ¨ ¶µÉ¥·¨ ¶ÊÎ± 
´  ±µ²²¨³ Éµ· Ì ¨²¨ Ô²¥³¥´É Ì ¢ ±ÊÊ³´µ£µ ± ´ ² . ‘ÊÐ¥¸É¢ÊÕÉ Ê´¨¢¥·¸ ²Ó-
´Ò¥ ±µ¤Ò GEANT [5], SRIM [6], FLUKA [7], ±µÉµ·Ò³ ´¥µ¡Ìµ¤¨³µ¥ ¡µ²ÓÏµ¥
±µ²¨Î¥¸É¢µ ¢ÒÎ¨¸²¨É¥²Ó´µ£µ ¢·¥³¥´¨. ‚ÒÎ¨¸²ÖÕÉ ³´µ£µ ²¨Ï´¨Ì ¤²Ö µ¶¨¸ ´-
´µ° ¢ÒÏ¥ § ¤ Î¨ ¶ · ³¥É·µ¢. Šµ¤ ®Track¯ ¸µ¥¤¨´Ö¥É ³¥Éµ¤ Œµ´É¥-Š ·²µ ¸
É¥µ·¨¥° ³´µ£µ±· É´µ£µ ±Ê²µ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö Œµ²Ó¥· , Ô±µ´µ³¨É ¢ÒÎ¨¸²¨-
É¥²Ó´µ¥ ¢·¥³Ö ¶·¨ ¸µÌ· ´¥´´µ° ÉµÎ´µ¸É¨ ·¥§Ê²ÓÉ Éµ¢.

1. ��‘‘…ˆ‚��™�Ÿ ‘ˆ‘’…Œ�

� ¸¸¥¨¢ ÕÐ Ö ¸¨¸É¥³  µ¶·¥¤¥²¥´  ¢ ¶·µ£· ³³¥ ®Track¯ ¶µ¸²¥¤µ¢ É¥²Ó´µ-
¸ÉÓÕ ¸²¥¤ÊÕÐ¨Ì Î ¸É¥°: ¢Ìµ¤´µ° ¶ÊÎµ±, · ¸¸¥¨¢ ÕÐ¨° ³ É¥·¨ ², ¤·¥°Ëµ¢Ò°
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¶·µ³¥¦ÊÉµ±, ±µ²²¨³ Éµ· ¨ ³¨Ï¥´Ó. Šµ²¨Î¥¸É¢µ Î ¸É¥° ´¥ µ£· ´¨Î¥´µ. �É-
¤¥²Ó´Ò¥ Î ¸É¨ ¸¨¸É¥³Ò µ¶·¥¤¥²¥´Ò Ë¨§¨Î¥¸±¨³¨ ¶ · ³¥É· ³¨, § ¶¨¸ ´´Ò³¨
¢µ ¢Ìµ¤´µ³ Ë °²¥, ±µÉµ·Ò° ¨³¥¥É É¥±¸Éµ¢Ò° ASCII-Ëµ·³ É. ‚µ§³µ¦´µ¥ ¡Ò-
¸É·µ¥ ¨§³¥´¥´¨¥ ±µ´Ë¨£Ê· Í¨¨ ¸¨¸É¥³Ò.

1.1. ‘¨³Ê²ÖÍ¨Ö ¢Ìµ¤´µ£µ ¶ÊÎ± . �ÊÎµ± ¶·¥¤¸É ¢²¥´  ´¸ ³¡²¥³ Î ¸É¨Í.
Š ¦¤ Ö Î ¸É¨Í  ¨³¥¥É ±µµ·¤¨´ ÉÒ ¶µ§¨Í¨¨ (x, y) ¨ Ê£²µ¢Ò¥ µÉ±²µ´¥´¨Ö
(x′, y′). ‚Ìµ¤´µ° ¶ÊÎµ± µ¶·¥¤¥²¥´ Ô³¨ÉÉ ´¸µ³, ³ ±¸¨³ ²Ó´µ° Ï¨·¨´µ° ¶ÊÎ± 
¨ ³ ±¸¨³ ²Ó´µ° ¤¨¢¥·£¥´Í¨¥° ¶ÊÎ± . �·µ£· ³³  ¢ÒÎ¨¸²Ö¥É Ëµ·³Ê Ô³¨ÉÉ ´¸ .
„¨ £· ³³  Ô³¨ÉÉ ´¸  ¢Ò¶µ²´¥´  Î ¸É¨Í ³¨ ¸µ£² ¸´µ ±µ´±·¥É´Ò³ ¶· ¢¨² ³,
¨§²µ¦¥´´Ò³ ´¨¦¥. �·µË¨²Ó ¶ÊÎ±  ¨³¥¥É Ëµ·³Ê · ¸¶·¥¤¥²¥´¨Ö ƒ Ê¸¸ . ” -
§µ¢Ò° Ô²²¨¶¸ ¶ÊÎ±  µ¶¨¸Ò¢ ¥É Ê· ¢´¥´¨¥ [8]

ε = γx2 + 2αxx′ + βx′2, (1)

£¤¥ Ô³¨ÉÉ ´¸ ¶ÊÎ±  ¢Ò· ¦ ¥É ε, ¶ · ³¥É·Ò Ô²²¨¶¸  α, β, γ. Œ¥¦¤Ê ¶ · -
³¥É· ³¨ ¤¥°¸É¢Ê¥É ¸µµÉ´µÏ¥´¨¥ βγ − α2 = 1. Œ ±¸¨³ ²Ó´ Ö Ï¨·¨´  ¶ÊÎ± 
xmax ¨ ³ ±¸¨³ ²Ó´ Ö ¤¨¢¥·£¥´Í¨Ö ¶ÊÎ±  x′

max ¶µ± § ´Ò ´  ·¨¸. 1.

�¨¸. 1. ” §µ¢Ò° Ô²²¨¶¸ ¶ÊÎ±  ¢ ¶²µ¸±µ¸É¨ (x, x′)

�µ²Ó§µ¢ É¥²Ó ¨³¥¥É ¢µ§³µ¦´µ¸ÉÓ µ¶·¥¤¥²ÖÉÓ ´¥¸±µ²Ó±µ ¶ · ³¥É·µ¢ ¶ÊÎ± 
¢ ¶²µ¸±µ¸É¨ (x, x′) ¨  ´ ²µ£¨Î´µ ¢ ¶²µ¸±µ¸É¨ (y, y′):

• ³ ±¸¨³ ²Ó´ÊÕ Ï¨·¨´Ê ¶ÊÎ±  xmax;
• S, ¶·¥¤¸É ¢²ÖÕÐ¥¥ µÉ´µÏ¥´¨¥ xmax/σx

, £¤¥ σx Å ¸É ´¤ ·É´µ¥ µÉ±²µ-
´¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ƒ Ê¸¸ ;

• ³ ±¸¨³ ²Ó´µ¥ Ê£²µ¢µ¥ µÉ±²µ´¥´¨¥ Î ¸É¨Í x′
max ¢ ¶ÊÎ±¥;

• Ô³¨ÉÉ ´¸ ¶ÊÎ±  εx;
• · ¸Ìµ¤¨³µ¸ÉÓ ¶ÊÎ± . ‚µ§³µ¦¥´ ¸Ìµ¤ÖÐ¨°¸Ö ²¨¡µ · ¸Ìµ¤ÖÐ¨°¸Ö ¶ÊÎµ±.
–¥´É· ÉÖ¦¥¸É¨ · ¸¶µ²µ¦¥´¨Ö Î ¸É¨Í ¢ ¶ÊÎ±¥ ´Ê²¥¢µ°. ƒ¥´¥· Í¨Ö ¶µ§¨Í¨¨

Î ¸É¨ÍÒ ¸µ¸Éµ¨É ¨§ É·¥Ì Ï £µ¢:
1) £¥´¥· Í¨Ö ¤¢ÊÌ ¸²ÊÎ °´ÒÌ Î¨¸¥² u1 ¨ u2 ¨§ ¨´É¥·¢ ²  [0, 1];
2) ¢ÒÎ¨¸²¥´¨¥ ¶µ§¨Í¨¨ Î ¸É¨ÍÒ: x = σx

√
−2 ln(u1) sin(2π · u2);
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3) ¥¸²¨ Ê¸²µ¢¨¥ |x| � xmax ¨¸É¨´´µ¥, Éµ ¶µ§¨Í¨Ö x ¸µ¶·Ö¦¥´  ¸ i-°
Î ¸É¨Í¥°.

Š ¦¤µ° Î ¸É¨Í¥ ¸ ¶µ§¨Í¨¥° xi ¸µµÉ¢¥É¸É¢Ê¥É ¨´É¥·¢ ² ¢µ§³µ¦´µ£µ Ê£²µ-
¢µ£µ µÉ±²µ´¥´¨Ö, ·¨¸. 1:

x′
i min � x′

i � x′
i max. (2)

�¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö (1) ¶µ²ÊÎ ¥³ £· ´¨ÍÒ ¨´É¥·¢ ²  ¢µ§³µ¦´ÒÌ Ê£²µ¢ÒÌ
µÉ±²µ´¥´¨°:

x′
i max/x′

i min = −k
α

β
xi ±

1
β

√
x2

max − x2
i , (3)

£¤¥ ¸Ìµ¤ÖÐ¨°¸Ö ¶ÊÎµ± ¨³¥¥É ¶ · ³¥É· k = 1 ¨ ¤²Ö · ¸Ìµ¤ÖÐ¥£µ¸Ö ¶ÊÎ±  k =
−1. “£²µ¢Ò¥ µÉ±²µ´¥´¨Ö µ¤´µ·µ¤´µ · ¸¶·¥¤¥²¥´Ò ¢ ¨´É¥·¢ ²¥ [x′

i min, x
′
i max]:

-
x′

i = x′
i min + (x′

i max − x′
i min) · u, (4)

£¤¥ u Å ¸²ÊÎ °´µ¥ Î¨¸²µ. ‚ É ±µ³ ¶µ¤Ìµ¤¥ ¢¸¥ Î ¸É¨ÍÒ · ¸¶µ² £ ÕÉ¸Ö ¢´ÊÉ·¨
Ë §µ¢µ£µ Ô²²¨¶¸  ¶ÊÎ± . �´ ²µ£¨Î´µ £¥´¥·¨·ÊÕÉ¸Ö ¶µ§¨Í¨¨ ¨ Ê£²µ¢Ò¥ µÉ±²µ-
´¥´¨Ö ¢ ¶²µ¸±µ¸É¨ (y, y′), ±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ § ¤ ´Ò ¸ ¤·Ê£¨³¨ ¢Ìµ¤´Ò³¨
¶ · ³¥É· ³¨.

�µ²Ó§µ¢ É¥²Ó µ¶·¥¤¥²Ö¥É ´¥µ¡Ìµ¤¨³µ¥ ±µ²¨Î¥¸É¢µ Î ¸É¨Í ¢ ±µ´Í¥ ¸¨-
¸É¥³Ò (´  ³¨Ï¥´¨), ´µ ´¥ µ¶·¥¤¥²Ö¥É ±µ²¨Î¥¸É¢µ Î ¸É¨Í ¢ ¶ÊÎ±¥. ‘¨³Ê²ÖÍ¨Ö
¶µ¢Éµ·Ö¥É¸Ö, ¶µ±  ´¥µ¡Ìµ¤¨³µ¥ ±µ²¨Î¥¸É¢µ Î ¸É¨Í ¤µ¸É¨£´¥É ±µ´Í  ¸¨¸É¥³Ò.
Š ¦¤Ò° Í¨±² ´ Î¨´ ¥É¸Ö ¸ ±µ´±·¥É´Ò³ ±µ²¨Î¥¸É¢µ³ Î ¸É¨Í.

1.2. ƒ¥´¥· Éµ· ¸²ÊÎ °´ÒÌ Î¨¸¥². Œµ´É¥-± ·²µ-¸¨³Ê²ÖÍ¨Ö µ¸ÊÐ¥¸É¢²Ö-
¥É¸Ö ¸²ÊÎ °´µ° ¢Ò¡µ·±µ° ¨§ ËÊ´±Í¨¨ ¶²µÉ´µ¸É¨ ¢¥·µÖÉ´µ¸É¨. ‘²ÊÎ °´ Ö
¶¥·¥³¥´´ Ö ¨§ ´¥µ¤´µ·µ¤´µ£µ · ¸¶·¥¤¥²¥´¨Ö ³µ¦¥É ¡ÒÉÓ ³µ¤¥²¨·µ¢ ´  Î¥-
·¥§ ¶µ¤Ìµ¤ÖÐÊÕ É· ´¸Ëµ·³ Í¨Õ µ¤´µ·µ¤´µ · ¸¶·¥¤¥²¥´´µ° ¸²ÊÎ °´µ° ¶¥-
·¥³¥´´µ°. ‘ÊÐ¥¸É¢Ê¥É ³´µ£µ  ²£µ·¨É³µ¢ ¤²Ö ¶·µ¤Ê±Í¨¨ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨
¸²ÊÎ °´ÒÌ ¶¥·¥³¥´´ÒÌ un [9]. •µ·µÏ¨° £¥´¥· Éµ· ¸²ÊÎ °´ÒÌ ¶¥·¥³¥´´ÒÌ
(RNG) ¤µ²¦¥´ ¨³¨É¨·µ¢ ÉÓ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ ´¥§ ¢¨¸¨³ÒÌ, ¨¤¥´É¨Î´µ ¨
· ¢´µ³¥·´µ · ¸¶·¥¤¥²¥´´ÒÌ ¸²ÊÎ °´ÒÌ ¶¥·¥³¥´´ÒÌ ´  ¢¸¥³ ¨´É¥·¢ ²¥. Š -
Î¥¸É¢µ RNG µÍ¥´¨¢ ¥É¸Ö · §´Ò³¨ É¥¸É ³¨ [9, 10].

‘¨³Ê²ÖÍ¨Ö ³´µ£µ±· É´µ£µ ±Ê²µ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ¢ · §²¨Î´ÒÌ ³ É¥·¨-
 ² Ì ´Ê¦¤ ¥É¸Ö ¢ ¡Ò¸É·µ° £¥´¥· Í¨¨ ¸²ÊÎ °´ÒÌ ¶¥·¥³¥´´ÒÌ. �¥·¨µ¤ £¥´¥· -
Éµ·  ¤µ²¦¥´ ¡ÒÉÓ ¡µ²ÓÏ¥, Î¥³ ±µ²¨Î¥¸É¢µ ¸²ÊÎ °´ÒÌ ¶¥·¥³¥´´ÒÌ, ´¥µ¡Ìµ-
¤¨³ÒÌ ¢ ¸¨³Ê²ÖÍ¨¨, ¨´ Î¥ ·¥§Ê²ÓÉ ÉÒ ¡Ê¤ÊÉ ´¥¢¥·´Ò¥. Š £·Ê¶¶¥ ¸É ´¤ ·É´ÒÌ
£¥´¥· Éµ·µ¢ RNG ¶·¨´ ¤²¥¦¨É ³´µ£µ±· É´Ò° ·¥±Ê·¸¨¢´Ò° £¥´¥· Éµ· (MRG)
[11]. ƒ¥´¥· Éµ· MRG É·¥ÉÓ¥£µ ¶µ·Ö¤± :

xn = (a1xn−1 + a2xn−2 + a3xn−3) mod m, (5a)
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un = xn/m, (5b)

£¤¥ m ¨ k Å ¶µ²µ¦¨É¥²Ó´Ò¥ Í¥²Ò¥ Î¨¸² , ±µÔËË¨Í¨¥´ÉÒ ai ¨§ ³´µ¦¥¸É¢ 
{0, 1, . . . , m − 1}. ‚Ò· ¦¥´¨¥ (5¡) µ¡¥¸¶¥Î¨¢ ¥É £¥´¥· Í¨Õ ¸²ÊÎ °´µ° ¢¥²¨-
Î¨´Ò ¨§ ¨´É¥·¢ ²  [0, 1]. ‹ÊÎÏ¨¥ ¸¢µ°¸É¢  ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ ¸²ÊÎ °´ÒÌ
¢¥²¨Î¨´ µ¡¥¸¶¥Î¨³ ±µ³¡¨´ Í¨¥° ´¥¸±µ²Ó±¨Ì MRG. ‚ ¸¨³Ê²ÖÍ¨¨ ³´µ£µ±· É-
´µ£µ · ¸¸¥Ö´¨Ö ¶·¨³¥´¥´ ±µ³¡¨´¨·µ¢ ´´Ò° MRG-£¥´¥· Éµ· (CMRG), ´ §Ò-
¢ ¥³Ò° MRG32k3a. ƒ¥´¥· Éµ· MRG32k3a ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¤¢  £¥´¥· Éµ· 
MRG É·¥ÉÓ¥£µ ¶µ·Ö¤± . �¥·¨µ¤ £¥´¥· Éµ·  ¶·¨³¥·´µ ≈ 3 · 1057.

1.3. � ¸¸¥¨¢ ÕÐ¨° ³ É¥·¨ ². ‚²¨Ö´¨¥ Ëµ²Ó£¨ ´  ¶·µÌµ¦¤¥´¨¥ ¶·µÉµ-
´µ¢ ³µ¤¥²¨·Ê¥É¸Ö ¶µ¸·¥¤¸É¢µ³ É¥µ·¨¨ ³´µ£µ±· É´µ£µ ±Ê²µ´µ¢¸±µ£µ · ¸¸¥Ö-
´¨Ö Œµ²Ó¥· . Œ´µ£µ±· É´µ¥ ±Ê²µ´µ¢¸±µ¥ · ¸¸¥Ö´¨¥ ¢²¨Ö¥É ´  É· ¥±Éµ·¨Õ
¶·µÌµ¤ÖÐ¥° Î ¸É¨ÍÒ. — ¸É¨Í  µÉ±²µ´Ö¥É¸Ö µÉ´µ¸¨É¥²Ó´µ ¶·¥¤Ò¤ÊÐ¥£µ ´ -
¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö ´  ¶·µ¸É· ´¸É¢¥´´Ò° Ê£µ² θ, ¨§µ¡· ¦¥´´Ò° ´  ·¨¸. 2.

�¨¸. 2. ˆ§µ¡· ¦¥´¨¥ ¶µ²Ö·´µ£µ ¨  §¨³ÊÉ ²Ó´µ£µ Ê£²µ¢ θ, β ¨ ¶·µ¥±Í¨µ´´ÒÌ Ê£²µ¢
φx, φy , φx = tan(θ)cos(β) ≈ θcos(β) φy = tan(θ)sin(β) ≈ θsin(β)

”Ê´±Í¨Ö ¶²µÉ´µ¸É¨ · ¸¶·¥¤¥²¥´¨Ö Œµ²Ó¥·  ¤²Ö Ê£²µ¢ θ [12]:

F (θ, t) =
1
2π

1
2θ2

M

[
2e−ν2

+
1
B

F (1)(ν) +
1

B2
F (2)(ν) + . . .

]
, (6)

£¤¥ t Å Éµ²Ð¨´  · ¸¸¥¨¢ É¥²Ö; θM Å Ì · ±É¥·¨¸É¨Î¥¸±¨° Ê£µ² · ¸¸¥Ö´¨Ö;
ν Å ¢µ¸¸É ´µ¢²¥´´ Ö Ê£²µ¢ Ö ¶¥·¥³¥´´ Ö; B Å ¢µ¸¸É ´µ¢²¥´´ Ö Éµ²Ð¨´ 
· ¸¸¥¨¢ É¥²Ö; F (1)(ν), F (2)(ν) Ö¢²ÖÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨ · §²µ¦¥´¨Ö ËÊ´±Í¨¨
· ¸¶·¥¤¥²¥´¨Ö. ‚µ¸¸É ´µ¢²¥´´ Ö Ê£²µ¢ Ö ¶¥·¥³¥´´ Ö ν µ¶·¥¤¥²¥´  ¢Ò· ¦¥-
´¨¥³

ν =
θ√
2θM

. (7)
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‚µ¸¸É ´µ¢²¥´´ Ö Éµ²Ð¨´  · ¸¸¥¨¢ É¥²Ö B µ¶·¥¤¥²¥´  ± ± ±µ·¥´Ó Ê· ¢-
´¥´¨Ö:

B − ln B = b, (8)

£¤¥ b Å ´ ÉÊ· ²Ó´Ò° ²µ£ ·¨Ë³ ÔËË¥±É¨¢´µ£µ ±µ²¨Î¥¸É¢  ¸µ¡ÒÉ¨° · ¸¸¥Ö´¨Ö,
¢ÒÎ¨¸²¥´´Ò° ¢ [12, 13].

‚Ò· ¦¥´¨Ö · §¢¨É¨Ö F (1)(ν), F (2)(ν) µÉ· ¦ ÕÉ ±·¨¢Ò¥ ´  ·¨¸. 3 ¨ µ¶·¥-
¤¥²ÖÕÉ¸Ö ± ±

F (n)(ν) =
1
n!

∞∫
0

ηdηJ0(νη) exp(−η2/4)
(

η2

4
ln

η2

4

)n

, (9)

£¤¥ J0(νη) Å ËÊ´±Í¨Ö �¥¸¸¥²Ö:

J0(νη) =
∞∑

k=0

(−1)k

(
1
4 (νη)2

)k

(k!)2
. (10)

�¨¸. 3. ”Ê´±Í¨¨ 2exp (−ν2), F (1)(ν), F (2)(ν) ¢ § ¢¨¸¨³µ¸É¨ µÉ ¢µ¸¸É ´µ¢²¥´´µ°
Ê£²µ¢µ° ¶¥·¥³¥´´µ° ν

�¥·¢Ò³ Î²¥´µ³ · §²µ¦¥´¨Ö ËÊ´±Í¨¨ F (θ, t) (6) Ö¢²Ö¥É¸Ö ´µ·³ ²Ó´µ¥
· ¸¶·¥¤¥²¥´¨¥ ƒ Ê¸¸ , ¸²¥¤ÊÕÐ¨¥ ¤¢  Î²¥´  ¢ÒÎ¨¸²¥´Ò ¢ ¶·µ£· ³³¥ ®Track¯
¨ ¢Ò· ¦¥´Ò ¢ É ¡²¨Î´µ° Ëµ·³¥.

‘ ¶µ³µÐÓÕ ¨´¢¥·¸¨µ´´µ° ±Ê³Ê²ÖÉ¨¢´µ° ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö [4] ± -
¦¤µ° Î ¸É¨Í¥ ¶·¨¸¢µ¥´ Ê£µ² µÉ±²µ´¥´¨Ö θ, ¶µ²ÊÎ ¥³Ò° ¨§ ËÊ´±Í¨¨ · ¸¶·¥¤¥-
²¥´¨Ö (6). �·¨³¥· ¢ÒÎ¨¸²¥´´µ° ±Ê³Ê²ÖÉ¨¢´µ° ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö cdf(θ)
¢ § ¢¨¸¨³µ¸É¨ µÉ Ê£²  µÉ±²µ´¥´¨Ö θ ¶·µÉµ´µ¢ ¶·¨ ¶·µÌµ¦¤¥´¨¨ É ´É ²µ¢µ°
Ëµ²Ó£¨ · §²¨Î´ÒÌ Éµ²Ð¨´ ¨ É¥Ì´¨±  ¢Ò¡µ·  Ê£²µ¢ µÉ±²µ´¥´¨Ö ¶·¨¢¥¤¥´Ò
´  ·¨¸. 4. ƒµ·¨§µ´É ²Ó´Ò¥ ¨ ¢¥·É¨± ²Ó´Ò¥ ¶·µ¥±Í¨¨ Ê£²  µÉ±²µ´¥´¨Ö θ ¤µ¡ -
¢²¥´Ò ± £µ·¨§µ´É ²Ó´µ° ¨ ¢¥·É¨± ²Ó´µ° ¤¨ £· ³³¥ Ô³¨ÉÉ ´¸ .
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�¨¸. 4. ŠÊ³Ê²ÖÉ¨¢´ Ö ¤¨¸É·¨¡ÊÉ¨¢´ Ö ËÊ´±Í¨Ö cdf(θ) ¢ÒÎ¨¸²¥´  ¤²Ö ¶·µÉµ´µ¢ Ô´¥·£¨¨
72 ŒÔ‚, ¶·µÌµ¤ÖÐ¨Ì É ´É ²µ¢ÊÕ Ëµ²Ó£Ê · §´µ° Éµ²Ð¨´Ò. ’¥Ì´¨±  ¶·¥µ¡· §µ¢ ´¨Ö
µ¤´µ·µ¤´µ · ¸¶·¥¤¥²¥´´µ° ¸²ÊÎ °´µ° ¶¥·¥³¥´´µ° u ¨§ ¨´É¥·¢ ²  [0, 1] ´  Ê£²µ¢µ¥
µÉ±²µ´¥´¨¥ θ ¶·µÉµ´ . ’µ²Ð¨´  Ëµ²Ó£¨: · · · 100 ³±³; · − · 200 ³±³; Å 300³±³

‚ ´ Î ²¥ § ¶Ê¸±  ¶·µ£· ³³Ò ¢ÒÎ¨¸²ÖÕÉ¸Ö É ¡²¨ÍÒ ±Ê³Ê²ÖÉ¨¢´ÒÌ ¤¨¸-
É·¨¡ÊÉ¨¢´ÒÌ ËÊ´±Í¨° ¤²Ö ¢¸¥Ì · ¸¸¥¨¢ ÕÐ¨Ì ³ É¥·¨ ²µ¢ ¢¤µ²Ó ¶·µÉµ´´µ£µ
¶ÊÎ± , ÎÉµ ¢ ¤ ²Ó´¥°Ï¥³ Ê¸±µ·Ö¥É ¶·µÍ¥¸¸ ¸¨³Ê²ÖÍ¨¨. ‚µ ¢·¥³Ö ¶·µÌµ¦¤¥´¨Ö
¶·µÉµ´µ¢ ¸±¢µ§Ó · ¸¸¥¨¢ É¥²Ó Ê³¥´ÓÏ ¥É¸Ö ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ¶·µÉµ´µ¢.
�·µ£· ³³  ¢ÒÎ¨¸²Ö¥É ¨§³¥´¥´¨¥ ¸·¥¤´¥° ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨, ¨¸¶µ²Ó§ÊÖ
É ¡²¨ÍÒ § ¢¨¸¨³µ¸É¨ ¶·µ¡¥£  R[£/¸³2] ¶·µÉµ´µ¢ ¢ ±µ´±·¥É´µ³ ³ É¥·¨ ²¥ µÉ
±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ Ekin [ŒÔ‚] ¶·µÉµ´µ¢ [14, 15]. �·¥¤¸É ¢¨³ ¢²¨Ö´¨¥
100 ³±³ Éµ²¸Éµ°  ²Õ³¨´¨¥¢µ° Ëµ²Ó£¨ ´  ¢Ìµ¤´µ° ¶·µÉµ´´Ò° ¶ÊÎµ± Ô´¥·-
£¨¨ 72 ŒÔ‚ ¸ Ô³¨ÉÉ ´¸µ³ 5 ³³ × 5 ³· ¤. �¨¸. 5 ¶·¥¤¸É ¢²Ö¥É ¤¨ £· ³³Ê
Ô³¨ÉÉ ´¸  ´¥¶µ¸·¥¤¸É¢¥´´µ ´  ¢Ìµ¤¥ Ëµ²Ó£¨. �ÊÎµ± ¶µ¸²¥ · ¸¸¥Ö´¨Ö ´  ¢Ò-
Ìµ¤¥ ¨§ Ëµ²Ó£¨ ¶µ± § ´ ´  ·¨¸. 6. �Î¥¢¨¤´µ, ¶µ§¨Í¨¨ Î ¸É¨Í ´¥ ¨§³¥´¨²¨¸Ó,
Ê£²Ò ¤¢¨¦¥´¨Ö Î ¸É¨Í Ê¢¥²¨Î¨²¨¸Ó §  ¸Î¥É ¢²¨Ö´¨Ö · ¸¸¥Ö´¨Ö. ‘Ê³³ ·´ Ö
· ¸Ìµ¤¨³µ¸ÉÓ ¶ÊÎ±  ¢µ§· ¸É ¥É.

’µ²¸ÉÒ¥ ¸²µÖ · ¸¸¥¨¢ É¥²Ö ¢ ¶·µÍ¥¸¸¥ ¸¨³Ê²ÖÍ¨¨  ¢Éµ³ É¨Î¥¸±¨ · §¤¥-
²¥´Ò ´  Î ¸É¨, Éµ²Ð¨´  ±µÉµ·ÒÌ µ¡· §Ê¥É £¥µ³¥É·¨Î¥¸±¨° ·Ö¤ [13]:

tn = κR(1 − κ)n−1, (11)

£¤¥ tn Å Éµ²Ð¨´  n-£µ ¸²µÖ; R Å ¶·µ¡¥£ ¶·µÉµ´µ¢ ¶·¨ ¢Ìµ¤´µ° Ô´¥·£¨¨ ¢
³ É¥·¨ ²¥ · ¸¸¥¨¢ É¥²Ö. �¶É¨³ ²Ó´ Ö ¢¥²¨Î¨´  ±µ´¸É ´ÉÒ κ = 0, 375 µ¡¥¸¶¥-
Î¨É ³ ±¸¨³ ²Ó´µ¥ ±µ²¨Î¥¸É¢µ ¸²µ¥¢ ¢µ¸¥³Ó ¸ ¸Ê³³ ·´µ° Éµ²Ð¨´µ° t, ±µÉµ· Ö
Ê¤µ¢²¥É¢µ·Ö¥É Ê¸²µ¢¨Õ t/R � 0, 97. „²Ö ¡µ²¥¥ Éµ²¸ÉÒÌ ¸²µ¥¢ É¥µ·¨Ö Œµ²Ó¥· 
´¥¤¥°¸É¢¨É¥²Ó´ .
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�¨¸. 5. „¨ £· ³³  Ô³¨ÉÉ ´¸  ¢Ìµ¤´µ£µ ¶ÊÎ± 

�¨¸. 6. „¨ £· ³³  Ô³¨ÉÉ ´¸  · ¸¸¥Ö´´µ£µ ¶ÊÎ± 

1.4. „·¥°Ëµ¢Ò° ¶·µ³¥¦ÊÉµ±. „·¥°Ëµ¢Ò° ¶·µ³¥¦ÊÉµ± ¶·¥¤¸É ¢²Ö¥É ¸µ-
¡µ° Î ¸ÉÓ ¸¨¸É¥³Ò Ëµ·³¨·µ¢ ´¨Ö ¶ÊÎ± , £¤¥ Î ¸É¨ÍÒ ¤¢¨¦ÊÉ¸Ö ¢ ¢ ±ÊÊ³¥ ¡¥§
¢µ§¤¥°¸É¢¨Ö ¢´¥Ï´¨Ì ¸¨². �µ§¨Í¨¨ Î ¸É¨Í É· ´¸Ëµ·³¨·ÊÕÉ¸Ö ¸²¥¤ÊÕÐ¨³
µ¡· §µ³:

xnew = xold+x′
oldL, x′

new = x′
old, ynew = yold+y′

oldL, y′
new = y′

old, (12)

£¤¥ L Å ¤²¨´  ¤·¥°Ëµ¢µ£µ ¶·µ³¥¦ÊÉ± ; xnew, ynew, x′
new, y′

new Å ±µµ·¤¨´ ÉÒ
Î ¸É¨Í ¢ ±µ´Í¥ ¶·µ¸É· ´¸É¢  ¤·¥°Ë ; ¨ xold, yold, x′

old, y′
old Å ±µµ·¤¨´ ÉÒ

Î ¸É¨Í ¢ ´ Î ²¥ ¤·¥°Ëµ¢µ£µ ¶·µ³¥¦ÊÉ± .
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�¨¸. 7 ¨§µ¡· ¦ ¥É Ê¶µ³Ö´ÊÉÒ° ¢ÒÏ¥ ¶ÊÎµ± ¢ ±µ´Í¥ ¤·¥°Ëµ¢µ£µ ¶·µ³¥-
¦ÊÉ± , ¢ 1 ³ §   ²Õ³¨´¨¥¢µ° Ëµ²Ó£µ° · ¸¸¥¨¢ É¥²Ö. “£²Ò ¤¢¨¦¥´¨Ö Î ¸É¨Í
µ¸É ²¨¸Ó ´¥¨§³¥´´Ò³¨ ¢ ¤·¥°Ëµ¢µ³ ¶·µ¸É· ´¸É¢¥. �µ§¨Í¨¨ Î ¸É¨Í ¨§³¥´¨-
²¨¸Ó µÉ´µ¸¨É¥²Ó´µ ¨Ì Ê£²µ¢.

�¨¸. 7. „¨ £· ³³  Ô³¨ÉÉ ´¸  · ¸¸¥Ö´´µ£µ ¶ÊÎ±  ¶µ¸²¥ ¶·µÌµ¦¤¥´¨Ö ¤·¥°Ëµ¢µ£µ ¶·µ-
³¥¦ÊÉ±  ¤²¨´µ° 1 ³

1.5. Šµ²²¨³ Éµ·. Šµ²²¨³ Éµ· µ¶·¥¤¥²¥´ ¤²¨´µ° L ¨  ¶¥·ÉÊ·µ° D. �·µ-
£· ³³  ¢Ò¤¥²Ö¥É Î ¸É¨ÍÒ, ±µÉµ·Ò¥ ¶·µÌµ¤ÖÉ ¢´¥  ¶¥·ÉÊ·Ò ¢ ´ Î ²¥ ¨ ¢ ±µ´Í¥
±µ²²¨³ Éµ· . Š·¨É¥·¨° ¢Ò¤¥²¥´¨Ö:

x2 + y2 � D2/4, (13)

£¤¥ x ¨ y Å ±µµ·¤¨´ ÉÒ Î ¸É¨Í. 	É¨ Î ¸É¨ÍÒ Ê¸É· ´ÖÕÉ¸Ö ¨§  ´¸ ³¡²Ö
Î ¸É¨Í, µ¡· §ÊÕÐ¨Ì ¶ÊÎµ±. �¸É ²Ó´Ò¥ Î ¸É¨ÍÒ É· ´¸¶µ·É¨·ÊÕÉ¸Ö ± ±µ´ÍÊ
±µ²²¨³ Éµ·  ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ É· ´¸Ëµ·³ Í¨¥° (12), ¨¸¶µ²Ó§Ê¥É¸Ö µ¤¨´ ±µ-
¢Ò° ±·¨É¥·¨° ¢Ò¤¥²¥´¨Ö (13). 	É¨³ ¸¶µ¸µ¡µ³  ¢Éµ³ É¨Î¥¸±¨ ¢Ò¤¥²ÖÕÉ¸Ö
¨§ ¶ÊÎ±  Î ¸É¨ÍÒ, ±µÉµ·Ò¥ ¸Éµ²±´Ê²¨¸Ó ¸µ ¸É¥´ ³¨ ±µ²²¨³ Éµ· . �·µ£· ³³ 
¸µÌ· ´Ö¥É ±µ²¨Î¥¸É¢µ ¶µÉ¥·Ö´´ÒÌ Î ¸É¨Í ¸ Í¥²ÓÕ ¢ÒÎ¨¸²¨ÉÓ ¶µÉ¥·¨ ¶ÊÎ± 
¢¤µ²Ó ¸¨¸É¥³Ò Ëµ·³¨·µ¢ ´¨Ö ¶ÊÎ± . �¨¸. 8 ¶µ± §Ò¢ ¥É ¢²¨Ö´¨¥ ±µ²²¨³ Éµ· 
(D = 10 ³³, L = 300 ³³) ´  ¶·¥¤Ò¤ÊÐ¨° ¶ÊÎµ± (·¨¸. 6).

1.6. Œ¨Ï¥´Ó. Œ¨Ï¥´Ó ¢ ¸¨¸É¥³¥ Ëµ·³¨·µ¢ ´¨Ö ¶ÊÎ±  ¶·¥¤¸É ¢²Ö¥É ¶µ-
§¨Í¨Õ, £¤¥ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¢ÒÌµ¤´Ò¥ ¶ · ³¥É·  ¶ÊÎ± . �µ§¨Í¨Ö ³¨Ï¥´¨ µ¶·¥-
¤¥²¥´  ¶µ²Ó§µ¢ É¥²¥³. �·µ£· ³³  ¢ÒÎ¨¸²Ö¥É ¤¨ £· ³³Ò £µ·¨§µ´É ²Ó´µ£µ ¨
¢¥·É¨± ²Ó´µ£µ Ô³¨ÉÉ ´¸  ¨ ¸µÌ· ´Ö¥É ¨´Ëµ·³ Í¨Õ µ ¶µÉ¥·ÖÌ ¶ÊÎ±  ´  ±µ²-
²¨³ Éµ· Ì. ƒµ·¨§µ´É ²Ó´Ò¥ ¨ ¢¥·É¨± ²Ó´Ò¥ ¶·µË¨²¨ ¶ÊÎ±  ¢ÒÎ¨¸²ÖÕÉ¸Ö ¨§
¤¨ £· ³³ Ô³¨ÉÉ ´¸ .
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�¨¸. 8. „¨ £· ³³  Ô³¨ÉÉ ´¸  ¶ÊÎ±  ¢ ±µ´Í¥ ±µ²²¨³ Éµ· 

2. �…‡“‹œ’�’›

�²£µ·¨É³ ¶·µ£· ³³Ò ®Track¯ ¨¸¶µ²Ó§Ê¥É É¥Ì´¨±Ê Œµ´É¥-Š ·²µ ¸ É¥µ·¨¥°
³´µ£µ±· É´µ£µ ±Ê²µ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö Œµ²Ó¥· , Ô±µ´µ³¨É ¢ÒÎ¨¸²¨É¥²Ó´µ¥
¢·¥³Ö ¢ ¸· ¢´¥´¨¨ ¸ Î¨¸ÉÒ³ ¶µ¤Ìµ¤µ³ Œµ´É¥-Š ·²µ. ”¨§¨Î¥¸±¨° ¨ ³ É¥³ É¨-
Î¥¸±¨° ¶µ¤Ìµ¤, ¶·¨³¥´¥´´Ò° ¢ ¶·µ£· ³³¥, ¢¥·¨Ë¨Í¨·µ¢ ´ Ô±¸¶¥·¨³¥´É ²Ó´µ
¨ µ¶·¥¤¥²¥´  ÉµÎ´µ¸ÉÓ ·¥§Ê²ÓÉ Éµ¢.

	±¸¶¥·¨³¥´ÉÒ · ¸¸¥Ö´¨Ö ¶·µÉµ´´µ£µ ¶ÊÎ±  ¸ Ô´¥·£¨¥° 175 ŒÔ‚ ¶·µ¢¥-
¤¥´Ò ´  Ë §µÉ·µ´¥ ‹Ÿ� �ˆŸˆ ¢ „Ê¡´¥. ‘Ì¥³  Ô±¸¶¥·¨³¥´É ²Ó´µ° Ê¸É ´µ¢±¨
¤ ´  ´  ·¨¸. 9. � Î ²µ ¸¨³Ê²ÖÍ¨¨ Å ¢ ¶µ§¨Í¨¨, £¤¥ ¨§¢¥¸É´Ò ¶ · ³¥É·Ò

�¨¸. 9. 	±¸¶¥·¨³¥´É ²Ó´ Ö Ê¸É ´µ¢±  ¤²Ö ¨§³¥·¥´¨Ö · ¸¸¥Ö´¨Ö ¶·µÉµ´´µ£µ ¶ÊÎ± 

¢Ìµ¤´µ£µ ¶ÊÎ± . �ÊÎµ± ¶·µÌµ¤¨² ¸±¢µ§Ó ¢ÒÌµ¤´µ¥ ¢ ±ÊÊ³´µ¥ µ±´µ, ¶·µË¨²µ-
³¥É· ¶ÊÎ± , ¤¢¥ ³µ´¨Éµ·´Ò¥ ¨µ´¨§ Í¨µ´´Ò¥ ± ³¥·Ò ¨ ±µ²²¨³ Éµ· ¤¨ ³¥É·µ³
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30 ³³. ‚¤µ²Ó ¶ÊÎ±  Ê¸É ´ ¢²¨¢ ²¨¸Ó · §´Ò¥ · ¸¸¥¨¢ ÕÐ¨¥ ³ É¥·¨ ²Ò (¸¢¨-
´¥Í ¨ ¶²¥±¸¨£² ¸) · §²¨Î´ÒÌ Éµ²Ð¨´ (µÉ 0,1 ¤µ 3,16 £/¸³2). ‚ ±µ´Í¥ ¸¨¸É¥³Ò
¨§³¥·Ö²¸Ö ¶·µË¨²Ó ¶ÊÎ±  ¸ ¶µ³µÐÓÕ ±·¥³´¨¥¢µ£µ ¤¥É¥±Éµ·  ´  · ¸¸ÉµÖ´¨¨
102,5 ¸³ µÉ · ¸¸¥¨¢ É¥²Ö. 	±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´Ò¥ ¨ ¸¨³Ê²¨·µ¢ ´´Ò¥
¶·µË¨²¨ ¶ÊÎ±   ¶¶·µ±¸¨³¨·µ¢ ´Ò ±·¨¢µ° ƒ Ê¸¸ . ‘· ¢´¨¢ ²¨¸Ó ¨Ì ¸É ´-
¤ ·É´Ò¥ µÉ±²µ´¥´¨Ö σexp ¨ σsim. �¥§Ê²ÓÉ ÉÒ ¸· ¢´¥´¨Ö ¶µ± § ´Ò ¢ É ¡²¨Í¥.
‡´ Î¥´¨Ö · ¸¸¥Ö´¨Ö ¢ ¸¨³Ê²ÖÍ¨¨ ¶·¨³¥·´µ ´  5,5% ³¥´ÓÏ¥ ¶µ ¸· ¢´¥´¨Õ
¸ Ô±¸¶¥·¨³¥´Éµ³. �É²¨Î¨¥ ·¥§Ê²ÓÉ Éµ¢ Ô±¸¶¥·¨³¥´É  µÉ ¸¨³Ê²ÖÍ¨¨ ¢Ò§¢ ´µ
¶µ£·¥Ï´µ¸ÉÓÕ µ¶·¥¤¥²¥´¨Ö Ô³¨ÉÉ ´¸  ¢Ìµ¤´µ£µ ¶ÊÎ± , ±µÉµ·Ò° ³µ¦¥É µÉ²¨-
Î ÉÓ¸Ö µÉ Ô²²¨¶É¨Î¥¸±µ° Ëµ·³Ò, ¢±²ÕÎ¥´´µ° ¢ ³µ¤¥²Ó. ‚ Éµ³ Î¨¸²¥ ¢ ³µ¤¥²¨
´¥ ÊÎÉ¥´µ · ¸¸¥Ö´¨¥ ¶·µÉµ´µ¢ ´  ¸É¥´± Ì ±µ²²¨³ Éµ· .

’ ¡²¨Í . �¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´É  ¨ ¸¨³Ê²ÖÍ¨¨ ³´µ£µ±· É´µ£µ ±Ê²µ´µ¢¸±µ£µ
· ¸¸¥Ö´¨Ö ¶·µÉµ´´µ£µ ¶ÊÎ±  Ô´¥·£¨¨ 175 ŒÔ‚, ¶·µÌµ¤ÖÐ¥£µ Î¥·¥§ ¸¢¨´¥Í ¨

¶²¥±¸¨£² ¸. ‘· ¢´¥´Ò ¸É ´¤ ·É´Ò¥ µÉ±²µ´¥´¨Ö σ ¨§³¥·¥´´ÒÌ ¨ ¸¨³Ê²¨·µ¢ ´´ÒÌ
¶·µË¨²¥° ¶ÊÎ± .

‘¢¨´¥Í

’µ²Ð¨´ , 	±¸¶¥·¨³¥´É, ‘¨³Ê²ÖÍ¨Ö, Dσ, %
£/¸³2 σ, ³³ σ, ³³
0,1 12,9 12,3 Ä4,7
0,2 13,8 13,0 Ä5,8
0,3 14,7 13,9 Ä5,4
0,4 15,6 14,7 Ä5,8
0,5 16,4 15,6 Ä4,9

�²¥±¸¨£² ¸

’µ²Ð¨´ , 	±¸¶¥·¨³¥´É, ‘¨³Ê²ÖÍ¨Ö, Dσ, %
£/¸³2 σ, ³³ σ, ³³
1,57 13,6 12,9 Ä5,1
3,16 15,7 15,3 Ä2,5

‡�Š‹�—…�ˆ…

‚ · ¡µÉ¥ µ¶¨¸ ´ ±µ³¶ÓÕÉ¥·´Ò° ±µ¤ ®Track¯. Šµ¤ ¸¶µ¸µ¡¸É¢Ê¥É ¶·µ¥±É¨-
·µ¢ ´¨Õ · ¸¸¥¨¢ ÕÐ¨Ì ¸¨¸É¥³ ¤²Ö ¶·µÉµ´´ÒÌ É¥· ¶¥¢É¨Î¥¸±¨Ì ¶ÊÎ±µ¢. �·µ-
¢¥·Ö² ¸Ó ¢¥·´µ¸ÉÓ Ë¨§¨Î¥¸±µ° ³µ¤¥²¨, ¶·¨³¥´¥´´µ° ¢ ¶·µ£· ³³¥, ¸· ¢´¥´¨¥³
¸ Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´Ò³¨ ¤ ´´Ò³¨. Šµ³¡¨´ Í¨Ö É¥Ì´¨±¨ Œµ´É¥-
Š ·²µ ¸  ´ ²¨É¨Î¥¸±µ° É¥µ·¨¥° Œµ²Ó¥·  ¶·¥¤¸É ¢²Ö¥É ¶· ¢¨²Ó´Ò° ¶µ¤Ìµ¤
± ¡Ò¸É·µ° ¸¨³Ê²ÖÍ¨¨ ³´µ£µ±· É´µ£µ ±Ê²µ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö. ‘µÌ· ´Ö¥É¸Ö
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´¥µ¡Ìµ¤¨³ Ö ÉµÎ´µ¸ÉÓ ·¥§Ê²ÓÉ Éµ¢ ¸¨³Ê²ÖÍ¨¨ ¨ ¸µ±· Ð ¥É¸Ö ¢ÒÎ¨¸²¨É¥²Ó´µ¥
¢·¥³Ö ¢ ¸· ¢´¥´¨¨ ¸ Î¨¸É¨³ ¶µ¤Ìµ¤µ³ Œµ´É¥-Š ·²µ.

Šµ¤ ¶·¨³¥´Ö¥É¸Ö ¶·¨ ¶·µ¥±É¨·µ¢ ´¨¨ ¨ µ¶É¨³¨§ Í¨¨ É· ´¸¶µ·É¨·µ¢±¨
É¥· ¶¥¢É¨Î¥¸±µ£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¤²Ö É¥· ¶¨¨ £² § , ±µÉµ· Ö ¶² ´¨·Ê¥É¸Ö
¢ –¨±²µÉ·µ´´µ³ Í¥´É·¥ ‘²µ¢ Í±µ° �¥¸¶Ê¡²¨±¨. �¶É¨³¨§ Í¨Ö ¸¢µ¤¨É¸Ö ± ¢Ò-
Î¨¸²¥´¨Õ ¢²¨Ö´¨Ö Éµ²Ð¨´ · ¸¸¥¨¢ ÕÐ¨Ì ³ É¥·¨ ²µ¢ ¢¤µ²Ó ¶ÊÎ± , ¤²¨´ ¨
 ¶¥·ÉÊ· ±µ²²¨³ Éµ·µ¢,   É ±¦¥ ¨Ì ¶µ§¨Í¨°.

�² £µ¤ ·´µ¸É¨
�µ¤¤¥·¦±  ¢ ¨´¨Í¨ ²¨§ Í¨¨ ÔÉµ° · ¡µÉÒ ¡Ò²  µ± § ´  �ˆŸˆ ¨ ‘²µ-

¢ Í±¨³ ³¨´¨¸É¥·¸É¢µ³ µ¡· §µ¢ ´¨Ö (VEGA 1/0274/03). �¸µ¡¥´´µ ÌµÉ¥²µ¸Ó
¡Ò ¢Ò· §¨ÉÓ ¡² £µ¤ ·´µ¸ÉÓ �. ƒ. Œµ²µ± ´µ¢Ê ¨ ˆ. ‚. Œ¨·µÌ¨´Ê §  ¶µ³µÐÓ
 ¢Éµ·Ê, ¶·¨ ¸µ§¤ ´¨¨ ÔÉµ° · ¡µÉÒ.
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