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‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·¥¤²μ¦¥´ ³¥Éμ¤ ¢μ¸¸É ´μ¢²¥´¨Ö ¸¶¥±É·μ¢ ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ ¢ ¤¨ ¶ -
§μ´¥ 0,2Ä100 ŒÔ‚, μ¸´μ¢ ´´Ò° ´  ¨¸¶μ²Ó§μ¢ ´¨¨ ³μ¤¨Ë¨Í¨·μ¢ ´´ÒÌ ³¥Éμ¤μ¢ ÔËË¥±É¨¢´ÒÌ ¶μ·μ-
£μ¢ÒÌ ¸¥Î¥´¨° ¨ ¤¥Ëμ·³ Í¨¨ μ¶μ·´μ£μ ¸¶¥±É·  ¸ ¶μ³μÐÓÕ · §²μ¦¥´¨Ö ¤¥Ëμ·³¨·ÊÕÐ¥° ËÊ´±Í¨¨
¢ ·Ö¤ ¶μ ¶μ²¨´μ³ ³ ‹¥¦ ´¤· . ‚ μÉ²¨Î¨¥ μÉ É· ¤¨Í¨μ´´μ ¨¸¶μ²Ó§Ê¥³μ£μ ³¥Éμ¤  ¤¥Ëμ·³ Í¨¨,
¶·¨³¥´Ö¥³μ£μ ¤²Ö ´ Ìμ¦¤¥´¨Ö ¨¸±μ³μ£μ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¶¥±É·  ϕ(E),  ¢Éμ· ³¨ ¶·¥¤²μ¦¥´μ
¨¸¶μ²Ó§μ¢ ÉÓ ¤¥Ëμ·³¨·ÊÕÐÊÕ ËÊ´±Í¨Õ ¢ ¢¨¤¥ · §²μ¦¥´¨Ö ¢ ·Ö¤ ¶μ ¶μ²¨´μ³ ³ ‹¥¦ ´¤·  ¤²Ö
´ Ìμ¦¤¥´¨Ö ¨´É¥£· ²Ó´μ£μ ¸¶¥±É·  F (E). �μ± § ´μ, ÎÉμ, É ± ± ± F (E) Ö¢²Ö¥É¸Ö ³μ´μÉμ´´μ Ê¡Ò-
¢ ÕÐ¥° ËÊ´±Í¨¥°, ¸É·¥³ÖÐ¥°¸Ö ± ´Ê²Õ ¶·¨ ¶·¨¡²¨¦¥´¨¨ ± ³ ±¸¨³ ²Ó´μ° Ô´¥·£¨¨ ¸¶¥±É· , μ´ 
³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¡μ²¥¥ ±μ·μÉ±¨³ ·Ö¤μ³, É. ¥. Î¨¸²μ M ¨¸±μ³ÒÌ ±μÔËË¨Í¨¥´Éμ¢ am ·Ö¤ 
¡Ê¤¥É ´¥¡μ²ÓÏ¨³.

� §· ¡μÉ ´´ Ö ¶·μ£· ³³  ¶·¨³¥´Ö² ¸Ó ¶·¨ · ¸Î¥É¥ ¸¶¥±É·μ¢ ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ ¢ Ö¤¥·´μ-
Ë¨§¨Î¥¸±μ° Ê¸É ´μ¢±¥ Š‚ˆ�’�, μ¡²ÊÎ ¥³μ° ¤¥°É·μ´ ³¨ ´Ê±²μÉ·μ´ -Œ ‹”‚� �ˆŸˆ ¸ Ô´¥·£¨-
Ö³¨ 1Ä8 ƒÔ‚.

This paper offers a method to reconstruct fast neutron spectrum in the range from 0.2 till 100 MeV,
based on modiˇed methods of efˇcient threshold cross-sections and threshold spectrum deformation
by means of deformation function of decomposition on Legendre polynomials. In comparison with
the traditional method of deformation being used to ˇnd the required differential spectrum ϕ(E), the
authors have offered to use the deformation function via decomposition on Legendre polynomials to ˇnd
the integral spectrum F (E). It has been shown that since F (E) is a monotonously reducing function
going to zero, while approaching the maximum spectrum energy, it can be presented by a shorter row,
i. e., number M of the coefˇcients of the am row will be not big.

The developed program was applied to calculate fast neutron spectra in the nuclear set-up QUINTA
radiated by the Nuclotron-M deuteron beam, LHEP, JINR, with the energy of 1Ä8 GeV.

PACS: 29.20.dk; 29.30.Hs
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Š ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ ¨³¥¥É¸Ö Ï¨·μ±¨° ´ ¡μ· ¶·μ£· ³³, ¨¸¶μ²Ó§Ê¥³ÒÌ ¤²Ö ¢μ¸¸É -
´μ¢²¥´¨Ö ¸¶¥±É·μ¢ ¶μ ¤ ´´Ò³ μ ¸±μ·μ¸ÉÖÌ Ö¤¥·´ÒÌ ·¥ ±Í¨°, ¨³¥ÕÐ¨Ì · §´Ò¥ ¶μ·μ£¨.
— ¸ÉÓ ¶·μ£· ³³ · ¸¸³μÉ·¥´  ¢ · ¡μÉ Ì [1, 2]. Š É ±¨³ ¶·μ£· ³³ ³ μÉ´μ¸ÖÉ¸Ö: ³´μ-
£μ£·Ê¶¶μ¢μ° ³¥Éμ¤;  ¶¶·μ±¸¨³ Í¨Ö ¸¶¥±É·  ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ ·Ö¤μ³; ¶·μ£· ³³ , ¨¸-
¶μ²Ó§ÊÕÐ Ö ³¥Éμ¤ ·¥£Ê²Ö·¨§ Í¨¨ ¤²Ö μ¶·¥¤¥²¥´¨Ö ¸¶¥±É·  ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢; ³¥Éμ¤
Ô±¸¶μ´¥´Í¨ ²Ó´μ°  ¶¶·μ±¸¨³ Í¨¨; ³¥Éμ¤ ¤¥Ëμ·³ Í¨¨ ¸¶¥±É· ; ®Ô±¸¶·¥¸¸´Ò°¯ ³¥Éμ¤;
³¥Éμ¤ ´ ¨³¥´ÓÏ¨Ì μÉ´μ¸¨É¥²Ó´ÒÌ ¸·¥¤´¥±¢ ¤· É¨Î´ÒÌ μÉ±²μ´¥´¨°; ³¥Éμ¤ ÔËË¥±É¨¢´ÒÌ
¶μ·μ£μ¢ÒÌ ¸¥Î¥´¨° ¨ ¤·. �¸μ¡¥´´μ¸ÉÓÕ ¢¸¥Ì ÔÉ¨Ì ³¥Éμ¤μ¢ Ö¢²Ö¥É¸Ö ¨¸¶μ²Ó§μ¢ ´¨¥  ¶·¨-
μ·´μ° ¨´Ëμ·³ Í¨¨ μ¡ ¨§³¥·Ö¥³μ³ ¸¶¥±É·¥ ´¥°É·μ´μ¢. ’ ± Ö ¨´Ëμ·³ Í¨Ö ³μ¦¥É ¡ÒÉÓ
§ ¤ ´  ¢ ¢¨¤¥  ´ ²¨É¨Î¥¸±μ° ËÊ´±Í¨¨ ¨²¨ Î¨¸²¥´´μ° ¨´Ëμ·³ Í¨¨, ¶μ²ÊÎ¥´´μ°, ´ ¶·¨-
³¥·, ³¥Éμ¤μ³ Œμ´É¥-Š ·²μ. ‚ ¡μ²ÓÏ¨´¸É¢¥ ³¥Éμ¤μ¢ ¨¸¶μ²Ó§Ê¥É¸Ö ¨É¥· Í¨μ´´Ò° ¶·μÍ¥¸¸
¶μ¤£μ´±¨ · ¸¸Î¨ÉÒ¢ ¥³ÒÌ ¸±μ·μ¸É¥° ·¥ ±Í¨° ± Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨Ö³.

Š ± ¨ ¸²¥¤Ê¥É μ¦¨¤ ÉÓ, ¢¸²¥¤¸É¢¨¥ ¸²μ¦´μ¸É¨ ¶·μ£· ³³ ¢ ´¥±μÉμ·ÒÌ ¤¥É ²ÖÌ, ¨§¢¥¸É-
´ÒÌ Éμ²Ó±μ · §· ¡μÉÎ¨±Ê, ³´μ£¨¥ ¨§ ³¥Éμ¤μ¢ ´¥ ¶μ²ÊÎ¨²¨ Ï¨·μ±μ£μ · ¸¶·μ¸É· ´¥´¨Ö. Š
´ ¨¡μ²¥¥ Î ¸Éμ ¨¸¶μ²Ó§Ê¥³Ò³ ¶·μ£· ³³ ³ ¸²¥¤Ê¥É μÉ´¥¸É¨ SAND-2 [3].

�É³¥É¨³ É ±¦¥, ÎÉμ ¢μ ¢¸¥Ì ¶¥·¥Î¨¸²¥´´ÒÌ ³¥Éμ¤ Ì É·¥¡Ê¥É¸Ö ¤¥É ²Ó´ Ö ¨´Ëμ·³ Í¨Ö
μ ¸¥Î¥´¨ÖÌ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¢ § ¢¨¸¨³μ¸É¨ μÉ Ô´¥·£¨¨ ´¥°É·μ´μ¢. ’ ± Ö ¨´Ëμ·³ Í¨Ö
¤μ¸É ÉμÎ´μ Ìμ·μÏμ ¨§¢¥¸É´  ¤²Ö ´¨§±¨Ì Ô´¥·£¨° Å ¤μ 20 ŒÔ‚, ÎÉμ É·¥¡Ê¥É¸Ö ¤²Ö ·¥ ±-
Éμ·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „²Ö ¢Ò¸μ±¨Ì Ô´¥·£¨° ´¥°É·μ´μ¢ (¢¶²μÉÓ ¤μ 100Ä200 ŒÔ‚) ¢ ·Ö¤¥
¸²ÊÎ ¥¢ §´ Î¥´¨Ö ¸¥Î¥´¨° Ö¤¥·´ÒÌ ·¥ ±Í¨° ¢ § ¢¨¸¨³μ¸É¨ μÉ Ô´¥·£¨¨ μÉ¸ÊÉ¸É¢ÊÕÉ. ‚Ò-
Ìμ¤ ¨§ ÔÉμ° ¸¨ÉÊ Í¨¨ ³μ¦´μ ´ °É¨ ¸ ¶μ³μÐÓÕ Ê¶μ³Ö´ÊÉμ£μ ¢ÒÏ¥ ³¥Éμ¤  ÔËË¥±É¨¢´ÒÌ
¶μ·μ£μ¢ÒÌ ¸¥Î¥´¨° ¶ÊÉ¥³ ¥£μ ³μ¤¨Ë¨± Í¨¨. �¥·¥°¤¥³ ± ¡μ²¥¥ ¶μ¤·μ¡´μ³Ê ¨§²μ¦¥´¨Õ
¸ÊÉ¨ ¶·¥¤² £ ¥³ÒÌ ¨§³¥´¥´¨°.

1. Œ…’�„ �””…Š’ˆ‚�›• ����ƒ�‚›• ‘…—…�ˆ‰

‚ Ô±¸¶¥·¨³¥´É¥ ·¥£¨¸É·¨·Ê¥É¸Ö ¤¨¸±·¥É´Ò° ´ ¡μ· ¸±μ·μ¸É¥° ¶μ·μ£μ¢ÒÌ ·¥ ±Í¨° In:

∞∫
0

σn(E)ϕ(E) dE = In, 1, 2, . . . , N. (1)

£¤¥ ϕ(E) Å ¸¶¥±É· ´¥°É·μ´μ¢,   σn(E) Å ¸¥Î¥´¨¥ n-° ¶μ·μ£μ¢μ° ·¥ ±Í¨¨. ‡ ¤ Î  ·¥-
Ï¥´¨Ö ¸¨¸É¥³Ò Ê· ¢´¥´¨° (1) μÉ´μ¸¨É¥²Ó´μ ϕ(E) ¶μ ´ °¤¥´´Ò³ ¢ Ô±¸¶¥·¨³¥´É¥ §´ Î¥-
´¨Ö³ In, ¨³¥ÕÐ¨³ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶μ£·¥Ï´μ¸É¨ ΔIn, μÉ´μ¸¨É¸Ö ± ±² ¸¸Ê ´¥±μ··¥±É´μ
¶μ¸É ¢²¥´´ÒÌ § ¤ Î [4].

‚¸²¥¤¸É¢¨¥ ´¥¶μ²´μ£μ μ¶·¥¤¥²¥´¨Ö In ´  ¢¸¥° μ¸¨ ¶¥·¥³¥´´μ° n ¨ ´ ²¨Î¨Ö Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¶μ£·¥Ï´μ¸É¥° ΔIn ·¥Ï¥´¨¥ ¸¨¸É¥³Ò (1) ´¥Ê¸Éμ°Î¨¢μ ± ³ ²Ò³ ¨§³¥´¥´¨Ö³
§´ Î¥´¨° In. ‚ ÔÉμ³ ¸²ÊÎ ¥ £μ¢μ·ÖÉ μ ¶·¨¡²¨¦¥´´μ³ ´ Ìμ¦¤¥´¨¨ ËÊ´±Í¨¨ ϕ(E) ¶ÊÉ¥³
·¥Ï¥´¨Ö ´¥±μ··¥±É´μ ¶μ¸É ¢²¥´´μ° § ¤ Î¨. �¤´ ±μ ¤²Ö Ë¨§¨Î¥¸±μ° § ¤ Î¨ ¢¸²¥¤¸É¢¨¥
¤¥É¥·³¨´¨·μ¢ ´´μ¸É¨ Ö¢²¥´¨Ö, μ¶¨¸Ò¢ ¥³μ£μ Ê· ¢´¥´¨¥³, ¨ ´¥μ¡Ìμ¤¨³μ¸É¨ ¨´É¥·¶·¥É -
Í¨¨ ·¥§Ê²ÓÉ É  É·¥¡Ê¥É¸Ö ´ Ìμ¤¨ÉÓ ²¨ÏÓ Ê¸Éμ°Î¨¢Ò¥ ± ³ ²Ò³ ¨§³¥´¥´¨Ö³ ¶· ¢μ° Î ¸É¨
(Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³) ·¥Ï¥´¨Ö. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¨¸¶μ²Ó§Ê¥É¸Ö ¤μ¶μ²´¨É¥²Ó´ Ö
¨´Ëμ·³ Í¨Ö, ´ ¶·¨³¥·, μ £² ¤±μ¸É¨ ¨ ¶μ²μ¦¨É¥²Ó´μ¸É¨ ·¥Ï¥´¨Ö ϕ(E).
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�¸μ¡¥´´μ¸ÉÓÕ § ¤ Î¨ Ö¢²Ö¥É¸Ö Éμ, ÎÉμ Ö¤·  ¸¨¸É¥³Ò Ê· ¢´¥´¨° (1) σn(E) ¨³¥ÕÉ
μ¡² ¸ÉÓ, ¢ ±μÉμ·μ° μ´¨ ¶·¨´¨³ ÕÉ ´Ê²¥¢Ò¥ §´ Î¥´¨Ö:

σ(E) = 0, 0 � E � En. (2)

‡ ¤ Î  ¸ÊÐ¥¸É¢¥´´μ Ê¶·μ¸É¨² ¸Ó ¡Ò, ¥¸²¨ ¡Ò ËÊ´±Í¨Ö σn(E) ¨³¥²  ¢¨¤ ¸ÉÊ¶¥´Ó±¨,
μ¶¨¸Ò¢ ¥³μ° ¸ ¶μ³μÐÓÕ ËÊ´±Í¨¨ •¥¢¨¸ °¤  H(E − En),

σn(E) = σÔË
n H(E − En), (3)

£¤¥

H(E − En) =

{
0, 0 � E � En,

1, E � En,
(4)

  σ
ÔË
n Å ¶μ¸ÉμÖ´´ Ö ¢¥²¨Î¨´ , ´ §Ò¢ ¥³ Ö ÔËË¥±É¨¢´Ò³ ¸¥Î¥´¨¥³ ·¥ ±Í¨¨. „²Ö μ¶·¥¤¥-

²¥´¨Ö σÔË
n μ¡ÒÎ´μ ¨¸¶μ²Ó§Ê¥É¸Ö μ¶μ·´Ò° ¸¶¥±É· ϕμ¶(E):

∞∫
0

σn(E)ϕμ¶(E) dE =

∞∫
0

σÔË
n H(E − En)ϕμ¶(E) dE = σÔË

n

∞∫
En

ϕμ¶(E) dE. (5)

‘²¥¤μ¢ É¥²Ó´μ,

σÔË
n =

∞∫
0

σn(E)ϕμ¶(E)dE

∞∫
En

ϕμ¶(E) dE

. (6)

‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ (6) ÔËË¥±É¨¢´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ σ
ÔË
n Ö¢²Ö¥É¸Ö ¸·¥¤´¨³ §´ Î¥´¨¥³

¸¥Î¥´¨Ö σn(E), Ê¸·¥¤´¥´´μ£μ ¶μ μ¶μ·´μ³Ê ¸¶¥±É·Ê ϕμ¶(E). ‡´ ³¥´ É¥²Ó ¢ ¢Ò· ¦¥´¨¨ (6)

Gn =

∞∫
En

ϕμ¶(E) dE (7)

´μ¸¨É ´ §¢ ´¨¥ μ¶μ·´μ° ¨´É¥£· ²Ó´μ° ËÊ´±Í¨¨.
‘ ÊÎ¥Éμ³ ¢Ò· ¦¥´¨Ö (3) ¸¨¸É¥³  Ê· ¢´¥´¨° (1) ¶·¥μ¡· §Ê¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

In =

∞∫
0

σÔË
n H(E − En)ϕ(E) dE = σÔË

n

∞∫
0

H(E − En)ϕ(E)dE = σÔË
n

∞∫
En

ϕ(E) dE =

= σÔË
n F (En), (8)

£¤¥ n = 1, 2, . . . , N .
‚ ¢Ò· ¦¥´¨¨ (8)

F (En) =

∞∫
En

ϕ(E) dE (9)

Å §´ Î¥´¨Ö ¨´É¥£· ²Ó´μ° ËÊ´±Í¨¨ ¤²Ö Ö¤¥·´ÒÌ ·¥ ±Í¨° ¸ ¶μ·μ£ ³¨ Ô´¥·£¨° En.
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‚Ò· ¦¥´¨¥ (8), § ¶¨¸ ´´μ¥ ¢ ¢¨¤¥

Fn =
In

σÔË
n

, n = 1, 2, . . . , N, (10)

¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ´ ¡μ· §´ Î¥´¨° ËÊ´±Í¨¨ F (En) ¢ § ¢¨¸¨³μ¸É¨ μÉ En. �μ ¤¨¸±·¥É´Ò³
§´ Î¥´¨Ö³ Fn ¸É·μ¨É¸Ö ËÊ´±Í¨Ö F (E)

F (E) =

∞∫
E

ϕ(E′) dE′, (11)

±μÉμ· Ö ´ §Ò¢ ¥É¸Ö ¨´É¥£· ²Ó´Ò³ ¸¶¥±É·μ³ (¨´É¥£· ²Ó´μ° ËÊ´±Í¨¥°).
‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¨§¢¥¸É´μ° É¥μ·¥³μ° �ÓÕÉμ´  ¨ ‹¥°¡´¨Í  ¶·μ¨§¢μ¤´ Ö μÉ ¶¥·¢μ-

μ¡· §´μ° ËÊ´±Í¨¨ F (E) ¶μ ¶¥·¥³¥´´μ³Ê ¶·¥¤¥²Ê E ¥¸ÉÓ ¶μ¤Ò´É¥£· ²Ó´ Ö ËÊ´±Í¨Ö ϕ(E),
É. ¥. ¨¸±μ³μ¥ ·¥Ï¥´¨¥ ¸¨¸É¥³Ò (1)

dF (E)
dE

= −ϕ(E). (12)

�·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¢ ¢Ò· ¦¥´¨¨ (5) μ¶μ·´μ£μ ¸¶¥±É·  ϕμ¶(E) ¶μ¤· §Ê³¥¢ ¥É¸Ö, ÎÉμ
¢ ·¥§Ê²ÓÉ É¥ ¢ÒÎ¨¸²¥´¨° ¡Ê¤¥É ´ °¤¥´  É ± Ö ¤¥Ëμ·³¨·ÊÕÐ Ö ËÊ´±Í¨Ö ψ(E), ÎÉμ ¶·μ-
¨§¢¥¤¥´¨¥

ϕ(E) = ψ(E)ϕμ¶(E) (13)

¶μ§¢μ²¨É · ¸¸Î¨É ÉÓ ¨¸±μ³Ò° ¸¶¥±É· ´¥°É·μ´μ¢.
’·¥¡μ¢ ´¨¥³ ²Õ¡μ£μ ³¥Éμ¤  ¢μ¸¸É ´μ¢²¥´¨Ö ¸¶¥±É·  ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢, ¢ Éμ³ Î¨-

¸²¥ ¨ ³¥Éμ¤  ¤¥Ëμ·³ Í¨¨ μ¶μ·´μ£μ ¸¶¥±É· , Ö¢²Ö¥É¸Ö ¨¸¶μ²Ó§μ¢ ´¨¥ ³¨´¨³ ²Ó´μ£μ ±μ-
²¨Î¥¸É¢  ¨É¥· Í¨° K , ¢ ·¥§Ê²ÓÉ É¥ ±μÉμ·ÒÌ ¨¸Ìμ¤´Ò° μ¶μ·´Ò° ¸¶¥±É· (´Ê²¥¢μ¥ ¶·¨-
¡²¨¦¥´¨¥) ϕ0(E) ¡Ê¤¥É ¸É·¥³¨ÉÓ¸Ö ± ·¥ ²Ó´μ³Ê ¸¶¥±É·Ê ´¥°É·μ´μ¢ ϕ(E). ”μ·³ ²Ó´μ
¶·μÍ¥¤Ê·  ¶μ¨¸±  ËÊ´±Í¨¨ ψ(E) ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¸²¥¤ÊÕÐ¥° ¸Ì¥³μ°:

ϕ1(E) = ψ1(E)ϕ0(E) → ϕ2(E) =
= ψ2(E)ϕ1(E) → . . . → ϕK(E) = ψK(E)ϕK−1(E). (14)

’ ±¨³ μ¡· §μ³, ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ · ¸Î¥É  ¤¥Ëμ·³¨·ÊÕÐ¥° ËÊ´±Í¨¨ ψ(E) ¢Ò£²Ö¤¨É
± ±

ϕ0(E) → ψ1(E)ϕ0(E) → ψ2(E)ψ1(E)ϕ0(E) →
→ . . . → ψK(E)ψK−1(E) · · ·ψ1(E)ϕ0(E) ≈ ϕ(E), (15)

¶·¨ ±μÉμ·μ°
ψ(E) = ψK(E)ψK−1(E) · · ·ψ1(E). (16)

‚ · ¸¸³ É·¨¢ ¥³μ³ ´¨¦¥ ¶μ¤Ìμ¤¥ ¶·¨ ´ Ìμ¦¤¥´¨¨ ËÊ´±Í¨¨ ϕ(E) ¶·¥¤² £ ¥É¸Ö ¸μ-
¢³¥¸É¨ÉÓ ¤μ¸Éμ¨´¸É¢  ³¥Éμ¤  ÔËË¥±É¨¢´ÒÌ ¶μ·μ£μ¢ÒÌ ¸¥Î¥´¨° ¨ ³¥Éμ¤  ¤¥Ëμ·³ Í¨¨
¸¶¥±É·  ¸ ¶μ³μÐÓÕ · §²μ¦¥´¨Ö ¤¥Ëμ·³¨·ÊÕÐ¥° ËÊ´±Í¨¨ ¢ ·Ö¤ ¶μ ¶μ²¨´μ³ ³ ‹¥¦ ´-
¤· . �¤´ ±μ, ¢ μÉ²¨Î¨¥ μÉ μ¡ÒÎ´μ ¨¸¶μ²Ó§Ê¥³μ£μ ³¥Éμ¤  ¤¥Ëμ·³ Í¨¨, ¶·¨³¥´Ö¥³μ£μ
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¶·¨ ´ Ìμ¦¤¥´¨¨ ¨¸±μ³μ£μ ¸¶¥±É·  ËÊ´±Í¨¨ ϕ(E) (13), ´ ³¨ ¤¥Ëμ·³¨·ÊÕÐ Ö ËÊ´±Í¨Ö
¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö · ¸Î¥É  ¨´É¥£· ²Ó´μ° ËÊ´±Í¨¨ F (E) (11), ±μÉμ·ÊÕ É ±¦¥ μ¡μ§´ Î¨³
± ± ψ(E)

F (E) = ψ(E)G(E). (17)

’ ±μ° ¶¥·¥´μ¸  ±Í¥´É  ¸ ϕ(E) ´  F (E) ¸¢Ö§ ´ ¸ É¥³, ÎÉμ ¨´É¥£· ²Ó´ Ö ËÊ´±Í¨Ö
¨³¥¥É ¡μ²¥¥ ¶·μ¸Éμ° ¢¨¤ ¶μ ¸· ¢´¥´¨Õ ¸ ¤¨ËË¥·¥´Í¨ ²Ó´μ° ËÊ´±Í¨¥° ϕ(E). „¥°-
¸É¢¨É¥²Ó´μ, F (E) Ö¢²Ö¥É¸Ö ³μ´μÉμ´´μ Ê¡Ò¢ ÕÐ¥° ËÊ´±Í¨¥°, ¸É·¥³ÖÐ¥°¸Ö ± ´Ê²Õ ¶·¨
¶·¨¡²¨¦¥´¨¨ ± ³ ±¸¨³ ²Ó´μ° Ô´¥·£¨¨ ¢ ¸¶¥±É·¥ Emax, ¢ Éμ ¢·¥³Ö ± ± ¤¨ËË¥·¥´Í¨ ²Ó´ Ö
ËÊ´±Í¨Ö ϕ(E) ³μ¦¥É ¨³¥ÉÓ ´¥¸±μ²Ó±μ ³ ±¸¨³Ê³μ¢. ‘²¥¤μ¢ É¥²Ó´μ, ËÊ´±Í¨Ö F (E) ³μ-
¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¡μ²¥¥ ±μ·μÉ±¨³ ·Ö¤μ³, É. ¥. Î¨¸²μ M ¨¸±μ³ÒÌ ±μÔËË¨Í¨¥´Éμ¢ am

·Ö¤  ¡Ê¤¥É ´¥¡μ²ÓÏ¨³.
‚³¥¸É¥ ¸ É¥³ ¸²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¤²Ö ¡μ²¥¥ ±μ··¥±É´μ£μ μ¶·¥¤¥²¥´¨Ö Ëμ·³Ò ¸¶¥±-

É·  ϕ(E) ¸ ¶μ³μÐÓÕ ¤¨ËË¥·¥´Í¨·μ¢ ´¨Ö ¨´É¥£· ²Ó´μ° ËÊ´±Í¨¨ F (E) (12) Î¨¸²μ ¨¸-
¶μ²Ó§Ê¥³ÒÌ ¸±μ·μ¸É¥° ·¥ ±Í¨° In (10) ¤μ²¦´μ ¡ÒÉÓ ³ ±¸¨³ ²Ó´μ ¢μ§³μ¦´Ò³.

�Î¥¢¨¤´μ, ÎÉμ ¢ ¢Ò· ¦¥´¨¨ (17) ¢ ± Î¥¸É¢¥ ¨´É¥£· ²Ó´μ° μ¶μ·´μ° ËÊ´±Í¨¨ G(E)
³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´  ËÊ´±Í¨Ö

G(E) =

Emax∫
E

ϕμ¶(E′) dE′, (18)

¢ ±μÉμ·μ° ¶μ¤ §´ ±μ³ ¨´É¥£· ²  ¸Éμ¨É ϕμ¶(E′), ¨¸¶μ²Ó§μ¢ ¢Ï Ö¸Ö · ´¥¥ ¶·¨ · ¸Î¥É¥
ÔËË¥±É¨¢´μ£μ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ σÔË

n (6).
�·¥¤¸É ¢¨³ ¨´É¥£· ²Ó´ÊÕ ËÊ´±Í¨Õ F (E) (17) ¢ ¢¨¤¥ ¶·μ¨§¢¥¤¥´¨Ö μ¶μ·´μ° ËÊ´±-

Í¨¨ G(E) ´  ¤¥Ëμ·³¨·ÊÕÐÊÕ ËÊ´±Í¨Õ ψ(E) ¢ ¢¨¤¥ · §²μ¦¥´¨Ö ¶μ ¶μ²¨´μ³ ³ ‹¥¦ ´-
¤·  Pm(E), μ£· ´¨Î¨¢Ï¨¸Ó ±μ´¥Î´Ò³ Î¨¸²μ³ M Î²¥´μ¢:

ψ(E) =
F (E)
G(E)

=
M∑

m=1

amPm(E). (19)

�¸μ¡¥´´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö μ·Éμ£μ´ ²Ó´ÒÌ ËÊ´±Í¨° ¶·¨ ¶μ¨¸±¥ ¤¥Ëμ·³¨·ÊÕÐ¥°
ËÊ´±Í¨¨ ψ(E) ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¤μ¸É ÉμÎ´μ ±μ··¥±É´μ¥ ¶·¥¤¸É ¢²¥´¨¥ · ¸¸³ É·¨¢ -
¥³μ° ËÊ´±Í¨¨ (¢ ´ Ï¥³ ¸²ÊÎ ¥ ¨´É¥£· ²Ó´μ° ËÊ´±Í¨¨ F (E)) ³μ¦¥É ¡ÒÉÓ ¤μ¸É¨£´ÊÉμ
¶ÊÉ¥³ ¨¸¶μ²Ó§μ¢ ´¨Ö ´¥¡μ²ÓÏμ£μ ±μ²¨Î¥¸É¢  Î²¥´μ¢ ·Ö¤ . �·¥¨³ÊÐ¥¸É¢μ ¶μ²¨´μ³μ¢ ‹¥-
¦ ´¤· , ¨¸¶μ²Ó§Ê¥³ÒÌ ¢ ¶·¥¤² £ ¥³μ³ ³¥Éμ¤¥, ´ ¶·¨³¥·, ¶μ ¸· ¢´¥´¨Õ ¸ Î²¥´ ³¨ ·Ö¤ 
”Ê·Ó¥ ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ Ê³¥´ÓÏ ÕÉ¸Ö μ¸Í¨²²ÖÍ¨¨ ·¥Ï¥´¨Ö ψ(E) ¤²Ö ¡μ²ÓÏ¨Ì Ô´¥·-
£¨° E ¶·¨ μÉ´μ¸¨É¥²Ó´μ ³ ²μ³ Î¨¸²¥ Ê· ¢´¥´¨° N (10).

�·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ μ¶μ·´μ£μ ¸¶¥±É·  ϕμ¶(E), ¡²¨§±μ£μ ¶μ Ëμ·³¥ ± ¨¸±μ³μ³Ê ϕ(E),
Î¨¸²μ ¸² £ ¥³ÒÌ am Pm(E), ¸ÉμÖÐ¨Ì ¶μ¤ §´ ±μ³ ¸Ê³³Ò ¢ (19), ³μ¦¥É ¡ÒÉÓ μ£· ´¨Î¥´μ
μ¤´¨³ (M = 1). ’ ± ± ± P0(E) = 1, ÔÉμ μ§´ Î ¥É, ÎÉμ ¨¸±μ³Ò° ¸¶¥±É· ¡Ê¤¥É · ¢¥´
¶·μ¨§¢¥¤¥´¨Õ μ¶μ·´μ£μ ¸¶¥±É·  ϕμ¶(E) ´  ´¥±μÉμ·Ò° ´ °¤¥´´Ò° ¶μ¸ÉμÖ´´Ò° ¤²Ö ¢¸¥£μ
¸¶¥±É·  ±μÔËË¨Í¨¥´É a0.

�É³¥É¨³, ÎÉμ ¨¸¶μ²Ó§μ¢ ´¨¥ ¢ · ¸Î¥É Ì ËÊ´±Í¨¨ ψ(E), ¡²¨§±μ° ± ±μ´¸É ´É¥, ¶μ-
§¢μ²Ö¥É ¶·μ¢¥¸É¨ ¶·¥¤¢ ·¨É¥²Ó´Ò°  ´ ²¨§ ´ °¤¥´´ÒÌ §´ Î¥´¨° Fn (10) ¨ ¨¸±²ÕÎ¨ÉÓ
¢Ò¡·μ¸Ò.
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2. ���…„…‹…�ˆ… Š��””ˆ–ˆ…�’�‚ ��‡‹�†…�ˆŸ „…”��Œˆ�“	™…‰
”“�Š–ˆˆ ψ(E) ‚ �Ÿ„ �� ��‹ˆ��Œ�Œ ‹…†��„��

‚ ¨Éμ£¥ § ¤ Î  μ¶·¥¤¥²¥´¨Ö ¨´É¥£· ²Ó´μ° ËÊ´±Í¨¨ F (E) ¸¢μ¤¨É¸Ö ± μ¶·¥¤¥²¥´¨Õ
±μÔËË¨Í¨¥´Éμ¢ · §²μ¦¥´¨Ö am ËÊ´±Í¨¨

ψ(E) =
M∑

m=1

amPm(E) (20)

¶μ ¨§¢¥¸É´Ò³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨Ö³ Fn ¨ § ¤ ´´μ° μ¶μ·´μ° ËÊ´±Í¨¨ G(E).
„²Ö ¶·μ¢¥¤¥´¨Ö ¤¨¸±·¥É´ÒÌ ¢ÒÎ¨¸²¥´¨° ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ¶μ²¨´μ³Ò ‹¥¦ ´¤· 

Pm(E) ¢ ¢¨¤¥ Pmn.
‘¨¸É¥³  (1), ¸μ¤¥·¦ Ð Ö N ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨° ¶μ μÉ´μÏ¥´¨Õ ± Î¨¸²Ê ¨¸±μ³ÒÌ

±μÔËË¨Í¨¥´Éμ¢ am ¢ ¢Ò· ¦¥´¨¨ (20) M , Ö¢²Ö¥É¸Ö ¸¨²Ó´μ ¶¥·¥μ¶·¥¤¥²¥´´μ°: N � M .
�μÔÉμ³Ê §´ Î¥´¨Ö am ¡Ê¤¥³ ¨¸± ÉÓ ³¥Éμ¤μ³ ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éμ¢, ¨¸¶μ²Ó§ÊÖ É·¥¡μ¢ -
´¨¥ ³¨´¨³Ê³  ËÊ´±Í¨μ´ ² 

N∑
n=1

pn

(
ψn −

M∑
m=1

amPmn

)2

= min. (21)

‚ ¢Ò· ¦¥´¨¨ (21) ¤²Ö ·¥ ±Í¨¨ n ¨¸¶μ²Ó§Ê¥É¸Ö ¢¥¸μ¢μ° ³´μ¦¨É¥²Ó pn, É ± ± ± ¶μ-
£·¥Ï´μ¸ÉÓ ¢μ¸¸É ´μ¢²¥´´μ£μ ¸¶¥±É·  Δϕ(E) ¶μ³¨³μ § ¢¨¸¨³μ¸É¨ μÉ ¶μ£·¥Ï´μ¸É¥° ΔIn

¨ Δσn § ¢¨¸¨É É ±¦¥ ¨ μÉ ¸¶μ¸μ¡  ¶μ¸É·μ¥´¨Ö ¨´É¥£· ²Ó´μ° ËÊ´±Í¨¨ F (E) ¶μ ¤¨¸±·¥É-
´Ò³ §´ Î¥´¨Ö³ Fn ¨²¨, ÎÉμ Ô±¢¨¢ ²¥´É´μ, ¤¥Ëμ·³¨·ÊÕÐ¥° ËÊ´±Í¨¨ ψn.

ˆ¸±μ³Ò¥ ±μÔËË¨Í¨¥´ÉÒ am ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ³¥Éμ¤μ³ ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éμ¢ ¶·¨
Ê¸²μ¢¨¨ ¢Ò¶μ²´¥´¨Ö É·¥¡μ¢ ´¨Ö ³¨´¨³Ê³  (21)

∂

∂al

N∑
n=1

pn

(
ψn −

M∑
m=1

amPmn

)2

= 0, l = 1, 2, . . . , M. (22)

‚ ·¥§Ê²ÓÉ É¥ ¸¨¸É¥³  Ê· ¢´¥´¨° (22) ¶·¥μ¡· §Ê¥É¸Ö ¢ μ¶·¥¤¥²¥´´ÊÕ ¸¨¸É¥³Ê ²¨´¥°´ÒÌ
Ê· ¢´¥´¨°

M∑
m=1

amrlm = ql, l = 1, 2, . . . , M, (23)

£¤¥

rln =
N∑

n=1

pnPmnPln (24)

¨

ql =
N∑

n=1

pnψnPln, (25)

  am Å ¨¸±μ³Ò¥ ±μÔËË¨Í¨¥´ÉÒ.
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• · ±É¥·¨¸É¨±μ° ·¥Ï¥´¨Ö ¸¨¸É¥³Ò Ö¢²Ö¥É¸Ö μÉ±²μ´¥´¨¥ · ¸¸Î¨É ´´ÒÌ μÉ ¨¸Ìμ¤´ÒÌ
§´ Î¥´¨° ¤¥Ëμ·³¨·ÊÕÐ¥° ËÊ´±Í¨¨

Δn =
M∑

m=1

amPmn − ψn, n = 1, 2, . . . , N (26)

¨ ¸·¥¤´¥¥ ±¢ ¤· É¨Î´μ¥ μÉ±²μ´¥´¨¥

κ2 =
N∑

n=1

Δ2
n

N − 1
. (27)

�μ£·¥Ï´μ¸ÉÓ ¢μ¸¸É ´μ¢²¥´´μ£μ ¸¶¥±É·  ´¥°É·μ´μ¢ Δϕ(E) · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¸²¥¤ÊÕ-
Ð¨³ μ¡· §μ³. ’ ± ± ± ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (12) ¨¸±μ³Ò° ¤¨ËË¥·¥´Í¨ ²Ó´Ò° ¸¶¥±É· Ö¢²Ö¥É¸Ö
ËÊ´±Í¨¥° ¨´É¥£· ²Ó´μ£μ ¸¶¥±É·  ϕ(E) = −dF/dE = f(F ), Éμ μÎ¥¢¨¤´μ, ÎÉμ  ¡¸μ²ÕÉ´ Ö
¶μ£·¥Ï´μ¸ÉÓ Δϕ(E) μ¡Ê¸²μ¢²¥´  Ëμ·³μ° ¨´É¥£· ²Ó´μ£μ F (E) ¸¶¥±É·  ¨ ¥£μ  ¡¸μ²ÕÉ´μ°
¶μ£·¥Ï´μ¸ÉÓÕ ΔF (E). �μÔÉμ³Ê

Δϕ ≈ ϕ′(F )ΔF. (28)

‚§Ö¢ ¶·μ¨§¢μ¤´ÊÕ μÉ ¸²μ¦´μ° ËÊ´±Í¨¨ ¢μ¸¸É ´μ¢²¥´´μ£μ ¸¶¥±É·  ¶μ Ô´¥·£¨¨, ¶μ²ÊÎ¨³

dϕ

dE
=

dϕ

dF

dF

dE
. (29)

�É¸Õ¤  ¸²¥¤Ê¥É, ÎÉμ

ϕ′(F ) =
dϕ/dE

ϕ(E)
. (30)

�·μ¨§¢μ¤´ÊÕ dϕ/dE ± ± ËÊ´±Í¨Õ Ô´¥·£¨¨ E ³μ¦´μ · ¸¸Î¨É ÉÓ ³¥Éμ¤μ³ Î¨¸²¥´´μ£μ
¤¨ËË¥·¥´Í¨·μ¢ ´¨Ö ¶μ ¶ÖÉ¨, ¸¥³¨ ¨²¨ ¡μ²¥¥ ÉμÎ± ³ ¸¶¥±É·  [5].

�¡¸μ²ÕÉ´ Ö ¶μ£·¥Ï´μ¸ÉÓ ¨´É¥£· ²Ó´μ£μ ¸¶¥±É·  ΔF (E), ¢Ìμ¤ÖÐ Ö ¢ ¢Ò· ¦¥´¨¥ (28),
¤²Ö Ô´¥·£¨¨ E = En § ¢¨¸¨É μÉ ¸±μ·μ¸É¨ ·¥ ±Í¨¨ In ¨ ¥¥ ¶μ£·¥Ï´μ¸É¨ ΔIn,   É ±¦¥
´ °¤¥´´μ£μ §´ Î¥´¨Ö ÔËË¥±É¨¢´μ£μ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ σÔË

n ¨ ¥£μ ¶μ£·¥Ï´μ¸É¨ ΔσÔË
n ¨

· ¸¸Î¨ÉÒ¢ ¥É¸Ö μ¡ÒÎ´Ò³ μ¡· §μ³ ¶ÊÉ¥³ ¸Ê³³¨·μ¢ ´¨Ö ¤¨¸¶¥·¸¨°.
Œ ±¸¨³ ²Ó´μ¥ ¨ ³¨´¨³ ²Ó´μ¥ §´ Î¥´¨Ö ±μ·¨¤μ·  ¶μ£·¥Ï´μ¸É¥° Δϕ(E) É ±¦¥ ³μ£ÊÉ

¡ÒÉÓ ´ °¤¥´Ò ¶ÊÉ¥³ ¤¢ÊÌ ¤μ¶μ²´¨É¥²Ó´ÒÌ · ¸Î¥Éμ¢ ¸¶¥±É·  ´¥°É·μ´μ¢ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
§´ Î¥´¨° ¨´É¥£· ²Ó´μ° ËÊ´±Í¨¨ Fn + ΔFn ¨ Fn − ΔFn (10).

3. ˆ‘��‹œ‡�‚��ˆ… ������‰ ”“�Š–ˆˆ ˆ ‘•�„ˆŒ�‘’œ �…˜…�ˆŸ

�·¨ · §· ¡μÉ±¥ ¶·μ£· ³³Ò ¡Ò²μ ¶·μ¢¥¤¥´μ Î¨¸²¥´´μ¥ ¨  ´ ²¨É¨Î¥¸±μ¥ ¨¸¸²¥¤μ¢ -
´¨¥ ¸Ìμ¤¨³μ¸É¨ ·¥Ï¥´¨Ö ¢ ¶·μÍ¥¸¸¥ ¢Ò¶μ²´¥´¨Ö ¶μ¢Éμ·´ÒÌ ¨É¥· Í¨°. � ¶·¨³¥·, ¢ ± -
Î¥¸É¢¥ μ¶μ·´μ° ËÊ´±Í¨¨ ¡Ò²  ¨¸¶μ²Ó§μ¢ ´  ËÊ´±Í¨Ö, ´¥ § ¢¨¸ÖÐ Ö μÉ Ô´¥·£¨¨, É. ¥.
±μ´¸É ´É  ϕμ¶(E) = 1. ‚ ± Î¥¸É¢¥ ³μ¤¥²Ó´μ° ËÊ´±Í¨¨ ¸¶¥±É·  ¡Ò²  ¢Ò¡· ´  Ô±¸¶μ-
´¥´Í¨ ²Ó´ Ö ËÊ´±Í¨Ö ϕ(E) = A exp (−μE), ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ±μÉμ·μ° ¡Ò²¨ · ¸¸Î¨É ´Ò
¸±μ·μ¸É¨ ·¥ ±Í¨°. “¦¥ ¶μ¸²¥ ¶¥·¢μ° ¨É¥· Í¨¨ ¢ ·¥Ï¥´¨¨ ¶μÖ¢²Ö¥É¸Ö ³´μ¦¨É¥²Ó, ¸μ¤¥·-
¦ Ð¨° Ô±¸¶μ´¥´Í¨ ²Ó´ÊÕ § ¢¨¸¨³μ¸ÉÓ μÉ Ô´¥·£¨¨.
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�É³¥É¨³, ÎÉμ ¨¸¶μ²Ó§μ¢ ´¨¥ μ¶μ·´μ° ËÊ´±Í¨¨, ¡²¨§±μ° ± ·¥ ²Ó´μ³Ê ¸¶¥±É·Ê ´¥°-
É·μ´μ¢, ¶μ§¢μ²Ö¥É ¸μ±· É¨ÉÓ Î¨¸²μ ¨É¥· Í¨° ¨ É¥³ ¸ ³Ò³ ¶μ¢Ò¸¨ÉÓ ± Î¥¸É¢μ ±μ´¥Î´μ£μ
·¥§Ê²ÓÉ É . ‚ ± Î¥¸É¢¥ É ±μ° μ¶μ·´μ° ËÊ´±Í¨¨ ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´ ¸¶¥±É· ´¥°É·μ-
´μ¢, ¶μ²ÊÎ¥´´Ò° ¢ ·¥§Ê²ÓÉ É¥ Î¨¸²¥´´μ£μ · ¸Î¥É , ´ ¶·¨³¥·, ³¥Éμ¤μ³ Œμ´É¥-Š ·²μ.

4. ˆ‘��‹œ‡“…Œ›… ‘…—…�ˆŸ σn(E)
ˆ �””…Š’ˆ‚�›… ����ƒˆ Ÿ„…��›• �…�Š–ˆ‰ EÔË

n

‚ · §· ¡μÉ ´´μ° ¶·μ£· ³³¥ ¢μ¸¸É ´μ¢²¥´¨Ö ¸¶¥±É·μ¢ ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ ¨¸¶μ²Ó§Ê-
ÕÉ¸Ö ¸¥Î¥´¨Ö ·¥ ±Í¨°, ¢§ÖÉÒ¥ ¨§ ¡¨¡²¨μÉ¥±¨ [6]. • · ±É¥·¨¸É¨±¨ ¶·μ¤Ê±Éμ¢ ·¥ ±Í¨°
¤ ´Ò ¢ É ¡²¨Í¥.

‚ É ¡²¨Í¥ ¶·¨¢¥¤¥´Ò 48 ¶μ·μ£μ¢ÒÌ ·¥ ±Í¨°, ¨¸¶μ²Ó§Ê¥³Ò¥ ´ ³¨ ¤²Ö ¢μ¸¸É ´μ¢²¥´¨Ö
¸¶¥±É·μ¢ ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢. „¢¥ ¶ ·Ò ·¥ ±Í¨° ¸ ºº1 ¨ 25; ºº32 ¨ 36 ¶·¨¢μ¤ÖÉ ±
μ¡· §μ¢ ´¨Õ μ¤´¨Ì ¨ É¥Ì ¦¥ Ö¤¥·-¶·μ¤Ê±Éμ¢: 111Cdm ¨ 89Zr ¸μμÉ¢¥É¸É¢¥´´μ. �μÔÉμ³Ê ¢
· ¸Î¥É Ì ÔËË¥±É¨¢´ÒÌ ¸¥Î¥´¨° ¨¸¶μ²Ó§Ê¥É¸Ö ¢§¢¥Ï¥´´μ¥ ¸¥Î¥´¨¥, ÊÎ¨ÉÒ¢ ÕÐ¥¥ · ¸¶·μ-
¸É· ´¥´´μ¸ÉÓ ¨§μÉμ¶μ¢ ¢ ¥¸É¥¸É¢¥´´μ° ¸³¥¸¨.

�¥ ±Í¨¨, ¢Ò¸É·μ¥´´Ò¥ ¢ ¶μ·Ö¤±¥ ¢μ§· ¸É ´¨Ö ÔËË¥±É¨¢´ÒÌ ¶μ·μ£μ¢ÒÌ Ô´¥·£¨°, ¨ Ë¨§¨Î¥¸±¨¥
Ì · ±É¥·¨¸É¨±¨ Ö¤¥·-¶·μ¤Ê±Éμ¢

º �¥ ±Í¨Ö T1/2 Ö¤· -¶·μ¤Ê±É  Eγ , ±Ô‚ Iγ , % E¶μ·, ŒÔ‚

1 111Cd (n, n′γ) 111Cdm 48,7 ³¨´ 245,4 94,2 0,25
2 115In (n, n′γ) 115Inm 4,486 Î 336,2 45,4 0,35
3 47Ti (n, p) 47Sc 3,351 ¸ÊÉ 159,4 68,0 0,75
4 58Ni (n, p) 58Co 70,8 ¸ÊÉ 810,8 99,4 0,90
5 204Pb (n, n′γ) 204Pbm 66,9 ³¨´ 911,7 96,5 0,95
6 54Fe (n, p) 54Mn 312,5 ¸ÊÉ 834,8 100 1,25
7 61Ni (n, p) 61Co 1,65 Î 909,2 3,01 2,75
8 46Ti (n, p) 46Sc 83,83 ¸ÊÉ 889,2 100 3,05
9 59Co (n, p) 59Fe 44,529 ¸ÊÉ 1099,2 56,1 3,45
10 90Zr (n, p) 90Ym 3,19 Î 479,3 91,0 3,85
11 65Cu (n, p) 65Ni 2,52 Î 1482 23,5 3,95
12 54Fe (n, α) 51Cr 27,7 ¸ÊÉ 320,1 9,83 4,75
13 56Fe (n, p) 56Mn 2,578 Î 846,8 98,9 5,40
14 48Ti (n, p) 48Sc 43,7 Î 983,5 100 5,95
15 24Mg (n, p) 24Na 15,0 Î 1368,6 100 6,15
16 27Al (n, α) 24Na 15,0 Î 1368,6 100 6,75
17 111Cd (n, p) 111Ag 7,45 ¸ÊÉ 342,1 6,69 6,80
18 59Co (n, α) 56Mn 2,578 Î 846,8 98,9 6,95
19 96Zr (n, 2n) 95Zr 63,91 ¸ÊÉ 756,7 55,0 8,05
20 204Pb (n, 2n) 203Pb 52,05 Î 279,2 80,1 8,65
21 92Zr (n, p) 92Y 3,54 Î 934,5 13,9 8,75
22 115In (n, p) 115Cd 53,46 Î 527,7 32,9 8,90
23 116Cd (n, 2n) 115Cd 53,46 Î 492,1 10,2 9,05
24 115In (n, 2n) 114Inm 49,51 ¸ÊÉ 190,3 15,4 9,60
25 112Cd (n, 2n) 111Cdm 48,7 ³¨´ 245,4 94 10,15
26 113Cd (n, p) 113Ag 5,3 Î 298,6 100 10,25
27 65Cu (n, 2n) 64Cu 12,7 Î 1346 0,49 10,45
28 108Cd (n, 2n) 107Cd 6,49 Î 828,9 0,177 10,85



944 Š ¤Ò±μ¢ Œ. ƒ. ¨ ¤·.

º �¥ ±Í¨Ö T1/2 Ö¤· -¶·μ¤Ê±É  Eγ , ±Ô‚ Iγ , % E¶μ·, ŒÔ‚

29 59Co (n, 2n) 58Co 70,8 ¸ÊÉ 810,8 99,4 11,05
30 50Ti (n, α) 47Ca 4,53 ¸ÊÉ 1297 74,9 11,45

31 112Cd (n, p) 112Ag 3,12 Î 616,8 42,7 11,50
32 90Zr (n, 2n) 89Zr 3,27 ¸ÊÉ 909,2 99,9 12,45
33 58Ni (n, 2n) 58Co 1,52 ¸ÊÉ 1378 77,9 13,45
34 209Bi (n, 3n) 207Bi 38 ²¥É 1064 74,9 15,40
35 59Co (n, 3n) 57Co 270,9 ¸ÊÉ 122,1 85,6 20,95
36 91Zr (n, 3n) 89Zr 3,27 ¸ÊÉ 909,2 99,9 22,45
37 63Cu (n, 3n) 61Cu 3,408 Î 656,0 10,1 22,50
38 90Zr (n, 3n) 88Zr 83,4 ¸ÊÉ 392,9 100 24,00
39 209Bi (n, 4n) 206Bi 6,243 ¸ÊÉ 803,1 98,9 24,95
40 54Fe (n, 3n) 52Fe 8,275 Î 168,7 99,2 27,45
41 209Bi (n, 5n) 205Bi 15,31 ¸ÊÉ 703,4 31,1 33,35
42 59Co (n, 4n) 56Co 78,76 ¸ÊÉ 846,8 99,9 36,85
43 209Bi (n, 6n) 204Bi 11,2 Î 899,2 98,0 45,00
44 59Co (n, 5n) 55Co 17,54 Î 931,5 75,0 53,20
45 209Bi (n, 7n) 203Bi 11,76 Î 820,2 29,6 54,75
46 209Bi (n, 8n) 202Bi 1,67 Î 960,7 99,3 65,10
47 209Bi (n, 9n) 201Bi 108 ³¨´ 785,9 29,5 77,30
48 209Bi (n, 10n) 200Bi 36,4 ³¨´ 1026 100 83,40

„²Ö ³´μ£¨Ì ·¥ ±Í¨° ¸¥Î¥´¨Ö ¨§¢¥¸É´Ò ²¨ÏÓ ¤μ 20 ŒÔ‚. �μÔÉμ³Ê ¤²Ö É¥Ì ·¥ ±Í¨°,
Ê ±μÉμ·ÒÌ μÉ¸ÊÉ¸É¢ÊÕÉ ¸¥Î¥´¨Ö ¢ÒÏ¥ 20 ŒÔ‚, ¨¸¶μ²Ó§μ¢ ²μ¸Ó  ´ ²¨É¨Î¥¸±μ¥ ¶·μ¤²¥´¨¥
¸¥Î¥´¨Ö ¢¶²μÉÓ ¤μ 150 ŒÔ‚ [7]. “Î¥É É ±¨Ì ®Ì¢μ¸Éμ¢¯ ¶μ§¢μ²Ö¥É ¡μ²¥¥ ÉμÎ´μ · ¸¸Î¨É ÉÓ
ÔËË¥±É¨¢´μ¥ ¸¥Î¥´¨¥, μ¸μ¡¥´´μ ¤²Ö ·¥ ±Í¨°, ¨³¥ÕÐ¨Ì ¢Ò¸μ±¨¥ ¶μ·μ£¨.

‚§ÖÉÒ¥ ¨§ ¡¨¡²¨μÉ¥± ¸¥Î¥´¨Ö ·¥ ±Í¨° ¨´É¥·¶μ²¨·μ¢ ²¨¸Ó ´  ¶·μ³¥¦ÊÉμÎ´Ò¥ Ô´¥·£¨¨
¸ Ï £μ³ 50 ±Ô‚. ‚¸¥ · ¸Î¥ÉÒ, ¢±²ÕÎ Ö · ¸Î¥É ¶μ²¨´μ³μ¢ ‹¥¦ ´¤· , ¸Ê³³¨·μ¢ ´¨¥,
Î¨¸²¥´´μ¥ ¤¨ËË¥·¥´Í¨·μ¢ ´¨¥, É ±¦¥ ¢Ò¶μ²´Ö²¨¸Ó ¸ Ï £μ³ ¶μ Ô´¥·£¨¨, · ¢´Ò³ 50 ±Ô‚.

� §· ¡μÉ ´´ Ö ¶·μ£· ³³  ¢μ¸¸É ´μ¢²¥´¨Ö ¸¶¥±É·μ¢ ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ ¢ ¸μμÉ¢¥É-
¸É¢¨¨ ¸ ³ ±¸¨³ ²Ó´Ò³ ¶μ·μ£μ³ ·¥ ±Í¨¨, · ¢´Ò³ 83,4 ŒÔ‚ (¸³. É ¡²¨ÍÊ), ¶μ§¢μ²Ö¥É
´ ¤¥¦´μ ¢μ¸¸É ´ ¢²¨¢ ÉÓ ¸¶¥±É·Ò ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ ¢¶²μÉÓ ¤μ 100 ŒÔ‚. ‚³¥¸É¥ ¸
É¥³ ¸²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ·¥ ±Í¨° ¸ ¡μ²¥¥ ¢Ò¸μ±¨³¨ ¶μ·μ£ ³¨ ¨
¶·¨ ´ ²¨Î¨¨ ¸¥Î¥´¨° ·¥ ±Í¨° · ¸¸³ É·¨¢ ¥³Ò° ³¥Éμ¤ ´¥ ¨³¥¥É μ£· ´¨Î¥´¨° ¶μ Ô´¥·-
£¨¨. �¤´ ±μ ¢ ·¥ ±Í¨ÖÌ ¸ ¢Ò¸μ±¨³¨ ¶μ·μ£ ³¨ μ¡· §ÊÕÉ¸Ö, ± ± ¶· ¢¨²μ, Ö¤· -¶·μ¤Ê±ÉÒ
¸ ³ ²Ò³¨ ¶¥·¨μ¤ ³¨ ¶μ²Ê· ¸¶ ¤ , ÎÉμ ¶·¥¤¸É ¢²Ö¥É μ¶·¥¤¥²¥´´ÊÕ Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ
É·Ê¤´μ¸ÉÓ ¶·¨ ¨§³¥·¥´¨¨ ´ ¢¥¤¥´´μ°  ±É¨¢´μ¸É¨.

5. ‚�‘‘’���‚‹…�ˆ… ‘�…Š’�� �›‘’�›• �…‰’����‚ ‚ �Š‘�…�ˆŒ…�’…
�� ��‹“—…�ˆ	 ‘‚ˆ�–�‚�‰ �…‰’��������‡“	™…‰ Œˆ˜…�ˆ

���’���Œˆ ”�‡�’���� ‘ ��…�ƒˆ…‰ 660 ŒÔ‚

� §· ¡μÉ ´´ Ö ¶·μ£· ³³  ¨¸¶μ²Ó§μ¢ ² ¸Ó ¢ Ô±¸¶¥·¨³¥´É¥ ¶μ μ¶·¥¤¥²¥´¨Õ ¸¶¥±É·μ¢
´¥°É·μ´μ¢ ¶·¨ μ¡²ÊÎ¥´¨¨ ¸¢¨´Íμ¢μ° ´¥°É·μ´μμ¡· §ÊÕÐ¥° ³¨Ï¥´¨ ¶·μÉμ´ ³¨ Ë §μÉ·μ´ 
‹Ÿ� �ˆŸˆ („Ê¡´ ) ¸ Ô´¥·£¨¥° 660 ŒÔ‚. „²¨´  ¸¢¨´Íμ¢μ° ³¨Ï¥´¨ ¸μ¸É ¢²Ö¥É 35 ¸³,
¤¨ ³¥É· Å 8 ¸³.
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‚μ¸¸É ´μ¢²¥´´Ò° ¸¶¥±É· ´¥°É·μ´μ¢ ¤²Ö ÉμÎ±¨ ¸ ±μμ·¤¨´ É ³¨ r = 0 ¸³ ¨ z = 30 ¸³ ´¥°É·μ´μ-
μ¡· §ÊÕÐ¥° ¸¢¨´Íμ¢μ° ³¨Ï¥´¨

ˆ¸¶μ²Ó§μ¢ ²¨¸Ó  ±É¨¢ Í¨μ´´Ò¥ ¤¥É¥±Éμ·Ò ¨§ ¸²¥¤ÊÕÐ¨Ì 12 ³ É¥·¨ ²μ¢: Cd, Pb, Bi,
Cu, Fe, Co, Zr, In, Mg, Al, Ni, Ti. ’μ²Ð¨´  ± ¦¤μ£μ ¤¥É¥±Éμ·  ¡²¨§±  ± 2 ³³. �É-
´μ¸¨É¥²Ó´μ¥ ¸μ¤¥·¦ ´¨¥ μ¸´μ¢´μ£μ Ô²¥³¥´É  ¢ ¤¥É¥±Éμ·¥ ¸μ¸É ¢²Ö¥É ´¥ ³¥´¥¥ 0,999.
„¨ ³¥É·  ±É¨¢ Í¨μ´´μ£μ ¤¥É¥±Éμ·  ¸μ¸É ¢²Ö¥É 12 ³³, ÎÉμ ¶μ§¢μ²Ö¥É ¤²Ö Ê³¥´ÓÏ¥´¨Ö
Ëμ´μ¢μ°  ±É¨¢´μ¸É¨ μÉ É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢ · §³¥Ð ÉÓ ¨Ì ¢ ± ¤³¨¥¢Ò¥ ±μ´É¥°´¥·Ò ¨§
±μ³¶²¥±É  �Š�, ¶μ¸É ¢²Ö¥³Ò¥ Ë¨·³μ° ®ˆ§μÉμ¶¯. �±É¨¢ Í¨μ´´Ò¥ ¤¥É¥±Éμ·Ò · §³¥-
Ð ²¨¸Ó ´  · ¸¸ÉμÖ´¨¨ 30 ¸³ μÉ ¢Ìμ¤  ¶ÊÎ±  ¢ ³¨Ï¥´Ó. • · ±É¥·¨¸É¨±¨ ¨¸¶μ²Ó§Ê¥³ÒÌ
 ´ ²¨É¨Î¥¸±¨Ì γ-±¢ ´Éμ¢, ¨¸¶Ê¸± ¥³ÒÌ μ¡· §ÊÕÐ¨³¨¸Ö · ¤¨μ´Ê±²¨¤ ³¨, ¤ ´Ò ¢ É ¡²¨Í¥.

�  ·¨¸Ê´±¥ ¶·¨¢¥¤¥´ ¢μ¸¸É ´μ¢²¥´´Ò° ¸¶¥±É· ´¥°É·μ´μ¢ ϕ(E) ¢ ¥¤¨´¨Í Ì ´¥°-
É·μ´/(¸³2 ·ŒÔ‚ · ¶·μÉμ´) ¢ § ¢¨¸¨³μ¸É¨ μÉ Ô´¥·£¨¨ E. �  ÔÉμ³ ¦¥ ·¨¸Ê´±¥ ¶μ± § ´
±μ·¨¤μ· ¶μ£·¥Ï´μ¸É¥° ¢μ¸¸É ´μ¢²¥´´μ£μ ¸¶¥±É· .

�·¨¢¥¤¥´´Ò° ´  ·¨¸Ê´±¥ ¸¶¥±É· ´¥°É·μ´μ¢ · ¸¸Î¨É ´ ¸ ¶·¥¤¸É ¢²¥´¨¥³ ¤¥Ëμ·³¨·Ê-
ÕÐ¥° ËÊ´±Í¨¨ ¸ ¶μ³μÐÓÕ Î¥ÉÒ·¥Ì ¶μ²¨´μ³μ¢ ‹¥¦ ´¤· .

‡�Š‹	—…�ˆ…

� §· ¡μÉ ´´ Ö ¶·μ£· ³³  ¶·¥¤´ §´ Î¥´ , ¶·¥¦¤¥ ¢¸¥£μ, ¤²Ö ¢μ¸¸É ´μ¢²¥´¨Ö ¸¶¥±É· 
¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ Ô´¥·£¨°, ¢±²ÕÎ Ö ¨ ¢Ò¸μ±¨¥ Ô´¥·£¨¨ Å ¢¶²μÉÓ
¤μ 100 ŒÔ‚. ‚ ¥¥ μ¸´μ¢¥ ²¥¦ É ³¥Éμ¤ ÔËË¥±É¨¢´ÒÌ ¶μ·μ£μ¢ÒÌ Ô´¥·£¨°, ³¥Éμ¤ ¤¥Ëμ·-
³ Í¨¨ μ¶μ·´μ£μ ¸¶¥±É·  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¤²Ö ÔÉμ° Í¥²¨ · §²μ¦¥´¨Ö ¤¥Ëμ·³¨·ÊÕÐ¥°
ËÊ´±Í¨¨ ¢ ·Ö¤ ¶μ ¶μ²¨´μ³ ³ ‹¥¦ ´¤· , ³¥Éμ¤ ¨É¥· Í¨°, ¶μ§¢μ²ÖÕÐ¨° ¶μ ´ °¤¥´´μ³Ê
¸¶¥±É·Ê ÊÉμÎ´ÖÉÓ ÔËË¥±É¨¢´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨°. ‚ ¶·μ£· ³³¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö 48 ·¥ ±Í¨°,
¨³¥ÕÐ¨Ì ÔËË¥±É¨¢´Ò¥ ¶μ·μ£¨, ²¥¦ Ð¨¥ ¢ ¨´É¥·¢ ²¥ μÉ 0,25 ¤μ 83,4 ŒÔ‚. ‚ ¶·μ-
£· ³³¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢¥¸μ¢Ò¥ ËÊ´±Í¨¨ ¤²Ö ± ¦¤μ° ¨§ ¸±μ·μ¸É¥° ·¥ ±Í¨¨, ÊÎ¨ÉÒ¢ ÕÐ¨¥
¸É É¨¸É¨Î¥¸±ÊÕ ¶μ£·¥Ï´μ¸ÉÓ Î¨¸²  μÉ¸Î¥Éμ¢ § ·¥£¨¸É·¨·μ¢ ´´μ£μ  ´ ²¨É¨Î¥¸±μ£μ ¶¨± 
¢ γ-¸¶¥±É·¥,   É ±¦¥ Ê¤ ²¥´´μ¸ÉÓ ¶μ·μ£μ¢μ° Ô´¥·£¨¨ ·¥ ±Í¨¨ μÉ ¡²¨¦ °Ï¨Ì ¶μ·μ£μ-
¢ÒÌ Ô´¥·£¨°.

‘É·Ê±ÉÊ·  ¶·μ£· ³³Ò ¶μ§¢μ²Ö¥É ¢¢¥¤¥´¨¥ ¤μ¶μ²´¨É¥²Ó´ÒÌ ¶μ·μ£μ¢ÒÌ ·¥ ±Í¨°. ‚ Î ¸É-
´μ¸É¨,  ¢Éμ·Ò ¨§ÊÎ ÕÉ ¢μ§³μ¦´μ¸ÉÓ · ¸Ï¨·¥´¨Ö ¸¶¨¸±  §  ¸Î¥É ¸²¥¤ÊÕÐ¨Ì ·¥ ±Í¨°:
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181Ta(n, p)181Hf, 181Ta(n, 2n)180Tam, 89Y(n, 2n)88Y, 89Y(n, 3n)87Y, 89Y(n, 4n)86Y,
89Y(n, 5n)85Y, 197Au(n, 2n)196Au, 197Au(n, 4n)194Au, 197Au(n, 5n)193Au, 197Au(n, 6n)
192Au ¨ ¤·., ¨³¥ÕÐ¨Ì Ô´¥·£¨¨ Ë¨§¨Î¥¸±¨Ì ¶μ·μ£μ¢ ·¥ ±Í¨° μÉ 0,24 ¤μ 42,6 ŒÔ‚.

„²Ö ¶μ²ÊÎ¥´¨Ö ±μ··¥±É´ÒÌ ¸¶¥±É·μ¢ ´¥°É·μ´μ¢ ¦¥² É¥²Ó´μ ´ ·Ö¤Ê ¸ Ï¨·μ±¨³ ´ ¡μ-
·μ³ ·¥ ±Í¨° ¨¸¶μ²Ó§μ¢ ÉÓ §´ Î¥´¨Ö ¨´É¥£· ²Ó´μ° ËÊ´±Í¨¨ F (En) ¸ ¶μ£·¥Ï´μ¸ÉÖ³¨, ´¥
¶·¥¢ÒÏ ÕÐ¨³¨ ∼ 30%. ‚ ÔÉμ³ ¸²ÊÎ ¥ ³μ¦´μ μ£· ´¨Î¨ÉÓ¸Ö Î¨¸²μ³ Î²¥´μ¢ ·Ö¤  (20),
· ¢´Ò³ 4.

� ¸ÉμÖÐ Ö ¶·μ£· ³³  ¡Ò²  ¨¸¶μ²Ó§μ¢ ´  ¢ Ô±¸¶¥·¨³¥´É Ì ¶μ μ¶·¥¤¥²¥´¨Õ Ì · ±-
É¥·¨¸É¨± ´¥°É·μ´´ÒÌ ¶μ²¥° ¢ Ö¤¥·´μ-Ë¨§¨Î¥¸±μ° Ê¸É ´μ¢±¥ Š‚ˆ�’� [8], μ¡²ÊÎ ¥³μ°
¤¥°É·μ´ ³¨ Ê¸±μ·¨É¥²Ö ´Ê±²μÉ·μ´-Œ ‹”‚� �ˆŸˆ ¸ Ô´¥·£¨Ö³¨ 1Ä8 ƒÔ‚.

�¢Éμ·Ò ¢Ò· ¦ ÕÉ ¶·¨§´ É¥²Ó´μ¸ÉÓ ±μ²²¥£ ³, ÊÎ ¸É¢μ¢ ¢Ï¨³ ¢ ¸μ¢³¥¸É´ÒÌ ´¥°É·μ´-
´ÒÌ Ô±¸¶¥·¨³¥´É Ì,   É ±¦¥ ‚. ‘.�·μ´¸±¨Ì ¨ ‚.‚. —¨² ¶Ê §  ¶μ²¥§´Ò¥ ¤¨¸±Ê¸¸¨¨.
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