
P11-2014-19

‚.„. ‹ Ì´μ 1, ∗, �. ‚. ‚μ²μÌμ¢  ∗∗, …. ‚. ‡¥³²Ö´ Ö,
ˆ. ‚.�³¨·Ì ´μ¢, ˆ. ‚.�Ê§Ò´¨´, ’. �.�Ê§Ò´¨´ 

��‹Ÿ�����Ÿ Œ�„…‹œ ”��Œˆ��‚��ˆŸ
‘�‘’�Ÿ�ˆ‰ ƒˆ„��’ˆ��‚����ƒ� �‹…Š’����

� ¶· ¢²¥´μ ¢ ¦Ê·´ ² ®�μ¢¥·Ì´μ¸ÉÓ. �¥´É£¥´μ¢¸±¨¥, ¸¨´Ì·μÉ·μ´´Ò¥
¨ ´¥°É·μ´´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö¯

1 ˆ´¸É¨ÉÊÉ ³ É¥³ É¨Î¥¸±¨Ì ¶·μ¡²¥³ ¡¨μ²μ£¨¨ �μ¸¸¨°¸±μ°  ± ¤¥³¨¨
´ Ê±, �ÊÐ¨´μ, �μ¸¸¨Ö
∗ E-mail: lak@impb.psn.ru
∗∗ E-mail: volokhova@jinr.ru



‹ Ì´μ ‚. „. ¨ ¤·. P11-2014-19
�μ²Ö·μ´´ Ö ³μ¤¥²Ó Ëμ·³¨·μ¢ ´¨Ö ¸μ¸ÉμÖ´¨°
£¨¤· É¨·μ¢ ´´μ£μ Ô²¥±É·μ´ 

‚ · ³± Ì ¤¨´ ³¨Î¥¸±μ° ³μ¤¥²¨ ¶μ²Ö·μ´  ¶·μ¢¥¤¥´μ Î¨¸²¥´´μ¥ ¨¸¸²¥¤μ¢ ´¨¥
Ëμ·³¨·μ¢ ´¨Ö ËμÉμ¢μ§¡Ê¦¤¥´´ÒÌ Ô²¥±É·μ´μ¢ ¢ ¢μ¤¥. �μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ
±μ³¶ÓÕÉ¥·´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö μ¡¸Ê¦¤ ÕÉ¸Ö ¢ ¸· ¢´¥´¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ ¨ É¥μ·¥É¨Î¥¸±¨³¨ μÍ¥´± ³¨.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ¨´Ëμ·³ Í¨μ´´ÒÌ É¥Ì´μ²μ£¨° �ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2014

Lakhno V.D. et al. P11-2014-19
Polaron Model of the Hydrated Electron States Formation

Formation of the photoexcited electron states in water is numerically analysed in
the framework of the dynamic polaron model. Results of numerical simulation are
discussed in comparison with experimental data and theoretical estimations.

The investigation has been performed at the Laboratory of Information
Technologies, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2014



‚‚…„…�ˆ…

‚ · ¡μÉ¥ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´μ£μ ¨¸¸²¥¤μ¢ ´¨Ö ¶·μÍ¥¸¸ 
Ëμ·³¨·μ¢ ´¨Ö ËμÉμ¢μ§¡Ê¦¤¥´´ÒÌ (¸μ²Ó¢ É¨·μ¢ ´´ÒÌ, £¨¤· É¨·μ¢ ´´ÒÌ)
Ô²¥±É·μ´μ¢ ¢ ¢μ¤¥. ‘μ£² ¸´μ ¸μ¢·¥³¥´´Ò³ ¶·¥¤¸É ¢²¥´¨Ö³, ¢ ·¥§Ê²ÓÉ É¥ · -
¤¨μ²¨§  ¦¨¤±¨Ì ¨ ¸É¥±²μμ¡· §´ÒÌ ¸¨¸É¥³, ± ± ¶· ¢¨²μ, ¢μ§´¨± ÕÉ ¸¢Ö§ ´´Ò¥
(¸μ²Ó¢ É¨·μ¢ ´´Ò¥) ¸μ¸ÉμÖ´¨Ö Ô²¥±É·μ´μ¢, ¢ ±μÉμ·ÒÌ Ô²¥±É·μ´ ´¥ μ¡· §Ê¥É
Ì¨³¨Î¥¸±¨Ì ¸¢Ö§¥° [1Ä4]. ’ ±¨¥ ¸μ¸ÉμÖ´¨Ö ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¸¥¡¥ ± ± § Ì¢ É
¨§¡ÒÉμÎ´μ£μ Ô²¥±É·μ´  ¶μ²Ö·¨§ Í¨μ´´μ° ¶μÉ¥´Í¨ ²Ó´μ° Ö³μ°, μ¡· §μ¢ ´´μ°
¨´¤ÊÍ¨·μ¢ ´´μ° ¨³ ¶μ²Ö·¨§ Í¨¥° μ±·Ê¦ ÕÐ¨Ì ¥£μ ³μ²¥±Ê² ¸·¥¤Ò.

ˆ´É¥·¥¸ ± ¨§ÊÎ¥´¨Õ ¸μ²Ó¢ É¨·μ¢ ´´μ£μ Ô²¥±É·μ´  ¸¢Ö§ ´ ¶·¥¦¤¥ ¢¸¥£μ ¸
É¥³, ÎÉμ ¸ ¥£μ ÊÎ ¸É¨¥³ ¶·μ¨¸Ìμ¤¨É μ£·μ³´μ¥ Î¨¸²μ ·¥ ±Í¨°, ¨§ÊÎ ¥³ÒÌ ± ±
¢ ´¥μ·£ ´¨Î¥¸±μ°, É ± ¨ ¢ μ·£ ´¨Î¥¸±μ° Ì¨³¨¨. �¸μ¡Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É
£¨¤· É¨·μ¢ ´´Ò° Ô²¥±É·μ´, Ö¢²ÖÕÐ¨°¸Ö ¢ ¢μ¤¥ ¸ ³Ò³ ¸¨²Ó´Ò³ ¢μ¸¸É ´μ¢¨-
É¥²¥³. ‚ ¡¨μ²μ£¨Î¥¸±¨Ì ¸¨¸É¥³ Ì £¨¤· É¨·μ¢ ´´Ò° Ô²¥±É·μ´ ¨£· ¥É ¡μ²ÓÏÊÕ
·μ²Ó ¢ ¶·μÍ¥¸¸ Ì ¶¥·¥´μ¸  § ·Ö¤  ´  ¡μ²ÓÏμ¥ · ¸¸ÉμÖ´¨¥. ‚ ¦´ÊÕ ¨´Ëμ·³ -
Í¨Õ μ ¸É·Ê±ÉÊ·¥ £¨¤· É¨·μ¢ ´´μ£μ Ô²¥±É·μ´  ¨ ±¨´¥É¨±¥ Ì¨³¨Î¥¸±¨Ì ·¥ ±Í¨°
¸ ¥£μ ÊÎ ¸É¨¥³ ¤ ¥É ¤¨´ ³¨±  ¸¶¥±É·μ¢ ¶μ£²μÐ¥´¨Ö ¶·¨ ¥£μ μ¡· §μ¢ ´¨¨ ¢
μ¡²ÊÎ¥´´μ° ¢μ¤¥. ‘μ¢·¥³¥´´Ò¥ Ë¥³Éμ¸¥±Ê´¤´Ò¥ ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨¥ ³¥Éμ¤Ò
¤ ÕÉ ¤¥É ²Ó´ÊÕ ¨´Ëμ·³ Í¨Õ μ ¤¨´ ³¨±¥ μ¡· §μ¢ ´¨Ö £¨¤· É¨·μ¢ ´´ÒÌ Ô²¥±-
É·μ´μ¢, ¢μ§¡Ê¦¤ ¥³ÒÌ ¢ Î¨¸Éμ° ¢μ¤¥ ¶μ¸·¥¤¸É¢μ³ ¥¥ ËμÉμμ¡²ÊÎ¥´¨Ö. –¥²ÓÕ
¤ ´´μ° · ¡μÉÒ Ö¢²Ö¥É¸Ö · §· ¡μÉ±  ³¥Éμ¤  · ¸Î¥É , ±μÉμ·Ò°  ¤¥±¢ É´μ μ¶¨-
¸Ò¢ ² ¡Ò É ±ÊÕ ¤¨´ ³¨±Ê.

‚ · §¤. 1 μ¶¨¸ ´  Ë¨§¨Î¥¸± Ö ³μ¤¥²Ó ¶μ²Ö·μ´ . ‚ · §¤. 2 ¶·¥¤¸É ¢²¥´ 
³ É¥³ É¨Î¥¸± Ö ¶μ¸É ´μ¢±  § ¤ Î¨ ¨ μ¶¨¸ ´ Î¨¸²¥´´Ò° ¶μ¤Ìμ¤ ± ¥¥ ·¥Ï¥-
´¨Õ. ‚ · §¤. 3 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ³¥Éμ¤¨Î¥¸±¨Ì · ¸Î¥Éμ¢, ¸¤¥² ´´ÒÌ
¤²Ö ¶·μ¢¥·±¨ ±μ··¥±É´μ¸É¨ ³μ¤¥²¨ ¨ ¥¥ ‘++-·¥ ²¨§ Í¨¨; μ¡¸Ê¦¤ ÕÉ¸Ö ·¥-
§Ê²ÓÉ ÉÒ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¢ ¸· ¢´¥´¨¨ ¸ É¥μ·¥É¨Î¥¸±¨³¨ ¨ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò³¨ μÍ¥´± ³¨. �¸´μ¢´Ò¥ ¢Ò¢μ¤Ò ¨§²μ¦¥´Ò ¢ § ±²ÕÎ¥´¨¨.

1. ”ˆ‡ˆ—…‘Š�Ÿ Œ�„…‹œ

�·¨ μ¶¨¸ ´¨¨ ¤¨´ ³¨±¨ ¸¶¥±É·μ¢ ¶μ£²μÐ¥´¨Ö £¨¤· É¨·μ¢ ´´ÒÌ Ô²¥±-
É·μ´μ¢ ¡Ê¤¥³ ¨¸Ìμ¤¨ÉÓ ¨§ ¶μ²Ö·μ´´μ° ³μ¤¥²¨, ¢ ±μÉμ·μ° ¶μ²Ö·´ Ö ¸·¥¤ 
· ¸¸³ É·¨¢ ¥É¸Ö ± ± ´¥¶·¥·Ò¢´ Ö. Š ± ¶μ± § ´μ ¢ [5], ÔÉμ ¶·¥¤¶μ²μ¦¥´¨¥,
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¶μ-¢¨¤¨³μ³Ê, Ìμ·μÏμ ¢Ò¶μ²´Ö¥É¸Ö, ¥¸²¨ ´ Î ²Ó´μ¥ ¸μ¸ÉμÖ´¨¥ ¢μ§¡Ê¦¤¥´´μ£μ
Ô²¥±É·μ´  ¨³¥¥É ¤μ¸É ÉμÎ´μ ¡μ²ÓÏμ° Ì · ±É¥·´Ò° · §³¥·. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¤²Ö
· ¸Î¥É  ¤¨´ ³¨±¨ μ¡· §μ¢ ´¨Ö £¨¤· É¨·μ¢ ´´μ£μ Ô²¥±É·μ´  ¡Ê¤¥³ ¨¸Ìμ¤¨ÉÓ
¨§ ËÊ´±Í¨μ´ ²  ¶μ²´μ° Ô´¥·£¨¨ E ¤²Ö μ¶É¨Î¥¸±μ£μ ¶μ²Ö·μ´  �¥± ·  [6, 7]:

E =
∫

d3r

{
�

2

2m
|∇Ψ|2 − eΦ|Ψ|2 − 1

8πcω2
(∇Φ̇)2 +

1
8πc

(∇Φ)2
}

, (1)

£¤¥ m Å ÔËË¥±É¨¢´ Ö ³ ¸¸  Ô²¥±É·μ´ ; e Å § ·Ö¤ Ô²¥±É·μ´ ; c = ε−1
∞ − ε−1

0 ,
ε∞ ¨ ε0 Å ¢Ò¸μ±μÎ ¸ÉμÉ´ Ö ¨ ¸É É¨Î¥¸± Ö ¤¨Ô²¥±É·¨Î¥¸±¨¥ ¶μ¸ÉμÖ´´Ò¥;
ω Å Î ¸ÉμÉ  μ¶É¨Î¥¸±¨Ì ¶μ²Ö·¨§ Í¨μ´´ÒÌ ±μ²¥¡ ´¨° ¸·¥¤Ò; Φ Å ¶μÉ¥´Í¨ ²,
¸μ§¤ ¢ ¥³Ò° ¶μ²Ö·¨§ Í¨¥°.

“· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö, μÉ¢¥Î ÕÐ¨¥ ËÊ´±Í¨μ´ ²Ê (1), ¨³¥ÕÉ ¢¨¤

i�Ψ̇(r, t) = − �
2

2m
ΔΨ(r, t) − eΦ(r, t)Ψ(r, t), (2)

ΔΦ(r, t) = θ(r, t), (3)

1
4πω2c

θ̈(r, t) +
1

4πc
θ(r, t) + e|Ψ(r, t)|2 = 0. (4)

‡¤¥¸Ó θ ¨³¥¥É Ë¨§¨Î¥¸±¨° ¸³Ò¸² ¶²μÉ´μ¸É¨ ¶μ²Ö·¨§ Í¨μ´´μ£μ § ·Ö¤ , ¨´¤Ê-
Í¨·μ¢ ´´μ£μ Ô²¥±É·μ´μ³. ‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ [5] ¢¢μ¤¨³ ¤²Ö ¶μÉ¥´Í¨ ²  ¶μ²Ö-
·¨§ Í¨¨ Φ ·¥² ±¸ Í¨Õ (É·¥´¨¥), μ¶·¥¤¥²Ö¥³ÊÕ ±μÔËË¨Í¨¥´Éμ³ γ, ¸¢Ö§ ´´Ò³
¸μ ¢·¥³¥´¥³ ¤¨Ô²¥±É·¨Î¥¸±μ° ·¥² ±¸ Í¨¨ τ ¸μμÉ´μÏ¥´¨¥³

γ−1 = ω2τc. (5)

’μ£¤  Ê· ¢´¥´¨¥ (4) ¶·¨´¨³ ¥É ¢¨¤

1
4πω2c

θ̈(r, t) + γθ̇(r, t) +
1

4πc
θ(r, t) + e|Ψ(r, t)|2 = 0. (6)

“· ¢´¥´¨Ö (2), (3), (6) μ¶·¥¤¥²ÖÕÉ É·¥Ì³¥·´ÊÕ ¤¨´ ³¨Î¥¸±ÊÕ ³μ¤¥²Ó ¶μ²Ö-
·μ´ .

�É³¥É¨³, ÎÉμ ¸ ÊÎ¥Éμ³ ¸μμÉ´μÏ¥´¨Ö ∇Φ = 4πP, £¤¥ P Å ¶μ²Ö·¨§ Í¨Ö
¸·¥¤Ò, Ê· ¢´¥´¨¥ (6) ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ ¢ ¢¨¤¥

P̈ +
1
τ

Ṗ + ω2P− ω2c

4π
D = 0, (7)

D = e

∫
|Ψ(r, t)|2 (r − r′)

|r − r′|3 d3r′, (8)

£¤¥ D ¨³¥¥É Ë¨§¨Î¥¸±¨° ¸³Ò¸² ¨´¤Ê±Í¨¨, ¸μ§¤ ¢ ¥³μ° Ô²¥±É·μ´μ³ ¢ ¶μ²Ö·-
´μ° ¸·¥¤¥.
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2. Œ�’…Œ�’ˆ—…‘Š�Ÿ ��‘’���‚Š� ‡�„�—ˆ ˆ Œ…’�„
—ˆ‘‹…���ƒ� �…˜…�ˆŸ

�μ¤¸É ¢²ÖÖ ¢ (2), (3), (6) · §²μ¦¥´¨Ö ËÊ´±Í¨° Ψ(r, t), Φ(r, t), θ(r, t) ¶μ
¸Ë¥·¨Î¥¸±¨³ £ ·³μ´¨± ³ Ylms(θs, φs)

Ψ(r, t) =
∞∑
l=0

l∑
ms=−l

ψlms(r, t)
r

Ylms(θs, φs),

Φ(r, t) =
∞∑
l=0

l∑
ms=−l

φlms(r, t)
r

Ylms(θs, φs),

θ(r, t) =
∞∑

l=0

l∑
ms=−l

Θlms(r, t)
r

Ylms(θs, φs)

¨ μ£· ´¨Î¨¢ Ö ´ Ï¥ · ¸¸³μÉ·¥´¨¥ ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´Ò³ ¸²ÊÎ ¥³
ms = l = 0, ¶μ²ÊÎ ¥³ ¸¨¸É¥³Ê ¶·μ¸É· ´¸É¢¥´´μ-μ¤´μ³¥·´ÒÌ ¤¨ËË¥·¥´Í¨-
 ²Ó´ÒÌ Ê· ¢´¥´¨° ¢ Î ¸É´ÒÌ ¶·μ¨§¢μ¤´ÒÌ μÉ´μ¸¨É¥²Ó´μ ËÊ´±Í¨° ψ00(r, t),
φ00(r, t), Θ00(r, t), ±μÉμ· Ö ¶·¨ ¶¥·¥Ìμ¤¥ ± ¡¥§· §³¥·´Ò³ ¢¥²¨Î¨´ ³ ¶·¨´¨-
³ ¥É ¸²¥¤ÊÕÐ¨° ¢¨¤ (§¤¥¸Ó ¨ ¤ ²¥¥ ´¨¦´¨¥ ¨´¤¥±¸Ò 00 μ¶ÊÐ¥´Ò):

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

[
i2m̄

∂

∂t
+

∂2

∂x2
+ 2m̄

r00

ε̃

φ(x, t)
x

]
ψ(x, t) = 0,

∂2

∂x2
φ(x, t) = Θ(x, t),[

∂2

∂t2
+ γ̄

∂

∂t
+ ω̄2

]
Θ(x, t) = −ω̄2 |ψ(x, t)|2

x
,

(9)

¸ £· ´¨Î´Ò³¨ Ê¸²μ¢¨Ö³¨

φ(0, t) = φ′(∞, t) = 0, ψ(0, t) = ψ(∞, t) = 0, Θ(0, t) = Θ(∞, t) = 0.
(10)

“· ¢´¥´¨Ö (9) ¸ £· ´¨Î´Ò³¨ Ê¸²μ¢¨Ö³¨ (10) μ¶¨¸Ò¢ ÕÉ Ô¢μ²ÕÍ¨Õ § ¤ ´-
´μ£μ ¢ ´ Î ²Ó´Ò° ³μ³¥´É ¢·¥³¥´¨ ¸μ¸ÉμÖ´¨Ö. ‡¤¥¸Ó ε̃ = 1,81 Å ±μÔËË¨Í¨¥´É
¤¨Ô²¥±É·¨Î¥¸±μ° ¶·μ´¨Í ¥³μ¸É¨; m̄ = 2,692, γ̄ = 2,145, ω̄ = 1 Å μ¡¥§· §³¥-
·¥´´Ò¥ ¶ · ³¥É·Ò ÔËË¥±É¨¢´μ° ³ ¸¸Ò £¨¤· É¨·μ¢ ´´μ£μ Ô²¥±É·μ´ , ·¥² ±-
¸ Í¨¨ (É·¥´¨Ö) ¨ Î ¸ÉμÉÒ; r00 Å ³ ¸ÏÉ ¡¨·ÊÕÐ¨° ³´μ¦¨É¥²Ó:

r00 =
√

t00 =
√

t0/tA0 = 164,64;

t0 = 1/ω0, ω0 = 1,5246 · 1012 ¸−1 Å Ì · ±É¥·´ Ö Î ¸ÉμÉ  ±μ²¥¡ ´¨° ¸·¥¤Ò;
tA0 = 2,42 · 10−17 ¸ Å  Éμ³´ Ö ¥¤¨´¨Í  ¢·¥³¥´¨. Œ ¸ÏÉ ¡¨·μ¢ ´¨¥ ¢¢¥¤¥´μ,
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ÎÉμ¡Ò ®Ê· ¢´μ¢¥¸¨ÉÓ¯ μÉ²¨Î ÕÐ¨¥¸Ö ¡μ²¥¥ Î¥³ ´  10 ¶μ·Ö¤±μ¢ ¨¸Ìμ¤´Ò¥ §´ -
Î¥´¨Ö Ë¨§¨Î¥¸±¨Ì ¶ · ³¥É·μ¢. �·¨ ÔÉμ³ ¸ÊÐ¥¸É¢¥´´μ (¶μ § ±μ´Ê x = r/r00)
Ê³¥´ÓÏ ¥É¸Ö ¨´É¥·¢ ² ¨´É¥£·¨·μ¢ ´¨Ö ¶μ ¶·μ¸É· ´¸É¢¥´´μ° ¶¥·¥³¥´´μ°, ÎÉμ
μ¡²¥£Î ¥É ±μ³¶ÓÕÉ¥·´μ¥ ³μ¤¥²¨·μ¢ ´¨¥.

�¥·¥Ìμ¤ μÉ ¡¥§· §³¥·´ÒÌ ¶¥·¥³¥´´ÒÌ t ¨ x ± · §³¥·´Ò³ §´ Î¥´¨Ö³ tsize
¨ r μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶μ Ëμ·³Ê² ³ tsize = t · t0, r = x · r0, £¤¥ r0 = r00 · a,
a = 0,529 · 10−8 ¸³ Å ¡μ·μ¢¸±¨° · ¤¨Ê¸. C¢Ö§Ó ÔËË¥±É¨¢´μ° ³ ¸¸Ò £¨¤· -
É¨·μ¢ ´´μ£μ Ô²¥±É·μ´  m, Î ¸ÉμÉÒ μ¶É¨Î¥¸±¨Ì ¶μ²Ö·¨§ Í¨μ´´ÒÌ ±μ²¥¡ ´¨°
¸·¥¤Ò ω ¨ ±μÔËË¨Í¨¥´É  É·¥´¨Ö γ ¸ ¶ · ³¥É· ³¨ m̄, ω̄, γ̄ ¨§ ¸¨¸É¥³Ò (9)
μ¶·¥¤¥²Ö¥É¸Ö ¸μμÉ´μÏ¥´¨Ö³¨ m = m̄ · me (£¤¥ me Å ³ ¸¸  Ô²¥±É·μ´  ¢
¢ ±ÊÊ³¥), ω = ω̄/t0, γ = γ̄/t0.

ˆ´É¥£· ² Ô´¥·£¨¨ · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¶μ Ëμ·³Ê²¥

W (t) =
1

2m̄

∫ ∣∣∣∣∂ψ(x, t)
∂x

∣∣∣∣
2

dx − r00

ε̃

∫
ϕ(x, t) |ψ(x, t)|2

x
dx. (11)

„²Ö Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö ¸¨¸É¥³  ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° (9) § ³¥-
´Ö¥É¸Ö ¸¨¸É¥³μ° · §´μ¸É´ÒÌ Ê· ¢´¥´¨° ´  · ¢´μ³¥·´μ° ¤¨¸±·¥É´μ° ¸¥É±¥ ¸
Ï £ ³¨ hx ¨ ht ¸μμÉ¢¥É¸É¢¥´´μ ¶·μ¸É· ´¸É¢¥´´μ° ¨ ¢·¥³¥´´	μ° ±μμ·¤¨´ É ³.
‚ ·¥§Ê²ÓÉ É¥ ¶μ¤¸É ´μ¢μ± ¨§¢¥¸É´ÒÌ ±μ´¥Î´μ-· §´μ¸É´ÒÌ Ëμ·³Ê² [8] ¶μ²Ê-
Î ¥³ ¸¨¸É¥³Ê · §´μ¸É´ÒÌ Ê· ¢´¥´¨°, ¤²Ö ·¥Ï¥´¨Ö ±μÉμ·μ° ³Ò ¨¸¶μ²Ó§μ¢ ²¨
 ²£μ·¨É³, ¶μ¤·μ¡´μ μ¶¨¸ ´´Ò° ¢ [9] ¨ ¶μ§¢μ²ÖÕÐ¨° ¶·¨ § ¤ ´´ÒÌ ´ Î ²Ó´ÒÌ
Ê¸²μ¢¨ÖÌ ´  ± ¦¤μ³ ¢·¥³¥´´	μ³ ¸²μ¥ tn ¶μ¸²¥¤μ¢ É¥²Ó´μ ¢ÒÎ¨¸²ÖÉÓ Θ(x, tn),
φ(x, tn) ¨ ψ(x, tn) ¢ Ê§² Ì ¤¨¸±·¥É´μ° ¸¥É±¨ ¶μ x. „²Ö Ê¸±μ·¥´¨Ö ¢ÒÎ¨¸²¥´¨°
· §· ¡μÉ ´  ¶ · ²²¥²Ó´ Ö ·¥ ²¨§ Í¨Ö ¤ ´´μ£μ  ²£μ·¨É³  ´  μ¸´μ¢¥ É¥Ì´μ²μ-
£¨¨ MPI, μ¡¥¸¶¥Î¨¢ ÕÐ Ö ¶μÎÉ¨ ¤¢ÊÌ±· É´μ¥ Ê³¥´ÓÏ¥´¨¥ ¢·¥³¥´¨ ¸Î¥É  ´ 
¤¢ÊÌ¶·μÍ¥¸¸μ·´ÒÌ (¤¢ÊÌÑÖ¤¥·´ÒÌ) ¸¨¸É¥³ Ì.

3. —ˆ‘‹…��›… �…‡“‹œ’�’›

3.1. ‘É Í¨μ´ ·´Ò¥ ·¥Ï¥´¨Ö. ‘¨¸É¥³  (9) ¨³¥¥É ¸É Í¨μ´ ·´Ò¥, É. ¥. ´¥
§ ¢¨¸ÖÐ¨¥ μÉ ¢·¥³¥´¨, ·¥Ï¥´¨Ö, Ê¤μ¢²¥É¢μ·ÖÕÐ¨¥ § ¤ Î¥ ´  ¸μ¡¸É¢¥´´Ò¥
§´ Î¥´¨Ö ¤²Ö ¸¨¸É¥³Ò μ¡Ò±´μ¢¥´´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°:⎧⎪⎪⎨

⎪⎪⎩

[
d2

dx2
− 2m̄λ + 2m̄

r00

ε̃

Φst(x)
x

]
Ψst(x) = 0,

d2

dx2
Φst(x) = −Ψ2

st(x)
x

, 0 � x � ∞,

(12)

¸ £· ´¨Î´Ò³¨ Ê¸²μ¢¨Ö³¨ ¨ ¸ Ê¸²μ¢¨¥³ ´μ·³¨·μ¢±¨⎧⎨
⎩

Ψst(0) = 0, Φst(0) = 0,

Ψst(∞) = 0, Φ′
st(∞) = 0,

∞∫
0

Ψ2
st(x) dx = 1. (13)
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Œμ¦´μ ¶μ± § ÉÓ, ÎÉμ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ´ Î ²Ó´ÒÌ Ê¸²μ¢¨° ¤²Ö ¸¨¸É¥³Ò (9)
¢ ¢¨¤¥

ψ(x, t)|t=0 = Ψk(cos (λkξ) + i sin (λkξ)),

Θ(x, t)|t=0 = −Ψ2
k

x
,

∂

∂t
Θ(x, t)

∣∣∣∣
t=0

= 0,
(14)

£¤¥ Ψk, λk Å ¸μ¡¸É¢¥´´ Ö ËÊ´±Í¨Ö § ¤ Î¨ (12) c Î¨¸²μ³ Ê§²μ¢ k ¨ ¸μμÉ¢¥É-
¸É¢ÊÕÐ¥¥ ¸μ¡¸É¢¥´´μ¥ §´ Î¥´¨¥, ¨´É¥£· ² Ô´¥·£¨¨ (11) ´¥ § ¢¨¸¨É μÉ ¢·¥³¥´¨,
É. ¥. Ö¢²Ö¥É¸Ö ±μ´¸É ´Éμ°, ¸μ¢¶ ¤ ÕÐ¥° ¢  ¡¸μ²ÕÉ´μ³ §´ Î¥´¨¨ ¸ λk. ‡¤¥¸Ó
ξ Å ¶·μ¨§¢μ²Ó´Ò° ³´μ¦¨É¥²Ó, ±μÉμ·Ò° ³Ò ¶μ² £ ²¨ · ¢´Ò³ π/4.

�μÔÉμ³Ê ¤²Ö ¶·μ¢¥·±¨ ±μ··¥±É´μ¸É¨ ¢ÒÎ¨¸²¨É¥²Ó´μ° ¸Ì¥³Ò ¡Ò²¨ ¢ÒÎ¨-
¸²¥´Ò ´  μ¸´μ¢¥ ´¥¶·¥·Ò¢´μ£μ  ´ ²μ£  ³¥Éμ¤  �ÓÕÉμ´  [10] É·¨ ·¥Ï¥´¨Ö
§ ¤ Î¨ (12) ¸ Î¨¸²μ³ Ê§²μ¢ k = 0, 1, 2. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¸μ¡¸É¢¥´´Ò¥ §´ Î¥-
´¨Ö ¶μ²ÊÎ¨²¨¸Ó ¸²¥¤ÊÕÐ¨³¨:

λ0 = 3625,55; λ1 = 685,97; λ2 = 279,01.

‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ ÔÉ¨Ì ·¥Ï¥´¨° ¶μ¸É·μ¥´Ò ´ Î ²Ó´Ò¥ Ê¸²μ¢¨Ö (14) ¨ ¶·μ-
¢¥¤¥´Ò É¥¸Éμ¢Ò¥ · ¸Î¥ÉÒ, ¢ ·¥§Ê²ÓÉ É¥ ±μÉμ·ÒÌ ¡Ò²μ Ê¸É ´μ¢²¥´μ, ÎÉμ ¶·¨
¢Ò¡μ·¥ hx = 10−5 ¨ ht = 10−7 ¨´É¥£· ² Ô´¥·£¨¨ W (t) ¨ Ëμ·³Ò ±·¨¢ÒÌ
·¥Ï¥´¨° ¸¨¸É¥³Ò (9) ´¥ ¨§³¥´ÖÕÉ¸Ö ¢ É¥Î¥´¨¥ Ë¨§¨Î¥¸±¨ §´ Î¨³μ£μ ¶·μ-
³¥¦ÊÉ±  ¢·¥³¥´¨. �Éμ ¶μ¤É¢¥·¦¤ ¥É ±μ··¥±É´μ¸ÉÓ ¢ÒÎ¨¸²¨É¥²Ó´μ° ¸Ì¥³Ò ¨
MPI/‘++-·¥ ²¨§ Í¨¨.

3.2. ‘· ¢´¥´¨¥ W ¸ É¥μ·¥É¨Î¥¸±μ° μÍ¥´±μ°. ‘μ£² ¸´μ É¥μ·¥É¨Î¥¸±¨³
μÍ¥´± ³ [5] §´ Î¥´¨¥ ¨´É¥£· ²  Ô´¥·£¨¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ μ¸´μ¢´μ³Ê ¸É Í¨-
μ´ ·´μ³Ê ¸μ¸ÉμÖ´¨Õ ¶μ²Ö·μ´  k = 0, · ¢´μ

W0(∞) = −0,163
m∗ e4

�2
c2, (15)

£¤¥ c = 0,552; m∗ = 2,692 · me, me Å ³ ¸¸  Ô²¥±É·μ´  ¢ ¢ ±ÊÊ³¥. “Î¨ÉÒ¢ Ö,
ÎÉμ E = e2/a = 27,2 Ô‚, £¤¥ a = �

2/(me · e2) Å ¡μ·μ¢¸±¨° · ¤¨Ê¸, É¥μ·¥-
É¨Î¥¸± Ö μÍ¥´±  ¤ ¥É W (∞) = −3,637 Ô‚. ‘μ£² ¸´μ ´ Ï¨³ · ¸Î¥É ³ ¶μ¸²¥
¶¥·¥Ìμ¤  ± · §³¥·´Ò³ ¥¤¨´¨Í ³ (Ô‚) ¶μ²ÊÎ ¥³

W0 = (W num
0 /r00) × E = (3625,55/164,642) × 27,2 = −3,638. (16)

‘²¥¤μ¢ É¥²Ó´μ, · ¸¸Î¨É ´´Ò¥ ¢ · ³± Ì ´ Ï¥° ³μ¤¥²¨ §´ Î¥´¨Ö W (∞) ¢¶μ²´¥
¸μ£² ¸ÊÕÉ¸Ö ¸ É¥μ·¨¥°.

3.3. � ¸Î¥É ¨´É¥´¸¨¢´μ¸É¨ ¶μ£²μÐ¥´¨Ö. „²Ö ¢μ¸¶·μ¨§¢¥¤¥´¨Ö Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨´É¥´¸¨¢´μ¸É¨ ¶μ£²μÐ¥´¨Ö ¸¢¥É  £¨¤· É¨·μ¢ ´´Ò³ Ô²¥±-
É·μ´μ³ ´ Î ²Ó´Ò¥ §´ Î¥´¨Ö ¢μ²´μ¢μ° ËÊ´±Í¨¨ ψ ¢Ò¡¨· ²¨¸Ó ¢ £ Ê¸¸μ¢¸±μ°
Ëμ·³¥. � Î ²Ó´μ¥ Ê¸²μ¢¨¥ ¤²Ö ËÊ´±Í¨¨ Θ  ´ ²μ£¨Î´μ (14). � Î ²Ó´μ¥ §´ -
Î¥´¨¥ φ Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ ¢Éμ·μ£μ Ê· ¢´¥´¨Ö ¸¨¸É¥³Ò (9) c ψ(x, 0) ¢ ¶· ¢μ°
Î ¸É¨.
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C ÊÎ¥Éμ³ ¸Ë¥·¨Î¥¸±μ° ¸¨³³¥É·¨¨ ¨ ¶¥·¥³ ¸ÏÉ ¡¨·μ¢ ´¨Ö ËÊ´±Í¨Ö ψ ¢
³μ³¥´É ¢·¥³¥´¨ t = 0 · ¸¸Î¨ÉÒ¢ ² ¸Ó ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

ψ(x, 0) = Fg(x̃)
√

4π x̃
√

r00, x̃ = x r00, (17)

£¤¥

Fg(x) =
(

2
π

)3/4 1
σ3/2

exp (−x2/σ2). (18)

� · ³¥É· σ ¢Ò¡¨· ²¸Ö É ±, ÎÉμ¡Ò ¶·¨ ±μ³¶ÓÕÉ¥·´μ³ ³μ¤¥²¨·μ¢ ´¨¨ ¶μ-
²ÊÎ¨ÉÓ ¸μ£² ¸ÊÕÐÊÕ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¨§ [11] ¢·¥³¥´´	ÊÕ
§ ¢¨¸¨³μ¸ÉÓ ¨´É¥´¸¨¢´μ¸É¨ ¶μ£²μÐ¥´¨Ö ¸¢¥É  ¢μ¤μ°. ‚Ò· ¦¥´¨¥ ¤²Ö · ¸Î¥É 
¨´É¥´¸¨¢´μ¸É¨ ¶μ£²μÐ¥´¨Ö ¨³¥¥É ¢¨¤

I(Ω, t) =
4Ω2γ2

s

(W (t)2 − Ω2)2 + 4Ω2γ2
s

, (19)

£¤¥ γs = 0,38 Ô‚ Å Ï¨·¨´  ¶μ²μ¸Ò ¶μ£²μÐ¥´¨Ö £¨¤· É¨·μ¢ ´´μ£μ Ô²¥±É·μ´ ,
  Ω ¨³¥¥É Ë¨§¨Î¥¸±¨° ¸³Ò¸² Î ¸ÉμÉÒ ¸¢¥É  ¸± ´¨·ÊÕÐ¥£μ ² §¥· , ´  ±μÉμ·μ°
¶·μ¨¸Ìμ¤¨É ¶μ£²μÐ¥´¨¥ ¸¢¥É  £¨¤· É¨·μ¢ ´´Ò³ Ô²¥±É·μ´μ³ [5].

� ¸Î¥ÉÒ ¶·μ¢μ¤¨²¨¸Ó ¤²Ö Ω = 1,984 ¨ 1,512 Ô‚. �  ·¨¸. 1 ¨ 2 ¤²Ö ÔÉ¨Ì
¤¢ÊÌ ¸²ÊÎ ¥¢ ¶μ± § ´Ò ·¥§Ê²ÓÉ ÉÒ ¸μ¢³¥Ð¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ
¨§ [11], ¶·¨¡²¨¦¥´´ÒÌ É¥μ·¥É¨Î¥¸±¨Ì μÍ¥´μ± ¨§ [5] ¨ ¶μ²ÊÎ¥´´ÒÌ ´ ³¨ · ¸-
Î¥É´ÒÌ ±·¨¢ÒÌ. ‚¨¤´μ, ÎÉμ · ¸¸³μÉ·¥´´ Ö ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ³μ¤¥²Ó ¢
Í¥²μ³ μ¡¥¸¶¥Î¨¢ ¥É ¸μ£² ¸¨¥ ± ± ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨, É ± ¨ ¸ É¥μ·¥É¨Î¥-
¸±¨³¨ μÍ¥´± ³¨. � ¸Ìμ¦¤¥´¨¥ Î¨¸²¥´´ÒÌ ¨ É¥μ·¥É¨Î¥¸±¨Ì μÍ¥´μ± ¸ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ´  ´ Î ²Ó´μ³ ÊÎ ¸É±¥ £· Ë¨±  ³Ò μ¡ÑÖ¸´Ö¥³ É¥³, ÎÉμ

�¨¸. 1. �¢μ²ÕÍ¨Ö ¨´É¥´¸¨¢´μ¸É¨ ¶μ£²μÐ¥´¨Ö ¸¢¥É  £¨¤· É¨·μ¢ ´´Ò³ Ô²¥±É·μ´μ³ ¶·¨
Ω = 1,984 Ô‚. ‡Ê¡Î É Ö ±·¨¢ Ö Å Ô±¸¶¥·¨³¥´É [11], ¸¶²μÏ´ Ö £² ¤± Ö ±·¨¢ Ö Å
´ Ï · ¸Î¥É, ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö Å ¶·¨¡²¨¦¥´´ Ö É¥μ·¥É¨Î¥¸± Ö μÍ¥´±  [5]
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�¨¸. 2. ’μ ¦¥, ÎÉμ ´  ·¨¸. 1, ´μ ¤²Ö Ω = 1,512 Ô‚. †¨·´μ° ÉμÎ±¥ ¸μμÉ¢¥É¸É¢Ê¥É
£· Ë¨± |ψ(x)|, ¶μ± § ´´Ò° ´  ·¨¸. 4

¢ Ëμ·³Ê²¥ (19) ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö § ¢¨¸¨³μ¸ÉÓ ¢¥²¨Î¨´Ò γs μÉ ¢·¥³¥´¨. “ÉμÎ-
´¥´¨¥ ³¥Éμ¤  · ¸Î¥É  I(Ω, t) Ö¢²Ö¥É¸Ö ¶·¥¤³¥Éμ³ ¤ ²Ó´¥°Ï¨Ì ¨¸¸²¥¤μ¢ ´¨°.

�  ·¨¸. 3, 4 ¶·μ¤¥³μ´¸É·¨·μ¢ ´μ, ± ± É· ´¸Ëμ·³¨·Ê¥É¸Ö ¢μ²´μ¢ Ö ËÊ´±-
Í¨Ö ψ ¢ ¶·μÍ¥¸¸¥ ±μ³¶ÓÕÉ¥·´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¤²Ö ¸²ÊÎ Ö, ¨§μ¡· ¦¥´´μ£μ
´  ·¨¸. 2 (Ω = 1,512 Ô‚). �  ·¨¸. 3 ¸¶²μÏ´μ° ±·¨¢μ° ¶μ± § ´  ËÊ´±Í¨Ö
|ψ| ¢ ´ Î ²Ó´Ò° ³μ³¥´É ¢·¥³¥´¨ t = 0, · ¸¸Î¨É ´´ Ö ¶μ Ëμ·³Ê²¥ (17). „²Ö
¸· ¢´¥´¨Ö ÏÉ·¨Ìμ¢μ° ±·¨¢μ° μÉ³¥Î¥´μ ¡¥§Ê§²μ¢μ¥ ·¥Ï¥´¨¥ Ψ0 ¸É Í¨μ´ ·´μ°

�¨¸. 3. ”Ê´±Í¨Ö |ψ| ¢ ³μ³¥´É ¢·¥³¥´¨ t = 0, · ¸¸Î¨É ´´ Ö ¶μ Ëμ·³Ê²¥ (17) ¤²Ö
σ = 0,9 (¸¶²μÏ´ Ö ±·¨¢ Ö), ¢ ¸· ¢´¥´¨¨ ¸ ¡¥§Ê§²μ¢Ò³ ·¥Ï¥´¨¥³ Ψ0 ¸É Í¨μ´ ·´μ°
§ ¤ Î¨ (12) (ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö)
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�¨¸. 4. ”Ê´±Í¨Ö |ψ| ¤²Ö ¸²ÊÎ Ö Ω = 1,512 Ô‚ ¨ σ = 0,9, ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¦¨·-
´μ° ÉμÎ±¥ ´  ·¨¸. 2 (¸¶²μÏ´ Ö ±·¨¢ Ö), ¢ ¸· ¢´¥´¨¨ ¸ μ¤´μÊ§²μ¢Ò³ ·¥Ï¥´¨¥³ Ψ1

¸É Í¨μ´ ·´μ° § ¤ Î¨ (12) (ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö)

§ ¤ Î¨ (12). �·¨ ¢·¥³¥´ Ì, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì μ¡² ¸É¨ ³ ±¸¨³Ê³  I , ËÊ´±Í¨Ö
ψ É· ´¸Ëμ·³¨·Ê¥É¸Ö ¢ Ëμ·³Ê μ¤´μÊ§²μ¢μ° ËÊ´±Í¨¨. �Éμ ¢¨¤´μ ´  ·¨¸. 4, £¤¥
¸¶²μÏ´μ° ±·¨¢μ° ¶μ± § ´  ËÊ´±Í¨Ö |ψ|, ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¦¨·´μ° ÉμÎ±¥ ´ 
£· Ë¨±¥ ¨´É¥´¸¨¢´μ¸É¨ ´  ·¨¸. 2. „²Ö ¸· ¢´¥´¨Ö ÏÉ·¨Ìμ¢μ° ±·¨¢μ° ¶μ± § ´μ
μ¤´μÊ§²μ¢μ¥ ¸É Í¨μ´ ·´μ¥ ·¥Ï¥´¨¥ Ψ1. �·¨ ¤ ²Ó´¥°Ï¥³ ³μ¤¥²¨·μ¢ ´¨¨ ψ
¶μ¸É¥¶¥´´μ ¸´μ¢  ¶·¨´¨³ ¥É Ëμ·³Ê ¡¥§Ê§²μ¢μ° ËÊ´±Í¨¨, ¢ Éμ ¢·¥³Ö ± ±
I → 0. „²Ö ¸²ÊÎ Ö, ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ·¨¸. 1 (Ω = 1,984 Ô‚), ËÊ´±Í¨Ö ψ
¶·¥É¥·¶¥¢ ¥É  ´ ²μ£¨Î´Ò¥ É· ´¸Ëμ·³ Í¨¨.

3.4. � ¸Î¥É · ¤¨Ê¸  ¢μ²´μ¢μ° ËÊ´±Í¨¨. „¨´ ³¨±  ¨§³¥´¥´¨Ö Ì · ±É¥·-
´μ£μ · §³¥·  (· ¤¨Ê¸ ) ¢μ²´μ¢μ° ËÊ´±Í¨¨ Ψ μ¶·¥¤¥²Ö¥É¸Ö ¨´É¥£· ²μ³

R(t) =
∫

|Ψ|2 r dr3. (20)

‚ É¥·³¨´ Ì ¸¨¸É¥³Ò (9) Ëμ·³Ê²  ¤²Ö · ¸Î¥É  · ¤¨Ê¸  ¢ · §³¥·´ÒÌ ¢¥²¨-
Î¨´ Ì ¶·¨´¨³ ¥É ¢¨¤

R(t) = r0

∫
|ψ|2 r dr. (21)

�  ·¨¸. 5 ÔÉ  § ¢¨¸¨³μ¸ÉÓ ¶μ± § ´  ¤²Ö ¸²ÊÎ Ö σ = 0,7955, Ω = 1,984.
„²Ö ´ £²Ö¤´μ¸É¨ ³Ò §¤¥¸Ó ¨§μ¡· §¨²¨ ´μ·³¨·μ¢ ´´ÊÕ ËÊ´±Í¨Õ R(t)/R(0).
‡´ Î¥´¨¥ · ¤¨Ê¸  ¢ ´ Î ²Ó´Ò° ³μ³¥´É ¢·¥³¥´¨ ¸μ¸É ¢²Ö¥É 0,33 · 10−8 ¸³.
‚ ¶·μÍ¥¸¸¥ Ô¢μ²ÕÍ¨¨ · ¤¨Ê¸ R(t) ¢μ§· ¸É ¥É ¡μ²¥¥ Î¥³ ¢ 30 · § ¨ ¤μ¸É¨£ ¥É
³ ±¸¨³Ê³  · ´ÓÏ¥ ¶μ ¸· ¢´¥´¨Õ ¸ ËÊ´±Í¨¥° I(t) ´  ·¨¸. 1. „ ²¥¥ ¶μ¸É¥¶¥´´μ
· ¤¨Ê¸ Ê³¥´ÓÏ ¥É¸Ö ¨ ¢ μ¡² ¸É¨ ³ ±¸¨³Ê³  ËÊ´±Í¨¨ I(t) ¸É ¡¨²¨§¨·Ê¥É¸Ö ´ 
§´ Î¥´¨ÖÌ μ±μ²μ 8,3 · 10−8 ¸³.
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�¨¸. 5. ‡ ¢¨¸¨³μ¸ÉÓ R(t)/R(0) ¤²Ö ¸²ÊÎ Ö Ω = 1,984, σ = 0,7955

�¨¸. 6. ’μ ¦¥, ÎÉμ ´  ·¨¸. 1, ´μ ¤²Ö σ = 5

Šμ´¥Î´μ¥ §´ Î¥´¨¥ · ¤¨Ê¸  ´¥ ¶·μÉ¨¢μ·¥Î¨É ¨§¢¥¸É´Ò³ μÍ¥´± ³
(2−3) · 10−8 ¸³ [1]. �¤´ ±μ ¨§ Ë¨§¨Î¥¸±¨Ì ¸μμ¡· ¦¥´¨° ¸²¥¤μ¢ ²μ ¡Ò μ¦¨-
¤ ÉÓ ¤·Ê£μ° ¤¨´ ³¨±¨ ¨§³¥´¥´¨Ö · ¤¨Ê¸  ¢ ¶·μÍ¥¸¸¥ Ëμ·³¨·μ¢ ´¨Ö ¶μ²Ö·μ´-
´μ£μ ¸μ¸ÉμÖ´¨Ö,   ¨³¥´´μ Å ¨§³¥´¥´¨Ö μÉ ¡	μ²ÓÏ¨Ì §´ Î¥´¨° ¢ ´ Î ²Ó´Ò°
³μ³¥´É ¢·¥³¥´¨ ± ³	¥´ÓÏ¨³. �μÔÉμ³Ê ³Ò ¶·μ¢¥²¨ ¤μ¶μ²´¨É¥²Ó´Ò¥ ¢ÒÎ¨¸²¨-
É¥²Ó´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¸ Í¥²ÓÕ ¶μ¨¸±   ²ÓÉ¥·´ É¨¢´ÒÌ §´ Î¥´¨° σ, ±μÉμ·Ò¥
 ¤¥±¢ É´μ ¢μ¸¶·μ¨§¢μ¤¨²¨ ¡Ò ´ ¡²Õ¤ ¥³ÊÕ ¢ Ô±¸¶¥·¨³¥´É Ì ¤¨´ ³¨±Ê I(t) ¨
¶·¨ ÔÉμ³ μ¡¥¸¶¥Î¨¢ ²¨ ¡Ò Ê³¥´ÓÏ¥´¨¥ · ¤¨Ê¸  ¢μ²´μ¢μ° ËÊ´±Í¨¨. �¤´μ¢·¥-
³¥´´μ¥ ¢Ò¶μ²´¥´¨¥ Ê± § ´´ÒÌ É·¥¡μ¢ ´¨° ¤μ¸É¨£ ¥É¸Ö ¤²Ö ¸²ÊÎ ¥¢ Ω = 1,984
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�¨¸. 7. ’μ ¦¥, ÎÉμ ´  ·¨¸. 2, ´μ ¤²Ö σ = 5,75

�¨¸. 8. ‡ ¢¨¸¨³μ¸ÉÓ R(t) ¤²Ö ¸²ÊÎ Ö Ω = 1,984, σ = 5 (¸¶²μÏ´ Ö ±·¨¢ Ö) ¨ ¤²Ö ¸²ÊÎ Ö
Ω = 1,512, σ = 5,75 (ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö)

¨ 1,512 ¸μμÉ¢¥É¸É¢¥´´μ ¶·¨ σ = 5 ¨ 5,75. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ±·¨¢Ò¥ ¨´É¥´-
¸¨¢´μ¸É¨ ¶μ£²μÐ¥´¨Ö (¢ ¸· ¢´¥´¨¨ ¸ É¥μ·¥É¨Î¥¸±¨³¨ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
·¥§Ê²ÓÉ É ³¨) ¤ ´Ò ´  ·¨¸. 6 ¨ 7. „¨´ ³¨±  ¨§³¥´¥´¨Ö · ¤¨Ê¸  ¶μ± § ´  ´ 
·¨¸. 8 ¸¶²μÏ´μ° ±·¨¢μ° ¤²Ö Ω = 1,984 ¨ ÏÉ·¨Ìμ¢μ° Å ¤²Ö Ω = 1,512.
‚¨¤´μ, ÎÉμ §´ Î¥´¨¥ · ¤¨Ê¸  ¢ ÔÉμ³ ¸²ÊÎ ¥ ¶ ¤ ¥É ¸ ·μ¸Éμ³ t, μ¤´ ±μ ± ± ´ -
Î ²Ó´μ¥ ¥£μ §´ Î¥´¨¥ (2,4−2,6) · 10−8 ¸³, É ± ¨ ±μ´¥Î´μ¥ (1,5−1,7) · 10−8 ¸³
¡²¨§±¨ ± Ê¶μ³Ö´ÊÉμ° ¢ÒÏ¥ μÍ¥´±¥ (2−3) · 10−8 ¸³. ’ ±¨³ μ¡· §μ³, · §· ¡μ-
É ´´Ò° ´ ³¨ ¶μ¤Ìμ¤ ¶μ§¢μ²Ö¥É  ¤¥±¢ É´μ ¢μ¸¶·μ¨§¢μ¤¨ÉÓ ¤¨´ ³¨±Ê ¨§³¥´¥-
´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ¶μ£²μÐ¥´¨Ö ¸¢¥É  £¨¤· É¨·μ¢ ´´Ò³ Ô²¥±É·μ´μ³.
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‡�Š‹�—…�ˆ…

�¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¶·¨¢μ¤ÖÉ ± ¨´É¥·¥¸´Ò³ ¢Ò¢μ¤ ³.
�·¥¦¤¥ ¢¸¥£μ μ´¨ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ μ Éμ³, ÎÉμ ¨¸Ìμ¤´μ¥ ¸μ¸ÉμÖ´¨¥ ËμÉμ¢μ§¡Ê-
¦¤¥´´μ£μ ®¸ÊÌμ£μ¯ Ô²¥±É·μ´  Ö¢²Ö¥É¸Ö ¤μ¸É ÉμÎ´μ ²μ± ²¨§μ¢ ´´Ò³: ¸μ£² ¸´μ
·¨¸. 8 ¥£μ · ¤¨Ê¸ R(0) ∼ 2,5 · 10−8 ¸³. ’ ± ± ± ¢ · ¸¸³ É·¨¢ ¥³μ° ³μ¤¥²¨
ËμÉμ¶μ£²oÐ¥´¨¥ Ô²¥±É·μ´  ¶·μ¨¸Ìμ¤¨É ¢ ®§μ´Ê ¶·μ¢μ¤¨³μ¸É¨¯ ¢μ¤Ò, ³μ¦´μ
¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ ¤ ¦¥ ¢ Î¨¸Éμ° ¢μ¤¥ ÔÉ  §μ´  ¸μ¤¥·¦¨É Ë²Ê±ÉÊ Í¨¨ ¶μ-
É¥´Í¨ ²  (´ ¶·¨³¥· ¶μ²μ¸É¨), ±μÉμ·Ò³¨ § Ì¢ ÉÒ¢ ÕÉ¸Ö ËμÉμ¢μ§¡Ê¦¤¥´´Ò¥
Ô²¥±É·μ´Ò, μ¡· §ÊÖ ¨¸Ìμ¤´μ § É· ¢μÎ´Ò¥ ²μ± ²¨§μ¢ ´´Ò¥ ¸μ¸ÉμÖ´¨Ö. ‚ ¶·μ-
Í¥¸¸¥ ¤ ²Ó´¥°Ï¥° Ô¢μ²ÕÍ¨¨ ¶·μ¨¸Ìμ¤¨É Ê£²Ê¡²¥´¨¥ Ë²Ê±ÉÊ Í¨μ´´ÒÌ ¶μÉ¥´-
Í¨ ²Ó´ÒÌ Ö³, ÎÉμ ¶·¨¢μ¤¨É ± ¶μ´¨¦¥´¨Õ Ô´¥·£¨¨ Ô²¥±É·μ´  ¨ Ê³¥´ÓÏ¥´¨Õ
¥£μ · ¤¨Ê¸  ¸μ¸ÉμÖ´¨Ö R ∼ 1,5 · 10−8 ¸³. ‚ Í¥²μ³ É ± Ö ± ·É¨´  ¢¶μ²´¥
¸μμÉ¢¥É¸É¢Ê¥É ¸μ¢·¥³¥´´Ò³ ¶·¥¤¸É ¢²¥´¨Ö³ μ ¤¨´ ³¨±¥ £¨¤· É¨·μ¢ ´´μ£μ
Ô²¥±É·μ´ .

’ ±¨³ μ¡· §μ³, ´ ³¨ · §· ¡μÉ ´  ¨ ¶·μ£· ³³´μ ·¥ ²¨§μ¢ ´  ¤¨´ ³¨-
Î¥¸± Ö ³μ¤¥²Ó Ëμ·³¨·μ¢ ´¨Ö ¸μ¸ÉμÖ´¨° £¨¤· É¨·μ¢ ´´μ£μ Ô²¥±É·μ´ . Šμ·-
·¥±É´μ¸ÉÓ · ¡μÉÒ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ±μ³¶ÓÕÉ¥·´μ° ¶·μ£· ³³Ò ¶μ¤É¢¥·¦¤¥´ 
¶ÊÉ¥³ ¸· ¢´¥´¨Ö ·¥§Ê²ÓÉ Éμ¢ · ¸Î¥É  ¸ É¥μ·¥É¨Î¥¸±μ° μÍ¥´±μ° §´ Î¥´¨Ö ¨´-
É¥£· ²  Ô´¥·£¨¨ ¨ ´  μ¸´μ¢¥ ³μ¤¥²¨·μ¢ ´¨Ö ¸ ´ Î ²Ó´Ò³¨ Ê¸²μ¢¨Ö³¨ ¢ ¢¨¤¥
·¥Ï¥´¨° ¸É Í¨μ´ ·´μ° § ¤ Î¨.

�μ± § ´μ, ÎÉμ ¢ · ³± Ì · ¸¸³μÉ·¥´´μ£μ ¶μ¤Ìμ¤  Ê¤ ¥É¸Ö  ¤¥±¢ É´μ ¢μ¸-
¶·μ¨§¢¥¸É¨ ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´É  ¶μ Ëμ·³¨·μ¢ ´¨Õ ËμÉμ¢μ§¡Ê¦¤¥´´ÒÌ
Ô²¥±É·μ´μ¢ ¢ ¢μ¤¥ ¶μ¤ ¤¥°¸É¢¨¥³ ² §¥·´μ£μ μ¡²ÊÎ¥´¨Ö ¢ Ê²ÓÉ· Ë¨μ²¥Éμ¢μ³
¤¨ ¶ §μ´¥. Œμ¤¥²Ó ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´  ¤²Ö ¤ ²Ó´¥°Ï¨Ì · ¸Î¥Éμ¢ ¨ ¶·μ-
£´μ§μ¢ ¶·¨ ¨§ÊÎ¥´¨¨ ¤¨´ ³¨±¨ ¶μ²Ö·μ´´ÒÌ ¸μ¸ÉμÖ´¨° ± ± ¢ ¢μ¤´μ° ¸·¥¤¥, É ±
¨ ¢ ¨´ÒÌ ±μ´¤¥´¸¨·μ¢ ´´ÒÌ ¸·¥¤ Ì.

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ Î ¸É¨Î´μ° Ë¨´ ´¸μ¢μ° ¶μ¤¤¥·¦±¥ �””ˆ (£· ´ÉÒ
12-01-00396, 13-01-00595, 13-07-00256, 13-01-00060).
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