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�¢¤¥°Î¨±µ¢ ‚. ‚. ¨ ¤·. P1-2004-190
�µ¦¤¥´¨¥ Î ¸É¨Í ¢ pp-¢§ ¨³µ¤¥°¸É¢¨¨ ¸ ¢Ò¸µ±µ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ
¶·¨ Ô´¥·£¨¨ ¶·µÉµ´µ¢ 70 ƒÔ‚. �·µ¥±É ®’¥·³ ²¨§ Í¨Ö¯

–¥²Ó ¶·¥¤² £ ¥³µ£µ Ô±¸¶¥·¨³¥´É  ¸µ¸Éµ¨É ¢ ¨¸¸²¥¤µ¢ ´¨¨ ±µ²²¥±É¨¢´µ£µ ¶µ-
¢¥¤¥´¨Ö ¢Éµ·¨Î´ÒÌ Î ¸É¨Í, µ¡· §µ¢ ´´ÒÌ ¢ ³´µ£µÎ ¸É¨Î´µ³ pp-¢§ ¨³µ¤¥°¸É¢¨¨
¶·¨ Ô´¥·£¨¨ ¶ÊÎ±  ¶·µÉµ´µ¢ Elab = 70 ƒÔ‚. �·¥¤¶µ² £ ¥É¸Ö ¨¸¸²¥¤µ¢ ÉÓ µ¡² ¸ÉÓ
¢Ò¸µ±µ° ³´µ¦¥¸É¢¥´´µ¸É¨ ntot = 20−35, ¨²¨ z = n/n̄ = 3−5. “ ¶µ·µ£  ·¥ ±Í¨¨
pN → nπ + 2N ¢¸¥ Î ¸É¨ÍÒ ¨³¥ÕÉ ³ ²Ò° µÉ´µ¸¨É¥²Ó´Ò° ¨³¶Ê²Ó¸. ‚¸²¥¤¸É¢¨¥
³´µ£µ¡µ§µ´´µ° ¨´É¥·Ë¥·¥´Í¨¨ ³µ¦¥É ¢µ§´¨±´ÊÉÓ ·Ö¤ ±µ²²¥±É¨¢´ÒÌ ÔËË¥±Éµ¢ ¢
¶µ¢¥¤¥´¨¨ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í, ¢ Î ¸É´µ¸É¨, o¦¨¤ ¥É¸Ö Ê¢¥²¨Î¥´¨¥ ¶ ·Í¨ ²Ó´µ£µ
¸¥Î¥´¨Ö σ(n) ·µ¦¤¥´¨Ö n Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í ¶µ ¸· ¢´¥´¨Õ ¸ µ¡Ð¥¶·¨´ÖÉÒ³¨
Ô±¸É· ¶µ²ÖÍ¨Ö³¨ ¨ Ê¢¥²¨Î¥´¨¥ ¢ÒÌµ¤  ¶·Ö³ÒÌ ËµÉµ´µ¢.

�±¸¶¥·¨³¥´É ¢Ò¶µ²´Ö¥É¸Ö ´  ³µ¤¥·´¨§¨·µ¢ ´´µ° Ê¸É ´µ¢±¥ ‘‚„ Å c¶¥±É-
·µ³¥É·e ¸ ¢¥·Ï¨´´Ò³ ¤¥É¥±Éµ·µ³ ´  ¢Ò¢¥¤¥´´µ³ ¶ÊÎ±¥ ¶·µÉµ´µ¢ Ê¸±µ·¨É¥²Ö
ˆ”‚� “-70. ’·¥¡Ê¥³ Ö ¨´É¥´¸¨¢´µ¸ÉÓ ¶ÊÎ±  ¸µ¸É ¢²Ö¥É ∼ 107 c−1. �·¥¤¶µ² £ Ö
¶ ·Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ σ(nπ = 30) = 0,2 ³±¡, ³Ò µ¦¨¤ ¥³ ¸±µ·µ¸ÉÓ ¸Î¥É  102

¸µ¡ÒÉ¨° ¢ Î ¸. Œ´µ£µ¡µ§µ´´ Ö ¨´É¥·Ë¥·¥´Í¨Ö ³µ¦¥É ¸ÊÐ¥¸É¢¥´´µ Ê¢¥²¨Î¨ÉÓ
¸±µ·µ¸ÉÓ ´ ¡µ·  ¸É É¨¸É¨±¨.

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ ‹ ¡µ· Éµ·¨¨ Ë¨§¨±¨ Î ¸É¨Í �ˆŸˆ.

‘µµ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´µ£µ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°. „Ê¡´ , 2004

�¥·¥¢µ¤  ¢Éµ·µ¢

Avdeichikov V. V. et al. P1-2004-190
Multiparticle Production Process in pp Interaction with High Multiplicity
at Ep=70 GeV. Proposal ®Termalization¯

The goal of the proposed experiment is the investigation of the collective behav-
iour of particles in the process of multiple hadron production in the pp interaction
pp → nππ + 2N at the beam energy Elab = 70 GeV. The domain of high multi-
plicity nπ = 20−35 or z = n/n̄ = 3−5 will be studied. Near the threshold of the
reaction nπ → 69, all particles get a small relative momentum. As a consequence of
the multiboson interference a number of collective effects may occur. In particular,
drastic increase of the partial cross section σ(n) of the n identical particles produc-
tion, as compared with commonly accepted extrapolation, and increase of the rate of
direct photons are expected.

The experiment is carried out on the modernized installation SVD, a spectrometer
with a vertex detector which is supplied with a trigger system for registration of rare
events with high multiplicity, on extracted proton beam of the IHEP (Protvino)
70 GeV accelerator. Required beam intensity is ∼ 107 s−1. Assuming the partial
cross section σ(nπ = 30) = 0.2 µb, we expect a counting rate of 102 events per
hour. The multiboson BEC enhancement may drastically increase the counting rate.

The investigation has been performed at the Laboratory of Particle Physics, JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2004
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Œ´µ¦¥¸É¢¥´´µ¥ ·µ¦¤¥´¨¥ Î ¸É¨Í ¶·¨ ¢Ò¸µ±µ° Ô´¥·£¨¨ Ö¢²Ö¥É¸Ö µ¤´µ°
¨§ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¶·µ¡²¥³ ¢ Ë¨§¨±¥  ¤·µ´µ¢. �ÉµÉ ¶·µÍ¥¸¸ ´¥ ³µ¦¥É ¡ÒÉÓ
µ¶¨¸ ´ ¢ Š•„ ¶µ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°. Š•„ ¤ eÉ Éµ²Ó±µ ± Î¥¸É¢¥´´ÊÕ ± ·É¨´Ê
Ö¢²¥´¨Ö: ¸Éµ²±´µ¢¥´¨¥  ¤·µ´µ¢ ¨´¨Í¨¨·Ê¥É ¶ ·Éµ´´Ò° ± ¸± ¤. ƒ²Õµ´´Ò¥
¸É·Ê´Ò, ¢µ§´¨± ÕÐ¨¥ ³¥¦¤Ê Í¢¥É´Ò³¨ ¶ ·Éµ´ ³¨, · §·Ò¢ ÕÉ¸Ö ¨ ¶µ·µ¦¤ ÕÉ
±¢ ·±- ´É¨±¢ ·±µ¢Ò¥ ¶ ·Ò. �  ±µ´¥Î´µ³ ÔÉ ¶¥ ¶ ·Éµ´´µ£µ ± ¸± ¤ , ±µ£¤ 
Ô´¥·£¨Ö µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ¶ ·Éµ´µ¢ ¨¸Î¥·¶ ´  ¨ ¸ÊÐ¥¸É¢¥´´Ò³¨ ¸É -
´µ¢ÖÉ¸Ö ¸¨²Ò ±µ´Ë °´³¥´É , ¶ ·Éµ´Ò µ¡Ñ¥¤¨´ÖÕÉ¸Ö, µ¡· §ÊÖ  ¤·µ´Ò. Œ¥Ì -
´¨§³ Ê¤¥·¦ ´¨Ö Í¢¥É  (±µ´Ë °´³¥´É) ´¥¨§¢¥¸É¥´. �µÔÉµ³Ê ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö
É¥µ·¥É¨Î¥¸±¨ ´¥¢µ§³µ¦´µ · ¸¸Î¨É ÉÓ ¤ ¦¥ £² ¢´Ò¥ ¶ · ³¥É·Ò ¶·µÍ¥¸¸ : · ¸-
¶·¥¤¥²¥´¨¥ ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨, Ô´¥·£¥É¨Î¥¸±¨° ¨ ³ ¸¸µ¢Ò° ¸¶¥±É·Ò Î ¸É¨Í.
�¥±µÉµ·Ò¥ Ì · ±É¥·¨¸É¨±¨ ·¥ ±Í¨¨ ¶·¨¡²¨¦e´´µ µ¶¨¸Ò¢ ÕÉ¸Ö · §²¨Î´Ò³¨
³µ¤¥²Ö³¨: É¥·³µ¤¨´ ³¨Î¥¸±µ°, £¨¤·µ¤¨´ ³¨Î¥¸±µ°, ¶µ²Õ¸ ³¨ �¥¤¦¥ ¨ ¤·.
�µ ´¨ µ¤¨´ ¨§ ÔÉ¨Ì ¶µ¤Ìµ¤µ¢ ´¥ Ö¢²Ö¥É¸Ö ¶µ²´Ò³ ¨ ¸É·µ£µ µ¡µ¸´µ¢ ´´Ò³.

�µ ¤ ´´µ³Ê ¶·¥¤³¥ÉÊ ¨³¥¥É¸Ö µ¡Ï¨·´ Ö ²¨É¥· ÉÊ· . ’¥µ·¥É¨Î¥¸±¨¥ ¶µ¤-
Ìµ¤Ò, µ¸´µ¢ ´´Ò¥ ´  ¸É É¨¸É¨Î¥¸±µ° Ë¨§¨±¥ ¨ É¥·³µ¤¨´ ³¨±¥, ¶·¥¤¸É ¢²¥´Ò
¢ µ¡§µ· Ì �. • £¥¤µ·´  [1] ¨ ˆ. „. Œ ´¤¦ ¢¨¤§¥ ¨ �. �. ‘¨¸ ±Ö´  [2]. �¡µ-
¸´µ¢ ´¨¥ ¢ ¦´µ¸É¨ ¶µ¨¸±  Ë §µ¢ÒÌ ¶¥·¥Ìµ¤µ¢ ¤ ´µ †. „. �Óe·±¥´o³ [3] ¨
ˆ. ‹. �µ§¥´É ²¥³ [4]. ‚ ¦´µ¸ÉÓ ¨¸¸²¥¤µ¢ ´¨Ö ³´µ£µÎ ¸É¨Î´ÒÌ ¶·µÍ¥¸¸µ¢ ¤²Ö
¶µ´¨³ ´¨Ö § ±µ´µ¢ ¶µ¢¥¤¥´¨Ö  ¤·µ´´µ° ³ É¥·¨¨ ¢ Ô±¸É·¥³ ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ,
´ ¶·¨³¥· ¶·¨ ¢Ò¸µ±µ° ¶²µÉ´µ¸É¨ ¨ É¥³¶¥· ÉÊ·¥, ¶µ± § ´  …. ‹. ”¥°´¡¥·£µ³
[5]. „µ¸É ÉµÎ´µ ¶µ²´Ò° µ¡§µ· ¶·µ¡²¥³Ò ±µ··¥²ÖÍ¨¨ Î ¸É¨Í ¨ ¶¥·¥³¥¦ -
¥³µ¸É¨ ¤ ´ ¢ · ¡µÉ Ì ˆ. Œ. „·e³¨´  ¨ „¥ ‚µ²Ë  [6]. �±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ ¶µ · ¸¶·¥¤¥²¥´¨Õ Î ¸É¨Í ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨ ¨ ¨Ì Ë¥´µ³¥´µ²µ£¨-
Î¥¸±µ¥ µ¶¨¸ ´¨¥ ³µ¦´µ ´ °É¨ ¢ [7].

–¥²Ó ¶·¥¤² £ ¥³µ£µ Ô±¸¶¥·¨³¥´É  ¸µ¸Éµ¨É ¢ ¨¸¸²¥¤µ¢ ´¨¨ ±µ²²¥±É¨¢´µ£µ
¶µ¢¥¤¥´¨Ö Î ¸É¨Í ¢ ¶·µÍ¥¸¸¥ ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö ¢ pp- ¨²¨
pN -¢§ ¨³µ¤¥°¸É¢¨¨

pp → nπ + 2N (1)

¶·¨ Ô´¥·£¨¨ ¶ÊÎ±  ¶·µÉµ´µ¢ Elab = 30−70 ƒÔ‚. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö · ¸¶·¥-
¤¥²¥´¨¥ Î ¸É¨Í ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨ ¶·¨ Ô´¥·£¨¨ Elab = 70 ƒÔ‚ ¨§³¥·¥´µ ¤µ
Î¨¸²  § ·Ö¦¥´´ÒÌ Î ¸É¨Í nch = 18. ‘µµÉ¢¥É¸É¢ÊÕÐ Ö ³ ¸ÏÉ ¡´ Ö ¶¥·¥³¥´-
´ Ö z = nch/n̄ch = 3,5. Š¨´¥³ É¨Î¥¸±¨° ¶·¥¤¥² ¸µ¸É ¢²Ö¥É nπ = 69, z = 8,2.
‡¤¥¸Ó nπ ¥¸ÉÓ Î¨¸²µ § ·Ö¦¥´´ÒÌ ¨ ´¥°É· ²Ó´ÒÌ ¶¨µ´µ¢. ŒÒ ¶² ´¨·Ê¥³ ¨¸-
¸²¥¤µ¢ ÉÓ ¸µ¡ÒÉ¨Ö ¸ ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ nπ = 20−40, z = 3−5. �·¨ ¡µ²ÓÏµ°
³´µ¦¥¸É¢¥´´µ¸É¨ ¨ ¢¡²¨§¨ ¶µ·µ£  ·¥ ±Í¨¨ (1), £¤¥ ¢¸¥ Î ¸É¨ÍÒ ¨³¥ÕÉ ³ -
²Ò° µÉ´µ¸¨É¥²Ó´Ò° ¨³¶Ê²Ó¸, ¤µ²¦´  ¤µ¸É¨£ ÉÓ¸Ö ¡µ²ÓÏ Ö ¶²µÉ´µ¸ÉÓ Î ¸É¨Í ¢
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Ï¥¸É¨³¥·´µ³ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ f = (2π)3d6n/dp3dr3 ≈ π3/2N/(VpVr).
‡¤¥¸Ó N Å Î¨¸²µ Î ¸É¨Í ¢ µ¡Ñe³¥ VpVr. ‡ ³¥É¨³, ÎÉµ ¢ ¸¨¸É¥³¥ ¥¤¨´¨Í
h = c = 1 ¢¥²¨Î¨´  f ¡¥§· §³¥·´ . �¢Éµ·Ò · ¡µÉ [8Ä10] ¶µ± §Ò¢ ÕÉ, ÎÉµ
¶ · ³¥É· f Ì · ±É¥·¨§Ê¥É ¨´É¥´¸¨¢´µ¸ÉÓ ³´µ£µÎ ¸É¨Î´ÒÌ ÔËË¥±Éµ¢. ‚¥²¨-
Î¨´  f ¥¸ÉÓ ¸·¥¤´¥¥ Î¨¸²µ ¶¨µ´µ¢, ¨´É¥·Ë¥·¨·ÊÕÐ¨Ì ¸ ¤ ´´Ò³ ¶¨µ´µ³ ¨
¸µ§¤ ÕÐ¨Ì Ê¸¨²¥´¨¥ �µ§¥Ä�°´ÏÉ¥°´  (��) ¢ ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨. …¸²¨
f � 1, Éµ ³µ¦¥É ´ ¡²Õ¤ ÉÓ¸Ö Éµ²Ó±µ ±µ··¥²ÖÍ¨Ö ¤¢ÊÌ Î ¸É¨Í. ’¨¶¨Î´µ¥ §´ -
Î¥´¨¥ f ¸µ¸É ¢²Ö¥É f ≈ 0,1 ¤²Ö ¸·¥¤´¥£µ ¨´É¥·¢ ²  ¡Ò¸É·µÉÒ ¨ p⊥ ≈ p̄⊥.
„ ¦¥ ¶·¨ Ô´¥·£¨¨ LHC ¢ Pb-Pb-¢§ ¨³µ¤¥°¸É¢¨¨ f̄ µ¦¨¤ ¥É¸Ö ³ ²Ò³, ´¥¸³µ-
É·Ö ´  µ£·µ³´ÊÕ ³´µ¦¥¸É¢¥´´µ¸ÉÓ. �Éµ ¶·µ¨¸Ìµ¤¨É ¨§-§  ¡µ²ÓÏµ£µ µ¡Ñe³ 
Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢  VpVr ≈ (4π/3)2p̄3r̄3, § ´¨³ ¥³µ£µ ¢Éµ·¨Î´Ò³¨ Î ¸É¨-
Í ³¨: p̄ ≈ 0,5 ƒÔ‚/c, r̄ ≈ 10 Ë³. ‚ ¶·µÉ¨¢µ¶µ²µ¦´µ¸ÉÓ ¢Ò¸µ±µÔ´¥·£¥É¨Î´µ³Ê
A-A-¢§ ¨³µ¤¥°¸É¢¨Õ ¢ ´ Ï¥³ ¸²ÊÎ ¥ pp-¸Éµ²±´µ¢¥´¨Ö µ¡Ñe³ VpVr µ± §Ò¢ -
¥É¸Ö ´  É·¨ ¶µ·Ö¤±  ¢¥²¨Î¨´Ò ³¥´ÓÏ¥, É ± ± ± ³Ò ¨³¥¥³ ¶ · ³¥É·Ò p̄ ≈
0,07 ƒÔ‚/c, r ≈ 2−3 Ë³ (¸³. · §¤¥² 1.1). ’ ±¨³ µ¡· §µ³, ³Ò ¶·¥¤¶µ² £ ¥³
¤µ¸É¨£´ÊÉÓ ¢Ò¸µ±ÊÕ ¶²µÉ´µ¸ÉÓ ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ f � 1. ‚¸²¥¤¸É¢¨¥
ÔÉµ£µ ¶µÖ¢²Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ´ ¡²Õ¤ ÉÓ ±µ²²¥±É¨¢´Ò¥ ÔËË¥±ÉÒ, ¸¢Ö§ ´´Ò¥
¸ ³´µ£µ¡µ§µ´´µ° ¨´É¥·Ë¥·¥´Í¨¥°, ¶¨µ´´Ò° ±µ´¤¥´¸ É,  ´µ³ ²Ó´Ò¥ Ë²Ê±ÉÊ-
 Í¨¨ Î¨¸²  § ·Ö¦¥´´ÒÌ ¨ ´¥°É· ²Ó´ÒÌ ¶¨µ´µ¢, Ëµ·³¨·µ¢ ´¨¥ ¸É·Ê° Éµ¦¤¥-
¸É¢¥´´ÒÌ ¶¨µ´µ¢ ¨ ¤·. ‚ µ¡² ¸É¨ z � 4 ¡µ²ÓÏ Ö Î ¸ÉÓ Ô´¥·£¨¨ ¢ ¸. Í. ³.√

s = 11,6 ƒÔ‚ ¶·¥¢· Ð ¥É¸Ö ¢ ³ ¸¸Ê ·µ¦¤e´´ÒÌ Î ¸É¨Í. �²µÉ´µ¸ÉÓ ¸µ§¤ ´-
´µ°  ¤·µ´´µ° ¸¨¸É¥³Ò ³µ¦¥É ¡ÒÉÓ ¤µ¸É ÉµÎ´µ ¢Ò¸µ±µ°: ρ/ρ0 ≈ 10. �¸´µ¢´µ°

�¨¸. 1. ” §µ¢ Ö ¤¨ £· ³³  Ö¤¥·´µ° ³ É¥·¨¨
[11]

¢±² ¤ ¢ ÔÉÊ ¢¥²¨Î¨´Ê ¢´µ¸¨É ´¥·¥-
²ÖÉ¨¢¨¸É¸±¨° ¶¨µ´´Ò° £ § ¨²¨ ±µ´-
¤¥´¸ É ¸ ³ ¸¸µ° nπ · mπ, nπ ≈
30−40. ‡¤¥¸Ó ρ0 Å ¶²µÉ´µ¸ÉÓ Ö¤· 
¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨. ‘µ£² ¸´µ
µ¡Ð¥¶·¨´ÖÉµ³Ê ¶·¥¤¸É ¢²¥´¨Õ ¶·¨
ÔÉµ³ Ê¸²µ¢¨¨ ¸¨¸É¥³  ¤µ²¦´  ´ Ìµ-
¤¨ÉÓ¸Ö ¢ ¸µ¸ÉµÖ´¨¨ ±¢ ·±-£²Õµ´´µ°
¶² §³Ò (Šƒ�).

�¨¸. 1 ¨²²Õ¸É·¨·Ê¥É ÔÉµ ÊÉ¢¥·-
¦¤¥´¨¥. �¸´µ¢´Ò³¨ ¶·¨§´ ± ³¨ ¶µ-
Ö¢²¥´¨Ö Šƒ� Ö¢²ÖÕÉ¸Ö ¡µ²ÓÏ Ö ¶¥-
·¥³¥¦ ¥³µ¸ÉÓ Î ¸É¨Í ¢ Ë §µ¢µ³
¶·µ¸É· ´¸É¢¥ [6, 80] ¨ ¶µ¢ÒÏ¥´´Ò°
¢ÒÌµ¤ ¶·Ö³ÒÌ ËµÉµ´µ¢ ¨ ²¥¶Éµ´´ÒÌ
¶ ·. ŒÒ ¶² ´¨·Ê¥³ ¶µ¨¸± µ¡e¨Ì

ÔÉ¨Ì ¸¨£´ ÉÊ·. �É²¨Î¨É¥²Ó´µ° µ¸µ¡¥´´µ¸ÉÓÕ Šƒ� ¢ ´ Ï¥³ ¸²ÊÎ ¥ Ö¢²Ö¥É¸Ö
¥e ´¨§± Ö É¥³¶¥· ÉÊ· . —¥³ ¡²¨¦¥ ³Ò ¶µ¤Ìµ¤¨³ ± ¶µ·µ£Ê ·¥ ±Í¨¨, É¥³ ´¨¦¥
É¥³¶¥· ÉÊ·  ¨ ¢ÒÏ¥ ¶²µÉ´µ¸ÉÓ ¸¨¸É¥³Ò. —¥³ ´¨¦¥ É¥³¶¥· ÉÊ· , É¥³ ¡µ²ÓÏ¥
¢·¥³Ö ¦¨§´¨ ¸¨¸É¥³Ò. �µ¸²¥¤´¥¥ µ¸µ¡¥´´µ ¢ ¦´µ: ¸ Ê¢¥²¨Î¥´¨¥³ ¢·¥³¥´¨
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¦¨§´¨ ¸¨¸É¥³Ò ¢µ§· ¸É ¥É ¢ÒÌµ¤ ¶·Ö³ÒÌ ËµÉµ´µ¢, ²¥¶Éµ´´ÒÌ ¶ · ¨ ¸É· ´´ÒÌ
Î ¸É¨Í, ±µÉµ·Ò¥ Ö¢²ÖÕÉ¸Ö ¶·¨§´ ± ³¨ Šƒ�.

�·µ£·¥¸¸ ¢ ¶µ´¨³ ´¨¨ ¤¨´ ³¨±¨ ³´µ£µÎ ¸É¨Î´ÒÌ ¶·µÍ¥¸¸µ¢ µ¡Ê¸²µ¢²¥´
¤ ²Ó´¥°Ï¨³ · §¢¨É¨¥³ Ô±¸¶¥·¨³¥´É . ŒÒ ¶² ´¨·Ê¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ³µ¤¥·´¨-
§¨·µ¢ ´´ÊÕ Ê¸É ´µ¢±Ê ‘‚„ Å c¶¥±É·µ³¥É· ¸ ¢¥·Ï¨´´Ò³ ¤¥É¥±Éµ·µ³, ¤¥°-
¸É¢ÊÕÐÊÕ ´  ¢Ò¢¥¤¥´´µ³ ¶ÊÎ±¥ ¶·µÉµ´µ¢ Ê¸±µ·¨É¥²Ö ˆ”‚� (�·µÉ¢¨´µ)
“-70. ’·¥¡Ê¥³ Ö ¨´É¥´¸¨¢´µ¸ÉÓ ¶ÊÎ±  ¸µ¸É ¢²Ö¥É 107 c−1. �´ ¶ ¤ ¥É ´  ¦¨¤-
±µ¢µ¤µ·µ¤´ÊÕ ³¨Ï¥´Ó ¤²¨´µ° 7 ¸³ ¨ ¶µ·µ¦¤ ¥É ¢ ´¥° ¢ ¸·¥¤´¥³ 2× 104 c−1

pp-¢§ ¨³µ¤¥°¸É¢¨°. �É² ¤±Ê  ¶¶ · ÉÊ·Ò ¨ Î ¸ÉÓ ¨¸¸²¥¤µ¢ ´¨° ³µ¦´µ ¸¤¥² ÉÓ
´  ²e£±µ° ³¨Ï¥´¨ É¨¶  ¶µ²¨ÔÉ¨²¥´  ¨²¨ ¡¥·¨²²¨Ö. — ¸ÉµÉ  ¢§ ¨³µ¤¥°¸É¢¨°
¢ ´¥° ´  ¶µ·Ö¤µ± ¢ÒÏ¥, Î¥³ ¢ ¢µ¤µ·µ¤´µ° ³¨Ï¥´¨. „²Ö µÍ¥´±¨ ¸±µ·µ¸É¨
´ ¡µ·  ¸É É¨¸É¨±¨ ´¥µ¡Ìµ¤¨³µ §´ ÉÓ ¶ ·Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ (1). ‘²¥-
¤Ê¥É µÉ³¥É¨ÉÓ É·Ê¤´µ¸ÉÓ ´ ¤e¦´µ° Ô±¸É· ¶µ²ÖÍ¨¨ ¨§³¥·¥´´µ£µ · ¸¶·¥¤¥²¥-
´¨Ö Î ¸É¨Í ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨ ¨§ µ¡² ¸É¨ 0 � z � 3,5 ¢ µ¡² ¸ÉÓ z � 5.
�¦¨¤ ¥É¸Ö, ÎÉµ ¶ ·Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¢ ¨´É¥·¢ ²¥ 4 � z � 5 ¸µ¸É ¢²Ö¥É 100Ä
10 ´¡. ’µ£¤  ³µ¦´µ ·¥£¨¸É·¨·µ¢ ÉÓ 100Ä10 ¸µ¡ÒÉ¨° §  µ¤¨´ Î ¸ · ¡µÉÒ.
�¤´ ±µ ¨³¥ÕÉ¸Ö É¥µ·¥É¨Î¥¸±¨¥  ·£Ê³¥´ÉÒ, ¸µ£² ¸´µ ±µÉµ·Ò³ ¢µ§³µ¦´µ §´ -
Î¨É¥²Ó´µ¥ Ê¢¥²¨Î¥´¨¥ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í, ¡² £µ¤ ·Ö
¨Ì ¡µ§¥-Ô°´ÏÉ¥°´µ¢¸±µ° ¨´É¥·Ë¥·¥´Í¨¨. ‚ É ±µ³ ¸²ÊÎ ¥ ¸±µ·µ¸ÉÓ ´ ¡µ· 
¸É É¨¸É¨±¨ ¢µ§· ¸ÉeÉ ¨ ³µ¦´µ ´ ¤¥ÖÉÓ¸Ö ¶µ¤µ°É¨ ¡²¨¦¥ ± ±¨´¥³ É¨Î¥¸±µ³Ê
¶·¥¤¥²Ê z → 8,2.

1. ���ƒ��ŒŒ� ˆ‘‘‹…„�‚��ˆ‰

1.1. Œ´µ£µÎ ¸É¨Î´Ò° ¶·µÍ¥¸¸ ¢¡²¨§¨ ¶µ·µ£ 

1.1.1. Š¨´¥³ É¨± . ˆ§ Ô±¸¶¥·¨³¥´É  ¨§¢¥¸É´µ, ÎÉµ §´ Î¨É¥²Ó´ Ö Î ¸ÉÓ
¢Éµ·¨Î´ÒÌ Î ¸É¨Í ·µ¦¤ ¥É¸Ö Î¥·¥§ ¶·µ³¥¦ÊÉµÎ´Ò¥ ¸µ¸ÉµÖ´¨Ö Å ·¥§µ´ ´¸Ò
[12]. �µ ¤ ¢ °É¥ ¶·¥¤¶µ²µ¦¨³, ÎÉµ ¢ ¶·µÍ¥¸¸¥ (1) ¨³¥¥É¸Ö µÉ²¨Î´ Ö µÉ
´Ê²Ö ¢¥·µÖÉ´µ¸ÉÓ ¶·Ö³µ£µ (É. ¥. ³¨´ÊÖ ·¥§µ´ ´¸Ò) µ¡· §µ¢ ´¨Ö ¢¸¥Ì ¶¨µ-
´µ¢ ¨ ´Ê±²µ´µ¢. ’µ£¤ , ¶µ ±· °´¥° ³¥·¥ ¢ ¶·¨´Í¨¶¥, ³µ¦´µ ¤¥É¥±É¨·µ-
¢ ÉÓ ¸µ¡ÒÉ¨Ö (1) ¸ ¢Ò¸µ±µ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ, ¶·¨¡²¨¦ ÕÐ¥°¸Ö ± ¶·¥-
¤¥²Ê. �·¥¤¥²Ó´µ¥ Î¨¸²µ ¶¨µ´µ¢ ¥¸ÉÓ nth = (

√
s − 2mN )/mπ = 69 ¶·¨

Elab = 70 ƒÔ‚,
√

s = 11,6 ƒÔ‚. ’¥¶¥·Ó · ¸¸³µÉ·¨³ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏÊÕ
³´µ¦¥¸É¢¥´´µ¸ÉÓ ncrit, ±µ£¤  ¢ ¸. Í. ³. ´¥ µ¸É eÉ¸Ö Ô´¥·£¨¨ ¤²Ö Ëµ·³¨·µ¢ -
´¨Ö ²¨¤¨·ÊÕÐ¨Ì Î ¸É¨Í. ’µ£¤  ¢¸¥ ¢Éµ·¨Î´Ò¥ Î ¸É¨ÍÒ · ¸¶·¥¤¥²ÖÕÉ¸Ö ¢
¸. Í. ³. ¨§µÉ·µ¶´µ ¨ ¶µ²ÊÎ ÕÉ ¢ ¸·¥¤´¥³ Ô´¥·£¨Õ

√
p2
⊥ + p2

l + m2, ±µÉµ·ÊÕ
³Ò ¢ÒÎ¨¸²Ö¥³ ¨§ ¸·¥¤´¥£µ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  ¶¨µ´µ¢ p⊥ ≈ 0,3 ƒÔ‚/c,
¨§³¥·Ö¥³µ£µ ¢ ³Ö£±¨Ì  ¤·µ´´ÒÌ ¶·µÍ¥¸¸ Ì. �·µ¤µ²Ó´Ò° ¨³¶Ê²Ó¸ ¶·¨ ÔÉµ³
¥¸ÉÓ pl = 1/

√
2 · p⊥. Š·¨É¨Î¥¸± Ö ³´µ¦¥¸É¢¥´´µ¸ÉÓ, ¶·¨ ±µÉµ·µ° ´ ¸ÉÊ¶ ¥É
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¨§µÉ·µ¶¨Ö Î ¸É¨Í ¢ ¸. Í. ³., µ¶·¥¤¥²Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥³√
3
2
p̄2
⊥ + m2

π = (
√

s − 2mN)/(ncrit + nN ). (2)

‡¤¥¸Ó nN = 2 Å Î¨¸²µ ´Ê±²µ´µ¢. ŒÒ ¶µ²ÊÎ ¥³ ncrit = 23. ‚ µ¡² ¸É¨
n � ncrit Î ¸É¨ÍÒ ¢ ¸. Í. ³. ¤µ²¦´Ò ¨³¥ÉÓ · ¸¶·¥¤¥²¥´¨¥ ¶µ Ô´¥·£¨¨ É¨¶ 
Œ ±¸¢¥²²  ¨²¨ �µ§eÄ�°´ÏÉ¥°´ .

dN

dE
= c

√
E

exp(E/T )− 1
. (3)

‘µµÉ¢¥É¸É¢ÊÕÐ Ö É¥³¶¥· ÉÊ·  T =
2
3
Ekin; Ekin = (

√
s−2mN−nπ·mπ)/(nπ+

nN ) § ¢¨¸¨É µÉ ¶¨µ´´µ° ³´µ¦¥¸É¢¥´´µ¸É¨ nπ ¨ ¸É·¥³¨É¸Ö ± ´Ê²Õ, ±µ£¤ 
nπ → nth.

’¥¶¥·Ó ¢¸¶µ³´¨³, ÎÉµ ¢ ·¥ ²Ó´µ¸É¨ ·µ¦¤ ÕÉ¸Ö ¶·Ö³Ò¥ ¶¨µ´Ò ¨ ·¥§µ-
´ ´¸Ò. ‚¡²¨§¨ ¶µ·µ£  ¨ É¥, ¨ ¤·Ê£¨¥ ¨³¥ÕÉ ³ ²ÊÕ Ô´¥·£¨Õ µÉ´µ¸¨É¥²Ó´µ£µ
¤¢¨¦¥´¨Ö (¨²¨ ³ ²ÊÕ É¥³¶¥· ÉÊ·Ê). �µ ¶·µ¤Ê±ÉÒ · ¸¶ ¤  ·¥§µ´ ´¸µ¢ ¨³¥ÕÉ
¡µ²ÓÏÊÕ Ô´¥·£¨Õ ¤ ¦¥ ´  ¶µ·µ£¥. ‘²¥¤µ¢ É¥²Ó´µ, ±µ´¥Î´ Ö ¸¨¸É¥³  ¡Ê¤¥É
¨³¥ÉÓ Ìµ²µ¤´ÊÕ ¨ £µ·ÖÎÊÕ ±µ³¶µ´¥´ÉÒ. ˆ¸¶µ²Ó§ÊÖ  ¤¤¨É¨¢´ÊÕ ±¢ ·±µ¢ÊÕ
³µ¤¥²Ó, ³µ¦´µ µÍ¥´¨ÉÓ ³´µ¦¥¸É¢¥´´µ¸ÉÓ ¶·Ö³ÒÌ ¶¨µ´µ¢ ¢¡²¨§¨ ¶µ·µ£  ¨ ¶·¨
´ ²¨Î¨¨ ·¥§µ´ ´¸µ¢ [13]. �´  µ± §Ò¢ ¥É¸Ö ¤µ¢µ²Ó´µ ¡µ²ÓÏµ°: nπ = 35−40, ¨
¸Í¥´ ·¨° ¸ ·¥§µ´ ´¸ ³¨ Éµ¦¥ ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ
¨¸¸²¥¤µ¢ ´¨Ö.

‚ É ¡². 1 ¶·¨¢¥¤¥´Ò ±¨´¥³ É¨Î¥¸±¨¥ ¢¥²¨Î¨´Ò, ¢ ¦´Ò¥ ¤²Ö ¶² ´¨·µ¢ ´¨Ö
Ô±¸¶¥·¨³¥´É .

’ ¡²¨Í  1. Š¨´¥³ É¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ ·¥ ±Í¨¨ (1)

nπ z Ēkin, p̄π , p̄N , p̄π
min, p̄π

max, p̄N
min, p̄N

max, θ̄π , θ̄N , θ̄γ ,
ŒÔ‚ ƒÔ‚/c ƒÔ‚/c ŒÔ‚/c ƒÔ‚/c ƒÔ‚/c ƒÔ‚/c ³· ¤ ³· ¤ ³· ¤

20 2,4 311 0,43 0,82 0,09 5,38 2,64 12,62 128 88 130
30 3,6 170 0,28 0,59 0,18 3,62 3,18 10,44 122 72 130
40 4,8 97 0,19 0,44 0,29 2,62 3,65 9,07 108 57 130
50 6,0 51 0,13 0,31 0,37 1,97 4,18 7,99 92 42 130
55 6,5 34 0,1 0,25 0,46 1,69 4,44 7,51 77 35 130
60 7,1 20 0,077 0,19 0,51 1,46 4,72 7,06 65 26 130
65 7,7 8,3 0,049 0,12 0,61 1,21 5,08 6,55 45 17 130
69 8,2 0 0 0 0,85 0,85 5,7 5,7 0 0 130

Ēkin, p̄π, p̄N Å ¸·¥¤´ÖÖ ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ¨ ¸·¥¤´¨¥ ¨³¶Ê²Ó¸Ò ¶¨µ´µ¢
¨ ´Ê±²µ´µ¢ ¢ ¸. Í. ³.; p̄π

min, (p̄π
max) Å ¨³¶Ê²Ó¸Ò ¶¨µ´µ¢ ¢ ² ¡. ¸¨¸É¥³¥,
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±µÉµ·Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ Î ¸É¨Í ³ ¸ ¨³¶Ê²Ó¸µ³ p̄π, ¨§²ÊÎ ¥³Ò³ ´ § ¤ (¢¶¥·e¤)
¢ ¸. Í. ³.; p̄N

min, (p̄N
max) Å Éµ ¦¥ ¸ ³µ¥ ¤²Ö ´Ê±²µ´µ¢. θ̄π, θ̄N , θ̄γ Å ¸·¥¤´¨°

Ê£µ² Ô³¨¸¸¨¨ π, N ¨ γ ¢ ² ¡. ¸¨¸É¥³¥. �´ µ¶·¥¤¥²e´ ± ± θ̄ = p̄⊥/p̄l,lab.

�¨¸. 2. ‘·¥¤´¨° ³¨´¨³ ²Ó´Ò° ¨ ³ ±¸¨-
³ ²Ó´Ò° ¨³¶Ê²Ó¸Ò π ¨ N ¢ ² ¡. ¸¨¸É¥³¥

�¨¸. 3. ‘·¥¤´¨¥ ¨³¶Ê²Ó¸Ò π ¨ N ¢
¸. Í. ³.

�¨¸. 4. ‘·¥¤´¨° ¶µ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ ¶¨µ-
´µ¢ ¢ pp̄-¢§ ¨³µ¤¥°¸É¢¨¨ ¶·¨

√
s = 1,8 ’Ô‚

± ± ËÊ´±Í¨Ö ³´µ¦¥¸É¢¥´´µ¸É¨ § ·Ö¦¥´´ÒÌ
Î ¸É¨Í

�¨¸. 5. ‘·¥¤´¨° ¶µ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸
¶¨µ´µ¢ π0 ¢ πXe-¢§ ¨³µ¤¥°¸É¢¨¨ ¶·¨
Elab = 9 ƒÔ‚ ± ± ËÊ´±Í¨Ö ³´µ¦¥-
¸É¢¥´´µ¸É¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í [14]

� §´¨Í  p̄max − p̄min ¥¸ÉÓ ¶·¨³¥·´Ò° · §¡·µ¸ ¨³¶Ê²Ó¸  ¢ ² ¡. ¸¨¸É¥³¥,
¸³. ·¨¸. 2. ”Ê´±Í¨¨ p̄π(nπ), p̄N (nπ) ¶µ± § ´Ò ´  ·¨¸. 3. p̄π Ê¡Ò¢ ¥É, ±µ£¤ 
³´µ¦¥¸É¢¥´´µ¸ÉÓ nπ · ¸ÉeÉ. ‚ µ¡² ¸É¨ nπ � 50 ¢Ò¶µ²´Ö¥É¸Ö ´¥· ¢¥´¸É¢µ
p̄π � 1/RpN ≈ 0,1 ƒÔ‚/c ¤²Ö · ¤¨Ê¸  pN-¢§ ¨³µ¤¥°¸É¢¨Ö 1Ä2 Ë³. �Éµ §´ -
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Î¨É, ÎÉµ ¡µ²ÓÏ Ö Î ¸ÉÓ ¶¨µ´µ¢ ³µ¦¥É ¢Ò§Ò¢ ÉÓ ��-Ê¢¥²¨Î¥´¨¥ ¸¥Î¥´¨Ö ¨²¨
¸µ§¤ ¢ ÉÓ ¡µ§µ´´Ò° ±µ´¤¥´¸ É. ˆ´É¥·¥¸´µ µÉ³¥É¨ÉÓ, ÎÉµ ¶·¨ ¢Ò¸µ±µ° Ô´¥·-
£¨¨

√
s = 1,8 ’Ô‚ ¢ pp̄-¸Éµ²±´µ¢¥´¨¨ p⊥(nπ) µ± §Ò¢ ¥É¸Ö · ¸ÉÊÐ¥° ËÊ´±-

Í¨¥° ³´µ¦¥¸É¢¥´´µ¸É¨ [14] Å ¸³. ·¨¸. 4. ˆ ´ ¶·µÉ¨¢, ¶·¨ ´¨§±µ° Ô´¥·£¨¨

�¨¸. 6. ‘·¥¤´¨° Ê£µ² Ô³¨¸¸¨¨ N , π, γ ¢
§ ¢¨¸¨³µ¸É¨ µÉ ³´µ¦¥¸É¢¥´´µ¸É¨ ¶¨µ´µ¢

Elab = 9 ƒÔ‚ ¢ πXe-¢§ ¨³µ¤¥°¸É¢¨¨
´ ¡²Õ¤ ¥É¸Ö ¶ ¤¥´¨¥ p̄π0

⊥ (ntot) [15],
¸³. ·¨¸. 5, ÎÉµ ± Î¥¸É¢¥´´µ ¶µ¤É¢¥·-
¦¤ ¥É ¶ ¤¥´¨¥ p̄π(nπ), ¶µ²ÊÎ¥´´µ¥ ¨§
±¨´¥³ É¨±¨ (·¨¸. 3).

� ¸¸Î¨É ´´Ò¥ ¶µ ±¨´¥³ É¨±¥
¸·¥¤´¨¥ Ê£²Ò Ô³¨¸¸¨¨ π, N , γ ¢ ² ¡.
¸¨¸É¥³¥ ¶µ± § ´Ò ´  ·¨¸. 6.

‚ · ¡µÉ¥ [16] ¢Ò¶µ²´¥´  ´ -
²¨§ ¤ ´´ÒÌ, ¶µ²ÊÎ¥´´ÒÌ ´  ± -
³¥·¥ ®Œ¨· ¡¥²Ó¯ ¢ ˆ”‚� ¶µ pp-
¢§ ¨³µ¤¥°¸É¢¨Õ ¶·¨ Ô´¥·£¨¨ ¶ÊÎ± 
70 ƒÔ‚. �µ± § ´µ, ÎÉµ µ¡¥ ±µ³-
¶µ´¥´ÉÒ p̄l ¨ p̄⊥ ¶ ¤ ÕÉ ¸ ·µ¸Éµ³
³´µ¦¥¸É¢¥´´µ¸É¨. �  ·¨¸. 7 ¤ ´µ
¸· ¢´¥´¨¥ ËÊ´±Í¨° p̄l(nch) = p̄z ¨
p̄x = p̄y = p̄⊥(nch)/(π/2). ˆÌ £· -
Ë¨±¨ ¸¡²¨¦ ÕÉ¸Ö ¢ ÉµÎ±¥ nch = 18.

�Éµ §´ Î¨É, ÎÉµ ¢ µ¡² ¸É¨ nch � 18 ¤µ²¦´Ò ¨¸Î¥§ ÉÓ ²¨¤¨·ÊÕÐ¨¥ Î ¸É¨ÍÒ, ¨
Ë °¥·¡µ² · ¸¶ ¤ ¥É¸Ö ¨§µÉ·µ¶´µ ¢ ¸. Í. ³. � Ï  µÍ¥´±  ±·¨É¨Î¥¸±µ° ³´µ¦¥-
¸É¢¥´´µ¸É¨ ¸µ¸É ¢²Ö¥É ncrit = 23 ¨²¨ ncrit,ch = 16, ÎÉµ ¡²¨§±µ ± Ô±¸¶¥·¨³¥´-
É ²Ó´µ³Ê §´ Î¥´¨Õ 18 (ÉµÎ±  ¶¥·¥¸¥Î¥´¨Ö). ˆ´É¥·¥¸´µ É ±¦¥ µÉ³¥É¨ÉÓ, ÎÉµ

£¥´¥· Éµ· Pythia ¤ eÉ Ìµ·µÏ¥¥ µ¶¨-
¸ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´-
´ÒÌ ËÊ´±Í¨° p̄z ¨ p̄x.

�¨¸. 7. ‘·¥¤´¨° ¶·µ¤µ²Ó´Ò° p̄z ¨ ¶µ-
¶¥·¥Î´Ò° p̄x ¨³¶Ê²Ó¸Ò ¶¨µ´µ¢ ¢ pp-
¢§ ¨³µ¤¥°¸É¢¨¨ ¶·¨ 69 ƒÔ‚ ¢ § ¢¨¸¨³µ-
¸É¨ µÉ ³´µ¦¥¸É¢¥´´µ¸É¨ § ·Ö¦¥´´ÒÌ Î -
¸É¨Í. ncrit Å ³´µ¦¥¸É¢¥´´µ¸ÉÓ, ¢ÒÏ¥
±µÉµ·µ° ´¥É ²¨¤¨·ÊÕÐ¨Ì Î ¸É¨Í. �±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¢§ÖÉÒ ¨§ [16]
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�¨¸. 8. � ¸ÎeÉ´µ¥ Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ π ¢ ² ¡. ¸¨¸É¥³¥ ¶·¨ · §´µ° ³´µ¦¥¸É¢¥´´µ¸É¨
¶¨µ´µ¢ N

�¨¸. 9. � ¸ÎeÉ´µ¥ ¨³¶Ê²Ó¸´µ¥ · ¸¶·¥¤¥²¥´¨¥ π ¢ ² ¡. ¸¨¸É¥³¥ ¢ pp-¢§ ¨³µ¤¥°¸É¢¨¨
¶·¨ Ep,lab = 70 ƒÔ‚ ¶·¨ · §´µ° ³´µ¦¥¸É¢¥´´µ¸É¨ ¶¨µ´µ¢ N , Ê¸·¥¤´¥´´µ¥ ¶µ ¢¸¥³
Ê£² ³ Ô³¨¸¸¨¨
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� ·Ö¤Ê ¸ ±¨´¥³ É¨Î¥¸±¨³ · ¸Î¥Éµ³, ¶·¨¢¥¤e´´Ò³ ¢ É ¡². 1 ¨ ´  ·¨¸. 2, 3,
6, ³Ò ¢Ò¶µ²´¨²¨ ³ É¥³ É¨Î¥¸±µ¥ ³µ¤¥²¨·µ¢ ´¨¥ ¨³¶Ê²Ó¸´µ£µ ¨ Ê£²µ¢µ£µ · ¸-
¶·¥¤¥²¥´¨° Î ¸É¨Í, ¨¸¶µ²Ó§ÊÖ É¥·³µ¤¨´ ³¨Î¥¸±µ¥ ¶·¨¡²¨¦¥´¨¥ (3). �¥±µÉµ-
·Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ± § ´Ò ´  ·¨¸. 8 ¨ 9. �´¨ ´¥µ¡Ìµ¤¨³Ò ¤²Ö ¶² ´¨·µ¢ ´¨Ö
Ô±¸¶¥·¨³¥´É .

1.1.2. � ¸¶·¥¤¥²¥´¨¥ ¸µ¡ÒÉ¨° ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í.
� ·Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ σ(n) ·µ¦¤¥´¨Ö n Î ¸É¨Í Ê¤µ¡´µ ¶·¥¤¸É ¢¨ÉÓ ¢ KNO-
¶¥·¥³¥´´ÒÌ ψ(z(n)) = n̄σ(z), z = n/n̄. [7, 17]. �µ¸²¥ É ±µ£µ ³ ¸ÏÉ ¡´µ£µ
¶·¥µ¡· §µ¢ ´¨Ö ËÊ´±Í¨Ö ψ(z) ¸² ¡µ § ¢¨¸¨É µÉ Ô´¥·£¨¨, ÌµÉÖ ¸·¥¤´ÖÖ ³´µ¦¥-
¸É¢¥´´µ¸ÉÓ § ¢¨¸¨É µÉ Ô´¥·£¨¨ n̄ ∼ s1/4 ∼ ln s. Šµ³¶¨²ÖÍ¨Ö Î ¸É¨ Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ± § ´  ´  ·¨¸. 10 [18]. ‡ ³¥É¨³, ÎÉµ ¢¸¥ ¢Ò¶µ²´¥´´Ò¥
¤µ ¸¨Ì ¶µ· Ô±¸¶¥·¨³¥´ÉÒ µ£· ´¨Î¥´Ò µ¡² ¸ÉÓÕ z � 3,5.

�¨¸. 10. � ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨ [18]

’µ¶µ²µ£¨Î¥¸±µ¥ ¸¥Î¥´¨¥ σ(nch) ¢ pp-¢§ ¨³µ¤¥°¸É¢¨¨ ¶·¨ 70 ƒÔ‚ ¡Ò²µ ¨§-
³¥·¥´µ ¢ ¤¢ÊÌ Ô±¸¶¥·¨³¥´É Ì ´  c¥·¶ÊÌµ¢¸±µ³ Ê¸±µ·¨É¥²¥ “-70. „ ´´Ò¥ ¶µ-
²ÊÎ¥´Ò ´  ¶Ê§Ò·Ó±µ¢µ° ± ³¥·¥ ®Œ¨· ¡¥²Ó¯ [19] ¨ ´  Ê¸É ´µ¢±¥ ¸ ¢¥·Ï¨´´Ò³
¤¥É¥±Éµ·µ³ ‘‚„ [20]. �¥§Ê²ÓÉ ÉÒ µ¡e¨Ì £·Ê¶¶ ´ Ìµ¤ÖÉ¸Ö ¢ Ìµ·µÏ¥³ ¸µ£² ¸¨¨.
� ¸¶·¥¤¥²¥´¨Ö ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í µ£· ´¨Î¥´Ò µ¡² ¸ÉÓÕ
nch ≤ 20, z � 3,5. ‘·¥¤´ÖÖ ³´µ¦¥¸É¢¥´´µ¸ÉÓ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸µ¸É ¢²Ö¥É
n̄ch = 5,6. �  ·¨¸. 11 ¶·¥¤¸É ¢²¥´ ·¥§Ê²ÓÉ É · ¸ÎeÉ  ³¥Éµ¤µ³ Œµ´É¥-Š ·²µ
¶µ ¶·µ£· ³³¥ Pythia ¢³¥¸É¥ ¸ ¤ ´´Ò³¨ [20]. ‚¨¤´µ, ÎÉµ ¸É ´¤ ·É´Ò° £¥´¥· -
Éµ· ¸µ¡ÒÉ¨° ´¥Ê¶·Ê£µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·µÉµ´µ¢ ¤ eÉ ¸¥Î¥´¨¥ σ(z), ±µÉµ·µ¥
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´ Ìµ¤¨É¸Ö ¢ · §Ê³´µ³ ¸µ£² ¸¨¨ ¸ ¤ ´´Ò³¨ ¢ µ¡² ¸É¨ z < 2, ´µ µ´ § ´¨¦ ¥É
¢¥²¨Î¨´Ê σ(z) ´  ¤¢  ¶µ·Ö¤±  ¢¥²¨Î¨´Ò ¶·¨ z � 3,5.

’¥¶¥·Ó ´ Ï  § ¤ Î  ¸µ¸Éµ¨É ¢ Ô±¸É· ¶µ²ÖÍ¨¨ ËÊ´±Í¨¨ σ(z) ¨§ µ¡² ¸É¨
z � 3,5 ¢ µ¡² ¸ÉÓ z � 5, £¤¥ ¶·¥¤¶µ² £ ¥É¸Ö ¢Ò¶µ²´¨ÉÓ ¨¸¸²¥¤µ¢ ´¨Ö.

�´ ²¨§ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¢ Š•„ [21] ¶·¨¢µ¤¨É ±
³ ¸ÏÉ ¡´µ-¨´¢ ·¨ ´É´µ° ËÊ´±Í¨¨ ψ(z) ∼ exp(−azµ) ¸ µ > 1. ’ ±µ¥ ¦¥
¢Ò· ¦¥´¨¥ ¶µ²ÊÎ¥´µ ¢ ´¥¶¥·ÉÊ·¡ É¨¢´µ° ³µ¤¥²¨ Š•„ [22] ¸ µ = 2. �É¨
³µ¤¥²¨ ¶·¨³¥´¨³Ò ¶·¨  ¸¨³¶ÉµÉ¨Î¥¸±¨ ¡µ²ÓÏµ° Ô´¥·£¨¨. ‚ µ¡² ¸É¨ Ô´¥·-
£¨¨ µ±µ²µ

√
s ≈ 10 ƒÔ‚ ËÊ´±Í¨Ö ψ(z) ¶·µÖ¢²Ö¥É ¡µ²¥¥ ¸²µ¦´µ¥ ¶µ¢¥¤¥-

´¨¥. ‚¨¤´Ò ¶µ ±· °´¥° ³¥·¥ ¤¢¥ ±µ³¶µ´¥´ÉÒ ¸ · §´Ò³¨ ´ ±²µ´ ³¨. �¤´µ
¨§ Ê¸¶¥Ï´ÒÌ µ¶¨¸ ´¨° ¤ ´´ÒÌ ¶·¨ Ê³¥·¥´´µ° Ô´¥·£¨¨ ¶·¥¤²µ¦¥´µ ¢ [23].
�¢Éµ·Ò ¨¸¶µ²Ó§ÊÕÉ ¶ ·Éµ´´ÊÕ ³µ¤¥²Ó. �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ · ¸¶·¥¤¥²¥´¨¥
Î ¸É¨Í ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨ ¢ ¸Éµ²±´µ¢¥´¨¨ µ¤´µ° ¶ ·Ò ±¢ ·±µ¢ µ¶¨¸Ò¢ -
¥É¸Ö ËÊ´±Í¨¥° �Ê ¸¸µ´ . „¢µ°´µ¥ ¨ É·µ°´µ¥ qq-¸Éµ²±´µ¢¥´¨¥ ¶·¥¤¸É ¢²Ö¥É¸Ö
¸¢e·É±µ° ËÊ´±Í¨° �Ê ¸¸µ´ . Œµ¤¥²Ó ¸µ¤¥·¦¨É É·¨ ¶·µ¨§¢µ²Ó´ÒÌ ¶ · ³¥-
É· : ´µ·³¨·µ¢±Ê, ¢¥·µÖÉ´µ¸ÉÓ qq-¸Éµ²±´µ¢¥´¨Ö ¨ ¸·¥¤´ÕÕ ³´µ¦¥¸É¢¥´´µ¸ÉÓ ¢
qq-¢§ ¨³µ¤¥°¸É¢¨¨. �É¨ ¶ · ³¥É·Ò µ¶·¥¤¥²ÖÕÉ¸Ö ¶ÊÉe³ ¶µ¤£µ´±¨ É¥µ·¥É¨Î¥-
¸±µ° ËÊ´±Í¨¨ ± Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ ¨§ µ¡² ¸É¨ z � 3,5. �±¸É· ¶µ-
²ÖÍ¨Ö, µ¸´µ¢ ´´ Ö ´  ÔÉµ³ ¶·¨¡²¨¦¥´¨¨, ¶µ± § ´  ´  ·¨¸ 11.

“¶µ³Ö´ÊÉÒ¥ §¤¥¸Ó ³µ¤¥²¨ ´¥ ÊÎ¨ÉÒ¢ ÕÉ ÔËË¥±É  ¨´É¥·Ë¥·¥´Í¨¨ Éµ¦¤¥-
¸É¢¥´´ÒÌ Î ¸É¨Í. •µ·µÏµ ¨§¢¥¸É´µ, ÎÉµ ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¸¨¸É¥³Ò Éµ¦¤¥-
¸É¢¥´´ÒÌ ¡µ§µ´µ¢ ¤µ²¦´  ¡ÒÉÓ ¸¨³³¥É·¨Î´µ° ¶µ µÉ´µÏ¥´¨Õ ± µ¶¥· Í¨¨
¶¥·¥¸É ´µ¢±¨ ²Õ¡µ° ¶ ·Ò Î ¸É¨Í (¸³., ´ ¶·¨³¥·, [24]). ‘¨³³¥É·¨§µ¢ ´´ Ö
ËÊ´±Í¨Ö ¶·¨´¨³ ¥É Ëµ·³Ê ¸Ê³³Ò n! Î²¥´µ¢, ¨ ¢Ò· ¦¥´¨¥ ¤²Ö ¸¥Î¥´¨Ö ¸µ-
¤¥·¦¨É ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨´É¥·Ë¥·¥´Í¨µ´´Ò¥ Î²¥´Ò. ‚ ¸²ÊÎ ¥ ¸¨¸É¥³Ò ¨§
¤¢ÊÌ ¡µ§µ´µ¢ ¨³¥¥É¸Ö Ìµ·µÏµ ¨§ÊÎ¥´´ Ö ��-±µ··¥²ÖÍ¨Ö ¶·¨ ³ ²µ³ µÉ´µ-
¸¨É¥²Ó´µ³ ¨³¶Ê²Ó¸¥ Î ¸É¨Í q = p1 − p2. Šµ£¤  q → 0, ¡² £µ¤ ·Ö ��Š-
ÔËË¥±ÉÊ, ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ d2σ(q)/dp1dp2 ¢µ§· ¸É ¥É ¢ ¤¢  · §  ¶µ
¸· ¢´¥´¨Õ ¸µ ¸²ÊÎ ¥³ µÉ¸ÊÉ¸É¢¨Ö ±µ··¥²ÖÍ¨¨. ‘¥Î¥´¨¥ ¡¥§ ÊÎeÉ  ±µ··¥²ÖÍ¨°
µ¡ÒÎ´µ µÍ¥´¨¢ ¥É¸Ö ± ± (dσ/dp)2, p = p1 ≈ p2. ‚ ¸²ÊÎ ¥ É·¥Ì ¡µ§µ´µ¢
µ¦¨¤ ¥É¸Ö Ê¸¨²¥´¨¥ ¢ 3! = 6 · § ¨ É. ¤. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¨§¢¥¸É´Ò ¤¢¥
· ¡µÉÒ ¶µ ´ ¡²Õ¤¥´¨Õ É·¥Ì¶¨µ´´ÒÌ ±µ··¥²ÖÍ¨° [25,26]. �´¨ ¢Ò¶µ²´¥´Ò ¢
�-�-¢§ ¨³µ¤¥°¸É¢¨ÖÌ. ‚ · ¡µÉ¥ [25] (Pb + Pb, 160 A·ƒÔ‚) ¶µ²ÊÎ¥´Ò ¶ · -
³¥É·Ò É·¥Ì¶¨µ´´µ° ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ ¨ ¶µ± § ´µ, ÎÉµ ¶·¨ q → 0
ËÊ´±Í¨Ö ¤µ¸É¨£ ¥É ¢¥²¨Î¨´Ò 0,7 µÉ ³ ±¸¨³ ²Ó´µ£µ É¥µ·¥É¨Î¥¸±µ£µ §´ Î¥´¨Ö.

‚ µ¡Ð¥³ ¸²ÊÎ ¥ É¥µ·¥É¨Î¥¸±¨°  ´ ²¨§ ³´µ£µ¡µ§µ´´ÒÌ ÔËË¥±Éµ¢ ¶·¥¤-
¸É ¢²Ö¥É µÎ¥´Ó ¸²µ¦´ÊÕ § ¤ ÎÊ. „ ¦¥ ¢ ¶·¥´¥¡·¥¦¥´¨¨ ¢§ ¨³µ¤¥°¸É¢¨¥³ Î -
¸É¨Í ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ É·¥¡µ¢ ´¨¥ ��-¸¨³³¥É·¨§ Í¨¨ ¶·¨¢µ¤¨É ± ¡µ²Ó-
Ïµ° ¢ÒÎ¨¸²¨É¥²Ó´µ° ¸²µ¦´µ¸É¨, ±µÉµ· Ö ´ · ¸É ¥É Ë ±Éµ·¨ ²Ó´µ ¸ ·µ¸Éµ³
Î¨¸²  ¡µ§µ´µ¢. ‚ É ±¨Ì Ê¸²µ¢¨ÖÌ ¶·¥¤¸É ¢²Ö¥É ¡µ²ÓÏµ° ¨´É¥·¥¸ Ê¶·µÐe´-
´ Ö ³µ¤¥²Ó, ¤µ¶Ê¸± ÕÐ Ö  ´ ²¨É¨Î¥¸±µ¥ ·¥Ï¥´¨¥ [8] ¨ ¶µ§¢µ²ÖÕÐ Ö ¨§ÊÎ¨ÉÓ
· §²¨Î´Ò¥ Ì · ±É¥·¨¸É¨±¨ ³´µ£µ¡µ§µ´´µ° ¸¨¸É¥³Ò ¶·¨ · §²¨Î´ÒÌ Ê¸²µ¢¨ÖÌ,
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¢±²ÕÎ Ö µ¡· §µ¢ ´¨¥ ¡µ§µ´´µ£µ ±µ´¤¥´¸ É . �µ¸²¥¤´¨° ¨´µ£¤  ´ §Ò¢ ÕÉ ¶¨-
µ´´Ò³ ² §¥·µ³. �¢Éµ·Ò [10] ¨¸¶µ²Ó§µ¢ ²¨ ÔÉÊ ³µ¤¥²Ó ¤²Ö ¨§ÊÎ¥´¨Ö ¢²¨Ö´¨Ö
³´µ£µ¡µ§µ´´ÒÌ ÔËË¥±Éµ¢ ´  ³´µ¦¥¸É¢¥´´µ¸ÉÓ, ¸¶¥±É· ¨ ¤¢ÊÌ¶¨µ´´ÊÕ ±µ·-
·¥²ÖÍ¨µ´´ÊÕ ËÊ´±Í¨Õ. „²Ö ¨§ÊÎ¥´¨Ö ³´µ£µ¡µ§µ´´ÒÌ ÔËË¥±Éµ¢ ¢ ¶²µÉ´µ³
¶¨µ´´µ³ £ §¥ ¤¥² ¥É¸Ö ¶·¥¤¶µ²µ¦¥´¨¥ µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¨¸ÉµÎ´¨±µ¢, ¨§²Ê-
Î ÕÐ¨Ì ´¥§ ¢¨¸¨³Ò¥ ¥¤¨´¨Î´Ò¥ Î ¸É¨ÍÒ. ‚¸¥ ¨¸ÉµÎ´¨±¨ Ì · ±É¥·¨§ÊÕÉ¸Ö
£ Ê¸¸µ¢µ° ËÊ´±Í¨¥°

D(p, r) =
1

2πr̄p̄
exp

(
− p2

2p̄2
− r2

2r̄2

)
.

� · ³¥É·Ò p̄, r̄ § ¤ ÕÉ ¨³¶Ê²Ó¸´Ò° ¨ ¶·µ¸É· ´¸É¢¥´´Ò° · §³¥· ¸¨¸É¥³Ò. ‚
¶·¥¤¥²¥ ´¨§±µ° ¶²µÉ´µ¸É¨ ÔÉ  ³µ¤¥²Ó ¶·¨¢µ¤¨É ± Ìµ·µÏµ ¨§¢¥¸É´µ° ¤¢ÊÌ¡µ-
§µ´´µ° ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨

R(q) = 1 + cos(qr) = 1 + exp(−r̃2q2); r̃2 = r̄2 − (2p̄)−2.

�¢Éµ·Ò ¶µ²ÊÎ¨²¨ Ö¢´µ¥ ·¥Ï¥´¨¥ ¤²Ö ��-Ë ±Éµ·  Ê¸¨²¥´¨Ö ¸¥Î¥´¨Ö w(nπ)
¤²Ö ¸¨¸É¥³Ò ¸ ¡µ²ÓÏµ° ¶²µÉ´µ¸ÉÓÕ Î ¸É¨Í. ’¥¶¥·Ó · ¸¶·¥¤¥²¥´¨¥ ¶µ ³´µ-
¦¥¸É¢¥´´µ¸É¨ (¨²¨ ¶ ·Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥) ¨³¥¥É ¢¨¤

σ(nπ) = cw(n+)w(n−)w(n0) · σnoncor(nπ), (4)

n+ + n− + n0 = nπ,

w(ni) = f(β) · ni!; β = (r̄p̄ + 0,5)3, i = +, −, 0.

f(β) = βg(β) · β−n; g(β) = a1 + a2β
a3 ,

a1 = 0,617; a2 = 0,621; a3 = 0,788.

‡¤¥¸Ó ¢¥²¨Î¨´  β Ì · ±É¥·¨§Ê¥É Ë §µ¢Ò° µ¡Ñe³ µ¤´µ° Î ¸É¨ÍÒ. ‚ ¤ ´´µ°
³µ¤¥²¨ ³¨´¨³ ²Ó´µ¥ §´ Î¥´¨¥ ¸µ¸É ¢²Ö¥É β = 1, É. ¥. r̄p̄ = 0,5. �Éµ ¸µµÉ¢¥É-
¸É¢Ê¥É ¸²ÊÎ Õ, ±µ£¤  ¢¸¥ ¨§²ÊÎ É¥²¨ Î ¸É¨Í ´ Ìµ¤ÖÉ¸Ö ¢ µ¤´µ° ¶·µ¸É· ´¸É¢¥´-
´µ-¢·¥³¥´´µ° ÉµÎ±¥. …¸²¨ β = 1, Éµ f(β) = 1 ¨ ¢¥¸ �� ¨³¥¥É ³ ±¸¨³ ²Ó´µ¥
§´ Î¥´¨¥ w(n) = n!. Šµ£¤  µ¡Ñe³ r̄p̄ · ¸ÉeÉ, ËÊ´±Í¨Ö f(β) → 0. �Éµ
¶·µÖ¸´Ö¥É Ë¨§¨Î¥¸±¨° ¸³Ò¸² ¢¥²¨Î¨´Ò f(β): Î¥³ ¡µ²ÓÏ¥ µ¡Ñe³ Ë §µ¢µ£µ
¶·µ¸É· ´¸É¢ , É¥³ ³¥´ÓÏ Ö ¤µ²Ö ¡µ§µ´µ¢ ¢µ¢²¥Î¥´  ¢ ¸µ§¤ ´¨¥ ��-ÔËË¥±É .

�¨¸. 11 ¶µ± §Ò¢ ¥É · ¸¶·¥¤¥²¥´¨¥ ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨ (4) ¢³¥¸É¥ ¸ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ [20]. „²Ö µ¶¨¸ ´¨Ö · ¸¶·¥¤¥²¥´¨Ö ´¥±µ··¥²¨·µ-
¢ ´´ÒÌ Î ¸É¨Í ¢ µ¡² ¸É¨ n > 25 ³Ò ¨¸¶µ²Ó§Ê¥³ ¢Ò· ¦¥´¨¥ σnoncor(n) =
c · exp (−b1n − b2n

2) · V , ¤µ¶Ê¸É¨³µ¥ ¢ Š•„. �¥§· §³¥·´Ò° Ë ±Éµ· V ¶·µ-
¶µ·Í¨µ´ ²¥´ µ¡Ñe³Ê Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢ , ±µÉµ·Ò° ¨¸Î¥§ ¥É ´  ¶µ·µ£¥ ·¥-
 ±Í¨¨. ŒÒ ¢§Ö²¨ ¥£µ ¢ ¢¨¤¥ V = (p̄r̄/∆0)3nπ , £¤¥ ∆0 Å ¸¢µ¡µ¤´Ò° ¶ · ³¥É·.
� · ³¥É·Ò c, b1, b2 ¢ÒÎ¨¸²ÖÕÉ¸Ö c ¨¸¶µ²Ó§µ¢ ´¨¥³ σ(nπ) ¤²Ö ´¥¸±µ²Ó±¨Ì
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¶µ¸²¥¤´¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ÉµÎ¥± ´  ·¨¸. 11. �Ê´±É¨·´Ò¥ ±·¨¢Ò¥ ¶µ-
± §Ò¢ ÕÉ ·¥§Ê²ÓÉ É · ¸ÎeÉ  ¤²Ö ¥¸É¥¸É¢¥´´µ° ¸³¥¸¨ ¶¨µ´µ¢ n+ = n− = n0.
Š·¨¢ Ö ®π0¯ ¸µµÉ¢¥É¸É¢Ê¥É ¸²ÊÎ Õ n+ = n− = 0; nπ = n0, ±µ£¤  ·µ¦¤ ÕÉ¸Ö
Éµ²Ó±µ π0. ‘µ¡ÒÉ¨Ö É ±µ£µ É¨¶  ¢ ²¨É¥· ÉÊ·¥ ¨³¥´ÊÕÉ¸Ö  ´É¨±¥´É ¢· ³¨.
ŒÒ ¢¨¤¨³, ÎÉµ ³µ¤¥²Ó µÉ¤ eÉ ¶·¥¤¶µÎÉ¥´¨¥ ·µ¦¤¥´¨Õ ¡µ²ÓÏµ£µ ±µ²¨Î¥¸É¢ 
π0. ˆ ÔÉµ ¶µ´ÖÉ´µ, Éa± ± ± n! � ((n/3)!)3.

�¨¸. 11. � ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í ¶µ
³´µ¦¥¸É¢¥´´µ¸É¨ ¢ pp-¢§ ¨³µ¤¥°¸É-
¢¨¨ ¶·¨ Elab = 70 ƒÔ‚. �±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¢§ÖÉÒ ¨§ · -
¡µÉÒ [20]. �Ê´±É¨·´Ò¥ ±·¨¢Ò¥ Å
·¥§Ê²ÓÉ É ¢ÒÎ¨¸²¥´¨Ö ¶µ Ëµ·³Ê²¥
(4) ¤²Ö ¥¸É¥¸É¢¥´´µ° ¸³¥¸¨ ¶¨µ´µ¢;
∆0 Å ¶ · ³¥É· Ë §µ¢µ£µ ¶·µ¸É· ´-
¸É¢  (¸³. É¥±¸É). ‘¶²µÏ´ Ö ±·¨¢ Ö
(π0) Å ·¥§Ê²ÓÉ É ¢ÒÎ¨¸²¥´¨Ö ¤²Ö
¸²ÊÎ Ö µÉ¸ÊÉ¸É¢¨Ö § ·Ö¦¥´´ÒÌ ¶¨µ-
´µ¢ ¶·¨ ¢±² ¤¥ ´¥°É· ²Ó´ÒÌ ¶¨µ´µ¢
100 %

‘ÊÐ¥¸É¢¥´´µ¥ Ê¢¥²¨Î¥´¨¥ Ï¨·¨´Ò · ¸¶·¥¤¥²¥´¨Ö ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨
¨§-§  ÔËË¥±É  �� ¡Ò²µ É ±¦¥ ´ °¤¥´µ ¢ [27]. �Ò²¨ ¸Ëµ·³Ê²¨·µ¢ ´Ò ´¥µ¡Ìµ-
¤¨³Ò¥ ¨ ¤µ¸É ÉµÎ´Ò¥ Ê¸²µ¢¨Ö ¶µÖ¢²¥´¨Ö ¢  ¤·µ´´µ° ¸¨¸É¥³¥ ��-±µ´¤¥´¸ É .
„²Ö ÔÉµ£µ ¨¸¶µ²Ó§µ¢ ´ Ëµ·³ ²¨§³ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨. �± § ²µ¸Ó, ÎÉµ ¶·¨
µ¶·¥¤¥²e´´ÒÌ (³ É¥³ É¨Î¥¸±¨Ì) Ê¸²µ¢¨ÖÌ § É· ¢µÎ´µ¥ ¶Ê ¸¸µ´µ¢¸±µ¥ · ¸¶·¥-
¤¥²¥´¨¥ § ³¥´Ö¥É¸Ö ´  §´ Î¨É¥²Ó´µ ¡µ²¥¥ Ï¨·µ±µ¥ · ¸¶·¥¤¥²¥´¨¥. “¢¥²¨-
Î¥´¨¥ Ï¨·¨´Ò · ¸¶·¥¤¥²¥´¨Ö ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨ ¸¨¸É¥³Ò Éµ¦¤¥¸É¢¥´´ÒÌ
Î ¸É¨Í (¶µ ¸· ¢´¥´¨Õ ¸ ¸¨¸É¥³µ° ´¥Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í) ¤¥³µ´¸É·¨·Ê¥É¸Ö
´  ·¨¸. 12.

Š  ´ ²µ£¨Î´µ³Ê ¢Ò¢µ¤Ê ¶·¨Ï²¨  ¢Éµ·Ò [28]. �´¨ ¨¸¶µ²Ó§µ¢ ²¨ ¶·¥¤¸É -
¢²¥´¨¥ µ ±² ¸¸¨Î¥¸±µ³ ¶¨µ´´µ³ ¶µ²¥, µ¡· §ÊÕÐe³¸Ö ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¸Éµ²±-
´µ¢¥´¨ÖÌ. ’ ± Ö ³µ¤¥²Ó ± ¦¥É¸Ö µ¶· ¢¤ ´´µ°, ±µ£¤  Î¨¸²µ ±¢ ´Éµ¢ (¶¨-
µ´µ¢) ¢¥²¨±µ. �·¨ ¸Éµ²±´µ¢¥´¨¨ ÉÖ¦e²ÒÌ Ö¤¥· ´  ±µ²² °¤¥·¥ RHIC ¶·¨
Ecm ≈ 100 A·ƒÔ‚ ¸·¥¤´¥¥ Î¨¸²µ ·µ¦¤e´´ÒÌ ¶¨µ´µ¢ µ¦¨¤ ¥É¸Ö ¡µ²¥¥ 6000.
Š ± ¢¨¤´µ ´  ·¨¸. 13, ÊÎeÉ ±µ£¥·¥´É´µ¸É¨ ¡µ§µ´µ¢ ´¥µ¦¨¤ ´´µ ¶·¨¢µ¤¨É ±
´¥·¥£Ê²Ö·´µ³Ê (±µ²¥¡ É¥²Ó´µ³Ê) ¶µ¢¥¤¥´¨Õ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¶µ ³´µ-
¦¥¸É¢¥´´µ¸É¨. �·¥¤¸± § ´ ¥Ðe µ¤¨´ Ö·±¨° ÔËË¥±É ¶¨µ´´µ° ±µ´¤¥´¸ Í¨¨:
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�¨¸. 12. � ¸¶·¥¤¥²¥´¨¥ ¶µ ³´µ¦¥-
¸É¢¥´´µ¸É¨ ¸¨¸É¥³Ò Éµ¦¤¥¸É¢¥´´ÒÌ
Î ¸É¨Í ¤²Ö n̄ = 3 ¨ · §²¨Î´µ° ¢¥²¨-
Î¨´Ò Ë §µ¢µ£µ µ¡Ñe³  R∆ [27]

�¨¸. 13. � ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í ¶µ ³´µ¦¥-
¸É¢¥´´µ¸É¨, ¢ÒÎ¨¸²¥´´µ¥ ¢ ³µ¤¥²¨ ±² ¸¸¨-
Î¥¸±µ£µ ¶¨µ´´µ£µ ¶µ²Ö [28]

�¨¸. 14. � ¸¶·¥¤¥²¥´¨¥ ¸µ¡ÒÉ¨° ¶µ ¶·µ¤µ²Ó´µ³Ê (a) ¨ ¶µ¶¥·¥Î´µ³Ê (¡) ¨³¶Ê²Ó¸Ê ¢
·¥ ±Í¨¨ Au+Au ¶·¨ Ô´¥·£¨¨ Ecm = 100 ƒÔ‚, ¢ÒÎ¨¸²¥´´µ¥ ¢ ³µ¤¥²¨ ±² ¸¸¨Î¥¸±µ£µ
¶¨µ´´µ£µ ¶µ²Ö. �Ê´±É¨·´Ò¥ ±·¨¢Ò¥ Å ¢ÒÎ¨¸²¥´¨¥ ¡¥§ ÊÎeÉ  ��-¨´É¥·Ë¥·¥´Í¨¨;
¸¶²µÏ´Ò¥ ±·¨¢Ò¥ Å ¸ ÊÎeÉµ³ ��-¨´É¥·Ë¥·¥´Í¨¨ [27]

·¥§±µ ¸µ±· Ð ¥É¸Ö Ï¨·¨´  · ¸¶·¥¤¥²¥´¨Ö ¶µ ¶·µ¤µ²Ó´µ³Ê ¨ ¶µ¶¥·¥Î´µ³Ê
¨³¶Ê²Ó¸ ³. �Éµ ¤¥³µ´¸É·¨·Ê¥É¸Ö ´  ·¨¸. 14.

1.1.3. Œ´µ£µÎ ¸É¨Î´Ò¥ ¡µ§µ´´Ò¥ ¸É·Ê¨. ŒÒ · ¸¸³µÉ·¥²¨ ¢²¨Ö´¨¥ ¸É -
É¨¸É¨±¨ �� ´  · ¸¶·¥¤¥²¥´¨¥ ¶¨µ´µ¢ ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨ ¨ ¨³¶Ê²Ó¸Ê. ˆ§¢¥-
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¸É¥´ ¥Ðe µ¤¨´ ¨´É¥·¥¸´Ò° ¨ Ï¨·µ±µ µ¡¸Ê¦¤ ¥³Ò° ¢ ²¨É¥· ÉÊ·¥ ��-ÔËË¥±É.
�¥ÎÓ ¨¤eÉ µ ³´µ£µ¡µ§µ´´µ° ¨³¶Ê²Ó¸´µ° ¨ Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨. � ¡µÉ  [29]
¶µ¸¢ÖÐ¥´   ´ ²¨§Ê ³´µ£µ¡µ§µ´´µ° ¸¨¸É¥³Ò ¸ µ¤´µÎ ¸É¨Î´Ò³ ¨¸ÉµÎ´¨±µ³,
¨³¥ÕÐ¨³ · ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í ¶µ ¨³¶Ê²Ó¸Ê P (p) ∼ exp [−(p − p0)2/2d2];
d = 1/r. �Ò²µ ´ °¤¥´µ, ÎÉµ É·¥¡µ¢ ´¨¥ ¸¨³³¥É·¨§ Í¨¨ ¢µ²´µ¢µ° ËÊ´±Í¨¨
¶·¨¢µ¤¨É ± Ëµ·³¨·µ¢ ´¨Õ ³ ±¸¨³Ê³  ¢ · ¸¶·¥¤¥²¥´¨¨ Î ¸É¨Í ¶µ ¨³¶Ê²Ó¸Ê
¨ Ê£²Ê ¸ Ï¨·¨´ ³¨ dcor ¨ θcor:

dcor =

√
ln 2
3n

· 1
r

=
0,48
r
√

n
; θcor =

dcor

p0
. (5)

�Éµ §´ Î¨É, ÎÉµ ¶·¨ n � 1 ´ ¸ÉÊ¶ ¥É ³µ´µÌ·µ³ É¨§ Í¨Ö Î ¸É¨Í ¢ ¨³¶Ê²Ó¸´µ³
¶·µ¸É· ´¸É¢¥ ¨ Ê£²µ¢ Ö ±µ²²¨³ Í¨Ö ¢ ¶·¥¤¥² Ì ¨´É¥·Ë¥·¥´Í¨µ´´µ£µ ¶¨± .
�Éµ Ö¢²¥´¨¥ ± Î¥¸É¢¥´´µ ¨§µ¡· ¦¥´µ ´  ·¨¸. 15: ¢ ¸. Í. ³. ¶¨µ´Ò £·Ê¶-
¶¨·ÊÕÉ¸Ö ¢ É·¨ Ê§±¨¥ ¸É·Ê¨. Š ¦¤ Ö ¸É·ÊÖ ¢±²ÕÎ ¥É Éµ²Ó±µ Éµ¦¤¥¸É¢¥´´Ò¥
Î ¸É¨ÍÒ. ‘µ£² ¸´µ (5) Ï¨·¨´  ¸É·Ê¨ µ¡· É´µ ¶·µ¶µ·Í¨µ´ ²Ó´ 

√
n, £¤¥ n Å

Î¨¸²µ Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í ¢ ¸É·Ê¥. �É³¥É¨³, ÎÉµ ÔÉµ Ö¢²¥´¨¥ ´¥ ¨³¥¥É
´¨Î¥£µ µ¡Ð¥£µ ¸ ¨§¢¥¸É´Ò³¨ Š•„-¸É·ÊÖ³¨.

Š Î¥¸É¢¥´´µ ÉµÉ ¦¥ ÔËË¥±É µ¡¸Ê¦¤ ¥É¸Ö ¢ · ¡µÉ Ì [27,28,30], ´µ ¸ ¶·¨-
³¥´¥´¨¥³ ¤·Ê£µ£µ ³ É¥³ É¨Î¥¸±µ£µ  ¶¶ · É . �¢Éµ·Ò [30] ¶·¨Ìµ¤ÖÉ ± ¢Ò¢µ¤Ê,
ÎÉµ ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ° ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ 3Ä6 ƒÔ‚/Ë³3 (±µÉµ· Ö, ± ±

�¨¸. 15. ˆ²²Õ¸É· Í¨Ö Ëµ·³¨-
·µ¢ ´¨Ö É·eÌ ¸É·Ê° Éµ¦¤¥¸É¢¥´-
´ÒÌ ¶¨µ´µ¢ (¢ ¸. Í. ³.) ¢ ·¥-
§Ê²ÓÉ É¥ ³´µ£µÎ ¸É¨Î´µ° ��-¨´-
É¥·Ë¥·¥´Í¨¨

³Ò ´ ¤¥¥³¸Ö, ¡Ê¤¥É ²¥£±µ ¤µ¸É¨¦¨³  ¢ ¶·¥¤-
² £ ¥³µ³ Ô±¸¶¥·¨³¥´É¥) ·µ¦¤e´´Ò¥ ¶¨µ´Ò
³µ£ÊÉ ¸µ§¤ ÉÓ µ¶·¥¤¥²e´´µ¥ ±µ£¥·¥´É´µ¥ ¸µ-
¸ÉµÖ´¨¥ Å ±² ¸¸¨Î¥¸±µ¥ ¶µ²¥,  ´ ²µ£ ±² ¸-
¸¨Î¥¸±µ£µ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö. �µÔÉµ³Ê
³µ¦´µ µ¦¨¤ ÉÓ ¶·µÖ¢²¥´¨¥ ¢¥¸Ó³  Ì · ±É¥·-
´µ° ± ·É¨´Ò: ¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ ¶¨µ´µ¢
³µ¦¥É ¨§²ÊÎ ÉÓ¸Ö ¸ ¶µÎÉ¨ · ¢´Ò³¨ ¨³¶Ê²Ó-
¸ ³¨, µ¡· §ÊÖ ¸É·Ê°´ÊÕ Éµ¶µ²µ£¨Õ ¢ ±µ´±·¥É-
´µ³ ¸µ¡ÒÉ¨¨ ¸Éµ²±´µ¢¥´¨Ö  ¤·µ´µ¢. Œµ£ÊÉ
¶µÖ¢²ÖÉÓ¸Ö ¸É·Ê¨, ¸µ¸ÉµÖÐ¨¥ ¢ µ¸´µ¢´µ³ ¨§
Î ¸É¨Í µ¤´µ£µ §´ ±  § ·Ö¤ , É. ¥. π+, π− ¨²¨
π0. ŠÊ²µ´µ¢¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¢ ±µ´¥Î-
´µ³ ¸µ¸ÉµÖ´¨¨ ¶·¨¢¥¤eÉ ± · ¸Ï¨·¥´¨Õ ¸É·Ê°
§ ·Ö¦¥´´ÒÌ ¶¨µ´µ¢ ¶µ ¸· ¢´¥´¨Õ ¸µ ¸É·Êe°
´¥°É· ²Ó´ÒÌ ¶¨µ´µ¢.

„·Ê£ Ö ÉµÎ±  §·¥´¨Ö ¶·¥¤¸É ¢²¥´  ¢ [8,
27], £¤¥  ´ ²¨§¨·Ê¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ µ¡· §µ¢ ´¨Ö ��-±µ´¤¥´¸ Í¨¨ ¢ ³´µ£µÎ -
¸É¨Î´µ° ¸¨¸É¥³¥ ¸ ¡µ²ÓÏµ° ¶²µÉ´µ¸ÉÓÕ. �·¥¤¸É ¢²¥´Ò  ·£Ê³¥´ÉÒ ¢ ¶µ²Ó§Ê
Éµ£µ, ÎÉµ ±µ´¤¥´¸ É ³µ¦¥É ¢±²ÕÎ ÉÓ ´¥ ¢¸¥ ·µ¦¤e´´Ò¥ Î ¸É¨ÍÒ ¢ ¤ ´´µ³
¸µ¡ÒÉ¨¨, µ´ ³µ¦¥É µÌ¢ ÉÒ¢ ÉÓ ²¨ÏÓ µ£· ´¨Î¥´´ÊÕ Î ¸ÉÓ Ë §µ¢µ£µ ¶·µ¸É· ´-
¸É¢ . “± §Ò¢ ÕÉ¸Ö Ì · ±É¥·´Ò¥ ¶·¨§´ ±¨ ²µ± ²Ó´µ° ±µ´¤¥´¸ Í¨¨: a) ³ ²Ò°
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µÉ´µ¸¨É¥²Ó´Ò° ¨³¶Ê²Ó¸ ¶¨µ´µ¢ Ä∆p < 100 MÔ‚/c; ¡) · ¸¶·¥¤¥²¥´¨¥ ¶µ ³´µ-
¦¥¸É¢¥´´µ¸É¨ µ¡´ ·Ê¦¨¢ ¥É ¡µ²ÓÏ¨¥ Ë²Ê±ÉÊ Í¨¨ Å ¡µ²ÓÏ¥, Î¥³ µ¦¨¤ ¥³Ò¥
¶·¨ · ¸¶·¥¤¥²¥´¨¨ �Ê ¸¸µ´ ; ¢) ¨³¥ÕÉ¸Ö ¡µ²ÓÏ¨¥ Ë²Ê±ÉÊ Í¨¨ § ·Ö¦¥´´µ° ¨
´¥°É· ²Ó´µ° ±µ³¶µ´¥´É; £) É¥³¶¥· ÉÊ·  ±µ´¤¥´¸ É  ³¥´ÓÏ¥, Î¥³ É¥³¶¥· ÉÊ· 
¸µ¸¥¤´¨Ì µ¡² ¸É¥°. ’ ±¨³ µ¡· §µ³, ¶µ¨¸± ±µ´¤¥´¸ É  Ö¢²Ö¥É¸Ö ¶µ¨¸±µ³ Ìµ-
²µ¤´ÒÌ ¶ÖÉ¥´ (¨²¨ ¸É·Ê°) ¢ ¶¨µ´´µ° ¸¨¸É¥³¥. �  ¸ÊÐ¥¸É¢µ¢ ´¨¥ Ìµ²µ¤´ÒÌ
µ¡² ¸É¥° Ê± §Ò¢ ÕÉ ´ ¡²Õ¤¥´¨Ö ¶¥·¥³¥¦ ¥³µ¸É¨ ¢ · ¸¶·¥¤¥²¥´¨¨ Î ¸É¨Í ¢
Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥, ±µÉµ· Ö ´¥ ¸¢µ¤¨É¸Ö ± ¶Ê ¸¸µ´µ¢¸±¨³ Ë²Ê±ÉÊ Í¨Ö³
¢ ³ ²ÒÌ ¨´É¥·¢ ² Ì ¨³¶Ê²Ó¸ . �¥·¥³¥¦ ¥³µ¸ÉÓ ³µ¦¥É ¡ÒÉÓ Î ¸É¨Î´µ ¸²¥¤-
¸É¢¨¥³ �� ¨´É¥·Ë¥·¥´Í¨¨.

�É¨ ÔËË¥±ÉÒ ´ ¶µ³¨´ ÕÉ ² §¥· ¡¥§ µ¶É¨Î¥¸±µ£µ ·¥§µ´ Éµ· . „·Ê£ Ö  ´ -
²µ£¨Ö Å ±µ£¥·¥´É´µ¥ Ô²¥±É·µ³ £´¨É´µ¥ ¸Ê¶¥·¨§²ÊÎ¥´¨¥, ´ ¡²Õ¤ ¥³µ¥ ¢ µ·¨-
¥´É¨·µ¢ ´´ÒÌ ¸¶¨´µ¢ÒÌ ¸¨¸É¥³ Ì ¢ ³ £´¨É´µ³ ¶µ²¥.

�¢Éµ·Ò [10] (±µÉµ·ÒÌ ³Ò Í¨É¨·µ¢ ²¨ ¢ÒÏ¥) ´¥ Éµ²Ó±µ · ¸¸³µÉ·¥²¨ ¢²¨Ö-
´¨¥ ��-¸É É¨¸É¨±¨ ´  ¶µ¢¥¤¥´¨¥ ³´µ¦¥¸É¢¥´´µ¸É¨, ´µ É ±¦¥ ¢ÒÎ¨¸²¨²¨ ¤¢ÊÌ-
Î ¸É¨Î´ÊÕ ±µ··¥²ÖÍ¨µ´´ÊÕ ËÊ´±Í¨Õ R(q) ¤²Ö ¸µ¡ÒÉ¨° ¸ ¡µ²ÓÏµ° ³´µ¦¥-
¸É¢¥´´µ¸ÉÓÕ. �´¨ ´ Ï²¨ Ê¢¥²¨Î¥´¨¥ Ï¨·¨´Ò ¤¢ÊÌÎ ¸É¨Î´µ£µ q-· ¸¶·¥¤¥²¥-
´¨Ö R(q) ¸ ·µ¸Éµ³ ³´µ¦¥¸É¢¥´´µ¸É¨. �ÉµÉ ÔËË¥±É ¨²²Õ¸É·¨·Ê¥É¸Ö ´  ·¨¸. 16.
�´ ²µ£¨Î´Ò° ·¥§Ê²ÓÉ É ¶µ²ÊÎ¥´ ¢ [31]. �É³¥Î ¥É¸Ö, ÎÉµ µ¡Ð¥¶·¨´ÖÉÒ° ³¥Éµ¤
µ¶·¥¤¥²¥´¨Ö · §³¥·   ¤·µ´´µ° ¸¨¸É¥³Ò ¶ÊÉe³ ´ ¡²Õ¤¥´¨Ö ¨´É¥·Ë¥·¥´Í¨¨
¤¢ÊÌ ¶¨µ´µ¢ ¤µ²¦¥´ ¡ÒÉÓ ¸±µ··¥±É¨·µ¢ ´. ˆ§¢¥¸É´Ò° ³¥Éµ¤ ¶·¨¢µ¤¨É ²¨ÏÓ
± ÔËË¥±É¨¢´µ³Ê · §³¥·Ê reff ,   ´¥ ± ¤¥°¸É¢¨É¥²Ó´µ³Ê r. �É´µÏ¥´¨¥ reff/r § -
¢¨¸¨É µÉ ³´µ¦¥¸É¢¥´´µ¸É¨ (¢ ¤ ´´µ³ ±² ¸¸¥ ¸µ¡ÒÉ¨°) ¨ µÉ ¶²µÉ´µ¸É¨ Î ¸É¨Í

�¨¸. 16. „¢ÊÌÎ ¸É¨Î´ Ö ±µ··¥²ÖÍ¨-
µ´´ Ö ËÊ´±Í¨Ö R(q) = σind2σ/
dp1dp2/(dσ/dp1 ·dσ/dp2) ¤²Ö ³´µ¦¥-
¸É¢¥´´µ¸É¨ n = 2 ¨ n = 362. r̄p̄ ¥¸ÉÓ
Ë §µ¢Ò° µ¡Ñe³ ¸¨¸É¥³Ò [10]

�¨¸. 17. ‡ ¢¨¸¨³µ¸ÉÓ ÔËË¥±É¨¢´µ£µ (´ ¡²Õ-
¤ ¥³µ£µ) · ¤¨Ê¸  ¶¨µ´´µ° ¸¨¸É¥³Ò reff µÉ
³´µ¦¥¸É¢¥´´µ¸É¨ ¤ ´´µ£µ ±² ¸¸  ¸µ¡ÒÉ¨°
n. ˆ¸É¨´´Ò° · ¤¨Ê¸ ¸¨¸É¥³Ò ¥¸ÉÓ r [31]
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¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ Å ¸³. ·¨¸. 17. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¥Ðe ´¥ ¸µ¢¸¥³
Ö¸´µ, ± ± ¸µ£² ¸µ¢ ÉÓ ÔÉµÉ ·¥§Ê²ÓÉ É ¸ ÊÉ¢¥·¦¤¥´¨¥³ (5) µ ¸Ê¦¥´¨¨ ¨³¶Ê²Ó¸-
´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¶·¨ ¢Ò¸µ±µ° ³´µ¦¥¸É¢¥´´µ¸É¨. ‘²¥¤Ê¥É ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ
��Š-ÔËË¥±É (5) ¨ ¤¢ÊÌÎ ¸É¨Î´ Ö ±µ··¥²ÖÍ¨µ´´ Ö ËÊ´±Í¨Ö Ö¢²ÖÕÉ¸Ö · §²¨Î-
´Ò³¨ Ì · ±É¥·¨¸É¨± ³¨ ¸¨¸É¥³Ò ¨ ¨Ì ¸µ¶µ¸É ¢²¥´¨¥ É·¥¡Ê¥É ¸¶¥Í¨ ²Ó´µ£µ
· ¸¸³µÉ·¥´¨Ö.

1.2. Œ¨´¨³ ²Ó´Ò° ´ ¡µ· ±µ··¥²ÖÍ¨µ´´ÒÌ ¶ · ³¥É·µ¢. ˆ¸¸²¥¤µ¢ ´¨¥
��-±µ··¥²ÖÍ¨° ¶·µ¤µ²¦ ¥É¸Ö Ê¦¥ µ±µ²µ 40 ²¥É. ˆ´É¥·Ë¥·µ³¥É·¨Ö Éµ¦¤¥-
¸É¢¥´´ÒÌ Î ¸É¨Í ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Ö¢²Ö¥É¸Ö µ¸´µ¢´Ò³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³
³¥Éµ¤µ³ µ¶·¥¤¥²¥´¨Ö · §³¥·  ¨ ¢·¥³¥´¨ ¦¨§´¨ ¨¸ÉµÎ´¨±  Î ¸É¨Í ¢ ¸Ê¡ Éµ³-
´µ° Ë¨§¨±¥. �É¨ ¨§³¥·¥´¨Ö ¢ ¦´Ò ¤²Ö ¶µ´¨³ ´¨Ö ¤¨´ ³¨±¨ ¸¨²Ó´ÒÌ ¢§ ¨³µ-
¤¥°¸É¢¨°. ‚ Î ¸É´µ¸É¨, ¶µ¨¸± ´µ¢µ£µ ¸µ¸ÉµÖ´¨Ö ³ É¥·¨¨ Å ±¢ ·±-£²Õµ´´µ°
¶² §³Ò Å ¸¢Ö§ ´ ¸ µ¶·¥¤¥²¥´¨¥³ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÒÌ ¸¢µ°¸É¢ ¢µ§-
¡Ê¦¤e´´µ°  ¤·µ´´µ° ¸¨¸É¥³Ò. �µ ÔÉµ° É¥³¥ ¨³¥¥É¸Ö µ¡Ï¨·´ Ö ²¨É¥· ÉÊ· ,
µÉ· ¦ ÕÐ Ö ¸µ¸ÉµÖ´¨¥ Ô±¸¶¥·¨³¥´É  ¨ É¥µ·¨¨. �µ ¤µ ¶µ¸²¥¤´¥£µ ¢·¥³¥´¨
¡Ò²µ ´¥ Ö¸´µ, ´ ¸±µ²Ó±µ ¶µ²µ´ ´ ¡µ· Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ ¨
ËÊ´±Í¨°, µ¡ÒÎ´µ ¨¸¶µ²Ó§Ê¥³Ò° ¤²Ö µ¶¨¸ ´¨Ö ¤ ´´ÒÌ, ¨ ´ ¸±µ²Ó±µ µ´  ¤¥±¢ -
É¥´ ¶·µ¡²¥³¥ ��-¨´É¥·Ë¥·¥´Í¨¨. ‘¨¸É¥³ É¨Î¥¸±µ¥ É¥µ·¥É¨Î¥¸±µ¥ · ¸¸³µÉ·¥-
´¨¥ ÔÉ¨Ì ¶·µ¡²¥³ ¢ · ³± Ì Ëµ·³ ²¨§³  ±¢ ´Éµ¢µ° ¸É É¨¸É¨±¨ ¶·¥¤¶·¨´ÖÉµ
¢ [32]. �¢Éµ·Ò ¨¸¶µ²Ó§ÊÕÉ  ¶¶ · É ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¨ ¶·µ¸É· ´¸É¢¥´´µ-
¢·¥³¥´´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö µ¶¨¸ ´¨Ö ³´µ£µÎ ¸É¨Î´µ°  ¤·µ´´µ° ¸¨¸É¥³Ò.
�É³¥Î¥´µ, ÎÉµ ¨¸ÉµÎ´¨± ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¤µ²¦¥´ Ì · ±É¥·¨§µ¢ ÉÓ¸Ö ´¥
Éµ²Ó±µ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´Ò³ · §³¥·µ³, ´µ ¨ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´-
´µ° ¤²¨´µ° ±µ··¥²ÖÍ¨¨. �´  ´¥ Ö¢²Ö¥É¸Ö ¶·µ¸Éµ £¥µ³¥É·¨Î¥¸±µ° Ì · ±É¥-
·¨¸É¨±µ°  ¤·µ´´µ° ³ É¥·¨¨, ´µ ¸²Ê¦¨É ¤¨´ ³¨Î¥¸±¨³ ¶ · ³¥É·µ³, ±µÉµ·Ò°
ÊÎ¨ÉÒ¢ ¥É ¢µ§³µ¦´µ¥ ¢§ ¨³´µ¥ ¢²¨Ö´¨¥ ¤¢ÊÌ · §²¨Î´ÒÌ ÉµÎ¥± ´   ³¶²¨ÉÊ¤Ê
Ô³¨¸¸¨¨ Î ¸É¨Í. ‘²¥¤Ê¥É · §²¨Î ÉÓ ¤¢  É¨¶  ¨¸ÉµÎ´¨±µ¢: Ì µÉ¨Î¥¸±¨¥ ¨ ±µ-
£¥·¥´É´Ò¥. ‘³Ò¸² ÔÉ¨Ì É¥·³¨´µ¢ ¢¶µ²´¥ ¸µµÉ¢¥É¸É¢Ê¥É ¶µ´ÖÉ¨Ö³, ¶·¨´ÖÉÒ³
¢ µ¶É¨±¥. ’ ±¨³ µ¡· §µ³, ¨³¥Ö ¤¥²µ ¸ ��Š-ÔËË¥±Éµ³, ´¥µ¡Ìµ¤¨³µ µ¶¥·¨·µ-
¢ ÉÓ ¶µ ±· °´¥° ³¥·¥ ¤¥¸ÖÉÓÕ ´¥§ ¢¨¸¨³Ò³¨ ¶ · ³¥É· ³¨, ±µÉµ·Ò¥ ¢Ìµ¤ÖÉ
¢ Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ¥³Ò¥ ±µ··¥²ÖÍ¨µ´´Ò¥ ËÊ´±Í¨¨: Î¥ÉÒ·¥ · ¤¨Ê¸ 
Rch,⊥, Rch,l, Rc,⊥, Rc,l; ¤¢  ¢·¥³¥´¨ ¦¨§´¨ tch, tc; ¤¢¥ ±µ··¥²ÖÍ¨µ´´Ò¥ ¤²¨´Ò
L⊥, Ll; µ¤´µ ±µ··¥²ÖÍ¨µ´´µ¥ ¢·¥³Ö t0 ¨ Ì µÉ¨Î´µ¸ÉÓ λ. ˆ´¤¥±¸Ò ch, c µÉ-
´µ¸ÖÉ¸Ö ± Ì µÉ¨Î¥¸±¨³ ¨ ±µ£¥·¥´É´Ò³ ¨¸ÉµÎ´¨± ³,   ⊥, l Å ± ¶µ¶¥·¥Î´µ° ¨
¶·µ¤µ²Ó´µ° ±µµ·¤¨´ É ³.

„²Ö Ô±¸¶¥·¨³¥´É  É¥¶¥·Ó ¸Ëµ·³Ê²¨·µ¢ ´  ´µ¢ Ö § ¤ Î : ±µ··¥²ÖÍ¨µ´-
´ Ö ËÊ´±Í¨Ö ´¥ ³µ¦¥É ¡ÒÉÓ ¸¢¥¤¥´  ± ¶·µ¸Éµ° Ô±¸¶µ´¥´Í¨ ²Ó´µ° ËÊ´±Í¨¨.
�´  ³µ¦¥É ¸µ¤¥·¦ ÉÓ ¶µ ±· °´¥° ³¥·¥ ¤¢¥ ±µ³¶µ´¥´ÉÒ. „²Ö ¨Ì · §¤¥²¥´¨Ö
´¥µ¡Ìµ¤¨³µ ¢Ò¶µ²´ÖÉÓ ¸¶¥Í¨ ²Ó´Ò° Ô±¸¶¥·¨³¥´É ¸ ¡µ²ÓÏµ° ¸É É¨¸É¨±µ° ¨
¢Ò¸µ±¨³ q-· §·¥Ï¥´¨¥³.

�¤´µ¢·¥³¥´´Ò° ÊÎeÉ ¨§µ¸¶¨´µ¢ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¨ É·¥¡µ¢ ´¨° ±¢ ´-
Éµ¢µ° ¸É É¨¸É¨±¨ ¶·¨¢µ¤¨É ¢ § ±²ÕÎ¥´¨Õ, ÎÉµ ±µ··¥²ÖÍ¨¨ π0π0, π+π+ ¨
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π−π− µÉ²¨Î ÕÉ¸Ö ¤·Ê£ µÉ ¤·Ê£ . Šµ··¥²ÖÍ¨¨ § ·Ö¦¥´´ÒÌ ¨ ´¥°É· ²Ó´ÒÌ ¶¨µ-
´µ¢ µÉ²¨Î ÕÉ¸Ö ¥Ðe ¨ ¶µ ¶·¨Î¨´¥ ´ ²¨Î¨Ö Ê § ·Ö¦¥´´ÒÌ Î ¸É¨Í ±Ê²µ´µ¢¸±µ£µ
µÉÉ ²±¨¢ ´¨Ö. ‘ÊÐ¥¸É¢ÊÕÉ É ±¦¥ ±µ··¥²ÖÍ¨¨ ³¥¦¤Ê Î ¸É¨Í ³¨ ¨  ´É¨Î ¸É¨-
Í ³¨, É. ¥. ¢ ¶ · Ì π+π−. �ÉµÉ ÔËË¥±É ¸¢Ö§ ´ ¸ É ± ´ §Ò¢ ¥³Ò³¨ ¸¦ ÉÒ³¨
¸µ¸ÉµÖ´¨Ö³¨ (¤¢ÊÌ¡µ§µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö), ±µÉµ·Ò¥ ´¥¤ ¢´µ µÉ±·ÒÉÒ ¢ µ¶É¨±¥,
´µ ¥Ðe ´¥ ¨§¢¥¸É´Ò ¢ Ë¨§¨±¥ Î ¸É¨Í. „²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö
ÔÉµ£µ Ö¢²¥´¨Ö ´¥µ¡Ìµ¤¨³µ ¤¥É¥±É¨·µ¢ ÉÓ ³Ö£±ÊÕ Î ¸ÉÓ ¸¶¥±É·  ¶¨µ´µ¢, É. ¥.
¨§³¥·ÖÉÓ Î ¸É¨ÍÒ ¸ Ô´¥·£¨¥° ¶µ·Ö¤±  ¨²¨ ³¥´ÓÏ¥ µ¡· É´µ£µ ¢·¥³¥´¨ ¦¨§´¨
¨¸ÉµÎ´¨± .

1.3. ’¥·³µ¤¨´ ³¨±   ¤·µ´´µ° ¸¨¸É¥³Ò. ƒ² ¢´µ° § ¤ Î¥° ¶·¥¤² £ ¥-
³µ£µ Ô±¸¶¥·¨³¥´É  Ö¢²Ö¥É¸Ö ¨¸¸²¥¤µ¢ ´¨¥ ³´µ£µÎ ¸É¨Î´µ£µ ¶·µÍ¥¸¸  (1) ¶·¨
¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸É¨ n � ncrit (¸³. (2)), £¤¥ ¤µ²¦´Ò ¨¸Î¥§ ÉÓ ²¨¤¨·ÊÕ-
Ð¨¥ Î ¸É¨ÍÒ, ¨ ¶µÔÉµ³Ê · §Ê³´µ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ¸¨¸É¥³  ¶·¨¡²¨¦ ¥É¸Ö ±
¸µ¸ÉµÖ´¨Õ É¥·³µ¤¨´ ³¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö. � ¸ÉÊ¶²¥´¨¥ ÔÉµ£µ ·¥¦¨³  ³µ-
¦¥É ¡ÒÉÓ ¶·Ö³µ ¶·µ¢¥·¥´µ ´ ¡²Õ¤¥´¨¥³ ¸É¥¶¥´¨ Ê£²µ¢µ° ¨§µÉ·µ¶¨¨ Î ¸É¨Í ¢
¸. Í. ³. ‡ É¥³ Ëµ·³Ê²  (3) ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´  ¤²Ö µÍ¥´±¨ É¥³¶¥· ÉÊ·Ò
Ti, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° · §²¨Î´Ò³ ¸µ·É ³ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í i = π, K , p, p̄, d.
�²¨§µ¸ÉÓ ¢¥²¨Î¨´ Ti ¸²Ê¦¨É ¥Ðe µ¤´¨³ ±·¨É¥·¨¥³ ¤µ¸É¨¦¥´¨Ö · ¢´µ¢¥¸¨Ö.
’¥·³µ¤¨´ ³¨Î¥¸±¨°  ´ ²¨§ ¶·µÍ¥¸¸  ·µ¦¤¥´¨Ö  ¤·µ´µ¢ ¨¸¶µ²Ó§Ê¥É¸Ö ¤ ¢´µ ¨
Ï¨·µ±µ. �·¨ ÔÉµ³ ³´µ£¨¥ Ì · ±É¥·¨¸É¨±¨ ³´µ£µÎ ¸É¨Î´ÒÌ ¶·µÍ¥¸¸µ¢ ¶µ²Ê-
Î ÕÉ ±µ²¨Î¥¸É¢¥´´µ¥ µ¡ÑÖ¸´¥´¨¥. ‚ Î ¸É´µ¸É¨, ¢ÒÌµ¤ · §²¨Î´ÒÌ É¨¶µ¢ ¢Éµ-
·¨Î´ÒÌ Î ¸É¨Í Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö ¢ ³µ¤¥²¨ ±¢ ´Éµ¢µ° ³µ²¥±Ê²Ö·´µ°
¤¨´ ³¨±¨ [33]. �·¨³¥´¥´¨¥ É ±µ£µ ¸µ·É  É¥µ·¥É¨Î¥¸±¨Ì ¶µ¤Ìµ¤µ¢ ¨ ³µ¤¥²¥°
± ¨´É¥·¶·¥É Í¨¨ ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É  ®’¥·³ ²¨§ Í¨Ö¯ ¢¶µ²´¥ µ¡µ¸´µ¢ ´,
É ± ± ± ³Ò ¸¶¥Í¨ ²Ó´µ ¶² ´¨·Ê¥³ ´ ¡²Õ¤ ÉÓ ³´µ£µÎ ¸É¨Î´ÊÕ ¸¨¸É¥³Ê, ¶·¨-
¡²¨¦ ÕÐÊÕ¸Ö ± ¸µ¸ÉµÖ´¨Õ É¥·³¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö. �É±²µ´¥´¨¥ ´ ¡²Õ¤¥-
´¨° µÉ É¥µ·¥É¨Î¥¸±¨Ì µ¦¨¤ ´¨° ¡Ê¤¥É ¸²Ê¦¨ÉÓ ¸¨£´ ²µ³ o ´µ¢ÒÌ Ë¨§¨Î¥¸±¨Ì
Ö¢²¥´¨ÖÌ.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ Ê ´ ¸ ¥¸ÉÓ ¥Ðe µ¤¨´ §µ´¤ ¶²µÉ´µ°  ¤·µ´´µ° ³ -
É¥·¨¨: µÉ´µÏ¥´¨¥ ¢ÒÌµ¤µ¢ p ¨ d ÎÊ¢¸É¢¨É¥²Ó´µ ± É¥³¶¥· ÉÊ·¥ ¨ · §³¥·Ê
¸¨¸É¥³Ò. ‘Î¨É ¥É¸Ö, ÎÉµ ¤¥°É·µ´Ò ¶µ²ÊÎ ÕÉ¸Ö ¨§ ¶ · ¶·µÉµ´µ¢ ¨ ´¥°É·µ´µ¢
¢ ®¸Ê¶¥¯ Ë °¥·¡µ²  Î¥·¥§ ³¥Ì ´¨§³ ¸²¨¶ ´¨Ö ¢ ³µ³¥´É ®§ ³¥·§ ´¨Ö¯, É. ¥.
±µ£¤  ¶²µÉ´µ¸ÉÓ ¸¨¸É¥³Ò Ê³¥´ÓÏ ¥É¸Ö ¨ Î ¸É¨ÍÒ ¸É ´µ¢ÖÉ¸Ö ¸¢µ¡µ¤´Ò³¨.
�¡¸Ê¦¤¥´¨¥ ÔÉ¨Ì ¶·µ¡²¥³ ¸µ¤¥·¦¨É¸Ö, ´ ¶·¨³¥·, ¢ [34,35].

•µ·µÏµ ¨§¢¥¸É´µ, ÎÉµ ¶ · ³¥É· Ti ³µ¦¥É ¡ÒÉÓ ¨´É¥·¶·¥É¨·µ¢ ´ ± ±
É¥³¶¥· ÉÊ·  ²¨ÏÓ Ê¸²µ¢´µ. �¶·¥¤¥²e´´ Ö ¨§ Ëµ·³Ò ¸¶¥±É·  ®É¥³¶¥· ÉÊ· ¯
³µ¦¥É ¡ÒÉÓ ¨¸± ¦¥´  ¤¢¨¦¥´¨¥³ ¨¸ÉµÎ´¨±  ¨ É¥Î¥´¨¥³ ¢¥Ð¥¸É¢  ¢ Ë °-
¥·¡µ²¥. ‚ [36, 37] ¶·¥¤¶·¨´ÖÉ  ¶µ¶ÒÉ±  ¸¤¥² ÉÓ ¸µ¢³¥¸É´Ò°  ´ ²¨§ Ô´¥·£¥-
É¨Î¥¸±µ£µ ¸¶¥±É·  ¨ ¤¢ÊÌ¶¨µ´´µ° ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨, ¨§³¥·¥´´ÒÌ ¢
AÄA-¢§ ¨³µ¤¥°¸É¢¨¨. �¢Éµ·Ò ¶·¨Ï²¨ ± ¢Ò¢µ¤Ê, ÎÉµ (¨¸É¨´´ Ö) É¥³¶¥· ÉÊ· ,
¸±µ·µ¸ÉÓ · ¸Ï¨·¥´¨Ö Ë °¥·¡µ²  ¨ · §³¥· ¸¨¸É¥³Ò ³µ£ÊÉ ¡ÒÉÓ µ¶·¥¤¥²¥´Ò
± ± ´¥§ ¢¨¸¨³Ò¥ ¶ · ³¥É·Ò. ’ ±µ£µ É¨¶  ¸²µ¦´Ò°  ´ ²¨§ É¥³ Ê¸¶¥Ï´¥¥, Î¥³
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¢ÒÏ¥ ÉµÎ´µ¸ÉÓ ¤ ´´ÒÌ, ¶µÔÉµ³Ê µ´ ¡Ê¤¥É ¶·¨³¥´¨³ ¤²Ö  ´ ²¨§  ·¥§Ê²ÓÉ Éµ¢
¶·¥¤² £ ¥³µ£µ Ô±¸¶¥·¨³¥´É .

1.4. • · ±É¥·´Ò¥ Î¥·ÉÒ ¶·µÍ¥¸¸µ¢ ¸ µÎ¥´Ó ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ-
¸ÉÓÕ. � ¸¸³ É·¨¢ Ö ¶·µÍ¥¸¸Ò ¸ µÎ¥´Ó ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ (��Œ)
n >> n̄(s), £¤¥ n̄ Å ¸·¥¤´ÖÖ ³´µ¦¥¸É¢¥´´µ¸ÉÓ ·µ¦¤¥´´ÒÌ Î ¸É¨Í [38], ³Ò
´¥ ¡Ê¤¥³ · §²¨Î ÉÓ ¨Ì ¶µ § ·Ö¤Ê, ³ ¸¸¥ ¨ É. ¤. �·¨ ÔÉµ³, ÎÉµ¡Ò ¨§¡ ¢¨ÉÓ¸Ö µÉ
¢²¨Ö´¨Ö £· ´¨Í Ë §µ¢µ£µ µ¡Ñ¥³ , ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉµ n � nmax =

√
s/m, £¤¥

m = 0,2 ƒÔ‚ Å É¨¶¨Î´ Ö ³ ¸¸   ¤·µ´  ¨
√

s Å ¶µ²´ Ö Ô´¥·£¨Ö ¢ ¸. Í. ³. �µ²¥¥
¤¥É ²Ó´µ¥ µ¶·¥¤¥²¥´¨¥ µ¡² ¸É¨ ��Œ § ¢¨¸¨É µÉ ±µ´±·¥É´µ° ³µ¤¥²¨ [39].

‚¢¥¤e³ ±µÔËË¨Í¨¥´É ´¥Ê¶·Ê£µ¸É¨ κ = 1 − εmax/E, £¤¥ εmax Å Ô´¥·£¨Ö
¸ ³µ° ¡Ò¸É·µ° ¨§ ·µ¦¤¥´´ÒÌ Î ¸É¨Í ¢ ¤ ´´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É ¨ E Å
¶µ²´ Ö Ô´¥·£¨Ö ¢ Éµ° ¦¥ ¸¨¸É¥³¥. ’µ£¤  ��Œ ³µ¦´µ É ±¦¥ µ¶·¥¤¥²¨ÉÓ Ê¸²µ-
¢¨¥³ 1 − κ � 1. ” ±É¨Î¥¸±¨ ÔÉµ µ§´ Î ¥É, ÎÉµ ¢ ¶·µÍ¥¸¸ Ì ��Œ ·µ¦¤ ÕÉ¸Ö
µÉ´µ¸¨É¥²Ó´µ ³¥¤²¥´´Ò¥ Î ¸É¨ÍÒ. �Éµ ¸¢µ°¸É¢µ ¶·¥¤¶µ² £ ¥É¸Ö ¨¸¶µ²Ó§µ¢ ÉÓ
¢ µ¸´µ¢¥ É·¨££¥·  ¶µ µÉ¡µ·Ê ¨´É¥·¥¸ÊÕÐ¨Ì ´ ¸ ¸µ¡ÒÉ¨°. ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ,
ÎÉµ ´¥Ê¶·Ê£µ¥ ¸¥Î¥´¨¥ ¢ ��Œ ±· °´¥ ³ ²µ, � 10−7σtot. �µ ÔÉµ° ¶·¨Î¨´¥
¶·µÍ¥¸¸Ò ¸ ��Œ ³µ£ÊÉ ´ ¡²Õ¤ ÉÓ¸Ö, ¥¸²¨ µ¸É ²Ó´Ò¥ ± ´ ²Ò ·µ¦¤¥´¨Ö Î ¸É¨Í
¶µ¤ ¢²¥´Ò É·¨££¥·µ³ [40].

ŒµÉ¨¢ Í¨¥° ¨§ÊÎ¥´¨Ö ��Œ ³µ£ÊÉ ¸²Ê¦¨ÉÓ ¸²¥¤ÊÕÐ¨¥ ¸µµ¡· ¦¥´¨Ö.
Å …¸É¥¸É¢¥´´µ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ¢ ��Œ ¢µ§¡Ê¦¤ ¥É¸Ö ³ ±¸¨³ ²Ó´µ

¤µ¸É¨¦¨³µ¥ Î¨¸²µ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í, ¸·¥¤¨ ±µÉµ·ÒÌ
³µ£ÊÉ ¡ÒÉÓ ´µ¢Ò¥, ´¥ ´ ¡²Õ¤ ¥³Ò¥ ¢ µ¡ÒÎ´ÒÌ ¶·µÍ¥¸¸ Ì [41].

Å ‚ ��Œ ¤¨¸¸¨¶ Í¨Ö ¨, ¸µµÉ¢¥É¸É¢¥´´µ, Ô´É·µ¶¨Ö ¤µ¸É¨£ ÕÉ ³ ±¸¨-
³Ê³ . ’µ£¤  ³µ¦´µ µ¦¨¤ ÉÓ, ÎÉµ ¢ ��Œ ¸¨¸É¥³  · ¢´µ¢¥¸´ . ‡¤¥¸Ó · ¢´µ-
¢¥¸¨¥ ´Ê¦´µ ¶µ´¨³ ÉÓ, ¸²¥¤ÊÖ �. �. �µ£µ²Õ¡µ¢Ê, ± ± ¸µ¸ÉµÖ´¨¥ ¸ µ¸² ¡²¥´-
´Ò³¨ ±µ··¥²ÖÍ¨Ö³¨, ±µ£¤  ¸¶¥±É· Ô´¥·£¨¨ Î ¸É¨Í ∼ exp (−βε) µ¶¨¸Ò¢ eÉ¸Ö
Ëµ·³Ê²µ° �µ²ÓÍ³ ´ , £¤¥ É¥³¶¥· ÉÊ·  1/β ¸µ¢¶ ¤ ¥É ¸µ ¸·¥¤´¥° Ô´¥·£¨e°
·µ¦¤¥´´ÒÌ Î ¸É¨Í [42].

Å ‚µµ¡Ð¥ £µ¢µ·Ö,  ³¶²¨ÉÊ¤  ¶·µÍ¥¸¸  ·µ¦¤¥´¨Ö n Î ¸É¨Í ¤µ²¦´  § ¢¨-
¸¥ÉÓ ¶µ ±· °´¥° ³¥·¥ µÉ 3n − 4 ¶¥·¥³¥´´ÒÌ. �Éµ ¸²¨Ï±µ³ ¡µ²ÓÏµ¥ Î¨¸²µ:
¶·¨ Ô´¥·£¨¨ Ecm ∼ 100 ƒÔ‚ n̄ ∼ 25. ‚ ��Œ, £¤¥ ¨³¥¥É ³¥¸Éµ É¥·³ ²¨§ -
Í¨Ö, ¸¨¸É¥³  ³µ¦¥É ¡ÒÉÓ ¤µ¸É ÉµÎ´µ ¶µ²´µ µ¶¨¸ ´  ¢¸¥£µ ²¨ÏÓ ´¥¸±µ²Ó±¨³¨
¶ · ³¥É· ³¨. �µ¤µ¡´µ¥ ®£·Ê¡µ¥¯ µ¶¨¸ ´¨¥ ²¥¦¨É ¢ µ¸´µ¢¥ É¥·³µ¤¨´ ³¨±¨
· ¢´µ¢¥¸´ÒÌ ¸µ¸ÉµÖ´¨° [39,43].

Å ˆ§ Ô±¸¶¥·¨³¥´É  ¤µ¸Éµ¢¥·´µ ¨§¢¥¸É´µ, ÎÉµ ¢  ¤·µ´´ÒÌ ¶·µÍ¥¸¸ Ì ¸
Ê³¥·¥´´µ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ z � 2−4, z = n/n̄ ¶µ²´ Ö É¥·³ ²¨§ Í¨Ö µÉ¸ÊÉ-
¸É¢Ê¥É: §´ Î¨É¥²Ó´ÊÕ ¤µ²Õ Ô´¥·£¨¨ Ê´µ¸ÖÉ ²¨¤¨·ÊÕÐ¨¥ Î ¸É¨ÍÒ,   ¸·¥¤´ÖÖ
³´µ¦¥¸É¢¥´´µ¸ÉÓ ³ ²  ¶µ ¸· ¢´¥´¨Õ ¸ ¶·¥¤¥²Ó´µ ¢µ§³µ¦´µ° n̄ ∼ ln2 s �
nmax. �Éµ Ö¢²¥´¨¥ µ¡ÑÖ¸´Ö¥É¸Ö ¶·µ§· Î´µ¸ÉÓÕ  ¤·µ´µ¢, É. ¥. ³ ²Ò³ ±µÔËË¨-
Í¨¥´Éµ³ ´¥Ê¶·Ê£µ¸É¨ (¢ ¸·¥¤´¥³). ‚Ò¡¨· Ö ± ´ ² ¸ ��Œ, ³Ò ¨¸±Ê¸¸É¢¥´´µ
¢Ò¡¨· ¥³ ·¥¤±¨¥ ¸µ¡ÒÉ¨Ö ¸ ¡µ²ÓÏµ° ´¥Ê¶·Ê£µ¸ÉÓÕ (¸ ¡µ²ÓÏµ° ¤¨¸¸¨¶ Í¨¥°
Ô´¥·£¨¨), ÎÉµ Ê¶·µÐ ¥É ¤¨´ ³¨±Ê · ¸¸³ É·¨¢ ¥³ÒÌ ¶·µÍ¥¸¸µ¢ [39].

19



ŒÒ ¶µ² £ ¥³, ÎÉµ Ô±¸¶¥·¨³¥´É ²Ó´µ ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó ´¥µ¡Ìµ¤¨³µ ¨§Ê-
Î¨ÉÓ ¸²¥¤ÊÕÐ¨¥ ÊÉ¢¥·¦¤¥´¨Ö.

Å ‘ ·µ¸Éµ³ ³´µ¦¥¸É¢¥´´µ¸É¨ ¶·µÍ¥¸¸ ¤µ²¦¥´ ¸É ÉÓ ®¦¥¸É±¨³¯. �Éµ
ÊÉ¢¥·¦¤¥´¨¥ ´Ê¦´µ ¶µ´¨³ ÉÓ ± ± ¸²¥¤ÊÕÐ¥¥ ´¥· ¢¥´¸É¢µ ¤²Ö µÉ´µÏ¥´¨Ö
¸·¥¤´¥£µ §´ Î¥´¨Ö ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  ± ¸·¥¤´¥³Ê ¶·µ¤µ²Ó´µ³Ê: R =
q̄⊥/q̄‖ > π/2. � ¶µ³´¨³, ÎÉµ · ¢¥´¸É¢µ µ§´ Î ¥É ¨§µÉ·µ¶´µ¥ · ¸¶·¥¤¥²¥-
´¨¥,   ³Ê²ÓÉ¨¶¥·¨Ë¥·¨Î¥¸± Ö ±¨´¥³ É¨±  ¶·¥¤¶µ² £ ¥É, ÎÉµ R < π/2 [44].

Å ‘ ·µ¸Éµ³ ³´µ¦¥¸É¢¥´´µ¸É¨ ¸¨¸É¥³  ¤µ²¦´  ®Ê¸¶µ± ¨¢ ÉÓ¸Ö¯. Šµ-
²¨Î¥¸É¢¥´´µ ÔÉµ µ§´ Î ¥É, ÎÉµ Ô´¥·£¥É¨Î¥¸±¨¥ ³´µ£µÎ ¸É¨Î´Ò¥ ±µ··¥²ÖÉµ·Ò

³ ²Ò: |Kl(s, n)|2/l
/K2(s, n) � 1,   É¥³¶¥· ÉÊ·  ¶µ²´µ¸ÉÓÕ µ¶¨¸Ò¢ ¥É ¸¨-

¸É¥³Ê [39,42].
�µ¤¢¥¤e³ ¨Éµ£ ÔÉµ£µ ±µ·µÉ±µ£µ µ¡¸Ê¦¤¥´¨Ö.
’¥µ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¶µ± § ²¨ [38,39], ÎÉµ
Å ¨¤¥µ²µ£¨Ö £² ¢´µ£µ ²µ£ ·¨Ë³¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö ´¥¶·¨¥³²¥³  ¢

µ¡² ¸É¨ ��Œ;
Å ·¥¤¦¥¢¸±µ¥ µ¶¨¸ ´¨¥ ¨³¥¥É µ£· ´¨Î¥´´ÊÕ µ¡² ¸ÉÓ ¶·¨³¥´¨³µ¸É¨ ¤²Ö

��Œ;
Å ¨§¢¥¸É´Ò¥ É¥µ·¥É¨±µ-¶µ²¥¢Ò¥ ¸Ì¥³Ò ¢ÒÎ¨¸²¥´¨Ö ´¥ ¶µ§¢µ²ÖÕÉ ¢Ò°É¨

§  µ¡² ¸ÉÓ ±¢ §¨±² ¸¸¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö;
Å ¶·µÍ¥¸¸Ò ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö ¸ z � 2−4 µÉ´µ¸ÖÉ¸Ö ± ±² ¸¸Ê

¸¨²Ó´µ ´¥· ¢´µ¢¥¸´ÒÌ ¶·µÍ¥¸¸µ¢, £¤¥ µ¡ÒÎ´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö ± ´µ´¨Î¥¸±µ£µ
Ëµ·³ ²¨§³  �µ²ÓÍ³ ´ Äƒ¨¡¡¸  ´¥¶·¨¥³²¥³Ò.

�µ ÔÉµ° ¶·¨Î¨´¥ ¡Ò²  · §· ¡µÉ ´  ´µ¢ Ö É¥µ·¨Ö ¢µ§³ÊÐ¥´¨° [45], ±µÉµ-
· Ö

Å ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´  ´  ²Õ¡ÒÌ · ¸¸ÉµÖ´¨ÖÌ, ¢±²ÕÎ Ö É¥, ´  ±µ-
Éµ·ÒÌ ¸É ´¤ ·É´ Ö É¥µ·¨Ö ¢µ§³ÊÐ¥´¨° Š•„ ´¥¶·¨³¥´¨³ ;

Å ´¥ ¸µ¤¥·¦¨É · ¸Ìµ¤¨³µ¸É¥°, ¶µ ±· °´¥° ³¥·¥ ¢ ¸¥±Éµ·¥ ¢¥±Éµ·´ÒÌ
¶µ²¥° Ÿ´£ ÄŒ¨²²¸ ;

Å ¸¶µ¸µ¡´  µ¶¨¸Ò¢ ÉÓ ´ ¡²Õ¤ ¥³Ò¥ ¢¥²¨Î¨´Ò Å ¸¥Î¥´¨Ö, ±µ··¥²ÖÍ¨-
µ´´Ò¥ ËÊ´±Í¨¨ ¨ ¤·.

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢¥¤ÊÉ¸Ö ¨¸¸²¥¤µ¢ ´¨Ö ¶µ ¶µ¸É·µ¥´¨Õ £¥´¥· Éµ·  ¸µ-
¡ÒÉ¨°, µ¸´µ¢ ´´µ£µ ´  ÔÉµ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°.

1.5. �¥·¥³¥¦ ¥³µ¸ÉÓ
1.5.1. ‘ÉµÌ ¸É¨Î¥¸± Ö ¶¥·¥³¥¦ ¥³µ¸ÉÓ. ‚Éµ·¨Î´Ò¥ Î ¸É¨ÍÒ · ¸¶·¥-

¤¥²¥´Ò ¢ ¨³¶Ê²Ó¸´µ³ ¶·µ¸É· ´¸É¢¥ ´¥· ¢´µ³¥·´µ. �²µÉ´µ¸ÉÓ Î ¸É¨Í ¨³¥¥É
¸É É¨¸É¨Î¥¸±¨¥ ¨ ¤¨´ ³¨Î¥¸±¨¥ Ë²Ê±ÉÊ Í¨¨, ¨²¨, ± ± ¶·¨´ÖÉµ £µ¢µ·¨ÉÓ, · ¸-
¶·¥¤¥²¥´¨¥ ¨³¥¥É ¶¥·¥³¥¦ ¥³Ò° Ì · ±É¥·. �¥·¥³¥¦ ¥³µ¸ÉÓ § ¢¨¸¨É µÉ ³¥-
Ì ´¨§³  ·µ¦¤¥´¨Ö Î ¸É¨Í. � ¶·¨³¥·, ·¥§µ´ ´¸Ò ¨ ±² ¸É¥·Ò ¢ ¶·µ³¥¦ÊÉµÎ-
´µ³ ¸µ¸ÉµÖ´¨¨ ¶·¨¢µ¤ÖÉ ± Ë²Ê±ÉÊ Í¨Ö³ ¶²µÉ´µ¸É¨ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨
¸¨¸É¥³Ò. ’¥µ·¥É¨Î¥¸±¨°  ´ ²¨§ ¶µ± §Ò¢ ¥É ·µ¸É ¶¥·¥³¥¦ ¥³µ¸É¨ ¢¡²¨§¨
ÉµÎ±¨ Ë §µ¢µ£µ ¶¥·¥Ìµ¤ . �´  É ±¦¥ § ¢¨¸¨É µÉ ³µ¤¥²¨  ¤·µ´¨§ Í¨¨ (É. ¥.

20



³¥Ì ´¨§³  ±µ´Ë °´³¥´É ) ¨ ¸¢µ°¸É¢ Š•„-¢ ±ÊÊ³ . �±¸¶¥·¨³¥´É ²Ó´µ¥ ¨¸-
¸²¥¤µ¢ ´¨¥ ¶¥·¥³¥¦ ¥³µ¸É¨ ¶·µ²¨¢ ¥É ¸¢¥É ´  ¸±·ÒÉÒ° ³¥Ì ´¨§³ ·µ¦¤¥´¨Ö
Î ¸É¨Í ¶·¨ ¢Ò¸µ±µ° Ô´¥·£¨¨. �·µ¥±É ®’¥·³ ²¨§ Í¨Ö¯, ±µ´¥Î´µ, ¨³¥¥É ¶·Ö³µ¥
µÉ´µÏ¥´¨¥ ± ÔÉµ° ¶·µ¡²¥³¥, É ± ± ± ¢Ò¸µ± Ö ¸É É¨¸É¨±  ¸µ¡ÒÉ¨° ¸ ¡µ²ÓÏµ°
³´µ¦¥¸É¢¥´´µ¸ÉÓÕ ¶µ§¢µ²Ö¥É ¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ ¨§³¥·ÖÉÓ Ì · ±É¥·¨¸É¨±¨
ÔËË¥±É  ¶¥·¥³¥¦ ¥³µ¸É¨. �µ²¥¥ ¤¥É ²Ó´µ¥ µ¡¸Ê¦¤¥´¨¥ ÔÉµ£µ ¶·¥¤³¥É  ¢¥-
¤¥É¸Ö ¢ �·¨²µ¦¥´¨¨.

1.5.2. �¥£Ê²Ö·´ Ö ¶¥·¥³¥¦ ¥³µ¸ÉÓ (±µ²ÓÍ ). „¢¨¦¥´¨¥ ¨¸ÉµÎ´¨±  ¶µ²Ö ¢
¸·¥¤¥ ¸µ ¸±µ·µ¸ÉÓÕ, ¶·¥¢ÒÏ ÕÐ¥° Ë §µ¢ÊÕ ¸±µ·µ¸ÉÓ ±¢ ´Éµ¢ ¶µ²Ö ¢ ¤ ´´µ°
¸·¥¤¥, ¶·¨¢µ¤¨É ± ¨§²ÊÎ¥´¨Õ ¢µ²´. ‚ ¸²ÊÎ ¥ Ô²¥±É·µ³ £´¨É´µ£µ ¢§ ¨³µ¤¥°-
¸É¢¨Ö ÔÉµ ¨§¢¥¸É´Ò° ÔËË¥±É —¥·¥´±µ¢ .

ˆ¤¥Ö ³¥§µ´´µ£µ  ´ ²µ£  ¨§²ÊÎ¥´¨Ö —¥·¥´±µ¢  µ¡¸Ê¦¤ ² ¸Ó ¢ · ¡µÉ Ì ˆ¢ -
´¥´±µ ¨ ¤·., �²µÌ¨´Í¥¢  ¨ ¤·. [46]. �¡µ¡Ð¥´¨¥ ÔËË¥±É  —¥·¥´±µ¢  ´  ¸± -
²Ö·´µ¥ (¶¨µ´´µ¥) ¶µ²¥ · §· ¡µÉ ´µ —¨¦µ³ ¨ ƒ²ÔÏµÊ [47]. �´ ²¨§ ³¥§µ´´µ£µ
Î¥·¥´±µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö ¢  ¤·µ´´µ° ¸·¥¤¥ ¢Ò¶µ²´¥´ ¢ [48], £¤¥ ¢ÒÎ¨¸²¥´ ¸µ-
µÉ¢¥É¸É¢ÊÕÐ¨° ±µÔËË¨Í¨¥´É ¶·¥²µ³²¥´¨Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¤ ´´ÒÌ µ ¶¨µ´-
´Ê±²µ´´µ³ · ¸¸¥Ö´¨¨.

„·Ê£µ° ¶µ¤Ìµ¤ ± Î¥·¥´±µ¢¸±µ³Ê ¨§²ÊÎ¥´¨Õ ¤²Ö ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°
¶·¥¤²µ¦¥´ „·e³¨´Ò³ [49]. �¢Éµ· · ¸¸³ É·¨¢ ¥É Î¥·¥´±µ¢¸±¨° ÔËË¥±É £²Õ-
µ´µ¢ ¢ · ³± Ì Š•„. �¥µ¡Ìµ¤¨³Ò° ¤²Ö ÔÉµ£µ Éµ± Í¢¥É´ÒÌ § ·Ö¤µ¢ ¶µ²ÊÎ¥´ ¨§
· ¸¸³µÉ·¥´¨Ö ¦e¸É±¨Ì Š•„-¶·µÍ¥¸¸µ¢. ˆ§²ÊÎ¥´¨¥ Î¥·¥´±µ¢¸±µ£µ É¨¶  ³µ¦¥É
¢µ§¡Ê¦¤ ÉÓ¸Ö ¶ ·Éµ´ ³¨ Î ¸É¨Í ¶ÊÎ±  ¨ ³¨Ï¥´¨. �Éµ ¢¥¤eÉ ± ¢µ§´¨±´µ¢¥´¨Õ
¤¢ÊÌ ¶¨±µ¢ ¨²¨ ¶²µÉ´ÒÌ £·Ê¶¶ ¢ · ¸¶·¥¤¥²¥´¨¨ Î ¸É¨Í ¶µ ¡Ò¸É·µÉ¥. �·¨
ÔÉµ³ · ¸¶·¥¤¥²¥´¨¥ ¶µ  §¨³ÊÉ ²Ó´µ³Ê Ê£²Ê µ¸É eÉ¸Ö ¨§µÉ·µ¶´Ò³.

“± § ´¨¥ ´  ¸ÊÐ¥¸É¢µ¢ ´¨¥ ÔÉµ£µ Ö¢²¥´¨Ö ¢¶¥·¢Ò¥ ¡Ò²µ ¶µ²ÊÎ¥´µ ¢ ±µ¸-
³¨Î¥¸±¨Ì ²ÊÎ Ì. ‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö · ¸¶·¥¤¥²¥´¨¥ ¶²µÉ´ÒÌ £·Ê¶¶ Î ¸É¨Í
¶µ ¶¸¥¢¤µ¡Ò¸É·µÉ¥ η ¡Ò²µ ¶µ²ÊÎ¥´µ ¢  ¤·µ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨ ¨³-
¶Ê²Ó¸¥ 205Ä360 ƒÔ‚/c [50, 51]. ‚ η-· ¸¶·¥¤¥²¥´¨¨ ´ ¡²Õ¤ ¥É¸Ö ¸É·Ê±ÉÊ·  ¸
¤¢Ê³Ö ¶¨± ³¨ ¢ pp-¢§ ¨³µ¤¥°¸É¢¨¨ ¨ ¸É·Ê±ÉÊ·  ¸ µ¤´¨³ ¶¨±µ³ Å ¢ πp- ¨
Kp-¢§ ¨³µ¤¥°¸É¢¨ÖÌ. ’ ±µ¥ · §²¨Î¨¥ Ì · ±É¥·¨¸É¨± ¸¨³³¥É·¨Î´µ° (pp-) ¨
´¥¸¨³³¥É·¨Î´µ° (πp-, Kp-) ¸¨¸É¥³ ´ Ìµ¤¨É¸Ö ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ³µ¤¥²ÓÕ ±µ£¥-
·¥´É´µ£µ ¨§²ÊÎ¥´¨Ö ¸É·Ê° £²Õµ´ ³¨. �¨¸. 18 ¶µ± §Ò¢ ¥É ´ ²¨Î¨¥ ¤¢ÊÌ ±µ²¥Í
¢ pp-¢§ ¨³µ¤¥°¸É¢¨¨. ˆ³¥ÕÉ¸Ö ¢ ¢¨¤Ê ±µ²ÓÍ  ¢ ¤¢Ê³¥·´µ³ ¶·µ¸É· ´¸É¢¥ η ¨
 §¨³ÊÉ ²Ó´µ£µ Ê£² .

‚ Éµ ¦¥ ¢·¥³Ö ¨³¥ÕÉ¸Ö ¸¢¨¤¥É¥²Ó¸É¢  ¢ ¶µ²Ó§Ê ³¥§µ´´µ£µ Î¥·¥´±µ¢¸±µ£µ
¨§²ÊÎ¥´¨Ö. ‚ · ¡µÉ¥ [52] Éµ¦¥ ¨¸¸²¥¤Ê¥É¸Ö · ¸¶·¥¤¥²¥´¨¥ Í¥´É·µ¢ ¶²µÉ´ÒÌ
£·Ê¶¶ Î ¸É¨Í ¢ C-Cu- ¨ Mg-Mg-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨ ∼ 4,5 A·ƒÔ‚/c. �¥-
· ¢´µ³¥·´µ¥ · ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í ¶µ ¶¸¥¢¤µ¡Ò¸É·µÉ¥ η § É·Ê¤´Ö¥É ¶µ¨¸±
±µ²ÓÍ¥¢ÒÌ ¸É·Ê±ÉÊ·, ¶µÔÉµ³Ê ¢ [52] ¶·¥¤²µ¦¥´µ ¶·¥µ¡· §µ¢ ´¨¥ ± ¤·Ê£µ° ¶¥-
·¥³¥´´µ° η̃, ¶µ ±µÉµ·µ° ¶²µÉ´µ¸ÉÓ Î ¸É¨Í ρ(η̃) · ¢´µ³¥·´ , ¸³. ·¨¸. 19.
�´¥·£¥É¨Î¥¸±µ¥ · ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í, ¶µ¶ ¢Ï¨Ì ¢ ¶²µÉ´Ò¥ £·Ê¶¶Ò, ¸µµÉ¢¥É-
¸É¢Ê¥É É¥µ·¥É¨Î¥¸±µ³Ê · ¸ÎeÉÊ [48].
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�¨¸. 18.  ) � ¸¶·¥¤¥²¥´¨¥ ¶µ ¶¸¥¢¤µ¡Ò¸É·µÉ¥ ¶²µÉ´ÒÌ £·Ê¶¶ Î ¸É¨Í ¢ pp-¢§ ¨³µ-
¤¥°¸É¢¨¨ ¶·¨ 205 ƒÔ‚ [50]; ¡) Éµ ¦¥, ¶µ¸²¥ ¸Ê³³¨·µ¢ ´¨Ö · ¸¶·¥¤¥²¥´¨° ¢ ¶¥·¥¤´¥°
¨ § ¤´¥° ¶µ²Ê¸Ë¥· Ì. �Ê´±É¨· Å · ¸ÎeÉ ¶µ ³µ¤¥²¨ Fritiof

�¨¸. 19. �±¸¶¥·¨³¥´É ²Ó´µ¥ (•) ¨ · ¸ÎeÉ´µ¥ (◦) · ¸¶·¥¤¥²¥´¨¥ Í¥´É·µ¢ ¶²µÉ´ÒÌ £·Ê¶¶
Î ¸É¨Í (spikes) ¤²Ö · §²¨Î´ÒÌ η-¨´É¥·¢ ²µ¢ ¨ · §²¨Î´ÒÌ δn-Î¨¸¥² Î ¸É¨Í ¢ ¨´É¥·¢ ²¥.
„ ´´Ò¥ ¶µ C-Cu-¢§ ¨³µ¤¥°¸É¢¨Õ [52]. ∆η = 0,2−2,6. a) δη̃ = 0,04, δn = 4;
¡) δη̃ = 0,08, δn = 5; ¢) δη̃ = 0,12, δn = 7; £) δη̃ = 0,2, δn = 9. Š·¨¢Ò¥
¶·¥¤¸É ¢²ÖÕÉ µ¶¨¸ ´¨¥ ¤ ´´ÒÌ ËÊ´±Í¨¥° ƒ Ê¸¸ 
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‚ µ¡µ¨Ì ¸²ÊÎ ÖÌ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¶¨± ³¨ (±µ²ÓÍ ³¨) ¸µ£² ¸Ê¥É¸Ö ¸ £¨-
¶µÉ¥§µ°  ¤·µ´´µ£µ Î¥·¥´±µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö.

‚Ò¸µ± Ö ¸¢¥É¨³µ¸ÉÓ ³¨Ï¥´¨ ¨ µÉ¡µ· ¸µ¡ÒÉ¨° ¸ ¢Ò¸µ±µ° ³´µ¦¥¸É¢¥´´µ-
¸ÉÓÕ ¢ Ê¸É ´µ¢±¥ ®’¥·³ ²¨§ Í¨Ö¯ µÎ¥´Ó ¢ ¦´Ò ¤²Ö ´ ¡µ·  ¤µ¸É ÉµÎ´µ° ¸É -
É¨¸É¨±¨ ¨ ¸¨¸É¥³ É¨Î¥¸±µ£µ ¨¸¸²¥¤µ¢ ´¨Ö µ¡¸Ê¦¤ ¥³µ£µ Ö¢²¥´¨Ö ±µ²ÓÍ¥¢ÒÌ
¸µ¡ÒÉ¨°. ’µÎ´Ò¥ ¤ ´´Ò¥ ¤ ¤ÊÉ ¢µ§³µ¦´µ¸ÉÓ ¨§³¥·¨ÉÓ · ¤¨Ê¸ ±µ´Ë °´³¥´É 
¨ ±µÔËË¨Í¨¥´É ¶·¥²µ³²¥´¨Ö  ¤·µ´´µ° ³ É¥·¨¨ ¶µ µÉ´µÏ¥´¨Õ ± ¢µ²´¥ ¤¥
�·µ°²Ö.

1.6. �·Ö³Ò¥ ËµÉµ´Ò. �·Ö³Ò¥ ËµÉµ´Ò (�”) ¶µ µ¶·¥¤¥²¥´¨Õ ´¥ Ö¢²ÖÕÉ¸Ö
¶·µ¤Ê±É ³¨ · ¸¶ ¤  ± ±¨Ì-²¨¡µ Î ¸É¨Í ¨²¨ ·¥§µ´ ´¸µ¢. ‘µ£² ¸´µ ±¢ ´Éµ¢µ°
Ô²¥±É·µ¤¨´ ³¨±e µ´¨ ³µ£ÊÉ ¸µ¶·µ¢µ¦¤ ÉÓ ¶·µÍ¥¸¸ · ¸¸¥Ö´¨Ö § ·Ö¦¥´´ÒÌ Î -
¸É¨Í. ‚ Î ¸É´µ¸É¨, ±¢ ·±-±¢ ·±µ¢µ¥ ¨ ±¢ ·±-£²Õµ´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¨-
¢µ¤ÖÉ ± Ô³¨¸¸¨¨ ËµÉµ´µ¢, ÌµÉÖ ¨ ¸ ³ ²µ° ¢¥·µÖÉ´µ¸ÉÓÕ, ¶·µ¶µ·Í¨µ´ ²Ó´µ°
±¢ ¤· ÉÊ § ·Ö¤  Î ¸É¨ÍÒ: α = e2/hc. —¥³ ¢ÒÏ¥ ¶²µÉ´µ¸ÉÓ ¨ Î¥³ ¡µ²ÓÏ¥
¢·¥³Ö ¦¨§´¨ ¸¨¸É¥³Ò, É¥³ ¡µ²ÓÏ¥ µ´  ¤µ²¦´  ¨§²ÊÎ ÉÓ �”. �µ¦¤e´´Ò¥
ËµÉµ´Ò ¢§ ¨³µ¤¥°¸É¢ÊÕÉ ¸ µ±·Ê¦ ÕÐ¥° ³ É¥·¨¥° Éµ²Ó±µ Ô²¥±É·µ³ £´¨É´µ.
‘¥Î¥´¨¥ ÔÉµ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥ ¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö
 ¤·µ´µ¢. �µÔÉµ³Ê ËµÉµ´Ò ¸ ¡µ²ÓÏµ° ¢¥·µÖÉ´µ¸ÉÓÕ ¶µ±¨¤ ÕÉ ¸¨¸É¥³Ê ¡¥§ ¶¥-
·¥· ¸¸¥Ö´¨Ö ¨, ¸²¥¤µ¢ É¥²Ó´µ, ´¥¸ÊÉ ¨´Ëµ·³ Í¨Õ µ ¸¢µ°¸É¢ Ì ¸·¥¤Ò, £¤¥ µ´¨
·µ¤¨²¨¸Ó. �É  ¨´Ëµ·³ Í¨Ö µÉ´µ¸¨É¸Ö ±µ ¢¸¥° ¨¸Éµ·¨¨ Ô¢µ²ÕÍ¨¨ ¨¸ÉµÎ´¨± 
Î ¸É¨Í. �¸µ¡¥´´µ Í¥´´µ° Ö¢²Ö¥É¸Ö ¨´Ëµ·³ Í¨Ö µ · ´´¥° ¸É ¤¨¨ ¸Éµ²±´µ¢¥-
´¨Ö. �Éµ ±µ´É· ¸É¨·Ê¥É ¸  ¤·µ´´µ° ¨´Ëµ·³ Í¨¥°. �¤·µ´Ò ¨§-§  ¡µ²ÓÏµ£µ
¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ³´µ£µ±· É´µ ¶¥·¥· ¸¸¥¨¢ ÕÉ¸Ö, ¨ ¨Ì ¸¶¥±É· µÉ· -
¦ ¥É ¸µ¸ÉµÖ´¨¥ ¸¨¸É¥³Ò ²¨ÏÓ ´  ±µ´¥Î´µ° ¸É ¤¨¨ ¥e · ¸Ï¨·¥´¨Ö. ’ ±¨³
µ¡· §µ³, ËµÉµ´´Ò° ¨  ¤·µ´´Ò° §µ´¤Ò ¤ ÕÉ ¢§ ¨³µ¤µ¶µ²´ÖÕÐÊÕ ¨´Ëµ·³ -
Í¨Õ. �É  ¶·µ¸É Ö ± ·É¨´  ¶µÖ¸´Ö¥É, ¶µÎ¥³Ê É ± ³´µ£µ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¨ É¥µ·¥É¨Î¥¸±¨Ì · ¡µÉ ¶µ¸¢ÖÐ¥´µ ¨¸¸²¥¤µ¢ ´¨Õ �”: µ´¨ ³µ£²¨ ¡Ò ¸²Ê¦¨ÉÓ
§µ´¤µ³ ¸¨¸É¥³Ò ´  · ´´¥° ¸É ¤¨¨ ¥e Ô¢µ²ÕÍ¨¨.

Ÿ¢²¥´¨¥ �” ¨¸¸²¥¤µ¢ ´µ ¢ ·Ö¤¥ · ¡µÉ, ¸³., ´ ¶·¨³¥·, [53,54] ¨ ¸¸Ò²±¨ ¢
´¨Ì. �” µ¡´ ·Ê¦¥´Ò ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ¶·µÉµ´µ¢ ¸ ¶·µÉµ´ ³¨,  ´É¨¶·µÉµ-
´ ³¨ ¨ Ö¤· ³¨ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨¨ Ecm = 17−1800 ƒÔ‚. ‚ µ¸´µ¢´µ³, ¤ ´´Ò¥
µÉ´µ¸ÖÉ¸Ö ± ¨´É¥·¢ ²Ê ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  pγ 	 2−3 ƒÔB/c, Ì · ±É¥·´µ¥

¸¥Î¥´¨¥ ·µ¦¤¥´¨Ö �” ¸µ¸É ¢²Ö¥É E
d3σ

dp3
≈ 1−10 ´¡/ƒÔ‚2. ‘µ¢µ±Ê¶´µ¸ÉÓ

¤ ´´ÒÌ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ µ¶¨¸Ò¢ ¥É¸Ö É¥µ·¨¥° ¢µ§³ÊÐ¥´¨° ¢ Š•„. ‚ Ô±¸-
¶¥·¨³¥´É¥ WA-98 �” ´ ¡²Õ¤¥´Ò ¢ Í¥´É· ²Ó´ÒÌ Pb + Pb-¸Éµ²±´µ¢¥´¨ÖÌ ¶·¨
Ô´¥·£¨¨ ¶ÊÎ±  158 A·ƒÔ‚ [55]. ˆÌ ¢ÒÌµ¤ ¢ ¤¢  · §  ¶·¥¢µ¸Ìµ¤¨É ¶·¥¤¸± § -
´¨¥ Š•„. �ÉµÉ ·¥§Ê²ÓÉ É  ¢Éµ·Ò µ¡ÑÖ¸´ÖÕÉ ¸ ¶µ³µÐÓÕ £¨¤·µ¤¨´ ³¨Î¥¸±µ°
³µ¤¥²¨ ¶·¨ ´ ²¨Î¨¨ Šƒ�. �¤´ ±µ µ¤´µ§´ Î´µ¸ÉÓ É ±µ£µ µ¡ÑÖ¸´¥´¨Ö ´¥²Ó§Ö
¸Î¨É ÉÓ ¤µ± § ´´µ°.

�¸µ¡µ£µ ¢´¨³ ´¨Ö § ¸²Ê¦¨¢ ÕÉ �” ´¨§±µ° Ô´¥·£¨¨ p⊥ � 0,1 ƒÔ‚/c,
x � 0,01. Œµ¦´µ ¶·µÍ¨É¨·µ¢ ÉÓ ·Ö¤ ¶Ê¡²¨± Í¨°, £¤¥ ¨§³¥·¥´ ¸¶¥±É· Ëµ-
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�¨¸. 20.  ) ‘· ¢´¥´¨¥ ¸¶¥±É·  ËµÉµ´µ¢ ³ ²µ° Ô´¥·£¨¨ ¸ É¥µ·¥É¨Î¥¸±¨³¨ · ¸ÎeÉ ³¨.
CQGP Å ³µ¤¥²Ó Ìµ²µ¤´µ° Šƒ�. ”µÉµ´Ò µÉ · ¸¶ ¤  ¨§¢¥¸É´ÒÌ ·¥§µ´ ´¸µ¢ ¨¸±²ÕÎ¥´Ò
[56, 59]; ¡) ‘¶¥±É· ËµÉµ´µ¢ ´¨§±µ° Ô´¥·£¨¨. ”µÉµ´Ò µÉ · ¸¶ ¤  ¨§¢¥¸É´ÒÌ ·¥§µ´ ´¸µ¢
¶·¥¤¸É ¢²¥´Ò £¨¸Éµ£· ³³µ°, · ¸¸Î¨É ´´µ° ³¥Éµ¤µ³ Œµ´É¥-Š ·²µ [57]

Éµ´µ¢ ³ ²µ° Ô´¥·£¨¨ ¢ ¸. Í. ³. �± §Ò¢ ¥É¸Ö, ¨Ì ¢ÒÌµ¤ ¢ 5Ä8 · § ¶·¥¢µ¸Ìµ¤¨É
¶·¥¤¸± § ´¨¥ É¥µ·¨¨. �Éµ K+p- ¨ pp̄-¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¨ 70 ƒÔ‚ [56, 57] ¨
π±p- ¨ K+p-¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¨ 250 ¨ 280 ƒÔ‚ [58, 59]. �¥±µÉµ·Ò¥ ·¥§Ê²Ó-
É ÉÒ ¶µ± § ´Ò ´  ·¨¸. 20,  , ¡. ˆ§¡ÒÉµ± �” ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´ ¸ ´¥¨§¢¥¸É-
´Ò³¨ Ë¨§¨Î¥¸±¨³¨ ¶·µÍ¥¸¸ ³¨. ‚ · ¡µÉ¥ [60] ¶·¥¤¶µ² £ ¥É¸Ö µ¡· §µ¢ ´¨¥ ¢
 ¤·µ´´µ³ £ §¥ µ¡² ¸É¨ (¶ÖÉ´ ) Ìµ²µ¤´µ° Šƒ� (³µ¤¥²Ó CQGP). �¢Éµ·Ò ¶µ-
² £ ÕÉ, ÎÉµ Ìµ²µ¤´Ò¥ ¶ ·Éµ´Ò ³¥¤²¥´´µ ·¥±µ³¡¨´¨·ÊÕÉ ¢  ¤·µ´Ò, ¶µÔÉµ³Ê
Ìµ²µ¤´ Ö Šƒ� ¨³¥¥É ¡µ²ÓÏµ¥ ¢·¥³Ö ¦¨§´¨ ¨ µ± §Ò¢ ¥É¸Ö ¨¸ÉµÎ´¨±µ³ ´¨§±µ-
Ô´¥·£¥É¨Î¥¸±¨Ì �”. ‚ · ¡µÉ¥ [61] · ¸¸³ É·¨¢ ¥É¸Ö ¶ÖÉ´µ Ìµ²µ¤´µ£µ ¶¨µ´´µ£µ
£ § . Œ¥¤²¥´´Ò¥ ¶¨µ´Ò ³´µ£µ±· É´µ µÉ· ¦ ÕÉ¸Ö µÉ £· ´¨ÍÒ £µ·ÖÎ¥° ¨ Ìµ-
²µ¤´µ° µ¡² ¸É¥°, §  ¸ÎeÉ Î¥£µ Ìµ²µ¤´µ¥ ¶ÖÉ´µ ¨³¥¥É ¡µ²ÓÏµ¥ ¢·¥³Ö ¦¨§´¨ ¨
¨§²ÊÎ ¥É �” ¸ ³ ²µ° Ô´¥·£¨¥° ¢ ¸. Í. ³.

ˆ¸¸²¥¤µ¢ ´¨¥ �” ¶·¥¤¸É ¢²Ö¥É¸Ö µ¸µ¡¥´´µ ¨´É¥·¥¸´Ò³ ¢ · ³± Ì ¤ ´´µ£µ
¶·¥¤²µ¦¥´¨Ö, É ± ± ± §¤¥¸Ó ¶² ´¨·Ê¥É¸Ö ¨³¥ÉÓ ¤¥²µ ¸ ¸¨¸É¥³µ° ¸ ¢Ò¸µ±µ°
¶²µÉ´µ¸ÉÓÕ. � ·Éµ´´Ò° ± ¸± ¤, ¶·¨¢µ¤ÖÐ¨° ± ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸É¨
Î ¸É¨Í ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨, ¸µ¤¥·¦¨É ¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ ¶µ¤¶·µÍ¥¸¸µ¢
(¶¥·¥· ¸¸¥Ö´¨Ö, ¶¥É²¨ ¨ ¤·.), ¨ ³´µ£¨¥ ¨§ ´¨Ì ¸µ¶·µ¢µ¦¤ ÕÉ¸Ö Éµ·³µ§´Ò³
¨§²ÊÎ¥´¨¥³. Š·µ³¥ Éµ£µ, ¶·¨ ¡µ²ÓÏµ° ¶²µÉ´µ¸É¨  ¤·µ´µ¢ ¶·¥¤¸± §Ò¢ ¥É¸Ö
¢µ§´¨±´µ¢¥´¨¥ ¤µ¶µ²´¨É¥²Ó´µ£µ ¨¸ÉµÎ´¨±  γ [62]: ÔÉµ  ´´¨£¨²ÖÍ¨Ö ¶¨µ´µ¢
π+π− → nγ. ‚¡²¨§¨ ÉµÎ±¨ Ë §µ¢µ£µ ¶¥·¥Ìµ¤  Ê³¥´ÓÏ ¥É¸Ö ³ ¸¸  ±µ´¸É¨ÉÊ-
¥´É´ÒÌ ±¢ ·±µ¢ Å µ´¨ É¥·ÖÕÉ £²Õµ´´ÊÕ ÏÊ¡Ê, ÎÉµ É ±¦¥ ¢¥¤eÉ ± Ê¢¥²¨Î¥´¨Õ
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¨§²ÊÎ¥´¨Ö Éµ·³µ§´ÒÌ ËµÉµ´µ¢. …¸²¨ ÔÉµÉ ¶·µÍ¥¸¸ ¡Ê¤¥É µÉ±·ÒÉ, µ´ ¶µ¸²Ê¦¨É
¥Ðe µ¤´¨³ ¨´¸É·Ê³¥´Éµ³ ¨§³¥·¥´¨Ö ¶²µÉ´µ¸É¨ ¨ É¥³¶¥· ÉÊ·Ò ¸¨¸É¥³Ò.

Œµ¦´µ ¶·¥¤²µ¦¨ÉÓ ¥Ð¥ µ¤¨´ ³¥Ì ´¨§³: Ë §µ¢Ò°  ´ ²¨§ · ¸¸¥Ö´¨Ö ¶¨µ-
´µ¢ ¶·¨ ´¨§±µ° Ô´¥·£¨¨ ¶µ± §Ò¢ ¥É, ÎÉµ ³¥¦¤Ê ´¨³¨ ¤¥°¸É¢Ê¥É ¸¨²  ¶·¨ÉÖ-
¦¥´¨Ö, ¶·¨Îe³ µ´  ´¥ ´ ¸ÒÐ ¥É¸Ö ¸ ·µ¸Éµ³ Î¨¸²  Î ¸É¨Í, É ± ± ± ¢¸¥ ¶¨µ´Ò,
¡Ê¤ÊÎ¨ ¡µ§µ´ ³¨, ³µ£ÊÉ ´ Ìµ¤¨ÉÓ¸Ö ¢ µ¤´µ³ ±¢ ´Éµ¢µ³ ¸µ¸ÉµÖ´¨¨. �É·¨Í -
É¥²Ó´Ò° ¶µÉ¥´Í¨ ² ³µ¦¥É ¤µ¸É¨£ ÉÓ ¡µ²ÓÏµ£µ  ¡¸µ²ÕÉ´µ£µ §´ Î¥´¨Ö ¨ ¶·¨-
¢µ¤¨ÉÓ ± µ¡· §µ¢ ´¨Ö ¸É ¡¨²Ó´µ£µ ¶µ ¸¨²Ó´µ³Ê ¢§ ¨³µ¤¥°¸É¢¨Õ ¸Ê¶¥· ¤·µ´ .
‚ ¶·µÍ¥¸¸¥ Ëµ·³¨·µ¢ ´¨Ö É ±µ° Î ¸É¨ÍÒ, ±µ£¤  µÉ¤¥²Ó´Ò¥ ¶¨µ´Ò ¶ ¤ ÕÉ ¢
´¨§Ï¥¥ ±¢ ´Éµ¢µ¥ ¸µ¸ÉµÖ´¨¥, ¤µ²¦´Ò ¨§²ÊÎ ÉÓ¸Ö ³Ö£±¨¥ ËµÉµ´Ò. � §Ê³´µ
¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ¸Ê¶¥· ¤·µ´ ¨³¥¥É ±¢ ´Éµ¢ ´´Ò¥ Ô´¥·£¥É¨Î¥¸±¨¥ Ê·µ¢´¨.
’µ£¤  ¸¶¥±É· ËµÉµ´µ¢ ¡Ê¤¥É ¨³¥ÉÓ ²¨´¥°Î ÉÒ° Ì · ±É¥·. �±¸¶¥·¨³¥´É ¶µ-
± §Ò¢ ¥É, ÎÉµ ¨¸±µ³Ò¥ �” ²µ± ²¨§µ¢ ´Ò ¢ ³ ²µ³ ¨´É¥·¢ ²¥ ¨´¢ ·¨ ´Éµ¢ xF

¨ pT . �Éµ §´ Î¨É, ÎÉµ ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¨¸ÉµÎ´¨± ¨³¥¥É ³ ²ÊÕ ¸±µ·µ¸ÉÓ ¢
¸. Í. ³. Š·µ³¥ Éµ£µ, ´¥±µÉµ· Ö Î ¸ÉÓ ¸¢¥·Ì ¤·µ´µ¢ ¡Ê¤¥É ¨³¥ÉÓ ³ ²ÊÕ ¶·µ-
¥±Í¨Õ ¸±µ·µ¸É¨ ´  ´ ¶· ¢²¥´¨¥ ·¥£¨¸É· Í¨¨, ¶µÔÉµ³Ê § ¤ Î  ´ ¡²Õ¤¥´¨Ö
²¨´¥°Î Éµ£µ ¸¶¥±É·  γ ± ¦¥É¸Ö ¢¶µ²´¥ µ¡µ¸´µ¢ ´´µ°.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ �”, ±µÉµ·Ò¥ §¤¥¸Ó µ¡¸Ê¦¤ ÕÉ¸Ö, ¨³¥ÕÉ Ô´¥·£¨Õ
¢ ¸. Í. ³. Ecm � 20 ŒÔ‚ ¨²¨ ¤²¨´Ê ¢µ²´Ò λ � 60 Ë³. �Î¥¢¨¤´µ, ÔÉ  ¢¥²¨Î¨´ 
§´ Î¨É¥²Ó´µ ¡µ²ÓÏ¥ · §³¥·   ¤·µ´´µ° ¸¨¸É¥³Ò. ’ ±¨¥ ËµÉµ´Ò, ¢¥·µÖÉ´µ,
¨§²ÊÎ ÕÉ¸Ö ¸¨¸É¥³µ° ¢ Í¥²µ³,   ´¥ µÉ¤¥²Ó´Ò³¨ ¥e Î ¸ÉÖ³¨ ¨²¨ Î ¸É¨Í ³¨. ‚
± Î¥¸É¢¥ ´µ¢µ£µ Ë¨§¨Î¥¸±µ£µ ³¥Ì ´¨§³ , µÉ¢¥É¸É¢¥´´µ£µ §  Ô³¨¸¸¨Õ �” ¸ ³ -
²µ° Ô´¥·£¨¥°, ³µ¦´µ · ¸¸³µÉ·¥ÉÓ ¸²¥¤ÊÕÐÊÕ ± ·É¨´Ê. •µ²µ¤´ Ö ¨ ¶²µÉ´ Ö
 ¤·µ´´ Ö ¸¨¸É¥³  (¶·¥¤¸É ¢²ÖÕÐ Ö ¸µ¡µ° É·¨ ´¥§ ¢¨¸¨³ÒÌ ±µ´¤¥´¸ É  π+,
π−, π0) ¨¸¶ÒÉÒ¢ ¥É ¤ ¢²¥´¨¥ ¢´¥Ï´¥£µ ¢ ±ÊÊ³ , ¸µ¶µ¸É ¢¨³µ¥ ¸ ¢´ÊÉ·¥´´¨³
¤ ¢²¥´¨¥³  ¤·µ´´µ£µ £ § . ’µ£¤  ¸¨¸É¥³  ³µ¦¥É ¤µ¸É ÉµÎ´µ ¤²¨É¥²Ó´µ¥ ¢·¥³Ö
´ Ìµ¤¨ÉÓ¸Ö ¢ ±¢ §¨¸É Í¨µ´ ·´µ³ ¸µ¸ÉµÖ´¨¨ ¨ ¨³¥ÉÓ µ¶·¥¤¥²e´´Ò¥ Ô´¥·£¥É¨-
Î¥¸±¨¥ Ê·µ¢´¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ µ¤´µÎ ¸É¨Î´Ò³ ¨²¨ ±µ²²¥±É¨¢´Ò³ ¤¢¨¦¥-
´¨Ö³. �¥·¥Ìµ¤Ò ³¥¦¤Ê ´¨³¨ ¨ ´ ¡²Õ¤ ÕÉ¸Ö ± ± ¨´É¥´¸¨¢´µ¥ ¨§²ÊÎ¥´¨¥ �”
¸ ´¥µ¡ÒÎ´µ ³ ²µ° ¤²Ö  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢ Ô´¥·£¨¥°.

2. �Š‘�…�ˆŒ…�’�‹œ��Ÿ “‘’���‚Š�

2.1. ‘Ì¥³  Ê¸É ´µ¢±¨. ”¨§¨Î¥¸± Ö ¶·µ£· ³³  ¨¸¸²¥¤µ¢ ´¨° µ¶·¥¤¥²Ö¥É
¶ · ³¥É·Ò Ê¸É ´µ¢±¨. �¸´µ¢´Ò¥ É·¥¡µ¢ ´¨Ö ±  ¶¶ · ÉÊ·¥ ¸µ¸ÉµÖÉ ¢ ¸²¥¤ÊÕ-
Ð¥³.

Å ˆ¸¸²¥¤µ¢ ´¨¥ ¢Ò¶µ²´Ö¥É¸Ö ´  ¢Ò¢¥¤¥´´µ³ ¶ÊÎ±¥ ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥°
50Ä70 ƒÔ‚ ¨ ¨´É¥´¸¨¢´µ¸ÉÓÕ ∼ 107 ¢ Í¨±²¥ Ê¸±µ·¨É¥²Ö.

Å ˆ¸¶µ²Ó§ÊÕÉ¸Ö ²e£±¨¥ Ö¤¥·´Ò¥ ³¨Ï¥´¨ (LiD2, Be) ¨ ¦¨¤±µ¢µ¤µ·µ¤´ Ö
³¨Ï¥´Ó.
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Å “¸É ´µ¢±  ¸¶µ¸µ¡´  ¤¥É¥±É¨·µ¢ ÉÓ ¸ ¢Ò¸µ±µ° ÔËË¥±É¨¢´µ¸ÉÓÕ ¸µ¡Ò-
É¨Ö ¸ ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ § ·Ö¦¥´´ÒÌ Î ¸É¨Í (20Ä40) ¨ γ-±¢ ´Éµ¢.
Œ´µ¦¥¸É¢¥´´µ¸ÉÓ ËµÉµ´µ¢ ¸µ¸É ¢²Ö¥É � 100. �¨¦´¨° Ô´¥·£¥É¨Î¥¸±¨° ¶µ·µ£
·¥£¨¸É· Í¨¨ ËµÉµ´µ¢ Å ∼ 50 ŒÔ‚.

Å ‘¨¸É¥³  É·¨££¥·  ¸¶µ¸µ¡´  µÉ¡¨· ÉÓ ·¥¤±¨¥ ¸µ¡ÒÉ¨Ö ¸ ³´µ¦¥¸É¢¥´-
´µ¸ÉÓÕ nπ = 20−40. �·¨ ÔÉµ³ ±µÔËË¨Í¨¥´É ¶µ¤ ¢²¥´¨Ö ¸µ¡ÒÉ¨° ¸ ´¨§±µ°
³´µ¦¥¸É¢¥´´µ¸ÉÓÕ nπ < 20 ¸µ¸É ¢²Ö¥É 104.

Å Œ £´¨É´Ò° ¸¶¥±É·µ³¥É· ¨³¥¥É · §·¥Ï¥´¨¥ δp/p ≈ 1,5 % ¢ ¨´É¥·¢ ²¥
¨³¶Ê²Ó¸  p = 0,3−5,0 ƒÔ‚/c.

�¥·¢Ò° ÔÉ ¶ ¨¸¸²¥¤µ¢ ´¨° ¶·¥¤² £ ¥É¸Ö ¢Ò¶µ²´¨ÉÓ ¸ ¶µ³µÐÓÕ ¤¥°¸É¢Ê-
ÕÐ¥° ´  “-70 Ê¸É ´µ¢±¨ ‘‚„-2 Å ¸¶¥±É·µ³¥É·a ¸ ¢¥·Ï¨´´Ò³ ¤¥É¥±Éµ·µ³,
±µÉµ· Ö ¸µ§¤ ´  µ¡Ñ¥¤¨´¥´¨¥³ ‘‚„ [64]. ‘Ì¥³  Ê¸É ´µ¢±¨ ‘‚„ ¨ ¥e ¢¥·Ï¨´-
´Ò° ¤¥É¥±Éµ· (‚„) ¶µ± § ´Ò ´  ·¨¸. 21 ¨ 22.

�¨¸. 21. ‘Ì¥³  Ê¸É ´µ¢±¨ ‘‚„ ´  “-70. ‘1, ‘2 Å ¶ÊÎ±µ¢Ò° ¸Í¨´É¨²²ÖÍ¨µ´´Ò° ¨ Si-
£µ¤µ¸±µ¶; ‘3, ‘4 Å ³¨Ï¥´´ Ö ¸É ´Í¨Ö ¨ ¢¥·Ï¨´´Ò° Si-¤¥É¥±Éµ·; 1, 2, 3 Å É·¥±µ¢ Ö
¸¨¸É¥³  ´  ¤·¥°Ëµ¢ÒÌ É·Ê¡± Ì; 4 Å ¶·µ¶µ·Í¨µ´ ²Ó´Ò¥ ± ³¥·Ò ³ £´¨É´µ£µ ¸¶¥±É·µ-
³¥É· ; 5 Å ¶µ·µ£µ¢Ò° Î¥·¥´±µ¢¸±¨° ¸ÎeÉÎ¨±; 6 Å ¸Í¨´É¨²²ÖÍ¨µ´´Ò° £µ¤µ¸±µ¶; 7 Å
Ô²¥±É·µ³ £´¨É´Ò° ± ²µ·¨³¥É·
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�¨¸. 22. ‘Ì¥³  ¢¥·Ï¨´´µ£µ Si-¤¥É¥±Éµ·  Ê¸É ´µ¢±¨ ‘‚„

‘‚„-¸¶¥±É·µ³¥É· ¸µ§¤ ´ ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ·µ¦¤¥´¨Ö ¨ · ¸¶ ¤  µÎ ·µ¢ ´-
´ÒÌ Î ¸É¨Í, ´µ µ´ ¨³¥¥É µ¸´µ¢´Ò¥ ±µ³¶µ´¥´ÉÒ, ´¥µ¡Ìµ¤¨³Ò¥ ¤²Ö ¢Ò¶µ²´¥´¨Ö
Ë¨§¨Î¥¸±µ° ¶·µ£· ³³Ò ¶·µ¥±É  ®’¥·³ ²¨§ Í¨Ö¯. „²Ö  ¤ ¶É Í¨¨ Ê¸É ´µ¢±¨
‘‚„ ± § ¤ Î ³ ¶·µ¥±É  ¶·¥¤¶µ² £ ¥É¸Ö ¢Ò¶µ²´¨ÉÓ ³µ¤¥·´¨§ Í¨Õ ‘‚„ ¶µ
¸²¥¤ÊÕÐ¨³ ¶µ§¨Í¨Ö³:

1) ¤µ¶µ²´¨ÉÓ ³¨Ï¥´´ÊÕ ¸É ´Í¨Õ ³¨Ï¥´ÓÕ ¨§ ²e£±¨Ì Ö¤¥·: LiD ¨²¨ Be;
2) ¸µ§¤ ÉÓ ¦¨¤±µ¢µ¤µ·µ¤´ÊÕ ³¨Ï¥´Ó;
3) ¸µ§¤ ÉÓ ¤µ¶µ²´¨É¥²Ó´ÊÕ É·¥±µ¢ÊÕ ¸¨¸É¥³Ê ´  ¡ §¥ ¤·¥°Ëµ¢ÒÌ É·Ê¡µ±;
4) ¸µ§¤ ÉÓ ¸¨¸É¥³Ê É·¨££¥·  ¤²Ö µÉ¡µ·  ¸µ¡ÒÉ¨° ¸ ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´-

´µ¸ÉÓÕ.

2.2. Œ¨Ï¥´¨. „²Ö · §³¥Ð¥´¨Ö ³¨Ï¥´¨ ¢ ¤ ´´µ° ±µ´¸É·Ê±Í¨¨ Ê¸É ´µ¢±¨
¨³¥¥É¸Ö ¶·µ¸É· ´¸É¢µ ¢¤µ²Ó ¶ÊÎ±  7 ¸³. �·¨ ÔÉµ³ ³¨Ï¥´Ó ¨§ ¡¥·¨²²¨Ö ³µ¦¥É
¨³¥ÉÓ Éµ²Ð¨´Ê h = 13,0 £/¸³2. Œ£´µ¢¥´´ Ö ¸¢¥É¨³µ¸ÉÓ ³¨Ï¥´¨ (¢ ¶·¥¤¥² Ì
· ¸ÉÖ¦±¨ ¶ÊÎ±  τspill = 1 ¸) ¸µ¸É ¢²Ö¥É L = I×h×NAv/A = 8,7·1030 ¸³−2¸−1

¶·¨ ¨´É¥´¸¨¢´µ¸É¨ ¶ÊÎ±  107 ¢ Í¨±²¥. „²¨É¥²Ó´µ¸ÉÓ Í¨±²  Ê¸±µ·¥´¨Ö ¸µ¸É -
¢²Ö¥É 7 ¸, ¶µÔÉµ³Ê ¸·¥¤´ÖÖ ¸¢¥É¨³µ¸ÉÓ ¢ ¸¥³Ó · § ³¥´ÓÏ¥ ¨ ¸µ¸É ¢²Ö¥É L̄ =
L/7 = 1,2 · 1030 ¸³−2¸−1. „µ²Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¶ÊÎ±  ¢ ³¨Ï¥´¨ ¸µ¸É ¢²Ö¥É
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r = h/λint = 13,0/75,2 = 1,7 · 10−1. Œ£´µ¢¥´´ Ö ¨ ¸·¥¤´ÖÖ Î ¸ÉµÉÒ ¸µ¡ÒÉ¨°
¥¸ÉÓ ¸µµÉ¢¥É¸É¢¥´´µ Nint = 1,7 × 106 ¸−1 ¨ N̄int = 2,4 · 105 ¸−1. �´ ²µ£¨Î-
´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¦¨¤±µ¢µ¤µ·µ¤´µ° ³¨Ï¥´¨: h = 0,5 £/¸³2, L = 3,0 · 1030,
L̄ = 4,2×1029 ¸³−2¸−1, r = 1,0·10−2, Nint = 1,0·105 ¸−1, N̄int = 1,6·104 ¸−1.

‚ ¤ ´´µ³ Ô±¸¶¥·¨³¥´É¥ ¢ ¦´¥°ÏÊÕ ·µ²Ó ¨£· ¥É ¶·µÉÖ¦e´´ Ö ³¨Ï¥´Ó.
� ¸¶·¥¤¥²¥´¨¥ ¸µ¡ÒÉ¨° ¢§ ¨³µ¤¥°¸É¢¨Ö ¶ÊÎ±  ¸ Ö¤· ³¨ ³¨Ï¥´¨ ¶µ ¥e µ¡Ñe³Ê
¸´¨¦ ¥É ¢¥·µÖÉ´µ¸ÉÓ ´ ²µ¦¥´¨Ö ¤¢ÊÌ ¨²¨ ¡µ²¥¥ ¸µ¡ÒÉ¨° ¢ Ô²¥³¥´É¥ µ¡Ñe³ ,
µ¶·¥¤¥²Ö¥³µ³ · §·¥Ï¥´¨¥³ ‚„. —¥³ ¢ÒÏ¥ ÉµÎ´µ¸ÉÓ ²µ± ²¨§ Í¨¨ ¢¥·Ï¨´Ò,
É¥³ ³¥´ÓÏ¥ Ëµ´ µÉ ´ ²µ¦¥´´ÒÌ ¸µ¡ÒÉ¨°. Šµ²¨Î¥¸É¢¥´´ Ö µÍ¥´±  ¢¥·µÖÉ´µ-
¸É¨ ´ ²µ¦¥´¨° ¤ ´  ¢ ¶. 2.9.

2.3. Š ³¥·Ò É·¥±µ¢µ° ¸¨¸É¥³Ò. ’·¥±µ¢ Ö ¸¨¸É¥³  ´  ¡ §¥ 2304 ¤·¥°-
Ëµ¢ÒÌ É·Ê¡µ± (straw tubes) µ¡µ§´ Î¥´  ´  ·¨¸. 21 ± ± 1, 2, 3. �´  ¤µ-
¶µ²´Ö¥É ±·¥³´¨¥¢Ò° ¢¥·Ï¨´´Ò° ¤¥É¥±Éµ· ¨ ¶µ§¢µ²Ö¥É ´ ¤e¦´µ ¢µ¸¸É ´ ¢²¨-
¢ ÉÓ ³´µ£µÎ ¸É¨Î´Ò¥ ¸µ¡ÒÉ¨Ö ¨ ¶·µ¤µ²¦ ÉÓ É·¥±¨ ¢ ³ £´¨É´Ò° ¸¶¥±É·µ³¥É·.
‘¨¸É¥³  ¸µ¸Éµ¨É ¨§ É·¥Ì ³µ¤Ê²¥° ¸ · §³¥· ³¨ 480 × 483, 700 × 771 ¨
900 × 1059 ³³ (¢Ò¸µÉ  ¨ Ï¨·¨´  ¸µµÉ¢¥É¸É¢¥´´µ). � §³¥·Ò ¢Ò¡· ´Ò ¨§
Ê¸²µ¢¨Ö ¸µµÉ¢¥É¸É¢¨Ö Ê£²µ¢µ³Ê  ±¸¥¶É ´¸Ê ±·¥³´¨¥¢µ£µ ¢¥·Ï¨´´µ£µ ¤¥É¥±-
Éµ·  ¨ ¶¥·¥¤´¥° Î ¸É¨ ³ £´¨É´µ£µ ¸¶¥±É·µ³¥É· . Š ¦¤Ò° ³µ¤Ê²Ó ¸µ¸Éµ¨É
¨§ É·¥Ì ± ³¥·, ¨§³¥·ÖÕÐ¨Ì ±µµ·¤¨´ ÉÒ Î ¸É¨Í X, U, V. Š ³¥·Ò ± ¦¤µ£µ
³µ¤Ê²Ö ¨¤¥´É¨Î´Ò, ´µ U- ¨ V-¤¥É¥±Éµ·Ò ¶µ¢e·´ÊÉÒ µÉ´µ¸¨É¥²Ó´µ µ¸¨ Y ´ 
Ê£²Ò ±10,5◦. Œµ¤Ê²¨ · ¸¶·¥¤¥²¥´Ò ¶µ ¶ÊÎ±Ê ´  ¡ §¥ 950 ³³. Š ³¥·Ò ± -
¦¤µ£µ ³µ¤Ê²Ö ¸¤¢¨´ÊÉÒ ¶µ ¶ÊÎ±Ê ¤·Ê£ µÉ´µ¸¨É¥²Ó´µ ¤·Ê£  ´  100 ³³. Š -
¦¤ Ö ± ³¥·  ¸µ¤¥·¦¨É ¤¢  ¸²µÖ Éµ´±µ¸É¥´´ÒÌ ¤·¥°Ëµ¢ÒÌ É·Ê¡µ±. „¨ ³¥É·
É·Ê¡µ± d = 6 ³³. „²Ö Ê¸É· ´¥´¨Ö ²¥¢µ-¶· ¢µ° ´¥µ¶·¥¤¥²e´´µ¸É¨ ¢ ¨§³¥-
·¥´¨¨ ±µµ·¤¨´ É Î ¸É¨Í É·Ê¡±¨ ¶¥·¢µ£µ ¸²µÖ ¸¤¢¨´ÊÉÒ µÉ´µ¸¨É¥²Ó´µ É·Ê-
¡µ± ¢Éµ·µ£µ ¸²µÖ ´  ¢¥²¨Î¨´Ê · ¤¨Ê¸  d/2. ’µ²Ð¨´  ¸É¥´µ± É·Ê¡µ± (± Éµ-
¤µ¢) µ±µ²µ 70 ³±³. ˆ´Ëµ·³ Í¨Ö ¸Î¨ÉÒ¢ ¥É¸Ö ¸  ´µ¤´ÒÌ ¶·µ¢µ²µ± ¤¨ ³¥É·µ³
30 ³±³. Š ¦¤ Ö ¶·µ¢µ²µ±  (É·Ê¡± ) Ö¢²Ö¥É¸Ö ´¥§ ¢¨¸¨³Ò³ ± ´ ²µ³ ·¥£¨¸É· -
Í¨¨. –¥´É· ²Ó´ Ö §µ´  · §³¥·µ³ 10× 10 ³³ ± ¦¤µ° ± ³¥·Ò ´¥ÎÊ¢¸É¢¨É¥²Ó´ 
± ¶ÊÎ±µ¢Ò³ Î ¸É¨Í ³. ’µÎ´µ¸ÉÓ ¨§³¥·¥´¨Ö ±µµ·¤¨´ ÉÒ ¶µ ¢·¥³¥´¨ ¤·¥°Ë 
150 ³±³. ‚·¥³Ö-Í¨Ë·µ¢Ò¥ ¶·¥µ¡· §µ¢ É¥²¨ ´  ± ¦¤Ò° É·¨££¥·´Ò° ¸¨£´ ² ¶µ-
§¢µ²ÖÕÉ ·¥£¨¸É·¨·µ¢ ÉÓ ´¥¸±µ²Ó±µ ¨³¶Ê²Ó¸µ¢, ¶µ¸²¥¤µ¢ É¥²Ó´µ ¶·¨Ìµ¤ÖÐ¨Ì
¸  ´µ¤  É·Ê¡±¨. „¢ÊÌÉ·¥±µ¢µ¥ · §·¥Ï¥´¨¥ µ¦¨¤ ¥É¸Ö µ±µ²µ 1,5 ³³. � ¸¸ÉµÖ-
´¨¥ ³¥¦¤Ê ³µ¤Ê²Ö³¨ ∼ 150 ³³. �¥·¢Ò° ³µ¤Ê²Ó · ¸¶µ² £ ¥É¸Ö ´  · ¸¸ÉµÖ´¨¨
50 ¸³ µÉ ³¨Ï¥´¨. �Éµ ³ ±¸¨³ ²Ó´ Ö ¢¥²¨Î¨´ , ¢µ§³µ¦´ Ö ¢ ¤ ´´µ° £¥µ³¥-
É·¨¨ Ê¸É ´µ¢±¨. �´  µ¡¥¸¶¥Î¨¢ ¥É ³¨´¨³ ²Ó´µ ¢µ§³µ¦´ÊÕ § £·Ê§±Ê ± ¦¤µ°
É·Ê¡±¨. � ¶·¨³¥·, ¢ ¸µ¡ÒÉ¨¨ ¸ ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ § ·Ö¦¥´´ÒÌ Î ¸É¨Í 30
´  Í¥´É· ²Ó´ÊÕ É·Ê¡±Ê ¶ ¤ ¥É ¢ ¸·¥¤´¥³ N = 4,3 Î ¸É¨Í. ‘·¥¤´¥¥ Î¨¸²µ
Î ¸É¨Í, ¶µ¶ ¢Ï¨Ì ¢ ¶µ²µ¸±Ê ∆x = 0,15 ¸³ (¤¢ÊÌÉ·¥±µ¢µ¥ · §·¥Ï¥´¨¥), ¸µ-
¸É ¢²Ö¥É n̄ = (N/d) · ∆x = 1,1,   ¢¥·µÖÉ´µ¸ÉÓ ´ ²µ¦¥´¨Ö ¤¢ÊÌ É·¥±µ¢ ¥¸ÉÓ

w2 ≈ 2 · 1
2
· n̄2 exp(−n̄) = 40 %. ’ ± ± ± ± ¦¤ Ö É·Ê¡±  · ¡µÉ ¥É ´¥§ -
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¢¨¸¨³µ, Éµ ¢¥·µÖÉ´µ¸ÉÓ ´ ²µ¦¥´¨Ö É·¥±µ¢ ¢ ³µ¤Ê²¥ (6 ¸²µe¢) ¡Ê¤¥É ³¥´ÓÏ¥
¶·¨¢¥¤e´´µ° ¢ÒÏ¥ µÍ¥´±¨.

2.4. ‚¥·Ï¨´´Ò° ¤¥É¥±Éµ·. ‚¥·Ï¨´´Ò° ¤¥É¥±Éµ· (·¨¸. 22) ¸µ§¤ ´ ´ 
µ¸´µ¢¥ ¶µ²µ¸±µ¢ÒÌ ±·¥³´¨¥¢ÒÌ ¸ÎeÉÎ¨±µ¢ ¸ Ï £µ³ 25 ¨ 50 ³±³. �´ ¸µ¸Éµ¨É
¨§ ¸²¥¤ÊÕÐ¨Ì Ô²¥³¥´Éµ¢:

Å ¶ÊÎ±µ¢Ò° É¥²¥¸±µ¶ (Ï¥¸ÉÓ (x, y)-¶²µ¸±µ¸É¥°);
Å  ±É¨¢´ Ö ¶µ²Ê¶·µ¢µ¤´¨±µ¢ Ö ³¨Ï¥´Ó (¶ÖÉÓ ¸¥´¸µ·µ¢ ¸ Ï £µ³ ¶µ²µ¸µ±

1 ³³ ¨ ¤¢¥ ¶ ¸¸¨¢´Ò¥ ³¨Ï¥´¨ Pb ¨ ‘);
Å É·¥±µ¢ Ö ¸¨¸É¥³  (¢µ¸¥³Ó (x, y)-¶²µ¸±µ¸É¥° ¨ ¤¢¥ ±µ¸ÒÌ ¶²µ¸±µ¸É¨).
‘µµÉ´µÏ¥´¨¥ ¸¨£´ ²/ÏÊ³ ¸µ¸É ¢²Ö¥É 10:1. � ¸¸ÉµÖ´¨¥ µÉ Í¥´É·  ³¨Ï¥´¨

¤µ ¶µ¸²¥¤´¥° ±µµ·¤¨´ É´µ° ¶²µ¸±µ¸É¨ · ¢´µ ∼ 100 ³³. ‚·¥³Ö µÍ¨Ë·µ¢±¨
¸¨£´ ²µ¢ ¸µ¸É ¢²Ö¥É 15 ³±¸. �²¥±É·µ´¨±  ·¥£¨¸É· Í¨¨ ¨  ³¶²¨ÉÊ¤´µ£µ  ´ -
²¨§  ¢±²ÕÎ ¥É ²µ£¨±Ê ¢Ò¡µ·±¨ ¸· ¡µÉ ¢Ï¨Ì ¶µ²µ¸µ±, ±µ´É·µ²²¥·Ò ±·¥°Éµ¢
¨ ¨´É¥·Ë¥°¸Ò ¸¢Ö§¨ ¸ �‚Œ.

�´ ²¨§ ¤ ´´ÒÌ ¤ eÉ ¸²¥¤ÊÕÐ¨¥ Ì · ±É¥·¨¸É¨±¨ ¢¥·Ï¨´´µ£µ ¤¥É¥±Éµ· :
±µµ·¤¨´ É´µ¥ · §·¥Ï¥´¨¥ (x, y-±µµ·¤¨´ ÉÒ) ¤²Ö µ¡· ¡µÉ ´´ÒÌ É·¥±µ¢ ¶µ Î¥-
ÉÒ·¥³ ÉµÎ± ³ ¸µ¸É ¢²Ö¥É 10 ³±³; · §·¥Ï¥´¨¥ ¶µ Z-±µµ·¤¨´ É¥ ¢¥·Ï¨´Ò ¸µ-
¡ÒÉ¨Ö ¢ ³¨Ï¥´¨ ¸µ¸É ¢²Ö¥É 130 ³±³. �ËË¥±É¨¢´µ¸ÉÓ ·¥±µ´¸É·Ê±Í¨¨ É·¥±  ¢
¶²µ¸±µ¸É¨ ¶µ Î¥ÉÒ·¥³ ÉµÎ± ³ ¸µ¸É ¢²Ö¥É 97 %.

2.5. Œ £´¨É´Ò° ¸¶¥±É·µ³¥É·. ‚ ¸¶¥±É·µ³¥É·¥ ¨¸¶µ²Ó§Ê¥É¸Ö ³ £´¨É
Œ‘-7�, ¨³¥ÕÐ¨° ¤²¨´Ê ¶µ ¶ÊÎ±Ê 3 ³ ¨  ¶¥·ÉÊ·Ê 1,8 (Ï¨·¨´ ) × 1,3 (¢Ò-
¸µÉ ) ³. �·¨ Éµ±¥ 4000 � ¢ Í¥´É·¥ ³ £´¨É  ¶µ²¥ ¸µ¸É ¢²Ö¥É 1,1 ’². ‚ ¸µ¸É ¢¥
¸¶¥±É·µ³¥É·  ´ Ìµ¤ÖÉ¸Ö 18 ¶²µ¸±µ¸É¥° ¶·µ¶µ·Í¨µ´ ²Ó´ÒÌ ± ³¥· · §³¥·µ³
µ±µ²µ 1 × 1 ³. ˜ £ ¶·µ¢µ²µÎ¥± · ¢¥´ 2 ³³. �´ ²¨§ ¤ ´´ÒÌ ¤ eÉ ¸²¥¤ÊÕÐ¨¥
Ì · ±É¥·¨¸É¨±¨ ¸¶¥±É·µ³¥É· : ¸·¥¤´ÖÖ ÔËË¥±É¨¢´µ¸ÉÓ �Š Å 80 %; ±µµ·-
¤¨´ É´ Ö ÉµÎ´µ¸ÉÓ µ¡· ¡µÉ ´´ÒÌ É·¥±µ¢ Å 1 ³³; · §·¥Ï¥´¨¥ ¶µ ¨³¶Ê²Ó¸Ê
¶ÊÎ±µ¢ÒÌ É·¥±µ¢ (p = 70 ƒÔ‚) Å 3 %; · §·¥Ï¥´¨¥ ¶µ ¨³¶Ê²Ó¸ ³ ¢Éµ·¨Î´ÒÌ
É·¥±µ¢ ∼ 1 %. �²¥±É·µ´¨±  ³ £´¨É´µ£µ ¸¶¥±É·µ³¥É·  ¶µ§¢µ²Ö¥É ·¥£¨¸É·¨·µ-
¢ ÉÓ ¤µ 1,5 ÉÒ¸. ¸µ¡ÒÉ¨° §  µ¤¨´ Í¨±² Ê¸±µ·¨É¥²Ö.

2.6. —¥·¥´±µ¢¸±¨° ¸ÎeÉÎ¨±. �µ·µ£µ¢Ò° ¸ÎeÉÎ¨± ¨³¥¥É 32 ± ´ ²  ·¥£¨-
¸É· Í¨¨ ¸¨£´ ²µ¢ ¸ ”�“. ”�“ ¸´ ¡¦¥´Ò  ±É¨¢´µ° ³ £´¨É´µ° § Ð¨Éµ°. �Ë-
Ë¥±É¨¢´µ¸ÉÓ ·¥£¨¸É· Í¨¨ ¶¨µ´µ¢ ¢ ¨´É¥·¢ ²¥ ¨³¶Ê²Ó¸µ¢ 3Ä30 ƒÔ‚ ¸µ¸É ¢²Ö¥É
70 %. �µ-¢¨¤¨³µ³Ê, ÔÉµ ¸¢Ö§ ´µ ¸ ´¥¤µ¸É ÉµÎ´µ° ±µ³¶¥´¸ Í¨¥° ³ £´¨É´µ£µ
¶µ²Ö ¨ ¢µ§³µ¦´Ò³ ¶µ¶ ¤ ´¨¥³ ¢µ§¤ÊÌ  ¢ · ¤¨ Éµ·, § ¶µ²´¥´´Ò° Ë·¥µ´µ³.

2.7. ƒ ³³ -¤¥É¥±Éµ·. ƒ ³³ -¤¥É¥±Éµ· ¸µ¸Éµ¨É ¨§ 1536 Î¥·¥´±µ¢¸±¨Ì
¸ÎeÉÎ¨±µ¢ ¶µ²´µ£µ ¶µ£²µÐ¥´¨Ö. � ¤¨ Éµ·Ò ¨§ ¸¢¨´Íµ¢µ£µ ¸É¥±²  ¨³¥ÕÉ · §-
³¥· 38 × 38 × 505 ³³ ¨ ¸µ¥¤¨´¥´Ò ¸ ”�“-84-3. �µ²´ Ö ¶µ¶¥·¥Î´ Ö ¶²µÐ ¤Ó
¤¥É¥±Éµ·  ¸µ¸É ¢²Ö¥É 1,8 × 1,2 ³. �´¥·£¥É¨Î¥¸±µ¥ · §·¥Ï¥´¨¥ ´  Ô²¥±É·µ´ Ì
15 ƒÔ‚ · ¢´µ 12 %. ’µÎ´µ¸ÉÓ ¢µ¸¸É ´µ¢²¥´¨Ö ±µµ·¤¨´ ÉÒ γ-±¢ ´É  ∼ 2 ³³.

2.8. ’·¨££¥·. –¥²Ó ´ ¸ÉµÖÐ¥£µ Ô±¸¶¥·¨³¥´É  ¸µ¸Éµ¨É ¢ ·¥£¨¸É· Í¨¨ ·¥¤-
±¨Ì ¸µ¡ÒÉ¨° ¸ ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ ¶¨µ´µ¢ nπ = 20−40. � ·Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥
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¶·¨ ³´µ¦¥¸É¢¥´´µ¸É¨ 35 · ¢´µ ∼5 ´¡. �µ µÉ´µÏ¥´¨Õ ± ¶µ²´µ³Ê ¸¥Î¥´¨Õ ´¥-
Ê¶·Ê£µ£µ pp-¢§ ¨³µ¤¥°¸É¢¨Ö ÔÉ  ¢¥²¨Î¨´  ¸µ¸É ¢²Ö¥É 2 ·10−7. ’ ±¨³ µ¡· §µ³,
± ¸¨¸É¥³¥ É·¨££¥·  ¨  ²£µ·¨É³Ê µ¡· ¡µÉ±¨ ¤ ´´ÒÌ ¶·¥¤ÑÖ¢²ÖÕÉ¸Ö ¢Ò¸µ±¨¥
É·¥¡µ¢ ´¨Ö: µÉµ¡· ÉÓ ·¥¤±¨¥ ¸µ¡ÒÉ¨Ö ¶·¨ ´ ²¨Î¨¨ Ëµ´  (¸µ¡ÒÉ¨Ö ¸ ³´µ¦¥-
¸É¢¥´´µ¸ÉÓÕ nπ < 20), ¶·¥¢ÒÏ ÕÐ¥£µ ÔËË¥±É ¢ ∼ 107 · §.

— ¸ÉµÉ  ¢§ ¨³µ¤¥°¸É¢¨Ö ¶ÊÎ±  ¸ Ö¤¥·´µ° ³¨Ï¥´ÓÕ (´ ¶·¨³¥·, 5 £/¸³2

Be) ¢ ¶·¥¤¥² Ì · ¸ÉÖ¦±¨ ¶ÊÎ±  ¸µ¸É ¢²Ö¥É ∼ 106 c−1. ‘¨¸É¥³  ¸¡µ·  ¤ ´´ÒÌ
³µ¦¥É § ·¥£¨¸É·¨·µ¢ ÉÓ ∼ 102 ³´µ£µÎ ¸É¨Î´ÒÌ ¸µ¡ÒÉ¨° ¢ ¸¥±Ê´¤Ê. �µÔÉµ³Ê
´¥µ¡Ìµ¤¨³µ Ê¸É·µ°¸É¢µ É·¨££¥· , ¶µ¤ ¢²ÖÕÐ¥¥ µ¸´µ¢´µ° ¶µÉµ± ¸µ¡ÒÉ¨° ¸ ³ -
²µ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ nπ < 20 ¢ ∼ 104 · §. �·µ¸Éµ¥ ¨§³¥·¥´¨¥ ¨µ´¨§ Í¨¨
¢ É·¨££¥·´µ³ ¸ÎeÉÎ¨±¥ ´¥ ·¥Ï ¥É § ¤ ÎÊ, É ± ± ± Ö¤¥·´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö
¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¢ ¸ÎeÉÎ¨±¥ ¶µ·µ¦¤ ÕÉ ¸¨£´ ²Ò ¸ ¡µ²ÓÏµ°  ³¶²¨ÉÊ¤µ°,
¨³¨É¨·ÊÕÐ¨¥ ¸µ¡ÒÉ¨Ö ¸ ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ. � ¶·¨³¥·, ¸µ¡ÒÉ¨¥ ¸
³´µ¦¥¸É¢¥´´µ¸ÉÓÕ 30 ¸µ¶·µ¢µ¦¤ ¥É¸Ö Ö¤¥·´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ ¸ ¢¥·µÖÉ´µ-
¸ÉÓÕ 6 %.

�·¥¤¶µ² £ ¥É¸Ö ¶µ¸É·µ¨ÉÓ É·¨££¥· ¸ ¤¢Ê³Ö Ê·µ¢´Ö³¨ ¶·¨´ÖÉ¨Ö ·¥Ï¥´¨Ö.
‘¨£´ ² ¶¥·¢µ£µ Ê·µ¢´Ö ¢Ò· ¡ ÉÒ¢ ¥É¸Ö ¶µ ¶·¥¢ÒÏ¥´¨Õ  ³¶²¨ÉÊ¤Ò µÉ±²¨± 
É·¨££¥·´µ£µ ¸ÎeÉÎ¨±  § ¤ ´´µ£µ ¶µ·µ£  ∼ 10 ³¨Î (³¨Î Å ¸¨£´ ², ¶µ·µ¦¤ ¥-
³Ò° Î ¸É¨Í¥° ¸ ³¨´¨³ ²Ó´µ° ¨µ´¨§ Í¨¥°). �Éµ ¸µ±· Ð ¥É Î ¸ÉµÉÊ ¸µ¡ÒÉ¨°
¢ 10Ä20 · §, É. ¥. ¤µ Ê·µ¢´Ö Î ¸ÉµÉÒ Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. ‚·¥³Ö ·¥Ï¥´¨Ö
¶¥·¢µ£µ Ê·µ¢´Ö · ¢´µ Ï¨·¨´¥ Éµ±µ¢µ£µ ¸¨£´ ²  Si-¤¥É¥±Éµ· , É. ¥. ∼ 40 ´¸. � 
¢Éµ·µ³ Ê·µ¢´¥ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸Î¨ÉÒ¢ ´¨¥ ¸¨£´ ²µ¢ ¸ ¤¢ÊÌ ¶µ²µ¸±µ¢ÒÌ ±·¥³-
´¨¥¢ÒÌ ¸¥´¸µ·µ¢, ¢Ìµ¤ÖÐ¨Ì ¢ ¸µ¸É ¢ ¦¨¢µ° ³¨Ï¥´¨. Š ¦¤Ò° ¸¥´¸µ· ¨³¥¥É
16 ¶µ²µ¸µ±. �Ò¸É· Ö µÍ¨Ë·µ¢±  ¸¨£´ ²µ¢ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ±µ³¶ · Éµ· ³¨. ‘
Í¥²ÓÕ ¤¨¸±·¨³¨´ Í¨¨ ¸¨£´ ²µ¢ µÉ Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¶·µÍ¥¸¸µ· ¨¸-
±²ÕÎ ¥É ¨§ ¤ ²Ó´¥°Ï¥° µ¡· ¡µÉ±¨ ¶µ²µ¸±¨, ¤ ¢Ï¨¥  ³¶²¨ÉÊ¤Ò §´ Î¨É¥²Ó´µ
¡µ²ÓÏ¥ ¸·¥¤´¥£µ §´ Î¥´¨Ö ¶µ µ¡µ¨³ ¸¥´¸µ· ³. �¸É ¢Ï¨¥¸Ö ¸¨£´ ²Ò Ê¸·¥¤´Ö-
ÕÉ¸Ö. …¸²¨ ¸·¥¤´¥¥ §´ Î¥´¨¥ ¶·¥¢ÒÏ ¥É § ¤ ´´Ò° ¶µ·µ£ (´ ¶·¨³¥·, 20 ³¨Î),
Éµ ¢Ò· ¡ ÉÒ¢ ¥É¸Ö É·¨££¥· ¢Éµ·µ£µ Ê·µ¢´Ö. ‚·¥³Ö ·¥Ï¥´¨Ö ¢Éµ·µ£µ Ê·µ¢´Ö
220 ´¸.

ŒÒ µ¡¸Ê¤¨²¨ É·¨££¥· ´  § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ. ‘µ£² ¸´µ Ë¨§¨Î¥¸±µ° ¶·µ-
£· ³³¥ ¨¸¸²¥¤µ¢ ´¨° ·¥£¨¸É· Í¨Ö ËµÉµ´µ¢ ´¥ ³¥´¥¥ ¢ ¦´ . �µÔÉµ³Ê É·¨££¥·
¶¥·¢µ£µ Ê·µ¢´Ö ¤µ²¦¥´ ¡ÒÉÓ ²µ£¨Î¥¸±µ° ¸Ê³³µ° (®¨¯, ®¨²¨¯) ¸¨£´ ² , ¶µ²Ê-
Î¥´´µ£µ ¶µ § ·Ö¦¥´´Ò³ Î ¸É¨Í ³ ach, ¨ ¸¨£´ ²  �ŒŠ:

ach > ach,thr ¨/¨²¨ NEMC > Nthr,EMC

‡¤¥¸Ó NEMC Å Î¨¸²µ ÖÎ¥¥± �ŒŠ, ¢ ±µÉµ·ÒÌ ¸¨£´ ² ¶·¥¢Ò¸¨² ¶µ·µ£ ·¥-
£¨¸É· Í¨¨ µ¤¨´µÎ´µ£µ γ-±¢ ´É , Nthr,EMC Å ³¨´¨³ ²Ó´µ¥ Î¨¸²µ γ-±¢ ´Éµ¢,
¢±²ÕÎ ¥³ÒÌ ¢ É·¨££¥·.

‡¤¥¸Ó ³Ò ´¥ ÊÎ¨ÉÒ¢ ²¨ § £·Ê§±Ê ¸¨¸É¥³Ò É·¨££¥·  Ëµ´µ¢Ò³¨ Î ¸É¨Í ³¨,
¨¤ÊÐ¨³¨, ¢ Î ¸É´µ¸É¨, µÉ £ ²µ ¶ÊÎ± . �µÔÉµ³Ê ¤²Ö § ·Ö¦¥´´µ° ±µ³¶µ´¥´ÉÒ
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³µ¦¥É ¶µÉ·¥¡µ¢ ÉÓ¸Ö É·¨££¥· É·¥ÉÓ¥£µ Ê·µ¢´Ö, µ¸´µ¢ ´´Ò° ´  µ¡· ¡µÉ±¥ ¨´-
Ëµ·³ Í¨¨ ‚„ ¡Ò¸É·Ò³ ¶·µÍ¥¸¸µ·µ³ ¸ Í¥²ÓÕ ¤¨¸±·¨³¨´ Í¨¨ Ëµ´µ¢ÒÌ É·¥-
±µ¢, ´¥  ¸¸µÍ¨¨·µ¢ ´´ÒÌ ¸ ¢¥·Ï¨´µ° ± ¦¤µ£µ ¤ ´´µ£µ ¸µ¡ÒÉ¨Ö, µÉµ¡· ´´µ£µ
É·¨££¥·µ³ ¢Éµ·µ£µ Ê·µ¢´Ö.

2.9. � ²µ¦¥´¨¥ ¸µ¡ÒÉ¨° ¨ ¨Ì Ê¸É· ´¥´¨¥. ƒ² ¢´Ò³ ¨¸ÉµÎ´¨±µ³ Ëµ´  ¢
¤ ´´µ³ Ô±¸¶¥·¨³¥´É¥ Ö¢²ÖÕÉ¸Ö ´ ²µ¦¥´¨Ö ¶ · ¸µ¡ÒÉ¨° ¢ ¶·µ¸É· ´¸É¢¥´´µ-
¢·¥³¥´´µ° µ¡² ¸É¨ ³¥´ÓÏ¥ · §·¥Ï ÕÐ¥° ¸¶µ¸µ¡´µ¸É¨  ¶¶ · ÉÊ·Ò. ’ ±¨¥
´ ²µ¦¥´¨Ö ¢Ò£²Ö¤ÖÉ ± ± ·¥¤±¨¥ ¸µ¡ÒÉ¨Ö ¸ ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ.

�Í¥´¨³ Î ¸ÉµÉÊ ´ ²µ¦¥´¨Ö ¤¢ÊÌ ¸µ¡ÒÉ¨° ¸ ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ nch = 10.
�´¨ ¢Ò£²Ö¤ÖÉ ± ± ¨¸É¨´´Ò¥ ¸µ¡ÒÉ¨Ö ¸ ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ 20. �·¨ ¸¢¥É¨³µ¸É¨
³¨Ï¥´¨ L = 3 ·1030 ¸³−2 · ¸−1 (¡¥·¨²²¨° 2,5 ¸³) Î ¸ÉµÉ  ¨¸É¨´´ÒÌ ¸µ¡ÒÉ¨° ¸
³´µ¦¥¸É¢¥´´µ¸ÉÓÕ nch = 20 ¸µ¸É ¢²Ö¥É N(20) = L ·σ(20) = 3 ·1030 ·15 ³±¡ =
45 ¸−1. — ¸ÉµÉ  ¸µ¡ÒÉ¨° ¸ nch = 10 ¥¸ÉÓ N(10) = L · σ(10) = L · 15 ³¡ =
4,5·104. — ¸ÉµÉ  ´ ²µ¦¥´¨° µ¶·¥¤¥²Ö¥É¸Ö ¢·¥³¥´´Ò³ · §·¥Ï¥´¨¥³ Ê¸É ´µ¢±¨
δτ . �·¨³¥³ · §Ê³´ÊÕ µÍ¥´±Ê ¤²Ö · §·¥Ï¥´¨Ö ¶µ ¢·¥³¥´¨ δτ = 200 ´¸ Å
Ï¨·¨´Ê ¸¶¥±É·µ³¥É·¨Î¥¸±µ£µ ¸¨£´ ²  Si-¤¥É¥±Éµ· . ’µ£¤ 

N(10 + 10) =
1
2
(N(10) · δτ)2 ×

(
1 s

δτ

)
= 210 c−1.

ŒÒ ¢¨¤¨³, ÎÉµ Ëµ´ ´ ²µ¦¥´¨° ¢ 5 · § ¶·¥¢ÒÏ ¥É ÔËË¥±É. �µ §¤¥¸Ó ³Ò · ¸-
¸³µÉ·¥²¨ Éµ²Ó±µ · ¸¶·¥¤¥²¥´¨¥ ¸µ¡ÒÉ¨° ¶µ ¢·¥³¥´¨. „µ¶µ²´¨É¥²Ó´Ò° Ë ±-
Éµ· ¶µ¤ ¢²¥´¨Ö ²µ¦´ÒÌ ¸µ¡ÒÉ¨° ¤ eÉ ‚„. ’µÎ´µ¸ÉÓ µ¶·¥¤¥²¥´¨Ö ¢¥·Ï¨´Ò
¥¸ÉÓ ∆V = ∆X × ∆Y × ∆Z = 0,15 × 0,15 × 0,4 ³³3 (∆X = 3σx ¨
É. ¤.). �¡Ñe³ Ô²¥³¥´É  ³¨Ï¥´¨, µ¡²ÊÎ ¥³Ò° ¶ÊÎ±µ³, ¥¸ÉÓ V = l · πr2, £¤¥
l = 25 ³³ Å ¤²¨´  ³¨Ï¥´¨ ¨ r = 1,5 ³³ Å · ¤¨Ê¸ ¶ÊÎ± . ” ±Éµ· ¶µ¤ ¢²¥-
´¨Ö ´ ²µ¦¥´¨°, µ¶·¥¤¥²Ö¥³Ò° ‚„, ¸µ¸É ¢²Ö¥É R = ∆V/V = 2,5 × 10−5. ‚
·¥§Ê²ÓÉ É¥ µÉ¡µ·  ¸µ¡ÒÉ¨° ¢µ ¢·¥³¥´¨ ¨ ¢ ¶·µ¸É· ´¸É¢¥ ¶µ²ÊÎ ¥³ µÉ´µÏ¥´¨¥
Î¨¸²  ¨¸É¨´´ÒÌ µ¤¨´µÎ´ÒÌ ¸µ¡ÒÉ¨° ± Î¨¸²Ê ¶ ·´ÒÌ ´ ²µ¦¥´¨° 104. ’ -
±¨³ µ¡· §µ³, Ëµ´ ´ ²µ¦¥´¨° ´ ¤e¦´µ ¨¸±²ÕÎ ¥É¸Ö, ¥¸²¨  ¶¶ · ÉÊ·  ¨³¥¥É
Ê± § ´´µ¥ ¢ÒÏ¥ ¢·¥³¥´´µ¥ ¨ ¶·µ¸É· ´¸É¢¥´´µ¥ · §·¥Ï¥´¨¥. �·¨ ´¥µ¡Ìµ¤¨³µ-
¸É¨ ¢·¥³¥´´µ¥ · §·¥Ï¥´¨¥ ³µ¦´µ Ê²ÊÎÏ¨ÉÓ, ¶·¨³¥´¨¢ ¸¥²¥±Éµ· ´ ²µ¦¥´¨°
¸ µÌ· ´´Ò³ ¢·¥³¥´¥³, · ¢´Ò³ Ï¨·¨´¥ Éµ±µ¢µ£µ ¸¨£´ ²  Si-¤¥É¥±Éµ·  40 ´¸.
…Ðe · § µÉ³¥É¨³ ¤¢µÖ±ÊÕ ËÊ´±Í¨Õ ‚„: µ´ ´¥µ¡Ìµ¤¨³ ¤²Ö ¨§³¥·¥´¨Ö Ë¨§¨Î¥-
¸±¨Ì ¶ · ³¥É·µ¢ ¸µ¡ÒÉ¨Ö (Ê£²µ¢ ¨ ¨³¶Ê²Ó¸µ¢ Î ¸É¨Í) ¨ ¤²Ö ¶µ¤ ¢²¥´¨Ö Ëµ´ .

2.10. ˆ³¶Ê²Ó¸´µ¥ ¨ Ê£²µ¢µ¥ · §·¥Ï¥´¨¥  ¶¶ · ÉÊ·Ò. “¸É ´µ¢±  ¤µ²¦´ 
¨³¥ÉÓ ¤µ¸É ÉµÎ´µ ¢Ò¸µ±µ¥ · §·¥Ï¥´¨¥ ¶·¨ ¨§³¥·¥´¨¨ ¨³¶Ê²Ó¸µ¢ ¨ Ê£²µ¢ Î -
¸É¨Í. �Éµ ´¥µ¡Ìµ¤¨³µ ¤²Ö ´ ¡²Õ¤¥´¨Ö ¸É·Ê±ÉÊ·Ò ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨
Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í. ˆ§¢¥¸É´µ, ÎÉµ ±µ··¥²ÖÍ¨µ´´ Ö ËÊ´±Í¨Ö ¶ ·Ò Éµ-

¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í R(q) = 1 + λ exp
(
− q2

2σ2
2

)
¨³¥¥É ¶¨± ¶·¨ q = 0 ¸µ

¸É ´¤ ·É´Ò³ µÉ±²µ´¥´¨¥³ σ2 ≈ 30 ŒÔ‚/c, ¸³., ´ ¶·¨³¥·, ·¨¸. 16. ‡¤¥¸Ó
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q = P1 − P2 Å · §´µ¸ÉÓ Î¥ÉÒ·¥Ì³¥·´ÒÌ ¨³¶Ê²Ó¸µ¢ ¶ ·Ò Î ¸É¨Í. ‘µ-
£² ¸´µ Ê¸²µ¢¨Õ (5) Ï¨·¨´  ±µ··¥²ÖÍ¨µ´´µ£µ ¶¨±  ¢ n-Î ¸É¨Î´µ° ¡µ§µ´´µ°
£·Ê¶¶¥ ¸µ¸É ¢²Ö¥É σn = σ2/

√
n. ‚ ÔÉµ³ Ô±¸¶¥·¨³¥´É¥ ¶² ´¨·Ê¥É¸Ö ´ ¡²Õ-

¤ ÉÓ ��-±µ··¥²ÖÍ¨¨ 10Ä20 Éµ¦¤¥¸É¢¥´´ÒÌ ¶¨µ´µ¢. „²Ö ÔÉµ£µ ¸²ÊÎ Ö ¨³¥¥³
σ16 = 30/

√
16 	 7 ŒÔ‚/c. ‘²¥¤µ¢ É¥²Ó´µ, · §·¥Ï¥´¨¥ Ê¸É ´µ¢±¨ ¶·¨ ¨§³¥-

·¥´¨¨ ¢¥²¨Î¨´Ò q ¤µ²¦´µ ¡ÒÉÓ σq � 7 ŒÔ‚/c. „²Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í
p2 � m2 (´¨¦¥ ³Ò ¶µ² £ ¥³ p = 1 ƒÔ‚/c, ¸³. ·¨¸. 9) ¨ ³ ²µ£µ Ê£²  ³¥¦¤Ê
Î ¸É¨Í ³¨ θ1,2 ≈ 0 ¨³¥¥³

q2 =
m2(p1 − p2)2

|p1||p2|
− |p1||p2|θ2

1,2.

�Í¥´¨³ ¸É ´¤ ·É´µ¥ µÉ±²µ´¥´¨¥ ¢¥²¨Î¨´Ò q ¤²Ö ¤¢ÊÌ ±· °´¨Ì ¸²ÊÎ ¥¢.
1. �Ê¸ÉÓ θ1,2 = 0. ’µ£¤  ¨³¥¥³ σq =

√
2mσp/|p|. ‡¤¥¸Ó |p| ≈ |p1| ≈

|p2| ¨ σp Å ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨Ö ¨³¶Ê²Ó¸ . ˆ§ Ê¸²µ¢¨Ö σq � σn = 7 ŒÔ‚/c
¶µ²ÊÎ ¥³ µÍ¥´±Ê ÉµÎ´µ¸É¨ ¨§³¥·¥´¨Ö ¨³¶Ê²Ó¸ : σp/|p| � 5 %.

2. �Ê¸ÉÓ |p1| = |p2|. ’µ£¤  ¨³¥¥³ σq =
√

2|p|σθ ¨  ´ ²µ£¨Î´µ ¶. 1
¶µ²ÊÎ ¥³ µÍ¥´±Ê ÉµÎ´µ¸É¨ ¨§³¥·¥´¨Ö Ê£²  Ô³¨¸¸¨¨ Î ¸É¨ÍÒ σθ � 4 ³· ¤.

� ¸¸³µÉ·¨³, ± ±¨¥ Ë ±Éµ·Ò µ¶·¥¤¥²ÖÕÉ ¨³¶Ê²Ó¸´µ¥ ¨ Ê£²µ¢µ¥ · §·¥Ï¥-
´¨¥ Ê¸É ´µ¢±¨.

ˆ³¶Ê²Ó¸´µ¥ · §·¥Ï¥´¨¥ µ¶·¥¤¥²Ö¥É¸Ö ÉµÎ´µ¸ÉÓÕ σθ ¨§³¥·¥´¨Ö Ê£²  µÉ-
±²µ´¥´¨Ö Î ¸É¨ÍÒ ¢ ³ £´¨É¥ ¨ µÉ±²µ´ÖÕÐ¥° ¸¶µ¸µ¡´µ¸ÉÓÕ ³ £´¨É :

σp

|p| =
σθ · |p|
0, 3Bl

.

�·µ¢¥¤¥³ µÍ¥´±Ê ¤²Ö ¸²¥¤ÊÕÐ¨Ì ¶ · ³¥É·µ¢ É·¥±µ¢µ° ¸¨¸É¥³Ò (’‘) ¨ ³ £-
´¨É : Éµ²Ð¨´  ± ¦¤µ° ¶²µ¸±µ¸É¨ ‚„ 0,3 ³³ ±·¥³´¨Ö, Éµ²Ð¨´  ± ¦¤µ° ¶²µ¸-
±µ¸É¨ ’‘ §  ³ £´¨Éµ³ (¶·µ¶µ·Í¨µ´ ²Ó´Ò¥ ± ³¥·Ò) 0,2 ³³ ² ¢¸ ´ , ÉµÎ´µ¸ÉÓ
¨§³¥·¥´¨Ö ±µµ·¤¨´ ÉÒ ¢ ± ¦¤µ° ¶²µ¸±µ¸É¨ ‚„ 0,05 ³³ ¨ ’‘ 0,2 ³³, · ¸¸Éµ-
Ö´¨¥ ³¥¦¤Ê ¶²µ¸±µ¸ÉÖ³¨ ‚„ 50 ³³ ¨ ’‘ 100 ³³, µÉ±²µ´ÖÕÐ Ö ¸¶µ¸µ¡´µ¸ÉÓ
³ £´¨É  B · l = 0,5 ’² ·³. �¥§Ê²ÓÉ É: σp/|p| = 1,7 %. �É  µÍ¥´±  ¡²¨§±  ±
Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´µ³Ê · §·¥Ï¥´¨Õ Ê¸É ´µ¢±¨ ‘‚„ (¸³. ¶. 2.5).

“£²µ¢µ¥ · §·¥Ï¥´¨¥ Ê¸É ´µ¢±¨ µ¶·¥¤¥²Ö¥É¸Ö Éµ²Ð¨´µ° ¸É¥´±¨ ¢µ¤µ·µ¤-
´µ° ³¨Ï¥´¨ 0,5 ³³ ² ¢¸ ´  ¨ Ê± § ´´Ò³¨ ¢ÒÏ¥ ¶ · ³¥É· ³¨ ‚„. �¥§Ê²ÓÉ É:
σθ = 2,0 ³· ¤.

’ ±¨³ µ¡· §µ³, É·¥¡µ¢ ´¨Ö, ¢ÒÉ¥± ÕÐ¨¥ ¨§ Ë¨§¨Î¥¸±¨Ì § ¤ Î, ¢Ò¶µ²-
´¥´Ò.

2.11. ‚·¥³Ö · ¡µÉÒ ´  ¶ÊÎ±¥ Ê¸±µ·¨É¥²Ö. ŒÒ ¶² ´¨·Ê¥³ ¨¸¶µ²Ó§µ¢ ÉÓ
¢µ¤µ·µ¤´ÊÕ ³¨Ï¥´Ó ¤²¨´µ° l = 7 ¸³, Ô±¸¶µ´¨·Ê¥³ÊÕ ¢ ¶ÊÎ±¥ ¸ ¨´É¥´¸¨¢-
´µ¸ÉÓÕ ¢ ¶·¥¤¥² Ì · ¸ÉÖ¦±¨ ¶ÊÎ±  (1 ¸) I = 107 ¶·µÉµ´µ¢ ¢ Í¨±²¥. ‘·¥¤-
´ÖÖ ¨´É¥´¸¨¢´µ¸ÉÓ ¥¸ÉÓ Ī = I/7. ‘·¥¤´ÖÖ ¸¢¥É¨³µ¸ÉÓ ³¨Ï¥´¨ ¸µ¸É ¢²Ö¥É
L̄ = Ī · l · ρH2 = 4,2 × 1029 ¸³−2¸−1. ‚ É ¡². 2 ¶·¥¤¸É ¢²¥´  µ¦¨¤ ¥³ Ö
¸±µ·µ¸ÉÓ ·¥£¨¸É· Í¨¨ pp-¢§ ¨³µ¤¥°¸É¢¨° ¸ ¤ ´´µ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ.
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‡  ¸ÊÉ±¨ µ¡²ÊÎ¥´¨Ö ·¥£¨¸É·¨·Ê¥É¸Ö µ±µ²µ 150 ¸µ¡ÒÉ¨° pp-¢§ ¨³µ¤¥°¸É¢¨°
¸ ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ nπ = 35. �  Ö¤¥·´µ° ³¨Ï¥´¨ É¨¶  ¡¥·¨²²¨Ö ¸±µ·µ¸ÉÓ
·¥£¨¸É· Í¨¨ ´  ¶µ·Ö¤µ± ¢ÒÏ¥.

�±¸¶¥·¨³¥´É ³µ¦¥É ¡ÒÉÓ ¢Ò¶µ²´¥´ §  2Ä3 £µ¤  ¶·¨ Ê¸²µ¢¨¨ · ¡µÉÒ ´ 
¶ÊÎ±¥ ¢ É¥Î¥´¨e 1 ³¥¸ÖÍ  ¥¦¥£µ¤´µ.

’ ¡²¨Í  2. ‘±µ·µ¸ÉÓ ¸ÎeÉ 

nπ nch z σ(nπ) N , Î−1

20 15 2,6 0,3 ³¡ 5,0 · 105

30 22 4,0 0,2 ³±¡ 3, 1 · 102

35 28 5,0 5 ´¡ 7
40 34 6,0 10 ¶¡ 1,5 · 10−2

�·¨³¥Î ´¨¥: nπ, nch Å ¶µ²-
´ Ö ³´µ¦¥¸É¢¥´´µ¸ÉÓ ¨ ³´µ¦¥-
¸É¢¥´´µ¸ÉÓ § ·Ö¦¥´´ÒÌ Î ¸É¨Í;
z = n/n̄ Å ¶¥·¥³¥´´ Ö KNO;
σ(nπ) Å ¶ ·Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥;
N Å ¸±µ·µ¸ÉÓ ¸ÎeÉ .

3. �’��› ‚›��‹�…�ˆŸ ���…Š’�

�¥·¢Ò° ÔÉ ¶ Ô±¸¶¥·¨³¥´É , ¢Ò¶µ²´Ö¥³Ò° ´  ³µ¤¥·´¨§¨·µ¢ ´´µ° Ê¸É -
´µ¢±¥ ‘‚„, ¶µ§¢µ²¨É ¨¸¸²¥¤µ¢ ÉÓ ¸µ¡ÒÉ¨Ö ¸ ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ § ·Ö¦¥´´ÒÌ
Î ¸É¨Í nch � 28 ¨ ¶µ²´µ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ nπ � 35. �Éµ µ£· ´¨Î¥´¨¥
¸¢Ö§ ´µ ¸µ ¸²¥¤ÊÕÐ¨³¨ Ë ±Éµ· ³¨.

Å ˆ´É¥´¸¨¢´µ¸ÉÓ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¢ ± ´ ²¥ ‘‚„ µ£· ´¨Î¥´  I ≤ 107 ¢
Í¨±²¥, ÎÉµ ´  ¶µ·Ö¤µ± ³¥´ÓÏ¥, Î¥³ ¤µ¶Ê¸± ¥É Ô²¥±É·µ´¨±  ±·¥³´¨¥¢µ£µ ‚„
¨ É·¥±µ¢ Ö ¸¨¸É¥³  ´  ¤·¥°Ëµ¢ÒÌ É·Ê¡± Ì.

Å ‘ÊÐ¥¸É¢ÊÕÐ Ö ±µ´¸É·Ê±Í¨Ö ¢¥·Ï¨´´µ£µ ¤¥É¥±Éµ·  ‘‚„ ¤µ¶Ê¸± ¥É
Ê¸É ´µ¢±Ê ¦¨¤±µ¢µ¤µ·µ¤´µ° ³¨Ï¥´¨ ¸ ¤²¨´µ° ´¥ ¡µ²¥¥ 7 ¸³ ¢³¥¸Éµ ¢µ§-
³µ¦´ÒÌ 30 ¸³.

Å � §³¥· ¶¥·¢µ£µ ¤Ê¡²¥É  Si-¸ÎeÉÎ¨±µ¢ ¢¥·Ï¨´´µ£µ ¤¥É¥±Éµ·  ‘‚„ ¸µ-
¸É ¢²Ö¥É 1,6 ¸³ ¢³¥¸Éµ 12 ¸³, ±µÉµ·Ò¥ ´¥µ¡Ìµ¤¨³Ò ¤²Ö ·¥£¨¸É· Í¨¨ Î ¸É¨Í ¸
³¨Ï¥´¨ 30 ¸³.

�² ´¨·µ¢ ´¨¥ ¢Éµ·µ£µ ÔÉ ¶  ¨¸¸²¥¤µ¢ ´¨° ¸ Í¥²ÓÕ ´ ¡²Õ¤¥´¨Ö ¸µ¡ÒÉ¨°
¸ ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ ¤µ nch ≈ 35, nπ ≈ 40 ¨²¨ ¢ÒÏ¥ Í¥²¥¸µµ¡· §´µ µÉ²µ-
¦¨ÉÓ ¤µ ¶µ²ÊÎ¥´¨Ö ³¥Éµ¤¨Î¥¸±¨Ì ¨ Ë¨§¨Î¥¸±¨Ì ·¥§Ê²ÓÉ Éµ¢ ¶¥·¢µ£µ ÔÉ ¶ .
�µ²ÊÎ¥´¨¥ ¶ ·Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö σ(n) ¢ · ¸Ï¨·¥´´µ³ ¨´É¥·¢ ²¥ nch ¨ nπ ¨
´ ±µ¶²¥´¨¥ É¥Ì´¨Î¥¸±µ£µ µ¶ÒÉ  ¶µ§¢µ²ÖÉ µ¡µ¸´µ¢ ÉÓ ¢µ§³µ¦´µ¸ÉÓ ¨ ´¥µ¡Ìµ-
¤¨³µ¸ÉÓ ¶·µ¤µ²¦¥´¨Ö ¨¸¸²¥¤µ¢ ´¨° ¢ ÔÉµ³ ´ ¶· ¢²¥´¨¨.

�  ¡µ²¥¥ ¶µ§¤´¥³ ÔÉ ¶¥ Ô±¸¶¥·¨³¥´É  ¢ Ê¸É ´µ¢±Ê ³µ¦¥É ¡ÒÉÓ ¢±²ÕÎ¥´ 
¸¨¸É¥³  ¨§³¥·¥´¨Ö ¢·¥³¥´¨ ¶·µ²eÉ  § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸ ¢·¥³¥´´Ò³ · §·¥-
Ï¥´¨¥³ 50 ¶¸. �´  ¶µ§¢µ²¨É (¢³¥¸É¥ ¸ ³ £´¨É´Ò³ ¸¶¥±É·µ³¥É·µ³) ¨¤¥´É¨-
Ë¨Í¨·µ¢ ÉÓ π-, K-, p-, p̄-, d-Î ¸É¨ÍÒ.
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4. ‘Œ…’� ‡�’��’ ˆ ƒ��”ˆŠ ����’

‘³¥É 
· ¸Ìµ¤µ¢ ¶µ ³µ¤¥·´¨§ Í¨¨ Ê¸É ´µ¢±¨ ‘‚„-2 ¸ Í¥²ÓÕ ¢Ò¶µ²´¥´¨Ö · ¡µÉ

¶¥·¢µ£µ ÔÉ ¶  ¶·µ¥±É  ®’¥·³ ²¨§ Í¨Ö¯

P ¸Ìµ¤Ò, ÉÒ¸. ¤µ²². ‘˜�

�ˆˆŸ” �ˆŸˆ ˆ”‚�

º � ¨³¥´µ¢ ´¨¥ · ¡µÉ Œƒ“

¶/¶

1 Œµ¤¨Ë¨± Í¨Ö ¢¥·Ï¨´´µ£µ ¤¥É¥±Éµ·  ¨
Ô²¥±É·µ´¨±¨

70 10 Å

2 � §· ¡µÉ±  ¨ ¨§£µÉµ¢²¥´¨¥ Ô²¥±É·µ´¨±¨
γ-¤¥É¥±Éµ· 

Å 20 10

3 � §· ¡µÉ±  ¨ ¨§£µÉµ¢²¥´¨¥ ³¨Ï¥´¥° LiH,
LiD

Å 2 1

4 � §· ¡µÉ±  ¨ ¨§£µÉµ¢²¥´¨¥ ¦¨¤±µ¢µ¤µ·µ¤-
´µ° ³¨Ï¥´¨

Å 20 Å

5 ‘µ§¤ ´¨¥ ¸¨¸É¥³Ò É·¨££¥·  ¸µ¡ÒÉ¨° ¡µ²Ó-
Ïµ° ³´µ¦¥¸É¢¥´´µ¸É¨

7 10 2

6 � §· ¡µÉ±  ¨ ¨§£µÉµ¢²¥´¨¥ ¤·¥°Ëµ¢ÒÌ É·Ê-
¡µ± ´  2100 ± ´ ²µ¢ ·¥£¨¸É· Í¨¨ ¸ Ô²¥±É·µ-
´¨±µ° ¤²Ö ¤µ¶µ²´¨É¥²Ó´µ£µ É·¥±¥· 

10 20 Å

7 Œµ¤¨Ë¨± Í¨Ö ¶·µ¶µ·Í¨µ´ ²Ó´ÒÌ ± ³¥·
³ £´¨É´µ£µ ¸¶¥±É·µ³¥É·  ¤²Ö ¡µ²ÓÏµ° ¨´-
É¥´¸¨¢´µ¸É¨ ¶ÊÎ±  I ≈ 107

5 Å Å

8 Œµ¤¨Ë¨± Í¨Ö Î¥·¥´±µ¢¸±µ£µ ¸ÎeÉÎ¨±  ¸ Í¥-
²ÓÕ ¶µ¢ÒÏ¥´¨Ö ¥£µ ÔËË¥±É¨¢´µ¸É¨

5 5 Å

9 Œµ¤¥·´¨§ Í¨Ö ¸¨¸É¥³Ò ¸¡µ·  ¤ ´´ÒÌ 2 5 1

10 Œµ¤¥·´¨§ Í¨Ö ¸¨¸É¥³Ò  ´ ²¨§  ¤ ´´ÒÌ 6 8 6

11 � ±² ¤´Ò¥ · ¸Ìµ¤Ò (8 %) 9,6 6,5 1,7

12 Šµ³ ´¤¨·µ¢µÎ´Ò¥ · ¸Ìµ¤Ò 15 15 Å

‚¸¥£µ 129,6 121,5 26,7

�µ²´ Ö ¸Ê³³  · ¸Ìµ¤µ¢ ¢ 2003Ä2005 ££. 277,8 ÉÒ¸. ¤µ²². ‘˜�
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�² ´-£· Ë¨± · ¡µÉ ¶¥·¢µ£µ ÔÉ ¶  ¶·µ¥±É  ®’¥·³ ²¨§ Í¨Ö¯ Å
³µ¤¥·´¨§ Í¨¨ Ê¸É ´µ¢±¨ ‘‚„-2

� ¨³¥´µ¢ ´¨¥ · ¡µÉ 2003 £. 2004 £. 2005 £.

Œµ¤¨Ë¨± Í¨Ö ¢¥·Ï¨´´µ£µ ¤¥É¥±Éµ· 
¨ Ô²¥±É·µ´¨±¨

� §· ¡µÉ±  ¨ ¨§£µÉµ¢²¥´¨¥ Ô²¥±É·µ-
´¨±¨ γ-¤¥É¥±Éµ· 

� §· ¡µÉ±  ¨ ¨§£µÉµ¢²¥´¨¥ ³¨Ï¥´¥°
LiH, LiD

� §· ¡µÉ±  ¨ ¨§£µÉµ¢²¥´¨¥ ¦¨¤±µ¢µ-
¤µ·µ¤´µ° ³¨Ï¥´¨

‘µ§¤ ´¨¥ ¸¨¸É¥³Ò É·¨££¥·  ¸µ¡ÒÉ¨°
¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸É¨

� §· ¡µÉ±  ¨ ¨§£µÉµ¢²¥´¨¥ ¤·¥°Ëµ-
¢ÒÌ É·Ê¡µ± ´  2100 ± ´ ²µ¢ ·¥£¨¸É· -
Í¨¨ ¤²Ö ¤µ¶µ²´¨É¥²Ó´µ£µ É·¥±¥· 

Œµ¤¨Ë¨± Í¨Ö ¶·µ¶µ·Í¨µ´ ²Ó´ÒÌ ± -
³¥· ¤²Ö ¡µ²ÓÏµ° ¨´É¥´¸¨¢´µ¸É¨
¶ÊÎ±  I ≈ 107

� §· ¡µÉ±  ³ Éµ¡¥¸¶¥Î¥´¨Ö ·¥ ²Ó-
´µ£µ ¢·¥³¥´¨ ¨ ¶ ±¥É´µ° µ¡· ¡µÉ±¨
¤ ´´ÒÌ

�·µ¢¥¤¥´¨¥ ¸¥ ´¸µ¢ ´  “-70∗)

�¡· ¡µÉ±  ¤ ´´ÒÌ ¨ ¶Ê¡²¨± Í¨Ö
·¥§Ê²ÓÉ Éµ¢
∗)‘¥ ´¸Ò · ¡µÉÒ ´  “-70 ¨³¥ÕÉ ¶·µ¤µ²¦¨É¥²Ó´µ¸ÉÓ ¤µ 60 ¸ÊÉµ±. ‚ 2004Ä2005 ££.

¶² ´¨·ÊÕÉ¸Ö ¤¢  ³¥Éµ¤¨Î¥¸±¨Ì ¸¥ ´¸  ¶µ 30 ¸³¥´ ¨ ¸¥ ´¸ ´ ¡µ·  ¸É É¨¸É¨±¨ 120 ¸³¥´.

� ¸¶·¥¤¥²¥´¨¥ · ¸Ìµ¤µ¢ �ˆŸˆ ¶µ £µ¤ ³

ƒµ¤ 2003 2004 2005 ‚¸¥£µ

‚±² ¤, ÉÒ¸. ¤µ²². ‘˜� 52 40 29,5 121,5

‚±² ¤ �ˆˆŸ” Œƒ“ ¢ 2003Ä2005 ££. Å 129,6 ÉÒ¸. ¤µ²². ‘˜�.
‚±² ¤ ˆ”‚� (�·µÉ¢¨´µ) ¢ 2003Ä2005 ££. Å 26,7 ÉÒ¸. ¤µ²². ‘˜�.
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‡�Š‹	—…�ˆ…

–¥²ÓÕ ¶·¥¤² £ ¥³µ£µ ¶·µ¥±É  ®’¥·³ ²¨§ Í¨Ö¯ Ö¢²Ö¥É¸Ö ¨¸¸²¥¤µ¢ ´¨¥ ±µ²-
²¥±É¨¢´µ£µ ¶µ¢¥¤¥´¨Ö Î ¸É¨Í ¢ ¶·µÍ¥¸¸¥ ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö  ¤·µ-
´µ¢ ¢ pp- (¨²¨ pN -) ¢§ ¨³µ¤¥°¸É¢¨¨ pp → nππ + 2N ¶·¨ Ô´¥·£¨¨ ¶ÊÎ± 
Elab = 70 ƒÔ‚. ˆ¸¸²¥¤Ê¥É¸Ö µ¡² ¸ÉÓ ¢Ò¸µ±µ° ³´µ¦¥¸É¢¥´´µ¸É¨ nπ = 20−35,
¨²¨ z = n/n̄ = 3−5. “ ¶µ·µ£  ·¥ ±Í¨¨ nπ → 69, z → zthr = 8,2 ¢¸¥ Î -
¸É¨ÍÒ ¶µ²ÊÎ ÕÉ ³ ²Ò° µÉ´µ¸¨É¥²Ó´Ò° ¨³¶Ê²Ó¸ ∆q < 1/R, £¤¥ R ¥¸ÉÓ · §³¥·
µ¡² ¸É¨ £¥´¥· Í¨¨ Î ¸É¨Í. ‚¸²¥¤¸É¢¨¥ ³´µ£µ¡µ§µ´´µ° ¨´É¥·Ë¥·¥´Í¨¨ ³µ£ÊÉ
¶·µÖ¢¨ÉÓ¸Ö ÔËË¥±ÉÒ ±µ²²¥±É¨¢´µ£µ ¶µ¢¥¤¥´¨Ö Î ¸É¨Í.

�·µÍ¥¸¸Ò £²Ê¡µ±µ° ¤¨¸¸¨¶ Í¨¨ Ô´¥·£¨¨ ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨  ¤·µ´µ¢ ¨
É¥·³ ²¨§ Í¨¨ µ¡· §µ¢ ¢Ï¥°¸Ö ¸¨¸É¥³Ò ¤ ²¥±¨ µÉ ¸±µ²Ó±µ-´¨¡Ê¤Ó ¶µ²´µ£µ ¶µ-
´¨³ ´¨Ö. „ ²Ó´¥°Ï¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ É¥µ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¢
ÔÉµ³ ´ ¶· ¢²¥´¨¨, ¢ Î ¸É´µ¸É¨ ¢ · ³± Ì ¤ ´´µ£µ ¶·µ¥±É , ¶·¨§¢ ´Ò ¶·µ²¨ÉÓ
¸¢¥É ´  ËÊ´¤ ³¥´É ²Ó´Ò¥ µ¸´µ¢Ò Ë¨§¨±¨ Î ¸É¨Í: ±µ´Ë °´³¥´É, ¢ ±ÊÊ³, Ê· ¢-
´¥´¨¥ ¸µ¸ÉµÖ´¨Ö  ¤·µ´´µ° ³ É¥·¨¨ ¨ ¤·.

�¸´µ¢´Ò¥ · §¤¥²Ò Ë¨§¨Î¥¸±µ° ¶·µ£· ³³Ò ¶·µ¥±É  ³µ¦´µ ±µ·µÉ±µ ¸Ëµ·-
³Ê²¨·µ¢ ÉÓ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³.

1. �µ¨¸± ´µ¢ÒÌ Ö¢²¥´¨°
Å ‚ ·¥§Ê²ÓÉ É¥ ³´µ£µ¡µ§µ´´µ° ��Š µ¦¨¤ ¥É¸Ö Ê¢¥²¨Î¥´¨¥ ¶ ·Í¨ ²Ó´µ£µ

¸¥Î¥´¨Ö ·µ¦¤¥´¨Ö nπ ³¥§µ´µ¢ σ(nπ) ¶µ ¸· ¢´¥´¨Õ ¸ ¨§¢¥¸É´Ò³¨ Ô±¸É· ¶µ-
²ÖÍ¨Ö³¨. ‚ µ¡² ¸É¨ nπ � 30, z � 4 Ë ±É¨Î¥¸±µ¥ ¶ ·Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ σ(z)
³µ¦¥É ´  ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢ ¶·¥¢Ò¸¨ÉÓ §´ Î¥´¨¥, ¶µ²ÊÎ¥´´µ¥ Ô±¸É· ¶µ²Ö-
Í¨¥° Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨§ µ¡² ¸É¨ nπ � 25, z � 3,5. ˆ§¢¥¸É´Ò¥
¶µ¶ÒÉ±¨ Ô±¸É· ¶µ²ÖÍ¨¨ ¤¥² ÕÉ¸Ö ´  µ¸´µ¢¥ µ¡Ð¨Ì ¶·¨´Í¨¶µ¢ Š•„ ¨²¨ ¢
 ¤¤¨É¨¢´µ° ±¢ ·±µ¢µ° ³µ¤¥²¨ ¡¥§ ¢±²ÕÎ¥´¨Ö ÔËË¥±Éµ¢ ��Š.

Å �ËË¥±É ��Š ³µ¦¥É ¶·¨¢¥¸É¨ ± Ëµ·³¨·µ¢ ´¨Õ É·eÌ Ê§±¨Ì ¸É·Ê° Éµ-
¦¤¥¸É¢¥´´ÒÌ ¶¨µ´µ¢ π+, π−, π0 ¨²¨ ¶µÖ¢²¥´¨Õ Ìµ²µ¤´ÒÌ ¶ÖÉ¥´ ¢ Ë °¥·¡µ²¥
¢Éµ·¨Î´ÒÌ  ¤·µ´µ¢. �É¨ £¨¶µÉ¥É¨Î¥¸±¨¥ Ö¢²¥´¨Ö ¢ ²¨É¥· ÉÊ·¥ ´ §Ò¢ ÕÉ¸Ö
É ±¦¥ ¶¨µ´´Ò³ ² §¥·µ³, ±² ¸¸¨Î¥¸±¨³ ¶¨µ´´Ò³ ¶µ²¥³ ¨ ¡µ§µ´´Ò³ ±µ´¤¥´-
¸ Éµ³.

Å ‚ µ¡² ¸É¨, ¡²¨§±µ° ± ¶µ·µ£Ê ·¥ ±Í¨¨ pp → nππ + 2N , ¡µ²ÓÏ Ö Î ¸ÉÓ
Î ¸É¨Í ¶µ¶ ¤ ¥É ¢ ®Ìµ²µ¤´µ¥ ¶ÖÉ´µ¯. ‚ ÔÉ¨Ì Ê¸²µ¢¨ÖÌ ¡µ²ÓÏµ° ¶²µÉ´µ¸É¨
¨ ´¨§±µ° É¥³¶¥· ÉÊ·Ò ¢´ÊÉ·¥´´¥¥ ¤ ¢²¥´¨¥ ¢ ¸¨¸É¥³¥ ³µ¦¥É ¡ÒÉÓ ¸· ¢´¨³µ
¸ ¤ ¢²¥´¨¥³ ¢´¥Ï´¥£µ ¢ ±ÊÊ³ . Œ´µ£µ¡µ§µ´´ Ö ±¢ ´Éµ¢ Ö ¸¨¸É¥³  µ± §Ò¢ -
¥É¸Ö ±¢ §¨¸É Í¨µ´ ·´µ°. Œµ¦¥É É ±¦¥ µ¡· §µ¢ ÉÓ¸Ö ³´µ£µÎ ¸É¨Î´µ¥ ¸¢Ö§ ´-
´µ¥ ¸µ¸ÉµÖ´¨¥, É ± ± ± ³¥¦¤Ê ¤¢Ê³Ö ¶¨µ´ ³¨ ¸ ¨§µ¸¶¨´µ³ ´Ê²Ó ¤¥°¸É¢Ê¥É
¸¨²  ¶·¨ÉÖ¦¥´¨Ö. �¥·¥Ìµ¤Ò ³¥¦¤Ê Ê·µ¢´Ö³¨ ³´µ£µÎ ¸É¨Î´µ° ¸¨¸É¥³Ò ¶·¨-
¢µ¤ÖÉ ± Ô³¨¸¸¨¨ ¡µ²ÓÏµ£µ ±µ²¨Î¥¸É¢  ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ËµÉµ´µ¢. �  ÔÉµÉ
Ë¥´µ³¥´ ¨³¥ÕÉ¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ Ê± § ´¨Ö.

Å ˆ¸ÉµÎ´¨±¨ Î ¸É¨Í ³µ£ÊÉ ¡ÒÉÓ ¤¢ÊÌ É¨¶µ¢: Ì µÉ¨Î¥¸±¨¥ ¨ ±µ£¥·¥´É´Ò¥.
�·¥Í¨§¨µ´´µ¥ ¨§³¥·¥´¨¥ ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ R(q) ¶µ§¢µ²Ö¥É µ¶·¥¤¥-
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²¨ÉÓ ¶ · ³¥É·Ò ¨¸ÉµÎ´¨±µ¢: Ì µÉ¨Î´µ¸ÉÓ, ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ° · §-
³¥·, ËÊ´¤ ³¥´É ²Ó´ÊÕ ¤²¨´Ê ±µ··¥²ÖÍ¨¨ ±¢ ´Éµ¢µ£µ ¶µ²Ö ¢ · §²¨Î´ÒÌ ¶·µ-
¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÒÌ ÉµÎ± Ì. ˆ§³¥·¥´¨¥ ³´µ£µÎ ¸É¨Î´µ° ±µ··¥²ÖÍ¨µ´-
´µ° ËÊ´±Í¨¨ Å Éµ¦¥ ¶·¥¤³¥É ¶·¥¤²µ¦¥´¨Ö ¤ ´´µ£µ ¶·µ¥±É .

Å �¦¨¤ ¥É¸Ö, ÎÉµ ��Š ¶·¨¢¥¤ÊÉ ± ¡µ²ÓÏµ° ¢ ·¨ Í¨¨ ³´µ¦¥¸É¢¥´´µ¸É¨
π+-, π−-, π0-¶¨µ´µ¢. �µ²ÓÏ¨¥ Ë²Ê±ÉÊ Í¨¨ § ·Ö¦¥´´µ° ¨ ´¥°É· ²Ó´µ° ±µ³¶µ-
´¥´É ¶·¥¤¸± §Ò¢ ÕÉ¸Ö ¢ ³µ¤¥²ÖÌ ±² ¸¸¨Î¥¸±µ£µ ¶¨µ´´µ£µ ¶µ²Ö ¨ ±¨· ²Ó´µ£µ
±µ´¤¥´¸ É .

2. ‘¨¸É¥³ É¨Î¥¸±µ¥ ¨ ¶·¥Í¨§¨µ´´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ¨§¢¥¸É´ÒÌ Ö¢²¥´¨°
Å �·Ö³Ò¥ ËµÉµ´Ò, µ¸µ¡¥´´µ ¸ ´¨§±µ° Ô´¥·£¨¥° Eγ,cm � 50 ŒÔ‚ ³µ£ÊÉ

¸¢¨¤¥É¥²Ó¸É¢µ¢ ÉÓ µ ´µ¢ÒÌ Ë¨§¨Î¥¸±¨Ì Ö¢²¥´¨ÖÌ, ¢ Î ¸É´µ¸É¨ µ Ëµ·³¨·µ¢ -
´¨¨ Šƒ� ¨²¨ Ìµ²µ¤´µ° ±¢ §¨¸É Í¨µ´ ·´µ°  ¤·µ´´µ° ¸¨¸É¥³Ò.

Å ˆ¸¸²¥¤µ¢ ´¨¥ ¸ÉµÌ ¸É¨Î¥¸±µ° ¶¥·¥³¥¦ ¥³µ¸É¨ ¸²Ê¦¨É ¨´¸É·Ê³¥´Éµ³
¶µ¨¸±  Ë §µ¢ÒÌ ¶¥·¥Ìµ¤µ¢ ¨ ¶µ¨¸±  ÔËË¥±É  ��Š É¨¶  Ìµ²µ¤´µ£µ ¶ÖÉ´ .

Å ‚ ²¨É¥· ÉÊ·¥ ¨³¥ÕÉ¸Ö Ê± § ´¨Ö ´  ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¸µ¡ÒÉ¨° ¸ ·¥£Ê²Ö·-
´µ° ¸É·Ê±ÉÊ·µ° (¨²¨ ¶¥·¥³¥¦ ¥³µ¸ÉÓÕ), É ± ´ §Ò¢ ¥³Ò¥ ±µ²ÓÍ¥¢Ò¥ ¸µ¡ÒÉ¨Ö.
�ÉµÉ ÔËË¥±É ´ §Ò¢ ÕÉ  ¤·µ´´Ò³ ¨²¨ £²Õµ´´Ò³  ´ ²µ£µ³ ¨§²ÊÎ¥´¨Ö —¥·¥´-
±µ¢ . �´ ´Ê¦¤ ¥É¸Ö ¢ ¶µ¤É¢¥·¦¤¥´¨¨. …¸²¨ ÔÉµ ¨§²ÊÎ¥´¨¥ ¤¥°¸É¢¨É¥²Ó´µ ¸Ê-
Ð¥¸É¢Ê¥É, µ´µ ¸É ´¥É ¢¥¸Ó³  Éµ´±¨³ ¨´¸É·Ê³¥´Éµ³ ¨§ÊÎ¥´¨Ö ¸¢µ°¸É¢  ¤·µ´´µ°
³ É¥·¨¨. �µ²ÓÏ Ö ¸É É¨¸É¨±  ¸µ¡ÒÉ¨° ¸ ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ ¤ eÉ § -
³¥Î É¥²Ó´ÊÕ ¢µ§³µ¦´µ¸ÉÓ ¸¨¸É¥³ É¨Î¥¸±µ£µ ¨¸¸²¥¤µ¢ ´¨Ö ±µ²ÓÍ¥¢ÒÌ ¸É·Ê±-
ÉÊ· ¨²¨ ¡µ²¥¥ ¸²µ¦´µ° ·¥£Ê²Ö·´µ° ¶¥·¥³¥¦ ¥³µ¸É¨ ¢ · ¸¶·¥¤¥²¥´¨¨ Î ¸É¨Í
¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥.

Å ˆ§³¥·¥´¨¥ ¢ÒÌµ¤  · §²¨Î´ÒÌ Î ¸É¨Í π, K, p, d, p̄ ¤ eÉ ¨´Ëµ·³ Í¨Õ
¤²Ö ¶·µ¢¥·±¨ ¨ ¤ ²Ó´¥°Ï¥£µ · §¢¨É¨Ö É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ³µ¤¥²¥°. ‘µ¢³¥¸É-
´Ò°  ´ ²¨§ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¨ ËÊ´±Í¨¨ ��-±µ··¥²ÖÍ¨° ¶µ§¢µ-
²Ö¥É µ¤´µ¢·¥³¥´´µ µ¶·¥¤¥²¨ÉÓ · §³¥·  ¤·µ´´µ° ¸¨¸É¥³Ò, ¥e É¥³¶¥· ÉÊ·Ê ¨
¸±µ·µ¸ÉÓ · ¸Ï¨·¥´¨Ö.

3. �±¸¶¥·¨³¥´É ²Ó´ Ö Ê¸É ´µ¢± 
�±¸¶¥·¨³¥´É ¶·¥¤¶µ² £ ¥É¸Ö ¢Ò¶µ²´¨ÉÓ ´  ³µ¤¥·´¨§¨·µ¢ ´´µ° Ê¸É ´µ¢±¥

‘‚„, ¤¥°¸É¢ÊÕÐ¥° ´  ¢Ò¢¥¤¥´´µ³ ¶·µÉµ´´µ³ ¶ÊÎ±¥ 70 ƒÔ‚ Ê¸±µ·¨É¥²Ö
“-70 ˆ”‚�. �µ¸É ´µ¢±  Ô±¸¶¥·¨³¥´É  ¢ ¸ÊÐ¥¸É¢¥´´µ° ¸É¥¶¥´¨ ¡ §¨·Ê¥É¸Ö
´  ¸¢µ°¸É¢¥ ¸µ¡ÒÉ¨° ¸ ¢Ò¸µ±µ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ ¨§²ÊÎ ÉÓ Î ¸É¨ÍÒ ¢ Ê§±µ³
Ê£²µ¢µ³ ±µ´Ê¸¥ ¢¶¥·e¤. �¥¸³µÉ·Ö ´  ¸±·µ³´Ò° · §³¥· Ê¸É ´µ¢±¨, µ±µ²µ 90 %
¢¸¥Ì Î ¸É¨Í ¶µ¶ ¤ ÕÉ ¢ ¥e  ¶¥·ÉÊ·Ê ¨ ·¥£¨¸É·¨·ÊÕÉ¸Ö.

�¶¶ · ÉÊ·  ¢±²ÕÎ ¥É ¦¨¤±µ¢µ¤µ·µ¤´ÊÕ ³¨Ï¥´Ó, ¢¥·Ï¨´´Ò° ¤¥É¥±Éµ·,
³ £´¨É´Ò° ¸¶¥±É·µ³¥É·, ¶µ·µ£µ¢Ò° Î¥·¥´±µ¢¸±¨° ¸ÎeÉÎ¨±, Ô²¥±É·µ³ £´¨É-
´Ò° ± ²µ·¨³¥É·. ‘¨¸É¥³  É·¨££¥·  ¨³¥¥É ¤¢  Ê·µ¢´Ö ¨ ¸¶µ¸µ¡´  µÉ¡¨-
· ÉÓ ·¥¤±¨¥ ¸µ¡ÒÉ¨Ö ¸ ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ § ·Ö¦¥´´ÒÌ ¨ ´¥°É· ²Ó-
´ÒÌ Î ¸É¨Í nπ � 20. ‘·¥¤´ÖÖ ¸¢¥É¨³µ¸ÉÓ ¢µ¤µ·µ¤´µ° ³¨Ï¥´¨ ¸µ¸É ¢²Ö¥É
4 × 1029 ¸³−2¸−1 ¶·¨ ¨´É¥´¸¨¢´µ¸É¨ ¶ÊÎ±  107 ¶·µÉµ´µ¢ ¢ Í¨±²¥. ‘·¥¤´¥¥
Î¨¸²µ ¢§ ¨³µ¤¥°¸É¢¨° ¶ÊÎ±  ¢ ³¨Ï¥´¨ Å 1, 6 × 104 ¸−1.
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Œ £´¨É´Ò° ¸¶¥±É·µ³¥É· µ¡¥¸¶¥Î¨¢ ¥É ¨³¶Ê²Ó¸´µ¥ · §·¥Ï¥´¨¥ δp/p �
1,5 %, ÎÉµ ¢ ¦´µ ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ��Š.

‘±µ·µ¸ÉÓ ·¥£¨¸É· Í¨¨ ¸µ¡ÒÉ¨° ¸ ¶µ²´µ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ 35 µ¦¨¤ -
¥É¸Ö µ±µ²µ 7 ¢ Î ¸. …¸²¨ ·¥ ²¨§Ê¥É¸Ö ¸Í¥´ ·¨°, ¢ ±µÉµ·µ³ ��Š µ± §Ò¢ ÕÉ
¢²¨Ö´¨¥ ´  ¶ ·Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥, Éµ ¸±µ·µ¸ÉÓ ´ ¡µ·  ¸É É¨¸É¨±¨ ·¥¤±¨Ì ¸µ-
¡ÒÉ¨° µ± ¦¥É¸Ö ¸ÊÐ¥¸É¢¥´´µ ¢ÒÏ¥.

�¥·¢Ò° ÔÉ ¶ ¨¸¸²¥¤µ¢ ´¨° ¢Ò¶µ²´Ö¥É¸Ö ´  ³µ¤¥·´¨§¨·µ¢ ´´µ° Ê¸É ´µ¢±¥
‘‚„.

��ˆ‹�†…�ˆ…. ‘’�•�‘’ˆ—…‘Š�Ÿ �…�…Œ…†�…Œ�‘’œ

ˆ¸¸²¥¤µ¢ ´¨¥ Ë²Ê±ÉÊ Í¨° Î ¸É¨Í ¢ ¨Ì · ¸¶·¥¤¥²¥´¨¨ ¶µ ¡Ò¸É·µÉ¥ ¨²¨ ¢
¡µ²¥¥ µ¡µ¡Ðe´´µ³ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ ¨³¥¥É ¤²¨É¥²Ó´ÊÕ ¨¸Éµ·¨Õ. �¥·-
¢Ò¥ Ê± § ´¨Ö ´  ¡µ²ÓÏÊÕ ±µ´Í¥´É· Í¨Õ Î ¸É¨Í ¢ ³ ²µ³ ¨´É¥·¢ ²¥ ¡Ò¸É·µÉÒ
¢ µÉ¤¥²Ó´ÒÌ ¸µ¡ÒÉ¨ÖÌ ¶µ²ÊÎ¥´Ò ¢ · ¡µÉ Ì, ¢Ò¶µ²´¥´´ÒÌ ¢ ±µ¸³¨Î¥¸±¨Ì ²ÊÎ Ì
[65Ä67]. �Éµ µÉ´µ¸¨É¸Ö ± pN -¸Éµ²±´µ¢¥´¨Ö³ ¶·¨ Ô´¥·£¨¨ ¶¥·¢¨Î´µ° Î ¸É¨ÍÒ
200 ƒÔ‚ [68]. ‚ ¶µ¸²¥¤´¨¥ 10 ²¥É ´¥µ¤´µ±· É´µ ¸µµ¡Ð ²µ¸Ó µ ´ ¡²Õ¤¥´¨¨ ¢
¶·µ¸É· ´¸É¢¥ ¡Ò¸É·µÉÒ ¶ÖÉ¥´ ¸ ¡µ²ÓÏµ° ¶²µÉ´µ¸ÉÓÕ Î ¸É¨Í.

‘ Ô±¸¶¥·¨³¥´É ²Ó´µ° ÉµÎ±¨ §·¥´¨Ö ´¥ ¢Ò§Ò¢ ¥É ¸µ³´¥´¨Ö ¸ÊÐ¥¸É¢µ¢ ´¨¥
¸µ¡ÒÉ¨° ¸ ¡µ²ÓÏµ° ²µ± ²Ó´µ° Ë²Ê±ÉÊ Í¨¥° ¶²µÉ´µ¸É¨ Î ¸É¨Í. ‚µ¶·µ¸ ¸µ-
¸Éµ¨É ¢ Éµ³, ±·µ¥É¸Ö ²¨ ¶·¨Î¨´  ÔÉ¨Ì Ë²Ê±ÉÊ Í¨° ¢ ¤¨´ ³¨±¥ ¢§ ¨³µ¤¥°¸É¢¨Ö
Î ¸É¨Í ¨²¨ µ´¨ ¨³¥ÕÉ Î¨¸Éµ ¸É É¨¸É¨Î¥¸±¨° Ì · ±É¥·.

�Ö² ¸ ¨ �¥Ï ´¸±¨° ¶·¥¤²µ¦¨²¨ ³¥Éµ¤ ¨¸¸²¥¤µ¢ ´¨Ö Ë²Ê±ÉÊ Í¨° [69].
�·¥¤²µ¦¥´¨¥ µ¸´µ¢Ò¢ ¥É¸Ö ´  ¸¢µ°¸É¢¥ Ë ±Éµ·¨ ²Ó´ÒÌ ³µ³¥´Éµ¢ ¶µ¤ ¢²ÖÉÓ
ÏÊ³ ¢ · ¸¶·¥¤¥²¥´¨¨, ¶µ ±µÉµ·µ³Ê µ´¨ ¢ÒÎ¨¸²¥´Ò. �Éµ ¤¥² ¥É ¨Ì ¶·¨³¥-
´¥´¨¥ ¶·¥¤¶µÎÉ¨É¥²Ó´Ò³ ¶µ ¸· ¢´¥´¨Õ ¸ µ¡ÒÎ´Ò³¨ ³µ³¥´É ³¨. �´¨ ¶·¥¤-
¶µ²µ¦¨²¨, ÎÉµ ¶ÖÉ´  ¸ ¢Ò¸µ±µ° ¶²µÉ´µ¸ÉÓÕ µÉ· ¦ ÕÉ ¤¨´ ³¨±Ê  ¤·µ´´µ£µ
¶·µÍ¥¸¸ . �Éµ Ö¢²¥´¨¥ ³µ¦´µ ´ §¢ ÉÓ ¶¥·¥³¥¦ ¥³µ¸ÉÓÕ ¶µ  ´ ²µ£¨¨ ¸ Ë¥´µ-
³¥´µ³, Ìµ·µÏµ ¨§¢¥¸É´Ò³ ¢ £¨¤·µ¤¨´ ³¨±¥. �´¨ ¶µ± § ²¨, ÎÉµ Ë²Ê±ÉÊ Í¨¨,
Ö¢²ÖÕÐ¨¥¸Ö ¸²¥¤¸É¢¨¥³ ¤¨´ ³¨Î¥¸±µ° ¶¥·¥³¥¦ ¥³µ¸É¨, ¤µ²¦´Ò ¡ÒÉÓ ¸ ³µ-
¶µ¤µ¡´Ò ¶µ µÉ´µÏ¥´¨Õ ± · §³¥·Ê µ¡Ñe³  Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢ . ‘²¥¤µ¢ -
É¥²Ó´µ, ´¥µ¡Ìµ¤¨³µ · §¢¨ÉÓ ³¥Éµ¤ ¤²Ö µÉ¤¥²¥´¨Ö ¸É É¨¸É¨Î¥¸±¨Ì Ë²Ê±ÉÊ Í¨°
µÉ ¸ ³µ¶µ¤µ¡´ÒÌ Ë²Ê±ÉÊ Í¨°, µÉ· ¦ ÕÐ¨Ì ¤¨´ ³¨±Ê ¢§ ¨³µ¤¥°¸É¢¨Ö.

�·¥¤²µ¦¥´´Ò° ³¥Éµ¤ ¸µ¸Éµ¨É ¢ ¨§³¥·¥´¨¨ ´µ·³¨·µ¢ ´´ÒÌ Ë ±Éµ·¨ ²Ó-
´ÒÌ ³µ³¥´Éµ¢ Fq(δy), µ¶·¥¤¥²e´´ÒÌ ± ± ËÊ´±Í¨¨ Ï¨·¨´Ò ¨´É¥·¢ ² . „²Ö
µ¶·¥¤¥²e´´µ¸É¨ δy ¢Ò¡· ´ ± ± ¨´É¥·¢ ² ¡Ò¸É·µÉÒ, ´µ ³¥Éµ¤ ²¥£±µ µ¡µ¡Ð -
¥É¸Ö ´  ¶·µ¨§¢µ²Ó´Ò° Ô²¥³¥´É Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢ .

‚ ¸²ÊÎ ¥ ¤¨´ ³¨Î¥¸±¨Ì Ë²Ê±ÉÊ Í¨° (ÔËË¥±É ¶¥·¥³¥¦ ¥³µ¸É¨) ¨³¥¥É ³¥-
¸Éµ ¸É¥¶¥´´µ° § ±µ´

Fq ∝ Mφq , 0 < φq � q − 1, q � 2.
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�µ± § É¥²Ó ¸É¥¶¥´¨ φq Ì · ±É¥·¨§Ê¥É ¢¥²¨Î¨´Ê ¶¥·¥³¥¦ ¥³µ° ¸É·Ê±ÉÊ·Ò ¤ ´-
´µ£µ · ¸¶·¥¤¥²¥´¨Ö, ¶µ ±µÉµ·µ³Ê ¢ÒÎ¨¸²¥´Ò Ë ±Éµ·¨ ²Ó´Ò¥ ³µ³¥´ÉÒ.

Fq = M q−1
M∑

m=1

nm(nm − 1) . . . (nm − q + 1)
N(N − 1) . . . (N − q + 1)

,

£¤¥ M Å Î¨¸²µ ¡¨´µ¢, ´  ±µÉµ·Ò¥ · §¡¨Éµ Ë §µ¢µ¥ ¶·µ¸É· ´¸É¢µ; nm Å
Î¨¸²µ Î ¸É¨Í ¢ ¡¨´¥ m; N Å Î¨¸²µ Î ¸É¨Í ¢ ¸µ¡ÒÉ¨¨; q Å Í¥²µ¥ ¶µ²µ-
¦¨É¥²Ó´µ¥ Î¨¸²µ Å ¶µ·Ö¤µ± Ë ±Éµ·¨ ²Ó´µ£µ ³µ³¥´É . Œµ³¥´ÉÒ ¢Ò¸µ±µ£µ
¶µ·Ö¤±  ¤¥°¸É¢ÊÕÉ ± ± Ë¨²ÓÉ·, ¢Ò¤¥²ÖÕÐ¨° ¡µ²ÓÏ¨¥ Î¨¸²  ¢ · ¸¶·¥¤¥²¥´¨¨
¶µ ³´µ¦¥¸É¢¥´´µ¸É¨ ¢ ± ¦¤µ³ ¨´É¥·¢ ²¥ nm. �´¨, É ±¨³ µ¡· §µ³, µ¸µ¡¥´´µ
ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¡µ²ÓÏ¨³ Ë²Ê±ÉÊ Í¨Ö³ ¶²µÉ´µ¸É¨.

‘É¥¶¥´´ Ö § ¢¨¸¨³µ¸ÉÓ ¢¨¤  Fq ∼ Mφq É¨¶¨Î´  ¤²Ö Ë· ±É ²µ¢ [70].
”· ±É ² Ö¢²Ö¥É¸Ö ¸ ³µ¶µ¤µ¡´Ò³ µ¡Ñ¥±Éµ³ ¸ ´¥Í¥²µ° · §³¥·´µ¸ÉÓÕ. ‘ÊÐ¥-
¸É¢ÊÕÉ ¡µ²¥¥ ¸²µ¦´Ò¥ ¸ ³µ¶µ¤µ¡´Ò¥ µ¡Ñ¥±ÉÒ, ¶µ²ÊÎ ÕÐ¨¥¸Ö ¸Ê³³¨·µ¢ ´¨¥³
Ë· ±É ²µ¢ ¸ · §²¨Î´Ò³¨ ¢¥¸ ³¨. �´¨ ´ §Ò¢ ÕÉ¸Ö ³Ê²ÓÉ¨Ë· ±É ² ³¨ ¨ Ì -
· ±É¥·¨§ÊÕÉ¸Ö µ¡µ¡Ðe´´µ° · §³¥·´µ¸ÉÓÕ (· §³¥·´µ¸ÉÓÕ �¥´Ó¨) Dq, ±µÉµ· Ö
§ ¢¨¸¨É µÉ q.

ˆ³¥¥É¸Ö, µ¤´ ±µ, ´¥¤µ¸É Éµ± ¢ ¨¸¶µ²Ó§µ¢ ´¨¨ ¢¥²¨Î¨´ Fq . �´¨ Ìµ·µÏµ
¢Ò¤¥²ÖÕÉ µ¡² ¸É¨ ¸ ¶µ¢ÒÏ¥´´µ° ¶²µÉ´µ¸ÉÓÕ, ´µ ¸µ¢¸¥³ ¨£´µ·¨·ÊÕÉ µ¡² ¸É¨
¸ ¶µ´¨¦¥´´µ° ¶²µÉ´µ¸ÉÓÕ. Œ¥¦¤Ê É¥³ ¢ Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¸ ¡µ²Ó-
Ïµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ µ¡² ¸É¨ ¸  ´µ³ ²Ó´µ ³ ²Ò³ Î¨¸²µ³ Î ¸É¨Í ¸Éµ²Ó ¦¥
¢ ¦´Ò, ± ± ¨ µ¡² ¸É¨ ¸ ¡µ²ÓÏ¨³ Î¨¸²µ³ Î ¸É¨Í. „²Ö ¢ÒÖ¢²¥´¨Ö É ±¨Ì Ë²Ê±-
ÉÊ Í¨° ´¥µ¡Ìµ¤¨³µ ¨§ÊÎ ÉÓ Fq ¤²Ö q < 1, ¨ µ¸µ¡¥´´µ µÉ·¨Í É¥²Ó´Òx q. �Éµ
¨¸¸²¥¤µ¢ ´¨¥ ´¥²Ó§Ö ¢Ò¶µ²´¨ÉÓ ¸ ¶µ³µÐÓÕ Ë ±Éµ·¨ ²Ó´ÒÌ ³µ³¥´Éµ¢, É ±
± ± Fq µ¶·¥¤¥²¥´Ò Éµ²Ó±µ ¤²Ö Í¥²ÒÌ Î¨¸¥² q > 1.

‘ÊÐ¥¸É¢Ê¥É ³¥Éµ¤ ¶µ¸É·µ¥´¨Ö ³µ³¥´Éµ¢ ¶·µ¨§¢µ²Ó´µ£µ ¶µ·Ö¤±  Å ÔÉµ
É ± ´ §Ò¢ ¥³Ò¥ G-³µ³¥´ÉÒ [71,72]. �´¨ ¶·¥¤²µ¦¥´Ò ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ³Ê²Ó-
É¨Ë· ±É ²Ó´ÒÌ ¸¢µ°¸É¢ ¶·µÍ¥¸¸µ¢ ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö Î ¸É¨Í.

Gq =
M∑

m=1

(nm

n

)q

Θ(nm, q).

Θ(nm, q) ¥¸ÉÓ ¸ÉÊ¶¥´Î É Ö ËÊ´±Í¨Ö, ¶·¨´¨³ ÕÐ Ö §´ Î¥´¨¥ 0, ¥¸²¨ nm < q
¨ §´ Î¥´¨¥ 1, ¥¸²¨ nm � q. ‚ É¥µ·¨¨ ³Ê²ÓÉ¨Ë· ±É ²µ¢ G-³µ³¥´ÉÒ  ´ -
²µ£¨Î´Ò Ë ±Éµ·¨ ²Ó´Ò³ ³µ³¥´É ³. ‘ ³µ¶µ¤µ¡´Ò¥ Ë²Ê±ÉÊ Í¨¨ ¶·¨¢µ¤ÖÉ ±
³ ¸ÏÉ ¡´µ³Ê § ±µ´Ê Gq ∝ δyτq , δy → 0. �¡µ¡Ðe´´ Ö · §³¥·´µ¸ÉÓ �¥´Ó¨
¥¸ÉÓ Dq = 1/(q−1) · τq . ‡¤¥¸Ó ¢¢µ¤¨É¸Ö  ´µ³ ²Ó´ Ö Ë· ±É ²Ó´ Ö · §³¥·´µ¸ÉÓ
dq = DT −Dq, DT Å Éµ¶µ²µ£¨Î¥¸± Ö · §³¥·´µ¸ÉÓ (É. ¥. · §³¥·´µ¸ÉÓ ¤ ´´µ£µ
Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢ ). �µ± § É¥²Ó ¶¥·¥³¥¦ ¥³µ¸É¨ φq ¸¢Ö§ ´ ¸  ´µ³ ²Ó´µ°
Ë· ±É ²Ó´µ° · §³¥·´µ¸ÉÓÕ dq ¸µµÉ´µÏ¥´¨¥³ [71,73] dq = φq/(q − 1).
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�´µ³ ²Ó´ Ö Ë· ±É ²Ó´ Ö · §³¥·´µ¸ÉÓ ¶µ± §Ò¢ ¥É, ± ± ¨§³¥´Ö¥É¸Ö ¤ ´-
´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¸ ¢µ§· ¸É ´¨¥³ · §·¥Ï¥´¨Ö (É. ¥. Ê³¥´ÓÏ¥´¨¥³ ¢¥²¨Î¨´Ò
¡¨´ ). …¸²¨ ¢µ§´¨±²  Šƒ� ¨ ¤µ¸É¨£²  É¥·³µ¤¨´ ³¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö, ¤µ²-
¦¥´ ¶·µ¨§µ°É¨ Ë §µ¢Ò° ¶¥·¥Ìµ¤ ¢  ¤·µ´´µ¥ ¸µ¸ÉµÖ´¨¥. …¸²¨ ÔÉµÉ ¶¥·¥Ìµ¤
¡²¨§µ± ± ¶¥·¥Ìµ¤Ê ¢Éµ·µ£µ ·µ¤  (É. ¥. ¢´ÊÉ·¥´´ÖÖ É¥¶²µÉ  ¸¨¸É¥³Ò ³ ² ), Éµ
±µ´¥Î´ Ö  ¤·µ´´ Ö ¸¨¸É¥³  ¡Ê¤¥É ¨³¥ÉÓ ¶¥·¥³¥¦ ¥³µ¸ÉÓ ¸  ´µ³ ²Ó´µ° Ë· ±-
É ²Ó´µ° · §³¥·´µ¸ÉÓÕ dq , ±µÉµ· Ö ´¥ § ¢¨¸¨É µÉ q. …¸²¨, ¸ ¤·Ê£µ° ¸Éµ·µ´Ò,
±µ´¥Î´ Ö  ¤·µ´´ Ö ¸¨¸É¥³  ¸µ§¤ eÉ¸Ö ¢ ·¥§Ê²ÓÉ É¥ ± ¸± ¤´ÒÌ ¶·µÍ¥¸¸µ¢ (¶ ·-
Éµ´´ÒÌ ¨²¨  ¤·µ´´ÒÌ), Éµ µ¦¨¤ ¥É¸Ö ²¨´¥°´ Ö § ¢¨¸¨³µ¸ÉÓ dq µÉ q.

�´µ³ ²Ó´ Ö Ë· ±É ²Ó´ Ö · §³¥·´µ¸ÉÓ dq ¡Ò²  ¨§³¥·¥´  ¢ · ¸¶·¥¤¥²¥´¨¨
¶µ ¡Ò¸É·µÉ¥ Î ¸É¨Í, µ¡· §µ¢ ´´ÒÌ ¢ ²¥¶Éµ´- ¤·µ´´ÒÌ,  ¤·µ´- ¤·µ´´ÒÌ ¨
Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨

√
s = 20 ƒÔ‚ [74Ä76]. ‡ ¢¨¸¨³µ¸ÉÓ ¢¥²¨-

Î¨´Ò dq µÉ q µ¸² ¡¥¢ ¥É ¶·¨ ¶¥·¥Ìµ¤¥ µÉ ³Õµ´- ¤·µ´´ÒÌ ±  ¤·µ´- ¤·µ´´Ò³
¨ ± Ö¤·µ-Ö¤¥·´Ò³ ¶·µÍ¥¸¸ ³. �µ²¥¥ Éµ£µ, ¥¸²¨ ¢ OÄAg, Br-¸Éµ²±´µ¢¥´¨ÖÌ
´ ¡²Õ¤ ¥É¸Ö ¸² ¡ Ö q-§ ¢¨¸¨³µ¸ÉÓ, Éµ ¢ SÄAg, Br Í¥´É· ²Ó´ÒÌ ¢§ ¨³µ¤¥°-
¸É¢¨Öx µ´  µÉ¸ÊÉ¸É¢Ê¥É. �µÔÉµ³Ê · §Ê³´µ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ¶µ¸ÉµÖ´¸É¢µ dq ¢
SÄAg, Br-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ³µ¦¥É ¡ÒÉÓ ¶·¨´ÖÉµ ± ± Ê± § ´¨¥ ´  Ëµ·³¨·µ¢ -
´¨¥ Šƒ� [77]. Šµ´¥Î´µ, ¡Ò²µ ¡Ò ¨´É¥·¥¸´µ ¶µ²ÊÎ¨ÉÓ ¶µ¤É¢¥·¦¤¥´¨¥ ÔÉµ°
± ·É¨´Ò ¢ ¸Éµ²±´µ¢¥´¨ÖÌ ¡µ²¥¥ ÉÖ¦e²ÒÌ Ö¤¥· ¨ ¢ ¸µ¡ÒÉ¨ÖÌ ¸ ¡µ²ÓÏµ° ³´µ-
¦¥¸É¢¥´´µ¸ÉÓÕ.

‘¨£´ ²µ³ Ë §µ¢µ£µ ¶¥·¥Ìµ¤  ³µ¦¥É ¸²Ê¦¨ÉÓ ³¨´¨³Ê³ ¢ ËÊ´±Í¨¨ λq =
(φq + 1)/q ¶·¨ µ¶·¥¤¥²e´´µ³ ±·¨É¨Î¥¸±µ³ §´ Î¥´¨¨ q = qc [79]. Œ¨´¨³Ê³ λ
³µ¦¥É É ±¦¥ ¡ÒÉÓ ¶·µÖ¢²¥´¨¥³ ¸µ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¡µ²ÓÏµ£µ ±µ²¨Î¥¸É¢  ± ¶¥²Ó
³ ²µ£µ · §³¥·  ¨ ³ ²µ£µ ±µ²¨Î¥¸É¢a ¡µ²ÓÏ¨Ì ¶µ · §³¥·Ê µ¡² ¸É¥° ¸ ¢Ò¸µ±µ°
¶²µÉ´µ¸ÉÓÕ Ô´¥·£¨¨ [78].

”²Ê±ÉÊ Í¨¨ ³µ£ÊÉ ¨§ÊÎ ÉÓ¸Ö ¨ ¤·Ê£¨³ ³¥Éµ¤µ³. ‚¥°¢²¥É-¶·¥µ¡· §µ¢ ´¨¥
¶·¥¤¸É ¢²Ö¥É¸Ö ¢¶µ²´¥ ¶µ¤Ìµ¤ÖÐ¥° É¥Ì´¨±µ° ¤²Ö ÔÉµ° Í¥²¨.

‚¥°¢²¥É-¶·¥µ¡· §µ¢ ´¨¥ ¨£· ¥É ¢ ¦´ÊÕ ·µ²Ó ¢ µ¶µ§´ ¢ ´¨¨ µ¡· §µ¢. �Éµ
¡µ²¥¥ µ¡Ð Ö ¶·µ¡²¥³ , Î¥³ ¨¸¸²¥¤µ¢ ´¨¥ Ë²Ê±ÉÊ Í¨°, É ± ± ± ¶·¨ ÔÉµ³ ¢Ò-
¶µ²´Ö¥É¸Ö  ´ ²¨§ ± ¦¤µ£µ µÉ¤¥²Ó´µ£µ ¸µ¡ÒÉ¨Ö,   ´¥  ´¸ ³¡²Ö ¢ Í¥²µ³. �ÉµÉ
¶µ¤Ìµ¤ µ¸µ¡¥´´µ Í¥²¥¸µµ¡· §¥´ ¤²Ö ¨§ÊÎ¥´¨Ö ¸µ¡ÒÉ¨° ¸ ¡µ²ÓÏµ° ³´µ¦¥-
¸É¢¥´´µ¸ÉÓÕ.

�·¨³¥´¥´¨¥ É¥Ì´¨±¨ ¢¥°¢²¥É ± ¨¸¸²¥¤µ¢ ´¨Õ ¶·µÍ¥¸¸µ¢ ³´µ¦¥¸É¢¥´´µ£µ
·µ¦¤¥´¨Ö Î ¸É¨Í ¶·¥¤²µ¦¥´µ ¢ [80]. ƒ² ¢´Ò° ¶·¨´Í¨¶ ¢¥°¢²¥É-¶·¥µ¡· §µ¢ -
´¨Ö ¸µ¸Éµ¨É ¢ ¨§ÊÎ¥´¨¨ § ¢¨¸¨³µ¸É¨ Ë²Ê±ÉÊ Í¨° µÉ · §³¥·  ¡¨´  ¢ Ë §µ¢µ³
¶·µ¸É· ´¸É¢¥. �·¨ ÔÉµ³ ¨¸¶µ²Ó§Ê¥É¸Ö · §´µ¸É´Ò° ³¥Éµ¤. � ¸¸³ É·¨¢ ÕÉ¸Ö ¤¢¥
£¨¸Éµ£· ³³Ò µ¤´µ£µ ¨ Éµ£µ ¦¥ ¸µ¡ÒÉ¨Ö, ¶µ¸É·µ¥´´Ò¥ ¶·¨ · §´µ° Ï¨·¨´¥
¡¨´ . � ¶·¨³¥·, ¡¨´ ¢µ ¢Éµ·µ° £¨¸Éµ£· ³³¥ ¢ ¤¢  · §  ³¥´ÓÏ¥, Î¥³ ¢ ¶¥·¢µ°.
‘É·µ¨É¸Ö · §´µ¸ÉÓ ÔÉ¨Ì £¨¸Éµ£· ³³. ’ ± ± ± ¶²µÌµ¥ · §·¥Ï¥´¨¥ (¡µ²ÓÏµ°
¡¨´) ¸£² ¦¨¢ ¥É Ë²Ê±ÉÊ Í¨¨, Éµ ¢ · §´µ¸É¨ µ´¨ ¶·µÖ¢²ÖÕÉ¸Ö ± ± µÉ±²µ´¥-
´¨Ö µÉ ´Ê²Ö ¢ ¶µ²µ¦¨É¥²Ó´ÊÕ ¨²¨ µÉ·¨Í É¥²Ó´ÊÕ ¸Éµ·µ´Ê. �µ¢Éµ·ÖÖ ÔÉÊ
¶·µÍ¥¤Ê·Ê Ï £ §  Ï £µ³, ³µ¦´µ ¢ÒÖ¢¨ÉÓ ¢¸Õ ± ·É¨´Ê Ë²Ê±ÉÊ Í¨°. ‚¥°¢²¥É-
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¶·¥µ¡· §µ¢ ´¨¥ ¤ eÉ ¶·Ö³ÊÕ ¨´Ëµ·³ Í¨Õ µ ± ·É¨´¥ Ë²Ê±ÉÊ Í¨° ¢ ¤ ´´µ³
¸µ¡ÒÉ¨¨ ´  · §²¨Î´µ° Ï± ²¥, É. ¥. ¶·¨ · §²¨Î´µ³ · §·¥Ï¥´¨¨, ¢ÒÖ¢²ÖÖ ±² -
¸É¥·´ÊÕ ¨ ¸Ê¡±² ¸É¥·´ÊÕ ¸É·Ê±ÉÊ·Ê.

ˆ§ÊÎ¥´¨¥ ¸É·Ê±ÉÊ·Ò ¤¨´ ³¨Î¥¸±¨Ì Ë²Ê±ÉÊ Í¨° ¶²µÉ´µ¸É¨ Î ¸É¨Í, ¶µ²Ê-
Î ÕÐ¨Ì¸Ö ¢ ¸µ¡ÒÉ¨ÖÌ ¸ ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ, ¤ eÉ ¨¸±²ÕÎ¨É¥²Ó´ÊÕ
¢µ§³µ¦´µ¸ÉÓ · ¸±·ÒÉ¨Ö Éµ´±¨Ì ¨ ¸±·ÒÉÒÌ µ¸µ¡¥´´µ¸É¥° ¶·µÍ¥¸¸  £¥´¥· Í¨¨
 ¤·µ´µ¢ [6]. �¥·¥³¥¦ ¥³ Ö ¨ Ë· ±É ²Ó´ Ö ¸É·Ê±ÉÊ·  Ë²Ê±ÉÊ Í¨°, µ¡´ ·Ê¦¥´-
´ Ö ¢µ ¢¸¥Ì É¨¶ Ì ¢§ ¨³µ¤¥°¸É¢¨°, ¤ eÉ Ê± § ´¨¥ ´  ¤¢  ¢µ§³µ¦´ÒÌ ¸Í¥´ ·¨Ö:
³µ´µË· ±É ²Ó´ Ö ¸É·Ê±ÉÊ·  ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ É¥·³µ¤¨´ ³¨Î¥¸±µ³ Ë §µ¢µ³
¶¥·¥Ìµ¤¥ µÉ Šƒ� ±  ¤·µ´´µ³Ê £ §Ê [78]; ³Ê²ÓÉ¨Ë· ±É ²Ó´µ¸ÉÓ  ¸¸µÍ¨¨·Ê-
¥É¸Ö ¸ ¸ ³µ¶µ¤µ¡´Ò³ ± ¸± ¤´Ò³ ¶·µÍ¥¸¸µ³, ¨³¥ÕÐ¨³ ³¥¸Éµ ¶·¨ ¶¥·¥Ìµ¤¥
¶ ·Éµ´µ¢ ¢ ±µ´¥Î´µ¥  ¤·µ´´µ¥ ¸µ¸ÉµÖ´¨¥ ¸ ¢µ§³µ¦´Ò³ ´¥É¥·³¨Î¥¸±¨³ ¨ ´¥-
· ¢´µ¢¥¸´Ò³ Ë §µ¢Ò³ ¶¥·¥Ìµ¤µ³ ¢ ± ¸± ¤¥ [79].

�o ¶·µ£· ³³e ¡²¨¦ °Ï¨Ì ¨¸¸²¥¤µ¢ ´¨° ¶·¥¤¶µ² £ ¥É¸Ö:
1) ¨¸¸²¥¤µ¢ ÉÓ Ë ±Éµ·¨ ²Ó´Ò¥ ³µ³¥´ÉÒ ¢ É·eÌ³¥·´µ³ ¶·µ¸É· ´¸É¢¥ ¡Ò-

¸É·µÉÒ ¨ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸ , o¶·¥¤¥²¨ÉÓ ¨´¤¥±¸ ¶¥·¥³¥¦ ¥³µ¸É¨ φq , c· ¢-
´¨ÉÓ ·¥§Ê²ÓÉ ÉÒ ¸ ¤ ´´Ò³¨ ¤·Ê£¨Ì Ô±¸¶¥·¨³¥´Éµ¢ ¨ ¶·¥¤¸± § ´¨Ö³¨ ³µ¤¥²¥°.

’ ± ± ± ¸·¥¤¨ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¤µ³¨´¨·ÊÕÉ ¶¨µ´Ò, ¸²¥¤Ê¥É µ¦¨¤ ÉÓ,
ÎÉµ ��Š ¨£· ÕÉ ¢ ¦´ÊÕ ·µ²Ó ¢ Ëµ·³¨·µ¢ ´¨¨ Ë²Ê±ÉÊ Í¨°. …¸²¨ ¶¥·¥³¥¦ -
¥³µ¸ÉÓ ¢µ§´¨± ¥É Éµ²Ó±µ ± ± ·¥§Ê²ÓÉ É ��Š, Éµ ¨´¤¥±¸ ¶¥·¥³¥¦ ¥³µ¸É¨ ¤²Ö
Éµ¦¤¥¸É¢¥´´ÒÌ ¶¨µ´µ¢ ¡Ê¤¥É ¢ ¤¢  · §  ¶·¥¢ÒÏ ÉÓ ¨´¤¥±¸ ¤²Ö ¢¸¥Ì ¶¨µ´µ¢.
ˆ´É¥·¥¸´µ ¶µ²ÊÎ¨ÉÓ ¢¥²¨Î¨´Ê Fq µÉ¤¥²Ó´µ ¤²Ö ¶µ²µ¦¨É¥²Ó´ÒÌ ¨ µÉ·¨Í É¥²Ó-
´ÒÌ ¶¨µ´µ¢;

2) ¨¸¸²¥¤µ¢ ÉÓ G-³µ³¥´ÉÒ ¨ ¶·µ¢¥·¨ÉÓ ³Ê²ÓÉ¨Ë· ±É ²Ó´ÊÕ ¶·¨·µ¤Ê · ¸-
¶·¥¤¥²¥´¨Ö Î ¸É¨Í ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥;

3) ¨§ÊÎ¨ÉÓ ¶µ¢¥¤¥´¨¥  ´µ³ ²Ó´µ° Ë· ±É ²Ó´µ° · §³¥·´µ¸É¨ dq . ˆ§ÊÎ¨ÉÓ
ËÊ´±Í¨Õ λq ¶·¨ · §´µ° ³´µ¦¥¸É¢¥´´µ¸É¨;

4) ¨¸¸²¥¤µ¢ ÉÓ ¤¨´ ³¨Î¥¸±¨¥ Ë²Ê±ÉÊ Í¨¨ ³¥Éµ¤µ³ ¢¥°¢²¥É.
�¢Éµ·Ò ¢Ò· ¦ ÕÉ ¡² £µ¤ ·´µ¸ÉÓ ‚. �. �¥²Ö¥¢Ê, ‹. Š. ƒ¥²µ¢ ´¨ ¨ ƒ. ‹. ƒµ-

£¨¡¥·¨¤§¥ §  ¶µ²¥§´Ò¥ µ¡¸Ê¦¤¥´¨Ö ¨ ¶µ¤£µÉµ¢±Ê Î ¸É¨ ³ É¥·¨ ² .
�·µ¥±É ®’¥·³ ²¨§ Í¨Ö¯ ¢Ò¶µ²´Ö¥É¸Ö ¶·¨ Î ¸É¨Î´µ° ¶µ¤¤¥·¦±¥ �””ˆ

(£· ´É º 03-02-16869).
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