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A. C. �·É¥³μ¢

�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ 

�·¨¢¥¤¥´  ²£μ·¨É³ · ¸Î¥É  ´¥μ¡Ìμ¤¨³ÒÌ Éμ²Ð¨´ ¢´ÊÉ·¥´´¨Ì ³¨Ï¥´¥° ¤²Ö ´¥¶·¥·Ò¢´μ° ¨
¶· ±É¨Î¥¸±¨ ´¥¢μ§³ÊÐ ÕÐ¥° ¢¨§Ê ²¨§ Í¨¨ Í¨·±Ê²¨·ÊÕÐ¨Ì ¶ÊÎ±μ¢ Ö¤¥· ¢ ¸¨´Ì·μÉ·μ´ Ì. Šμ´±·¥É-
´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·¥¤¸É ¢²¥´Ò ¤²Ö · §²¨Î´ÒÌ ·¥¦¨³μ¢ · ¡μÉÒ ´Ê±²μÉ·μ´ . �·¨¢¥¤¥´Ò ¸Ì¥³Ò ¶·¥¤-
² £ ¥³ÒÌ ±μ³¶ ±É´ÒÌ Ê¸É·μ°¸É¢ ¤²Ö ·¥ ²¨§ Í¨¨ ¤ ´´μ° ¤¨ £´μ¸É¨±¨ ¢μ ¢¸e³ ¤¨ ¶ §μ´¥ Ô´¥·£¨°
¶ÊÎ± , μÉ ³μ³¥´É  ¨´¦¥±Í¨¨ (5 ŒÔ‚/´Ê±²μ´) ¤μ ¥£μ ¢Ò¢μ¤  (³ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö 6 ƒÔ‚/´Ê±²μ´).
—Ê¢¸É¢¨É¥²Ó´μ¸ÉÓ ÔÉ¨Ì Ê¸É·μ°¸É¢ μÍ¥´¨¢ ¥É¸Ö ± ± 107−1014 μ¤´μ§ ·Ö¤´ÒÌ Ö¤¥· ´  μ·¡¨É¥.

The algorithm of calculation of the necessary internal target thicknesses for the continual and
practically nonperturbative visualization of the circulating nuclear beams in synchrotrons is presented.
The concrete results are carried out at various regimes of the Nuclotron runs. The schemes of the
proposed compact devices for the realization of this diagnostics in the whole energy range of the beam,
from the moment of injection (5 MeV/nucleon) to its extraction (the maximum energy of 6 GeV/nucleon)
are described. The sensibility of these devices is estimated as 107−1014 one-charged nuclei at the
orbit.

‚‚…„…�ˆ…

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¤²Ö ´¥¶·¥·Ò¢´μ° ¨ ¶· ±É¨Î¥¸±¨ ´¥¢μ§³ÊÐ ÕÐ¥° ¤¨ £´μ¸É¨±¨
¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´�ÒÌ Ì · ±É¥·¨¸É¨± ¶ÊÎ±  Ï¨·μ±μ ¨¸¶μ²Ó§Ê¥É¸Ö ¸¢¥Éμ¢μ¥ ¨§²ÊÎ¥-
´¨¥ £ §  ¢ ¨μ´μ¶·μ¢μ¤¥ (¸³., ´ ¶·¨³¥·, [1Ä7]). �·¨ ÔÉμ³ ¶·¨³¥´Ö¥³Ò¥ ¸¨¸É¥³Ò ¸ ²μ-
± ²Ó´Ò³ ´ ¶Ê¸±μ³ £ §  ¨ ¤¨ËË¥·¥´Í¨ ²Ó´μ° μÉ± Î±μ° ¶μ ±· Ö³ ¤μ¸É ÉμÎ´μ £·μ³μ§¤±¨.
�·¨Î¥³ ¢ ¸¨´Ì·μÉ·μ´ Ì ¤ ´´Ò¥ Ê¸É·μ°¸É¢ , ± ± ¶· ¢¨²μ, ¨¸¶μ²Ó§ÊÕÉ¸Ö ¶·¨ ± ±μ°-Éμ
Ë¨±¸¨·μ¢ ´´μ° Ô´¥·£¨¨. ‚ ¤ ´´μ° · ¡μÉ¥ ¶·¨³¥´¨É¥²Ó´μ ± É¥¶²μ³Ê ÊÎ ¸É±Ê ´Ê±²μÉ·μ´ 
(¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ ¸¨´Ì·μÉ·μ´  Ö¤¥· ¢ ‹ ¡μ· Éμ·¨¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¨³. ‚.ˆ. ‚¥±¸²¥· 
¨ �.Œ. � ²¤¨´  �ˆŸˆ) ¶·¥¤²μ¦¥´Ò ´μ¢Ò¥ ±μ³¶ ±É´Ò¥ Ê¸É·μ°¸É¢ , ¶μ§¢μ²ÖÕÐ¨¥ ¶· ±-
É¨Î¥¸±¨ ´¥¢μ§³ÊÐ ÕÐ¨³ μ¡· §μ³ ¨ ¸ μ¤¨´ ±μ¢μ° ÔËË¥±É¨¢´μ¸ÉÓÕ ¢μ ¢·¥³Ö ¢¸¥£μ Í¨±² 
· ¡μÉÒ Ê¸±μ·¨É¥²Ö ±μ´É·μ²¨·μ¢ ÉÓ μÉ´μ¸¨É¥²Ó´μ¥ Î¨¸²μ Î ¸É¨Í ´  μ·¡¨É¥,   É ±¦¥ ´¥-
¶·¥·Ò¢´μ ´ ¡²Õ¤ ÉÓ Í¨·±Ê²¨·ÊÕÐ¨° ¶ÊÎμ± ¶μ ¤¢Ê³ ±μμ·¤¨´ É ³ ¢μ ¢¸¥³ ¤¨ ¶ §μ´¥
Ô´¥·£¨°, μÉ ³μ³¥´É  ¨´¦¥±Í¨¨ (5 ŒÔ‚/´Ê±²μ´) ¤μ ¥£μ ¢Ò¢μ¤  (³ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö
6 ƒÔ‚/´Ê±²μ´).
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1. ��‘—…’ ‚�‡Œ“™…�ˆ‰ �“—Š� ˆ ’�…��‚��ˆŸ Š ƒ�‡�‚�‰
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‘É¥¶¥´Ó ¢μ§³ÊÐ¥´¨Ö Í¨·±Ê²¨·ÊÕÐe£μ ¶ÊÎ± , ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥£μ ¸ ¢´ÊÉ·¥´´¥° ³¨-
Ï¥´ÓÕ, μ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´μ° ¨§³¥´¥´¨Ö ¥£μ Ô³¨ÉÉ ´¸μ¢ ¨ ¶μÉ¥·¥° Î ¸É¨Í §  Í¨±²
· ¡μÉÒ ¸¨´ÌpμÉ·μ´ . �·¨ ÔÉμ³  ¤¨ ¡ É¨Î¥¸±μ¥ Ê¢¥²¨Î¥´¨¥ ¶μ¶¥·¥Î´ÒÌ (εi; i = x, z Å
£μ·¨§μ´É ²Ó´ Ö ¨ ¢¥·É¨± ²Ó´ Ö ±μμ·¤¨´ ÉÒ) ¨ ¶·μ¤μ²Ó´μ£μ (εl) Ô³¨ÉÉ ´¸μ¢ ¶·¨ ·μ¸É¥
¨³¶Ê²Ó¸  Î ¸É¨Í ¸ ¢¥²¨Î¨´μ° PCn (ŒÔ‚/´Ê±²μ´) (C Å ¸±μ·μ¸ÉÓ ¸¢¥É , Pn Å ¨³¶Ê²Ó¸
´Ê±²μ´ ) §  ¨´É¥·¢ ² ¢·¥³¥´¨ Δτ μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨Ö³¨:

Δεi(η) = 0, 5η2(ΔτC/L)βn{βif1(Z, A, Z0, A0, PCn) + [.i.]f2(Z, A, Z0, A0, PCn)}t; (1)

Δεl(η) = 0, 5η2(ΔτC/L)βn(ωrf/ωs)×
×

√
(|Gn|2πβnA PCn)/(ZU cos ϕs)f2(Z, A, Z0, A0, PCn)t; (2)

η Å Î¨¸²μ ¸É ´¤ ·É´ÒÌ μÉ±²μ´¥´¨°, ´  ±μÉμ·ÒÌ ¨§³¥·Ö¥É¸Ö Ô³¨ÉÉ ´¸ ¢ ¶·¥¤¶μ²μ¦¥´¨¨
¶ÊÎ±  ¸ £ Ê¸¸μ¢Ò³ · ¸¶·¥¤¥²¥´¨¥³ Î¨¸²  Ö¤¥·; βn =

√
(PCn/938)2/[(PCn/938)2 + 1] Å

¸±μ·μ¸ÉÓ Ö¤¥· ¶ÊÎ±  ¶·¨ ¨Ì ¨³Ê²Ó¸¥ PCn; L Å ¤²¨´  μ·¡¨ÉÒ (¸³); t Å Éμ²Ð¨´  ¢´ÊÉ·¥´-
´¥° ³¨Ï¥´¨ (£/¸³2); [.i.] = γiD

2
i +2αiDiD

′
i+βi(D′

i)
2 ¨ ¢±²ÕÎ ÕÉ ¸É·Ê±ÉÊ·´Ò¥ ¶ · ³¥É·Ò

(ξi) ³ £´¨É´μ° ¸¨¸É¥³Ò ±μ²ÓÍ  ¸¨´Ì·μÉ·μ´  ´  ÊÎ ¸É±¥ ´ Ìμ¦¤¥´¨Ö ¢´ÊÉ·¥´´¥° ³¨Ï¥´¨;
ωrf ¨ ωs Å ¸μμÉ¢¥É¸É¢¥´´μ Î cÉμÉÒ Ê¸±μ·ÖÕÐ¥£μ ‚—-¶μ²Ö ¨ μ¡· Ð¥´¨Ö · ¢´μ¢¥¸´μ°
Î ¸É¨ÍÒ; Gn = 1/[(PCn/938)2 + 1] − α; α Å ±μÔËË¨Í¨¥´É · ¸Ï¨·¥´¨Ö μ·¡¨É; U Å
 ³¶²¨ÉÊ¤  Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö; ϕs Å · ¢´μ¢¥¸´ Ö Ë § ; Z(A) ¨ Z0(A0) Å § ·Ö¤
(³ ¸¸μ¢μ¥ Î¨¸²μ) Î ¸É¨Í ¶ÊÎ±  ¨ ³¨Ï¥´¨. �´ ²¨É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ËÊ´±Í¨° f1(. . .)
¨ f2(. . .) ¶·¨¢¥¤¥´Ò ¢ · ¡μÉ¥ [8],   ¤²Ö ·Ö¤  ´ ²¥É ÕÐ¨Ì Ö¤¥· ¨ Z0 = 7, A0 = 14 ¶·¥¤¸É -

¢²¥´Ò ´  ·¨¸. 1. ‘ ÊÎ¥Éμ³ ¨¸Ìμ¤´ÒÌ Ô³¨ÉÉ ´¸μ¢ ¶ÊÎ±  (ε(b)i , ε
(b)
l ) ¶·¨ ¨³¶Ê²Ó¸¥ ¨´¦¥±Í¨¨

	¨¸. 1. ‡ ¢¨¸¨³μ¸É¨ ËÊ´±Í¨° f1 ¨ f2 μÉ ¢¥²¨Î¨´Ò PCn ¤²Ö ·Ö¤  Ö¤¥·, ´ ²¥É ÕÐ¨Ì ´  ³¨-

Ï¥´Ó N2. ‚´¨§Ê É·¥Ê£μ²Ó´¨± ³¨ μÉ³¥Î¥´Ò ¨³¶Ê²Ó¸Ò, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ Ô´¥·£¨Ö³ ¨´¦¥±Í¨¨
Ei = 5 ŒÔ‚/´Ê±²μ´ ¨ ¢Ò¢μ¤  ¶ÊÎ±  Ee = 6 ƒÔ‚/´Ê±²μ´
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PCnb μ±μ´Î É¥²Ó´Ò° ·¥§Ê²ÓÉ É ¢²¨Ö´¨Ö ³¨Ï¥´¨ ´  ´¥£μ ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö (τ � Te)
¨ ¥£μ Í¨·±Ê²ÖÍ¨¨ ¸ ¶μ¸ÉμÖ´´μ° ¢¥²¨Î¨´μ° ¨³¶Ê²Ó¸  PCne ¶·¨ ¢±²ÕÎ¥´´μ³ ‚—-¶μ²¥
(Te � τ � Te + Tc) ¶·¥¤¸Éa¢²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³¨ ¢Ò· ¦¥´¨Ö³¨ ¤²Ö §´ Î¥´¨° ±μ´¥Î´ÒÌ
Ô³¨ÉÉ ´¸μ¢

ε
(e)
i (η, PCne) = ε

(b)
i (η)(PCne/PCnb)−q+

+ Fi(Z, A, Z0, A0, ξi, L, η, G, Tc, q, PCnb, PCne)t; (3)

ε
(e)
l (η, PCne) = ε

(b)
l (η)(PCne/PCnb)−p+

+ Fl(Z, A, Z0, A0, h, L, η, α, ϕs, U, G, Tc, p, PCnb, PCne)t, (4)

£¤¥ ¸¢Ö§ÊÕÐ¨¥ ËÊ´±Í¨¨ ³¥¦¤Ê ¨Éμ£μ¢Ò³¨ ¶·¨· Ð¥´¨Ö³¨ Ô³¨ÉÉ ´¸μ¢ ¨ Éμ²Ð¨´μ° ¢´Ê-
É·¥´´¥° ³¨Ï¥´¨ ¨³¥ÕÉ ¢¨¤

Fi(. . .) = 0, 5η2 C

L

{
(PCne)−q

G

PCne∫
PCnb

(PCn)q

√
(PCn/938)2

(PCn/938)2 + 1
×

× [βif1(. . . , PCn) + [.i.]f2(. . . , PCn)]dPCn + Tc

√
(PCne/938)2

(PCne/938)2 + 1
×

× [βif1(. . . , PCne) + [.i.]f2(. . . , PCne)]
}

;

Fl(. . .) = 0, 5η2 C

L
h

√
2πA

ZU cosϕs

{
(PCne)−p

G

PCne∫
PCnb

[
(PCn/938)2

(PCn/938)2 + 1

]3/4

×

×

√∣∣∣∣ 1
(PCn/938)2 + 1

− α

∣∣∣∣(PCn)p+1/2f2(. . . , PCn)]dPCn+

+ Tc

[
(PCne/938)2

(PCne/938)2 + 1

]3/4
√∣∣∣∣ 1

(PCne/938)2 + 1
− α

∣∣∣∣√PCnef2(. . . , PCne)
}

,

  h = ωrf/ωc, q ¨ p Å ¶ · ³¥É·Ò  ¤¨ ¡ É¨Î¥¸±μ£μ ¸¦ É¨Ö; εi(PCn) ∝ (PCn)−q ,
εl(PCn) ∝ (PCn)−p; G = (PCne − PCnb)/Te Å Ì · ±É¥·¨¸É¨±  É¥³¶  Ê¸±μ·¥´¨Ö
Î ¸É¨Í ¶μ ¨³¶Ê²Ó¸Ê ´  ´Ê±²μ´. ‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ ·¨¸. 1 ´ ¨¡μ²ÓÏ¨¥ §´ Î¥´¨Ö ËÊ´±Í¨°
f1(. . .) ¨ f2(. . .) ¶·¨ · §²¨Î´ÒÌ ¢¥²¨Î¨´ Ì PCn ¨ ³¨Ï¥´¨ N2 ¶·¨Ìμ¤ÖÉ¸Ö ´  ²¥£±¨¥ Ö¤· 
¶ÊÎ± . Š ± ¶μ± §Ò¢ ÕÉ · ¸Î¥ÉÒ, ÔÉ  É¥´¤¥´Í¨Ö ¸μÌ· ´Ö¥É¸Ö ¨ ¤²Ö ¤·Ê£¨Ì ³¨Ï¥´¥°. �·¨-
Î¥³ ¸ ·μ¸Éμ³ ¸·¥¤´¥£μ ³ ¸¸μ¢μ£μ Î¨¸²  ³¨Ï¥´¨ A0 §´ Î¥´¨Ö f1(. . .) ¨ f2(. . .) ³¥¤²¥´´μ
Ê³¥´ÓÏ ÕÉ¸Ö (¸³. ·¨¸. 2, 3). ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¶·¨³¥´¨É¥²Ó´μ ± ´Ê±²μÉ·μ´Ê Î¨¸²¥´´Ò¥
· ¸Î¥ÉÒ ËÊ´±Í¨° Fi(. . .) ¨ Fl|(. . .) ¶·μ¢μ¤¨²¨¸Ó ¤²Ö ¤¥°É·μ´μ¢ ¨ ¤¨ £´μ¸É¨Î¥¸±μ° ³¨-
Ï¥´¨ N2. �ÉμÉ £ § μ¡² ¤ ¥É ³ ²Ò³ ¢·¥³¥´¥³ ¢Ò¸¢¥Î¨¢ ´¨Ö (τγ = 63 ´¸) ¶·¨ ¤μ¸É ÉμÎ´μ
¢Ò¸μ±¨Ì ¸¥Î¥´¨ÖÌ ¨§²ÊÎ¥´¨Ö (σγ ) ¢ Ê¤μ¡´μ³ ¤²Ö ·¥£¨¸É· Í¨¨ ¸¶¥±É· ²Ó´μ³ ¤¨ ¶ §μ´¥
¶¥·¢μ° μÉ·¨Í É¥²Ó´μ° (1−) ¸¨¸É¥³Ò ¶μ²μ¸ N+

2 ¨μ´   §μÉ  (¶¥·¥Ìμ¤ B2Σ+
u → X2Σ+

g ,
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λ = 3580−5230 
A), ±μÉμ·Ò° μ¡· §Ê¥É¸Ö ¢ ·¥ ±Í¨¨ ¨μ´¨§ Í¨¨ N2. �μ²ÊÎ¥´´Ò¥ ·¥-
§Ê²ÓÉ ÉÒ ¤²Ö ¸·¥¤´¥° Î ¸É¨ É¥¶²μ£μ ÊÎ ¸É±  ±μ²ÓÍ  ¨ η = 3, PCnb = 97 ŒÔ‚/´Ê±²μ´
(Ei = 5 ŒÔ‚/´Ê±²μ´), q = p = 1, Tc = 1 c, U = 16 ±Ô‚, h = 5, α = 0,012, ϕs = π/3 ¨
· §²¨Î´ÒÌ §´ Î¥´¨° G ¢ § ¢¨¸¨³μ¸É¨ μÉ PCne ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 4, 5.

	¨¸. 2. Œ ¸¸μ¢μ¥ (A0) ¶μ¢¥¤¥´¨¥ ËÊ´±Í¨°

f1 ¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ Ö¤¥· ¶ÊÎ±  ´  ´Ê-

±²μ´ (Í¨Ë·Ò ¸¶· ¢  ´  ·¨¸Ê´±¥ ¢ ¥¤¨´¨Í Ì
ŒÔ‚/´Ê±²μ´)

	¨¸. 3. ’μ ¦¥, ÎÉμ ´  ·¨¸. 2, ´μ ¤²Ö ËÊ´±Í¨¨
f2(A0)

„μ¶μ²´¨É¥²Ó´Ò³ ± ´ ²μ³ ¢μ§¤¥°¸É¢¨Ö ´  ¶ÊÎμ± Ö¢²Ö¥É¸Ö ¶μÉ¥·Ö Î ¸É¨Í ¶·¨ ¨Ì μ¤-
´μ±· É´μ³ ¶·μÌμ¦¤¥´¨¨ Î¥·¥§ ¢´ÊÉ·¥´´ÕÕ ³¨Ï¥´Ó (´¥Ê¶·Ê£μ¥ Ö¤¥·´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥,
· ¸¸¥Ö´¨¥ ´  ¡μ²ÓÏ¨¥ Ê£²Ò ¶·¨ ±Ê²μ´μ¢¸±μ³ ¨ Ê¶·Ê£μ³ Ö¤¥·´μ³ ¢§ ¨³μ¤¥°¸É¢¨¨). �·¨
ÔÉμ³ ¥¸²¨ ¢·¥³¥´´�ÊÕ § ¢¨¸¨³μ¸ÉÓ PCn(τ) ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ²μ³ ´μ° ¸ Ï £μ³ Δτ ¨
ÊÎ¨ÉÒ¢ ÉÓ Éμ²Ó±μ ¥e £μ·¨§μ´É ²Ó´Ò¥ ÊÎ ¸É±¨,   É ±¦¥ ¨¸¶μ²Ó§μ¢ ÉÓ ·¥§Ê²ÓÉ ÉÒ · ¡μÉÒ
[8] ´  ´¨Ì, Éμ ¢ ¶·¥¤¥²¥ Δτ → 0 ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö μÉ´μ¸¨É¥²Ó´ÒÌ
¶μÉ¥·Ó Ö¤¥· ¶ÊÎ±  §  ¢·¥³Ö Í¨±²  · ¡μÉÒ Ê¸±μ·¨É¥²Ö

η = Q(Z, A, Z0, A0, ξi, G, Tc, PCnb, PCne)t, (5)

£¤¥ ¸¢Ö§ÊÕÐ Ö ËÊ´±Í¨Ö ³¥¦¤Ê ÔÉ¨³¨ ¶μÉ¥·Ö³¨ ¨ Éμ²Ð¨´μ° ³¨Ï¥´¨ ¨³¥¥É ¢¨¤

Q =
C

1, 66 · 10−24A0L

{
1
G

PCne∫
PCnb

σt(. . . , PCn)

√
(PCn/938)2

(PCn/938)2 + 1
dPCn+

+ σt(. . . , PCne)Tc

√
(PCne/938)2

(PCne/938)2 + 1

}
;

  σt = σc · f(. . .) + 0, 5σin[4 − erf(θxa/2θd) − erf(θza/2θd)] Å ¶μ²´μ¥ ¸¥Î¥´¨¥ ¶μÉ¥·Ó
(¸³2); σc = 3 · 10−3[Z0Z/(β2

nγnA)]2 Å ¸¥Î¥´¨¥ ±Ê²μ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö (¸³2); f(. . .) =
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	¨¸. 4. ‡ ¢¨¸¨³μ¸É¨ ËÊ´±Í¨° Fi (i = x, z) μÉ ¢¥-
²¨Î¨´Ò PCne Ê¸±μ·¥´´ÒÌ ¤¥°É·μ´μ¢ ¤²Ö ¢´ÊÉ·¥´´¥°

£ §μ¢μ° ³¨Ï¥´¨ N2 ¨ · §²¨Î´ÒÌ É¥³¶μ¢ Ê¸±μ·¥´¨Ö G

(ŒÔ‚/´Ê±²μ´·¸): 1 Å 660; 2 Å 1,32·103 ; 3 Å 1,98·103;

4 Å 3,3 · 103; 5 Å 6,6 · 103; 6 Å 1,32 · 104; 7 Å ∞
(¸μμÉ¢¥É¸É¢Ê¥É ¸ÊÐ¥¸É¢μ¢ ´¨Õ ³¨Ï¥´¨ ¢ É¥Î¥´¨e ¢·¥-
³¥´¨ Tc ¶μ¸²¥ τ = Te). ‘¶²μÏ´Ò¥ ±·¨¢Ò¥ Å Fx;

ÏÉ·¨Ìμ¢Ò¥ Å Fz

	¨¸. 5. ’μ ¦¥, ÎÉμ ¨ ´  ·¨¸. 4, ´μ ¤²Ö
ËÊ´±Í¨¨ F l

0, 5(θ−2
xa + θ−2

za − 2θ−2
cm), θ2

ia = Ai/βi (· ¤2) (i = x, z); Ai Å  ±¸¥¶É ´¸ Ê¸±μ·¨É¥²Ö; σin =
6 ·10−26(A1/3 +A

1/3
0 )2 (¸³2); θd = 0, 15[A(γ2

n−1)0,5(A1/3 +A
1/3
0 )−1; θia = θcm ¶·¨ θia >

θcm, θcm = 0, 15[1+1, 53·10−2(Z0Z/βn)]×[βnγnA(A1/3+A
1/3
0 )]−1 Å ³ ±¸¨³ ²Ó´Ò° Ê£μ²

·¥§¥·Ëμ·¤μ¢¸±μ£μ · ¸¸¥Ö´¨Ö, μ¶·¥¤¥²Ö¥³Ò° · ¤¨Ê¸ ³¨ Ö¤¥· ³¨Ï¥´¨ ¨ ¶ÊÎ± ; βn ¨ γn Å
·¥²ÖÉ¨¢¨¸Éc±¨¥ ¶ · ³¥É·Ò Í¨·±Ê²¨·ÊÕÐ¨Ì Ö¤¥·. ‡ ¢¨¸¨³μ¸É¨ Q(PCne) ¤²Ö  §μÉ´μ°
¤¨ £´μ¸É¨Î¥¸±μ° ³¨Ï¥´¨ ¨ · §²¨Î´ÒÌ É¥³¶μ¢ Ê¸±μ·¥´¨Ö ¤¥°É·μ´μ¢ ¶·¥¤¸É ¢²¥´Ò ´ 
·¨¸. 6. �·¨ ÔÉμ³ ¢¥²¨Î¨´Ò Q(A0) ¶·¨ Ë¨±¸¨·μ¢ ´´ÒÌ Ô´¥·£¨ÖÌ ¤¥°É·μ´μ¢ ³¥¤²¥´´μ
Ê³¥´ÓÏ ÕÉ¸Ö c ·μ¸Éμ³ ¸·¥¤´¥£μ ³ ¸¸μ¢μ£μ Î¨¸²  ³¨Ï¥´¨ A0 (¸³. ·¨¸. 7).

�´ ²¨§ ¶·¥¤¸É ¢²¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¶μ± §Ò¢ ¥É, ÎÉμ ´ ¨¡μ²¥¥ ÎÊ¸É¢¨É¥²Ó´Ò³¨ ± ¢μ§-
¤¥°¸É¢¨Õ ¢´ÊÉ·¥´´¥° ³¨Ï¥´¨ Ì · ±É¥·¨¸É¨± ³¨ ¶ÊÎ±  ´  ´Ê±²μÉ·μ´¥ Ö¢²ÖÕÉ¸Ö ¥£μ ¶μ-
¶¥·¥Î´Ò¥ Ô³¨ÉÉ ´¸Ò. �´¨ ¨ μ¶·¥¤¥²ÖÕÉ ¥e ¤μ¶Ê¸É¨³Ò¥ Éμ²Ð¨´Ò ¶·¨ ·¥ ²¨§ Í¨¨ ¶· ±-
É¨Î¥¸±¨ ´¥¢μ§³ÊÐ ÕÐ¥° ¤¨ £´μ¸É¨±¨. ‚ Î ¸É´μ¸É¨, ¥¸²¨ ¶·¥´¥¡·¥¦¨³Ò³¨ ¢μ§³ÊÐ¥´¨-
Ö³¨ ¶ÊÎ±  ¸Î¨É ÉÓ ¤μ¶Ê¸É¨³Ò° ·μ¸É Ô³¨ÉÉ ´¸μ¢ ´  10%, Éμ ¶·¨ ¨Ì · ¸Î¥É´ÒÌ ¢¥²¨-
Î¨´ Ì εx = 13π · 10−4 ¸³ · · ¤, εz = 20π · 10−4 ¸³ · · ¤ ¶·¨ Ô´¥·£¨¨ 200 ŒÔ‚/´Ê±²μ´
¨ εx = 1,7π · 10−4 ¸³ · · ¤; εz = 2π · 10−4 ¸³ · · ¤ ¶·¨ 6 ƒÔ‚/´Ê±²μ´ [9] ¶μ²ÊÎ ¥³
tmax ≈ (2 · 10−9−3 · 10−8) £/¸³2 ¢ § ¢¨¸¨³μ¸É¨ μÉ ·¥ ²¨§Ê¥³μ£μ É¥³¶  Ê¸±μ·¥´¨Ö ¨
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	¨¸. 6. ’μ ¦¥, ÎÉμ ¨ ´  ·¨¸. 4, ´μ ¤²Ö

ËÊ´±Í¨¨ Q

	¨¸. 7. Œ ¸¸μ¢μ¥ (A0) ¶μ¢¥¤¥´¨¥ ËÊ´±Í¨° Q ¶·¨

· §²¨Î´ÒÌ Ô´¥·£¨ÖÌ Ö¤¥· ¶ÊÎ±  (ŒÔ‚/´Ê±²μ´): 1 Å
5; 2 Å 20; 3 Å 200; 4 Å 1000; 5 Å 3000; 6 Å 6000

Ô´¥·£¨¨ ¢Ò¢μ¤¨³ÒÌ ¤¥°É·μ´μ¢ ¶·¨ Tc � 1 c. …¸²¨ ¦¥ ¢´ÊÉ·¥´´ÖÖ ³¨Ï¥´Ó ¸ÊÐ¥¸É¢Ê¥É
Éμ²Ó±μ ´  ®¸Éμ²¥¯ ³ £´¨É´μ£μ ¶μ²Ö (±·¨¢Ò¥ 7 ´  ·¨¸. 4, 5), Éμ tmax ≈ 7 · 10−9 £/¸³2

(Ei = 200 ŒÔ‚/´Ê±²μ´), 5 ·10−8 £/¸³2 (1 ƒÔ‚/´Ê±²μ´) ¨ 2 ·10−7 £/¸³2 (6 ƒÔ‚/´Ê±²μ´). „²Ö
¸· ¢´¥´¨Ö μÉ³¥É¨³, ÎÉμ ¶·¨ ÊÎeÉ¥ ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö ¸²¥¤ÊÕÐ¥£μ ¶μ ¢²¨Ö´¨Õ ´  ¶Ê-
Îμ± Ë ±Éμ·  Q ¨ ¤μ¶ÊÐ¥´¨¨ 10% ¶μÉ¥·Ó ¨´É¥´¸¨¢´μ¸É¨ Î ¸É¨Í É·¥¡μ¢ ´¨Ö ´  Éμ²Ð¨´Ò
³¨Ï¥´¨ ¢ ´¥¸±μ²Ó±μ (¢¶²μÉÓ ¤μ ¤¥¸ÖÉ¨) · § ³¥´¥¥ ¦e¸É±¨¥, Î¥³ ¢ ¶·¥¤Ò¤ÊÐ¥³ ¸²ÊÎ ¥.

2. ‘•…Œ› ��…„‹�ƒ�…Œ›• Š�Œ��Š’�›• „ˆ�ƒ��‘’ˆ—…‘Šˆ•
“‘’��‰‘’‚ ˆ ˆ• ‚�‡Œ�†��‘’ˆ

�¥·¢μ¥ (A) ¨§ ¶·¥¤² £ ¥³ÒÌ Ê¸É·μ°¸É¢ ¤²Ö ´¥¶·¥·Ò¢´μ° ¨ ¶· ±É¨Î¥¸±¨ ´¥¢μ§³ÊÐ Õ-
Ð¥° ¢¨§Ê ²¨§ Í¨¨ ¶ÊÎ±  ¶μ ¤¢Ê³ ±μμ·¤¨´ É ³ ¢ ¸¨´Ì·μÉ·μ´¥ ¶·¥¤¸É ¢²¥´μ ´  ·¨¸. 8. �´μ
¸μ¸Éμ¨É ¨§ £ §μ¢μ° ÖÎ¥°±¨ 1 ¨ ¤¢ÊÌ Ê¸¨²¨É¥²¥° ¨§μ¡· ¦¥´¨Ö ¸ μ¶É¨±μ° 2, ¢Ò¶μ²´¥´´ÒÌ
´  Ï¥¢·μ´´μ° ¸¡μ·±¥ ŒŠ� ¸ ·¥£¨¸É·¨·ÊÕÐ¥° �‡‘-³ É·¨Í¥°. �¸μ¡¥´´μ¸ÉÓÕ ±μ´¸É·Ê±-
Í¨¨ ÖÎ¥°±¨ Ö¢²Ö¥É¸Ö Éμ, ÎÉμ £ § Î¥·¥§ ´ É¥± É¥²Ó 3 ¶μ¸ÉÊ¶ ¥É ¢ ¡ÊË¥·´Ò° μ¡Ñe³ 4,   § É¥³
Î¥·¥§ ¢´ÊÉ·¥´´ÕÕ ± ¶¨²²Ö·´ÊÕ ¸É¥´±Ê 5 ´¥¶μ¸·¥¤¸É¢¥´´μ ¢ ¢ ±ÊÊ³´Ò° ± ´ ² É· ´¸¶μ·-
É¨·μ¢±¨ ¶ÊÎ± . �É  ¸É¥´±  ¸μ¡¨· ¥É¸Ö ¨§ μÉ¤¥²Ó´ÒÌ ¶² ¸É¨´ Å ± ¶¨²²Ö·´ÒÌ ·¥ÏeÉμ±,
¶·¥¤¸É ¢²ÖÕÐ¨Ì ¸μ¡μ° ³´μ¦¥¸É¢μ ¸¶² ¢²¥´´ÒÌ ¸É¥±²Ö´´ÒÌ ± ¶¨²²Ö·μ¢. ˆ§£μÉμ¢²¥´¨¥
É ±¨Ì ·¥ÏeÉμ± Ìμ·μÏμ μ¸¢μ¥´μ ¶·μ³ÒÏ²¥´´μ¸ÉÓÕ. �² £μ¤ ·Ö §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥³Ê
¤¨ ³¥É·Ê ± ¶¨²²Ö·μ¢ (� 0,1 ³³) ¶μ ¸· ¢´¥´¨Õ ¸ ¨Ì ¤²¨´μ° (∼ 1−2 ³³) ¸μ§¤ eÉ¸Ö Ìμ-
·μÏμ ´ ¶· ¢²¥´´Ò° · ¤¨ ²Ó´μ ¶μÉμ± £ § . �¥·¢μ¥ ¦¥ ¨¸¶ÒÉ ´¨¥ ´ É¥± ´¨Ö £ §  Î¥·¥§
É ±¨¥ ± ¶¨²²Ö·´Ò¥ ·¥ÏeÉ±¨ ¸· ¢´¨É¥²Ó´μ ¡μ²ÓÏμ° ¶²μÐ ¤¨ [10] ¶μ± § ²μ ´ ²¨Î¨¥ ³ -
²μ£μ ¶μÉμ±  £ §  ¢¤μ²Ó ¶μ¢¥·Ì´μ¸É¨. ‚ ¶·¥¤² £ ¥³μ° £ §μ¢μ° ÖÎ¥°±¥ ¤ ´´Ò° ¶μÉμ± ¢¤μ²Ó
μ¸¨ ¨μ´μ¶·μ¢μ¤  §´ Î¨É¥²Ó´μ Ê³¥´ÓÏ ¥É¸Ö ¡² £μ¤ ·Ö ¨¸¶μ²Ó§μ¢ ´¨Õ ´  Éμ·Í Ì ±·¨μ£¥´-
´ÒÌ ¶ ´¥²¥° Å ²μ¢ÊÏ¥± 6. ‚ ÔÉμ³ ¸²ÊÎ ¥ ³μ¦´μ μ¡¥¸¶¥Î¨ÉÓ ·¥§±¨° ¸¶ ¤ ¶²μÉ´μ¸É¨ £ § 
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§  ¶·¥¤¥² ³¨ ÖÎ¥°±¨ 7, ´ ¶·¨³¥·, ¡μ²¥¥ Î¥³ ¢ 10 · § ¶·¨ ¤ ¢²¥´¨¨ ¢ ´¥° ∼ 10−4 Tμ·p
Ê¦¥ ´  · ¸¸ÉμÖ´¨¨ ¶μ·Ö¤±  ¶μ¶¥·¥Î´μ£μ · §³¥·  ÖÎ¥°±¨. �·¨ ÔÉμ³ É ±¦¥ ³μ¦¥É ¡ÒÉÓ
¤μ¸É¨£´ÊÉ  ¢Ò¸μ± Ö ¸É¥¶¥´Ó (∼ 10−15%) μ¤´μ·μ¤´μ¸É¨ ¶²μÉ´μ¸É¨ £ §  ¢´ÊÉ·¨ ´¥e.

	¨¸. 8. ‘Ì¥³  Ê¸É·μ°¸É¢  A ¤²Ö ´¥¶·¥·Ò¢´μ° ¨ ¶· ±É¨Î¥¸±¨ ´¥¢μ§³ÊÐ ÕÐ¥° ¢¨§Ê ²¨§ Í¨¨ Í¨·±Ê-

²¨·ÊÕÐ¥£μ ¶ÊÎ±  Ö¤¥·

	¨¸. 9. ‘Ì¥³  Ê¸É·μ°¸É¢  B

‘Ì¥³  ¢Éμ·μ£μ (B) Ê¸É·μ°¸É¢  ¶·¨¢¥¤¥´  ´  ·¨¸. 9. �´μ ¸μ¸Éμ¨É ¨§ ²¥´ÉμÎ´μ° ¸¢¥·Ì-
§¢Ê±μ¢μ° £ §μ¢μ° ¸É·Ê¨ 1 ¨ μ¤´μ£μ Ê¸¨²¨É¥²Ö ¨§μ¡· ¦¥´¨Ö ¸ μ¶É¨±μ° 2,  ´ ²μ£¨Î´μ£μ
¨¸¶μ²Ó§Ê¥³Ò³ ¢ ¶·¥¤Ò¤ÊÐ¥³ Ê¸É·μ°¸É¢¥. �μ¢¥·Ì´μ¸ÉÓ ¸É·Ê¨ ¶ · ²²¥²Ó´  μ¸¨ Z ¨ ¸μ¸É -
¢²Ö¥É Ê£μ² 45◦ ¶μ μÉ´μÏ¥´¨Õ ± ´ ¶· ¢²¥´¨Ö³ μ¸¥° ¨μ´μ¶·μ¢μ¤  (Y ) ¨ ¸¢¥Éμ¸¡μ·  (X).
�μ¸²¥ ¶¥·¥¸¥Î¥´¨Ö ¨μ´μ¶·μ¢μ¤  μ´  ¶μ£²μÐ ¥É¸Ö ¢ ±·¨μ£¥´´μ° ²μ¢ÊÏ±¥ 3. �·μ¢¥¤¥´´Ò°
 ´ ²¨§ ²¨É¥· ÉÊ·´ÒÌ ¤ ´´ÒÌ ¶μ§¢μ²Ö¥É ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ ¤²Ö ¶μ²ÊÎ¥´¨Ö ¤μ¸É ÉμÎ´μ μ¤-
´μ·μ¤´μ° ¶μ ¶²μÉ´μ¸É¨ ²¥´ÉμÎ´μ° £ §μ¢μ° ¸É·Ê¨ ¸ ³ ²μ° Ê£²μ¢μ° · ¸Ìμ¤¨³μ¸ÉÓÕ Î ¸É¨Í
¶μ ¥e ¸¥Î¥´¨Õ Í¥²¥¸μμ¡· §´μ ¨¸¶μ²Ó§μ¢ ÉÓ Í¥¶μÎ±Ê ¸Ìμ¤ÖÐ¨Ì¸Ö-· ¸Ìμ¤ÖÐ¨Ì¸Ö ¸μ¶¥²
‹ ¢ ²Ö 4 μ¶É¨³ ²Ó´μ° ±μ´Ë¨£Ê· Í¨¨ (¸³., ´ ¶·¨³¥·, [11]) ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ¨´¤¨¢¨-
¤Ê ²Ó´Ò³¨ ¤¨ Ë· £³ ³¨ Å ¸¥¶a· Éμ· ³¨ 5. ‚ ¶·¥¤² £ ¥³μ° ¸Ì¥³¥ Ëμ·³¨·μ¢ ´¨Ö ¸É·Ê¨
´¥μ¡Ìμ¤¨³Ò° £ § Î¥·¥§ ´ É¥± É¥²Ó 6 ¶μ¤ eÉ¸Ö ¢ ¡ÊË¥·´Ò° μ¡Ñe³ 7, ±μÉμ·Ò° ¸μ¥¤¨´e´
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¸ μ¡² ¸ÉÓÕ 8 Ëμ·³¨·μ¢ ´¨Ö ¶μÉμ±  Éμ²Ó±μ Î¥·¥§ ¢Ìμ¤´Ò¥ μÉ¢¥·¸É¨Ö ¸Ìμ¤ÖÐ¥°¸Ö Î ¸É¨
¸μ¶¥². �·¨ ÔÉμ³ μÌ² ¦¤ ¥³ Ö ¶μ¢e·Ì´μ¸ÉÓ 9 (·¨¸. 9, ¢) ¢Ò¶μ²´Ö¥É ·μ²Ó ±·¨μ´ ¸μ¸  ¤²Ö
μÉ± Î±¨ μ¡² ¸É¨ 8 ¢μ ¢·¥³Ö Ëμ·³¨·μ¢ ´¨Ö ¸É·Ê¨. �·¥¤¢ ·¨É¥²Ó´ Ö μÉ± Î±  ÔÉμ° μ¡² -
¸É¨ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö Î¥·¥§ μ¡Ñe³ 10, ¸μ¥¤¨´e´´Ò° ¸ ¢ ±ÊÊ³´Ò³ ± ´ ²μ³ É· ´¸¶μ·É¨·μ¢±¨
¶ÊÎ± . ‘²¥¤ÊÖ ·¥±μ³¥´¤ Í¨Ö³ · ¡μÉÒ [11], ¤²Ö ¶·¥¤μÉ¢· Ð¥´¨Ö ±μ´¤¥´¸ Í¨¨ · ¡μÎ¥£μ
£ §  ´  ¸¥¶ ·¨·ÊÕÐ¨Ì ¤¨ Ë· £³ Ì ´¥μ¡Ìμ¤¨³μ μ¡¥¸¶¥Î¨ÉÓ É¥·³μ¨§μ²ÖÍ¨Õ (´ ¶·¨³¥·,
¸ ¶μ³μÐÓÕ É¥Ë²μ´μ¢ÒÌ ¶·μ±² ¤μ±) ¶μ¢¥·Ì´μ¸É¨ 9 ´  ÊÎ ¸É± Ì 11 ¥e ±·¥¶²¥´¨Ö ± ¶² -
¸É¨´¥ 12, ¸μ¥¤¨´e´´μ° ¸ ¨μ´μ¶·μ¢μ¤μ³. „²Ö ¨¸±²ÕÎ¥´¨Ö ¢§ ¨³´μ£μ ¢²¨Ö´¨Ö ¶μÉμ±μ¢ £ § 
μÉ ¸μ¸¥¤´¨Ì ¸μ¶¥² ‹ ¢ ²Ö ¨ ¸¥¶ · Éμ·μ¢ ´  ´ Î ²Ó´μ³ ÔÉ ¶¥ Ëμ·³¨·μ¢ ´¨Ö ²¥´ÉμÎ´μ°
³¨Ï¥´¨ ¶·¥¤² £ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ μÌ² ¦¤ ¥³Ò¥ ¶¥·¥£μ·μ¤±¨ 13, Ö¢²ÖÕÐ¨¥¸Ö Î ¸ÉÓÕ ¶μ-
¢¥·Ì´μ¸É¨ 9. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢ ¤ ´´μ³ Ê¸É·μ°¸É¢¥ ´¥ μ¡Ö§ É¥²Ó´μ ¨¸¶μ²Ó§μ¢ ÉÓ
±·¨μ£¥´´ÊÕ ²μ¢ÊÏ±Ê. ƒ §μ¢Ò° ¶μÉμ± ³μ¦´μ ´ ¶· ¢¨ÉÓ ¢ ¸¶¥Í¨ ²Ó´Ò° ¡ÊË¥·´Ò° μ¡Ñe³,
μÉ± Î¨¢ ¥³Ò° É· ¤¨Í¨μ´´Ò³¨ ¸·¥¤¸É¢ ³¨.

‚Ò¡μ· μ¶É¨³ ²Ó´μ° Éμ²Ð¨´Ò ³¨Ï¥´¨ ¶·¨ ±μ´±·¥É´μ³ ·¥¦¨³¥ · ¡μÉÒ ´Ê±²μÉ·μ´ 
(tmax ≈ (2 · 10−9−3 · 10−8) £/¸³2) ¢ μ¡μ¨Ì ¢ ·¨ ´É Ì ¶·¥¤² £ ¥³ÒÌ Ê¸É·μ°¸É¢ ³μ¦¥É ¡ÒÉÓ
¤μ¸É¨£´ÊÉ ¢ ·Ó¨·μ¢ ´¨¥³ ´ É¥± ´¨Ö £ §  ¢ ¡ÊË¥·´Ò° μ¡Ñe³ ÖÎ¥¥±.

Œ¨´¨³ ²Ó´μ¥ Î¨¸²μ Î ¸É¨Í ´  μ·¡¨É¥ (N ), ¤²Ö ±μÉμ·ÒÌ ³μ¦´μ ·¥ ²¨§μ¢ ÉÓ ±μ´É·μ²Ó
¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´�ÒÌ Ì · ±É¥·¨¸É¨± ¶ÊÎ± , μ¶·¥¤¥²Ö¥É¸Ö ´¥μ¡Ìμ¤¨³Ò³ ±μ²¨Î¥-
¸É¢μ³ ËμÉμ´μ¢ (Nγ) ¢ ¶·¥¤¸É ¢²ÖÕÐ¥³ ¨´É¥·¥¸ ¤¨ ¶ §μ´¥ ¤²¨´ ¢μ²´, ¶μ¸ÉÊ¶ ÕÐ¨Ì ´ 
Ê¸¨²¨É¥²Ó ¨§μ¡· ¦¥´¨Ö §  ¨´É¥·¢ ² ¤¨¸±·¥É´ÒÌ ¨§³¥·¥´¨° ¢μ ¢·¥³¥´¨ (ΔTγ Å ¢·¥³Ö
´ ±μ¶²¥´¨Ö ¨´Ëμ·³ Í¨¨ ¢ �‡‘-³ É·¨Í¥). �·¨ ¶·μ¢¥¤¥´¨¨ μÍ¥´μ± ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
²¨É¥· ÉÊ·´ÒÌ ¤ ´´ÒÌ ¡Ê¤¥³ ¶μ² £ ÉÓ, ÎÉμ σγ ¤²Ö ¶·μÉμ´μ¢ ¨ ¤¥°É·μ´μ¢ μ¤¨´ ±μ¢μ° ¸±μ-
·μ¸É¨ ¡²¨§±¨ ¶μ ¢¥²¨Î¨´¥ (σγp ≈ σγd). Š ¸μ¦ ²¥´¨Õ, ¸¥Î¥´¨Ö ¨§²ÊÎ¥´¨Ö N2(N+

2 ) ¶μ¤
¢μ§¤¥°¸É¢¨¥³ ¶·μÉμ´μ¢ ¨§¢¥¸É´Ò Éμ²Ó±μ ¢ μ¡² ¸É¨ ³ ²ÒÌ Ô´¥·£¨° Ep � 1 ŒÔ‚ (¸³., ´ -
¶·¨³¥·, [12, 13]). �·¨ Ô±¸É· ¶μ²ÖÍ¨¨ ÔÉ¨Ì ¤ ´´ÒÌ ¢ μ¡² ¸ÉÓ ¡μ²¥¥ ¢Ò¸μ±¨Ì, ¢ Éμ³ Î¨¸²¥
¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì, Ô´¥·£¨° ¡Ê¤¥³ ¶μ² £ ÉÓ, ÎÉμ ¨´É¥´¸¨¢´μ¸ÉÓ ¨§²ÊÎ¥´¨Ö Éμ´±μ° £ §μ¢μ°
³¨Ï¥´¨ ¶·μ¶μ·Í¨μ´ ²Ó´  Ê¤¥²Ó´Ò³ ¶μÉ¥·Ö³ Ô´¥·£¨¨ Î ¸É¨ÍÒ ¶ÊÎ±  ¢ ´¥°. �  ¶· ¢μ³¥·-
´μ¸ÉÓ É ±μ£μ ¶μ¤Ìμ¤  Ê± §Ò¢ ÕÉ É ±¦¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¤²Ö
·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶·μÉμ´μ¢ ¨ Ö¤¥· ¸¢¨´Í  ¢ · ¡μÉ¥ [7]. �¸´μ¢Ò¢ Ö¸Ó ´  ÔÉμ³ ¨ ¸¥Î¥´¨ÖÌ
¤²Ö ¶·μÉμ´μ¢, ¶·¨¢¥¤¥´´ÒÌ ¢ · ¡μÉ¥ [13], ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¸μμÉ´μÏ¥´¨¥

Nγ(1−N+
2 ) = 10−20NZ2 ΔTγC

L
ηtnlγ

Ωγ

4π
F (β), (6)

£¤¥ ηt Å ±μÔËË¨Í¨¥´É ¶·μ¶Ê¸± ´¨Ö μ¶É¨Î¥¸±μ° ¸¨¸É¥³Ò ¶¥·¥¤ Ê¸¨²¨É¥²¥³ ¨§μ¡· -
¦¥´¨Ö; nlγ Å ÔËË¥±É¨¢´ Ö Éμ²Ð¨´  ³¨Ï¥´¨, ¸ ±μÉμ·μ° ¸μ¡¨· ¥É¸Ö ¸¢¥É (Î ¸É./¸³2);
Ωγ Å ¸·¥¤´¨° É¥²¥¸´Ò° Ê£μ² ¸¢¥Éμ¸¡μ· ; F (β) = β−1 ln (1,5 ·102βγ). �·¨ ÔËË¥±É¨¢´μ°
¤²¨´¥ £ §μ¢μ° ÖÎ¥°±¨ Ê¸É·μ°¸É¢  A ¶μ·Ö¤±  20 ¸³ ´ ¨¡μ²¥¥ ¦e¸É±¨° ¸²ÊÎ ° tmax(N2) ≈
2 · 10−9 £/¸³2 (≈ 4 · 1013 ¸³−2) ¸μμÉ¢¥É¸É¢Ê¥É ¤ ¢²¥´¨Õ  §μÉ  ¢ ´¥° ≈ 10−4 Tμ·p. �·¨-
³¥´¨É¥²Ó´μ ± ´Ê±²μÉ·μ´Ê ¤²Ö L = 2,5 · 104 ¸³, nlγ ≈ 2 · 1013 ¸³−2, c ¨¸¶μ²Ó§μ¢ ´¨¥³
²¨´§μ¢μ° μ¶É¨±¨ ¸ ηt ≈ 0,8, Ωγ ≈ 0,4 ÔÉμ ¸μμÉ¢¥É¸É¢Ê¥É

Nγ ≈ 6 · 10−3NZ2ΔTγF (β). (7)

‘μ¢·¥³¥´´Ò¥ ¤¥É¥±Éμ·Ò ¶μ§¢μ²ÖÕÉ ¸ ¤μ¸É ÉμÎ´μ° ÉμÎ´μ¸ÉÓÕ ·¥£¨¸É·¨·μ¢ ÉÓ μ¤´μ³¥·´μ¥
¶·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶μ¶ ¤ ÕÐ¨Ì ´  ´¨Ì ËμÉμ´μ¢ ¶·¨ ³¨´¨³ ²Ó´μ³ ¨Ì Î¨-
¸²¥ Nγ ≈ 104. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¤²Ö Í¨·±Ê²¨·ÊÕÐ¨Ì ¶·μÉμ´μ¢ ¨ ¤¥°É·μ´μ¢ ¶·¨ Ô´¥·£¨ÖÌ
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¸ ³¨´¨³ ²Ó´Ò³ ¸¥Î¥´¨¥³ ¨§²ÊÎ¥´¨Ö N2 (γ ≈ 2−3) ¶μÉ¥´Í¨ ²Ó´Ò¥ ¢μ§³μ¦´μ¸É¨ ¶·¥¤-
² £ ¥³ÒÌ Ê¸É·μ°¸É¢ ¶·¨ ΔTγ ≈ 2 · 10−2 c μÍ¥´¨¢ ÕÉ¸Ö ¢¥²¨Î¨´μ° Nmin ≈ 107. �·¨
μÉ¸ÊÉ¸É¢¨¨ ³¨Ï¥´¨ ¨ nlγ ≈ 2 · 1010 ¸³−2 (μ¸É ÉμÎ´Ò° £ § ´  Ée¶²μ³ ¶·μ³¥¦ÊÉ±¥ ´Ê-
±²μÉ·μ´ ) ¸μμÉ¢¥É¸É¢¥´´μ ¶μ²ÊÎ ¥³ Nmin ≈ 1010. „¨¸É ´Í¨μ´´μ, Ê³¥´ÓÏ Ö ¶²μÉ´μ¸ÉÓ
£ § , ´ ¶·¨³¥·, ¢ ÖÎ¥°±¥ Ê¸É·μ°¸É¢  A ¨ ±μÔËË¨Í¨¥´É Ê¸¨²¥´¨Ö ¢ Ï¥¢·μ´´μ° ¸¡μ·±¥
ŒŠ�, ³μ¦´μ ¶·μ¢μ¤¨ÉÓ μ¶¥· É¨¢´ÊÕ ¢¨§Ê ²¨§ Í¨Õ · ¸¸³ É·¨¢ ¥³μ£μ ¶ÊÎ±  ¢¶²μÉÓ ¤μ
N(p,d) ≈ 1013−1014. ’ ±¨³ μ¡· §μ³, ¶·¥¤² £ ¥³Ò¥ Ê¸É·μ°¸É¢  ¶μÉ¥´Í¨ ²Ó´μ ¶μ§¢μ²ÖÕÉ
μ¶¥· É¨¢´μ (¢ É¥²¥¢¨§¨μ´´μ³ ·¥¦¨³¥) ¨ ¶· ±É¨Î¥¸±¨ ´¥¢μ§³ÊÐ ÕÐ¨³ μ¡· §μ³ ±μ´É·μ-
²¨·μ¢ ÉÓ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´�Ò¥ Ì · ±É¥·¨¸É¨±¨ Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ±  ¢ ¢¥¸Ó³ 
Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ ¥£μ ¨´É¥´¸¨¢´μ¸É¨. „²Ö ±μ´É·μ²Ö μÉ´μ¸¨É¥²Ó´μ£μ Î¨¸²  Î ¸É¨Í ´ 
μ·¡¨É¥ ´¥μ¡Ìμ¤¨³μ, ÎÉμ¡Ò ¶·¨ ¶μ¸²¥¤μ¢ É¥²Ó´μ³ (¶μ± ¤·μ¢μ³) ¸Î¨ÉÒ¢ ´¨¨ ¨´Ëμ·³ Í¨¨
¸ �‡‘-³ É·¨ÍÒ (·¥¦¨³ § ¶¨· ´¨Ö ËμÉμ± Éμ¤  Ê¸¨²¨É¥²Ö ¨§μ¡· ¦¥´¨Ö) ³¥´Ö²¸Ö ±μÔË-
Ë¨Í¨¥´É Ê¸¨²¥´¨Ö ¸´¨³ ¥³μ£μ ¸ ¶¨±¸¥²μ¢ § ·Ö¤  ± ± k ∝ F−1(β). �É  § ¢¨¸¨³μ¸ÉÓ
μ¶·¥¤¥²Ö¥É¸Ö ¨§³¥´¥´¨¥³ Î ¸ÉμÉÒ μ¡· Ð¥´¨Ö Î ¸É¨Í ¢μ ¢·¥³Ö Ê¸±μ·¥´¨Ö ¨ ¶μ¢¥¤¥´¨¥³
¸¥Î¥´¨Ö ¨§²ÊÎ¥´¨Ö 1−N+

2 -¸¨¸É¥³Ò ¶μ²μ¸ ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨  §μÉ  ¸ Ö¤· ³¨ · §´ÒÌ
Ô´¥·£¨°.

„²Ö · ¡μÉÒ Ê¸É·μ°¸É¢ ¢ ·¥¦¨³¥ ¶·μË¨²μ³¥É·  ¢³¥¸Éμ ²¨´§μ¢μ° μ¶É¨±¨ ³μ¦´μ μ¸Ê-
Ð¥¸É¢¨ÉÓ μ¤´μ¢·¥³¥´´ÊÕ ·¥£¨¸É· Í¨Õ ¨§²ÊÎ¥´¨Ö μÉ μÉ¤¥²Ó´ÒÌ ¸²μe¢ £ §  ¢ ÖÎ¥°±¥ [6]. ‚
ÔÉμ³ ¸²ÊÎ ¥ ´¥μ¡Ìμ¤¨³ Ö ¸¥¶ · Í¨Ö ËμÉμ´μ¢ ¤μ¸É¨£ ¥É¸Ö ¸ ¶μ³μÐÓÕ ³´μ£μ¸²μ°´μ£μ ±μ²-
²¨³ Éμ· , ´ ¡· ´´μ£μ ¨§ Éμ´±¨Ì ¶·μ§· Î´ÒÌ ¶² ¸É¨´ ¸ Ï¥·μÌμ¢ ÉÒ³¨ ¶μ£²μÐ ÕÐ¨³¨
¶μ¢¥·Ì´μ¸ÉÖ³¨ · §¤¥² . �·μÏ¥¤Ï¨° Î¥·¥§ É ±μ° ±μ²²¨³ Éμ· ¶μÉμ± ËμÉμ´μ¢ ¶¥·¥´μ¸¨É¸Ö
Ëμ±μ´μ³ ´  Ê¸¨²¨É¥²Ó ¨§μ¡· ¦¥´¨Ö. �·μ¸É· ´¸É¢¥´´μ¥ · §·¥Ï¥´¨¥ ¨ É¥²¥¸´Ò° Ê£μ² ¸¢¥-
Éμ¸¡μ·  ¶² ¸É¨´ μ¶·¥¤¥²ÖÕÉ¸Ö ¨Ì Éμ²Ð¨´μ° (ΔL), ¶μ± § É¥²¥³ ¶·¥²μ³²¥´¨Ö ³ É¥·¨ ² ,
  É ±¦¥ · §³¥· ³¨ ¢ ´ ¶· ¢²¥´¨¨ (L|) ¨ ¶¥·¶¥´¤¨±Ê²Ö·´μ (L−) μ¸¨ ¨μ´μ¶·μ¢μ¤ . „²Ö
¸É¥±²Ö´´ÒÌ ¶² ¸É¨´ ¸ ΔL = 100 ³±³, L| = 5 ¸³, L− = 10 ¸³ ³μ¦¥É ¡ÒÉÓ ¤μ¸É¨£´ÊÉμ
¶·μ¸É· ´¸É¢¥´´μ¥ · §·¥Ï¥´¨¥ ≈ 0,4 ³³ ´  · ¸¸ÉμÖ´¨¨ ≈ 10 ¸³ μÉ Éμ·Í  ±μ²²¨³ Éμ· 
¶·¨ ¸·¥¤´¥³ É¥²¥¸´μ³ Ê£²¥ ¨Ì ¸¢¥Éμ¸¡μ·  Ωγ ≈ 10−4 ¸·. �·¨ · ¸¸³μÉ·¥´´ÒÌ ¢ÒÏ¥
´ ¶Ê¸±¥ £ §  ¢ ÖÎ¥°±Ê ¨ ·¥¦¨³e ·¥£¨¸É· Í¨¨ ËμÉμ´μ¢ ÔÉμ ¸μμÉ¢¥É¸É¢Ê¥É ´¥¶·¥·Ò¢´μ³Ê ¨
¶· ±É¨Î¥¸±¨ ´¥¢μ§³ÊÐ ÕÐ¥³Ê ¨§³¥·¥´¨Õ ¶·μË¨²Ö ¶ÊÎ±  ¸ Nmin ≈ 1010 μ¤´μ§ ·Ö¤´ÒÌ
Ö¤¥· ´  μ·¡¨É¥ ´Ê±²μÉ·μ´ .

�·¨ § ¤¥°¸É¢μ¢ ´¨¨ · ¸¸³μÉ·¥´´ÒÌ ¢ÒÏ¥ £ §μ¢ÒÌ ÖÎ¥¥± ´  μÌ² ¦¤ ¥³ÒÌ ¶μ¢¥·Ì´μ-
¸ÉÖÌ ´ ± ¶²¨¢ ¥É¸Ö ±·¨μ¸²μ°. …£μ Éμ²Ð¨´  ¨ É¥¶²μ¶·μ¢μ¤´μ¸ÉÓ μ¶·¥¤¥²ÖÕÉ ÔËË¥±É¨¢-
´μ¸ÉÓ ¢Ò³μ· ¦¨¢ ´¨Ö £ §  ¨, ¢ ±μ´¥Î´μ³ ¨Éμ£¥, ·¥¸Ê·¸ ´¥¶·¥·Ò¢´μ° · ¡μÉÒ ¢¸¥£μ Ê¸É·μ°-
¸É¢ . �´ § ¢¨¸¨É μÉ ¸±μ·μ¸É¨ ´ ±μ¶²¥´¨Ö ±·¨μ¸²μÖ ´  ´ ¨¡μ²¥¥ ´ £·Ê¦¥´´ÒÌ £ §μ¢Ò³
¶μÉμ±μ³ ÊÎ ¸É± Ì. �·μ¢¥¤¥´´Ò¥ ƒ. ƒ. •μ¤¦¨¡ £¨Ö´μ³ μÍ¥´μÎ´Ò¥ · ¸ÎeÉÒ ¶μ± §Ò¢ ÕÉ,
ÎÉμ, ´ ¶·¨³¥·, ¤²Ö £ §μ¢μ° ÖÎ¥°±¨ Ê¸É·μ°¸É¢  A ·¥¸Ê·¸ ¥e ´¥¶·¥·Ò¢´μ° · ¡μÉÒ ³μ¦¥É
¸μ¸É ¢²ÖÉÓ ≈ 40 Î.

‡�Š‹�—…�ˆ…

�·¥¤¸É ¢²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ ¤ ¦¥ ¢ μ¡² ¸É¨ Ô´¥·£¨° Í¨·±Ê²¨·ÊÕ-
Ð¥£μ ¶ÊÎ±  Ö¤¥·, £¤¥ ³¨´¨³ ²Ó´μ¥ ¸¥Î¥´¨¥ ¨§²ÊÎ¥´¨Ö ¤¨ £´μ¸É¨Î¥¸±μ° ³¨Ï¥´¨  §μÉ ,
´  ´Ê±²μÉ·μ´¥ ³μ¦´μ ·¥ ²¨§μ¢ ÉÓ ´¥¶·¥·Ò¢´ÊÕ ¨ ¶· ±É¨Î¥¸±¨ ´¥¢μ§³ÊÐ ÕÐÊÕ ¢¨§Ê-
 ²¨§ Í¨Õ ¶ÊÎ±  ¢ É¥²¥¢¨§¨μ´´μ³ ·¥¦¨³¥. �·¨ ÔÉμ³ ¤¨¸É ´Í¨μ´´μ, ¢ ·Ó¨·ÊÖ ¸É¥¶¥´Ó
´ É¥± ´¨Ö £ §  ¢ ÖÎ¥°±¨ ¶·¥¤²μ¦¥´´ÒÌ Ê¸É·μ°¸É¢ ¨ ±μÔËË¨Í¨¥´É Ê¸¨²¥´¨Ö Ê¸¨²¨É¥²Ö
¨§μ¡· ¦¥´¨Ö, ³μ¦´μ ¶·μ¢μ¤¨ÉÓ ¤ ´´ÊÕ ¤¨ £´μ¸É¨±Ê ¶ÊÎ±  μÉ ³μ³¥´É  ¨´¦¥±Í¨¨ ¤μ ¥£μ
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¢Ò¢μ¤  ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ Î¨¸²  Ö¤¥· ´  μ·¡¨É¥ ¸¨´Ì·μÉ·μ´ , ´ ¶·¨³¥· ¤²Ö ´Ê±²μ-
É·μ´  N(p,d) ≈ 107−1014. �·¨¢¥¤¥´´Ò°  ²£μ·¨É³ · ¸ÎeÉ  ¤μ¶Ê¸É¨³μ° Éμ²Ð¨´Ò ¤¨ £´μ-
¸É¨Î¥¸±μ° ³¨Ï¥´¨ ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´ ¶·¨ · §· ¡μÉ±¥, ´ ¶·¨³¥·, ¶·¥¤²μ¦¥´´ÒÌ
±μ³¶ ±É´ÒÌ ¤¨ £´μ¸É¨Î¥¸±¨Ì Ê¸É·μ°¸É¢ ¶ÊÎ±  Ö¤¥· ¤²Ö ¤·Ê£¨Ì ¸¨´Ì·μÉ·μ´μ¢.
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