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� ¸¸³ É·¨¢ ¥É¸Ö ¤¨´ ³¨±  ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¢ ¨³¶Ê²Ó¸´μ³ ·¥ ±Éμ·¥ ¶¥-
·¨μ¤¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö ¸ ÊÎ¥Éμ³ ¡Ò¸É·μ° μ¡· É´μ° ¸¢Ö§¨. � ¸Î¥É´Ò° ³¥Éμ¤
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¸É¥·¦´¥°: ¶·¨¡²¨¦¥´¨¨ μ¤´μ³¥·´μ£μ μ¸Í¨²²ÖÉμ·  ¨, ÎÉμ ¡μ²¥¥ ·¥ ²¨¸É¨Î´μ,
¶μ¤Ìμ¤¥, ÊÎ¨ÉÒ¢ ÕÐ¥³ · ¸¶·μ¸É· ´¥´¨¥ Ê¶·Ê£μ° ¢μ²´Ò ¢ ¸É¥·¦´¥. �μ± § ´μ,
ÎÉμ ·¥ ²¨¸É¨Î´Ò° ¢Ò¡μ· ¶ · ³¥É·μ¢ ¢ μ¸Í¨²²ÖÉμ·´μ° ³μ¤¥²¨ ¤ ¥É ·¥§Ê²ÓÉ É,
¸μ£² ¸ÊÕÐ¨°¸Ö ¸ ¤ ´´Ò³¨ ¢μ²´μ¢μ° ³μ¤¥²¨.
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Generation of a power pulse in periodically pulsed reactor is considered with
account for fast reactivity feedback. The calculation method includes coupled
neutronic-thermoelastic equations based on one-point kinetics of the reactor and on
two models of elastic behavior of reactor fuel rods: approximation of a reactor core
as one-dimensional oscillator and, more realistically, accounting for elastic waves
propagation through a single rod. It is shown that reasonably chosen parameters of
the oscillator model gives results close to that of the wave model.
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‚ �¡Ñ¥¤¨´¥´´μ³ ¨´¸É¨ÉÊÉ¥ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨° (�ˆŸˆ, „Ê¡´ ) Ô±¸-
¶²Ê É¨·Ê¥É¸Ö ¨³¶Ê²Ó¸´Ò° ¨¸¸²¥¤μ¢ É¥²Ó¸±¨° ·¥ ±Éμ· ˆ��-2Œ, ¶·¥¤´ §´ Î¥´-
´Ò° ¤²Ö ¶·μ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´Éμ¢ ´  ¢Ò¢¥¤¥´´ÒÌ ¶ÊÎ± Ì ¢ μ¡² ¸É¨ Ë¨§¨±¨
É¢¥·¤μ£μ É¥² . �´ ¨³¥¥É ·¥¸Ê·¸ ¶μ · §²¨Î´Ò³ ¸¨¸É¥³ ³, ¢±²ÕÎ Ö §¤ ´¨¥,
μ£· ´¨Î¥´´Ò° ¢·¥³¥´´Ò³ ¶¥·¨μ¤μ³ c 2032 ¶μ 2040 £. „²Ö ¸μÌ· ´¥´¨Ö ÔÉμ£μ
´ ¶· ¢²¥´¨Ö ¨¸¸²¥¤μ¢ ´¨° ´  ³¨·μ¢μ³ Ê·μ¢´¥ ¢ �ˆŸˆ ¶² ´¨·Ê¥É¸Ö ¸μ§¤ ´¨¥
´μ¢μ£μ ¨¸ÉμÎ´¨±  ´¥°É·μ´μ¢ ³¨·μ¢μ£μ ±² ¸¸  [1]. ‘ ÊÎ¥Éμ³ ¸μ¸ÉμÖ¢Ï¥£μ¸Ö
Ô´¥·£μ¶Ê¸±  ¢Ò¸μ±μ¶μÉμÎ´μ£μ ¨¸¸²¥¤μ¢ É¥²Ó¸±μ£μ ·¥ ±Éμ·  �ˆŠ ¸É Í¨μ´ ·-
´μ£μ ¤¥°¸É¢¨Ö (ƒ ÉÎ¨´ ) ¸É ´μ¢¨É¸Ö Ö¸´μ, ÎÉμ ¸μ§¤ ¢ ¥³Ò° ¢ �ˆŸˆ ¨¸ÉμÎ´¨±
¤μ²¦¥´ ¡ÒÉÓ ¨³¶Ê²Ó¸´Ò³, ¶¥·¨μ¤¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö, ¤²Ö Éμ£μ ÎÉμ¡Ò ¤μ¶μ²-
´¨ÉÓ ·¥ ±Éμ· �ˆŠ ¢μ§³μ¦´μ¸ÉÖ³¨, μÉ¸ÊÉ¸É¢ÊÕÐ¨³¨ ´  ¸É Í¨μ´ ·´ÒÌ ¨¸ÉμÎ-
´¨± Ì.

‚ 2018Ä2019 ££. ¢ � ÊÎ´μ-¨¸¸²¥¤μ¢ É¥²Ó¸±μ³ ¨ ±μ´¸É·Ê±Éμ·¸±μ³ ¨´¸É¨-
ÉÊÉ¥ Ô´¥·£μÉ¥Ì´¨±¨ ¨³. �.�.„μ²²¥¦ ²Ö (Œμ¸±¢ ) ¶·¨ ´ ÊÎ´μ³ ·Ê±μ¢μ¤¸É¢¥
�ˆŸˆ · §· ¡ ÉÒ¢ ² ¸Ó ±μ´Í¥¶Í¨Ö ´μ¢μ£μ ¨³¶Ê²Ó¸´μ£μ ¨¸ÉμÎ´¨±  ´¥°É·μ´μ¢
¸ Éμ¶²¨¢μ³ ´  μ¸´μ¢¥ ´¨É·¨¤  ´¥¶ÉÊ´¨Ö [2].

ƒ² ¢´μ¥ ¸¢μ°¸É¢μ ¨§μÉμ¶  237Np ¢ μÉ²¨Î¨¥ μÉ É· ¤¨Í¨μ´´ÒÌ Ö¤¥·´ÒÌ ±μ³-
¶μ§¨Í¨° ´  μ¸´μ¢¥ 235U ¨ 239Pu Å ÔÉμ ¶μ·μ£μ¢Ò° Ì · ±É¥· ¸¥Î¥´¨Ö ¤¥²¥´¨Ö
(∼ 0,4 ŒÔ‚), ±μÉμ·Ò° μ¶·¥¤¥²Ö¥É ¸²¥¤ÊÕÐ¨¥ μ¸μ¡¥´´μ¸É¨ ·¥ ±Éμ· :

Å ´¨§±μ¥ ¢·¥³Ö ¦¨§´¨ ¶μ±μ²¥´¨Ö ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ (∼ 10 ´¸), ¶μ§¢μ-
²ÖÕÐ¥¥ ¨³¥ÉÓ ¡μ²¥¥ ±μ·μÉ±ÊÕ ¢¸¶ÒÏ±Ê ¡Ò¸É·ÒÌ (¨, ¸μμÉ¢¥É¸É¢¥´´μ, É¥¶²μ-
¢ÒÌ) ´¥°É·μ´μ¢;

Å ´¨§±ÊÕ ÔËË¥±É¨¢´ÊÕ ¤μ²Õ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ (0,0011), μ¶·¥-
¤¥²ÖÕÐÊÕ ³ ²μ¥ §´ Î¥´¨¥ Ëμ´μ¢μ° ³μÐ´μ¸É¨ ¢ ¶·μ³¥¦ÊÉ± Ì ³¥¦¤Ê ¨³¶Ê²Ó-
¸ ³¨ (´ ·Ö¤Ê ¸ ¢Ò¸μ±μ° ÔËË¥±É¨¢´μ¸ÉÓÕ ³μ¤Ê²ÖÉμ·  ·¥ ±É¨¢´μ¸É¨);

Å ¶· ±É¨Î¥¸±¨ ´Ê²¥¢μ° ÔËË¥±É ·¥ ±É¨¢´μ¸É¨ ¶·¨ ¢Ò£μ· ´¨¨ Éμ¶²¨¢  § 
¸Î¥É ´ · ¡μÉ±¨ 238Pu;

Å ¢μ§³μ¦´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö ¤²Ö ³μ¤Ê²ÖÉμ·  ·¥ ±É¨¢´μ¸É¨ ³ É¥·¨ ²μ¢,
§ ³¥¤²ÖÕÐ¨Ì ´¥°É·μ´Ò, ÎÉμ É ±¦¥ ¶μ¢ÒÏ ¥É ÔËË¥±É¨¢´μ¸ÉÓ ³μ¤Ê²ÖÉμ·  ·¥-
 ±É¨¢´μ¸É¨.

Šμ·¶Ê¸ ·¥ ±Éμ·  ¨ ¥£μ  ±É¨¢´ Ö §μ´  · §¤¥²¥´Ò ´  ¤¢¥ Î ¸É¨ (·¨¸. 1),
³¥¦¤Ê ¶μ²μ¢¨´ ³¨ ±μ·¶Ê¸  · ¸¶μ²μ¦¥´ ³μ¤Ê²ÖÉμ· ·¥ ±É¨¢´μ¸É¨, ¶·¥¤¸É ¢-
²ÖÕÐ¨° ¸μ¡μ° ¢· Ð ÕÐ¨°¸Ö ¤¨¸± ¸ · §³¥Ð¥´´Ò³¨ ¢ ´¥³ ¶μ ¶¥·¨Ë¥·¨¨
¡²μ± ³¨ ¨§ £¨¤·¨¤  É¨É ´ . — ¸ÉÓ ¡²μ±μ¢ ´  ¤²¨´¥ ¶μ·Ö¤±  · §³¥·   ±É¨¢-
´μ° §μ´Ò μÉ¸ÊÉ¸É¢Ê¥É, ¨ ¶·¨ ¶·μÌμ¦¤¥´¨¨ ÔÉμ£μ ®μ±´ ¯ Î¥·¥§  ±É¨¢´ÊÕ §μ´Ê
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�¨¸. 1. �¥ ±Éμ· ®�¥¶ÉÊ´¯: 1 Å ±μ·¶Ê¸ ·¥ ±Éμ· ; 2 Å ¡¥Éμ´´Ò° ³ ¸¸¨¢; 3 Å ¸É Í¨μ-
´ ·´Ò° μÉ· ¦ É¥²Ó; 4 Å ³μ¤Ê²ÖÉμ· ·¥ ±É¨¢´μ¸É¨; 5 Å Ï¨¡¥·Ò Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
± ´ ²μ¢; 6 Å ±μ³¶²¥±¸ § ³¥¤²¨É¥²Ö; 7 Å É¥¶²μ¢ Ö § Ð¨É ; 8 Å ¨¸¶μ²´¨É¥²Ó´Ò¥
³¥Ì ´¨§³Ò ¸¨¸É¥³Ò Ê¶· ¢²¥´¨Ö ¨ § Ð¨ÉÒ; 9 Å ¶·¨¢μ¤ Ï¨¡¥· ; 10 Å ¶·¨¢μ¤ ¨μ´¨§ -
Í¨μ´´μ° ± ³¥·Ò

¶·μ¨¸Ìμ¤¨É ¨³¶Ê²Ó¸ ³μÐ´μ¸É¨. Šμ·¶Ê¸ ·¥ ±Éμ·  μ±·Ê¦¥´ ¡¥·¨²²¨¥¢Ò³ μÉ-
· ¦ É¥²¥³, ¢ ±μÉμ·μ³ · §³¥Ð¥´Ò ¢´¥Ï´¨¥ ¢μ¤Ö´Ò¥ § ³¥¤²¨É¥²¨ ¨ μ·£ ´Ò
¸¨¸É¥³Ò Ê¶· ¢²¥´¨Ö ¨ § Ð¨ÉÒ.

�¥ ±Éμ· ¨³¥¥É ¸·¥¤´ÕÕ É¥¶²μ¢ÊÕ ³μÐ´μ¸ÉÓ 10Ä15 Œ‚É, ±μÉμ· Ö ¸´¨³ -
¥É¸Ö ´ É·¨¥¢Ò³ É¥¶²μ´μ¸¨É¥²¥³. �·¨ ÔÉμ° ³μÐ´μ¸É¨ μ¡¥¸¶¥Î¨¢ ÕÉ¸Ö ¸·¥¤´ÖÖ
¶²μÉ´μ¸ÉÓ ¶μÉμ±  É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢ ´  ¶μ¢¥·Ì´μ¸É¨ ¢μ¤Ö´μ£μ § ³¥¤²¨É¥²Ö
¤μ 1014 ¸³−2 · ¸−1 ¨ ¶¨±μ¢ Ö ¶²μÉ´μ¸ÉÓ ¶μÉμ±  ¤μ 5 · 1016 ¸³−2 · ¸−1.

„²Ö μ¡μ¸´μ¢ ´¨Ö ´ ¤¥¦´μ° ¨ ¡¥§μ¶ ¸´μ° · ¡μÉÒ ·¥ ±Éμ·  ´¥μ¡Ìμ¤¨³μ,
¢ Î ¸É´μ¸É¨, ¨¸¸²¥¤μ¢ ÉÓ ±¨´¥É¨±Ê ¨ ¤¨´ ³¨±Ê ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨, ¸ÊÐ¥¸É-
¢¥´´μ¥ ¢²¨Ö´¨¥ ´  ±μÉμ·ÊÕ μ± §Ò¢ ÕÉ μ¡· É´Ò¥ ¸¢Ö§¨. ‚ ¤ ´´μ° · ¡μÉ¥ ¨¸-
¸²¥¤Ê¥É¸Ö ¤¨´ ³¨±  ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ · ¸Î¥É´Ò³ ¶ÊÉ¥³ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
¤¢ÊÌ · §´ÒÌ ³μ¤¥²¥° μ¡· É´μ° ¸¢Ö§¨.

1. Œ…’�„ˆŠ� ��‘—…’� „ˆ��ŒˆŠˆ ˆŒ�“‹œ‘�

ˆ§³¥´¥´¨¥ ³μÐ´μ¸É¨ ·¥ ±Éμ·  ³μ¦´μ ¸ ¤μ¸É ÉμÎ´μ° ¸É¥¶¥´ÓÕ ÉμÎ´μ¸É¨
¢Ò· §¨ÉÓ ¸²¥¤ÊÕÐ¨³ Ê· ¢´¥´¨¥³:

ẇ (t) =
1
τ

(
w(t) [kp − 1] +

S

ν

)
. (1)
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‡¤¥¸Ó w(t) Å ³£´μ¢¥´´μ¥ §´ Î¥´¨¥ ³μÐ´μ¸É¨ ·¥ ±Éμ·  (Î¨¸²μ ¤¥²¥´¨° ¢ 1 ¸);
τ Å ¸·¥¤´¥¥ ¢·¥³Ö ¦¨§´¨ ³£´μ¢¥´´ÒÌ ´¥°É·μ´μ¢; ν Å Î¨¸²μ ¢Éμ·¨Î´ÒÌ ´¥°-
É·μ´μ¢; S Å ¨¸ÉμÎ´¨±¨ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢, ´ ±μ¶¨¢Ï¨¥¸Ö ¢ É¥Î¥´¨¥
¶·¥¤Ò¤ÊÐ¨Ì ¨³¶Ê²Ó¸μ¢ (´¥°É·μ´μ¢/¸); kp Å ±μÔËË¨Í¨¥´É · §³´μ¦¥´¨Ö ´ 
³£´μ¢¥´´ÒÌ ´¥°É·μ´ Ì ¢ ·¥ ±Éμ·¥.

ˆ¸ÉμÎ´¨±¨ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ μ¶·¥¤¥²ÖÕÉ¸Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
¢μ¸Ó³¨£·Ê¶¶μ¢μ£μ ¶·¨¡²¨¦¥´¨Ö [3]:

S =
8∑

i=1

ci(t)λi, (2)

ċi(t) = −λi ci(t) + w(t) νβi, (3)
8∑

i=1

βi = β. (4)

‡¤¥¸Ó ci(t) Å ±μ²¨Î¥¸É¢μ Ö¤¥·-¨¸ÉμÎ´¨±μ¢ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ i-°
£·Ê¶¶Ò; βi Å ¤μ²Ö i-° £·Ê¶¶Ò § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢; λi Å ¶μ¸ÉμÖ´´ Ö
· ¸¶ ¤  § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ i-° £·Ê¶¶Ò (¸−1).

’ ± ± ± ·¥ ±Í¨Ö ¤¥²¥´¨Ö 237Np Ö¢²Ö¥É¸Ö ¶μ·μ£μ¢μ°, Éμ ¢ Ê· ¢´¥´¨¨ (1)
¢±² ¤ ¢ ËÊ´±Í¨Õ S ¡Ê¤ÊÉ ¤ ¢ ÉÓ ´¥ ¢¸¥ § ¶ §¤Ò¢ ÕÐ¨¥ ´¥°É·μ´Ò. 	ËË¥±-
É¨¢´μ¸ÉÓ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ ¸ · §´μ° Ô´¥·£¨¥° ¡Ê¤¥É · §²¨Î´μ°, ´μ
¢ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨ ³μ¦´μ ¸Î¨É ÉÓ, ÎÉμ ¤μ¸É ÉμÎ´μ ÊÎ¨ÉÒ¢ ÉÓ § ¶ §¤Ò-
¢ ÕÐ¨¥ ´¥°É·μ´Ò Éμ²Ó±μ ¸ Ô´¥·£¨¥° ¢ÒÏ¥ ¶μ·μ£μ¢μ°. „μ²¨ § ¶ §¤Ò¢ ÕÐ¨Ì
´¥°É·μ´μ¢ ¸ Ô´¥·£¨¥° ¢ÒÏ¥ 0,4 ŒÔ‚ ¢ ± ¦¤μ° ¨§ £·Ê¶¶ ¢ÒÎ¨¸²Ö²¨¸Ó ¨¸Ìμ¤Ö
¨§ ¤ ´´ÒÌ ¶μ ¸¶¥±É· ³ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ [4]. ‚ ¸²¥¤ÊÕÐ¥³ ¶·¨-
¡²¨¦¥´¨¨ ´μ·³¨·Ê¥³ ¤μ²¨ i-Ì £·Ê¶¶ ´¥°É·μ´μ¢ ´  ¢¥²¨Î¨´Ê ¤μ²¨ § ¶ §¤Ò-
¢ ÕÐ¨Ì ´¥°É·μ´μ¢ β, · ¢´ÊÕ ÔËË¥±É¨¢´μ° ¤μ²¥ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢
βÔËË = 0,0011 [5].

‘ Í¥²ÓÕ · ¸¸³μÉ·¥´¨Ö ¤¨´ ³¨±¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ±μÔËË¨Í¨¥´É · §-
³´μ¦¥´¨Ö kp ¤¥²¨É¸Ö ´  ¤¢¥ ¸μ¸É ¢²ÖÕÐ¨¥: kp = ε(t) − Δρ(t), £¤¥ ε(t) μ¶·¥-
¤¥²Ö¥É¸Ö ±μ´¸É·Ê±Í¨¥° ·¥ ±Éμ· , ¢ Éμ³ Î¨¸²¥ ³μ¤Ê²ÖÉμ·μ³ ·¥ ±É¨¢´μ¸É¨,  
Δρ(t) Å ¢±² ¤ ¢ ·¥ ±É¨¢´μ¸ÉÓ μÉ μ¡· É´μ° ¸¢Ö§¨ ¶μ ¨§³¥´¥´¨Õ É¥³¶¥· ÉÊ·Ò
·¥ ±Éμ· . ‚ ·¥ ±Éμ· Ì ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ ·¥ ±É¨¢´μ¸É¨ ¢ ¨³¶Ê²Ó¸¥ ε(t),
· ¢´μ¥ εm, ¢¸¥£¤  ³ ²μ ¶μ ¸· ¢´¥´¨Õ ¸ ¥¤¨´¨Í¥°. �μÔÉμ³Ê ¢¡²¨§¨ ³ ±¸¨³Ê³ 
ËÊ´±Í¨μ´ ²Ó´ Ö § ¢¨¸¨³μ¸ÉÓ ε ³μ¦¥É ¡ÒÉÓ  ¶¶·μ±¸¨³¨·μ¢ ´  ¶ · ¡μ²μ°, £¤¥
α Å ¢¥²¨Î¨´ , § ¢¨¸ÖÐ Ö μÉ Ì · ±É¥·¨¸É¨± ¢´¥Ï´¥£μ ³μ¤Ê²ÖÉμ·  ·¥ ±É¨¢-
´μ¸É¨:

ε(t) = εm − αv2t2, (5)

£¤¥ v Å ¸±μ·μ¸ÉÓ Ë¨§¨Î¥¸±μ£μ Í¥´É·  ®μ±´ ¯ ³μ¤Ê²ÖÉμ·  ·¥ ±É¨¢´μ¸É¨.
‚ É¥Î¥´¨¥ ¥¤¨´¨Î´μ£μ ¨³¶Ê²Ó¸  ¢¸²¥¤¸É¢¨¥ ¡Ò¸É·μÉÒ · ¸¸³ É·¨¢ ¥³μ£μ

¶·μÍ¥¸¸  Ë¨§¨Î¥¸±μ° ¶·¨Î¨´μ° μ¡· É´μ° ¸¢Ö§¨ Δρ(t) ³μ£ÊÉ ¡ÒÉÓ Éμ²Ó±μ ¨§-
³¥´¥´¨¥ ¸¥Î¥´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ¨§-§  ÔËË¥±É  „μ¶²¥·  ¨ ¨§³¥´¥´¨¥ ¶²μÉ-
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´μ¸É¨ Éμ¶²¨¢  ¨§-§  É¥³¶¥· ÉÊ·´μ£μ · ¸Ï¨·¥´¨Ö. ’ ± ± ± ¢ ¡Ò¸É·μ³ ´¥¶ÉÊ-
´¨¥¢μ³ ·¥ ±Éμ·¥ ·¥ ±Í¨Ö ´μ¸¨É ¶μ·μ£μ¢Ò° Ì · ±É¥· ¨ ¶·μ¨¸Ìμ¤¨É ¢ μ¡² ¸É¨
¢ÒÏ¥ ·¥§μ´ ´¸´μ°, Éμ ¢²¨Ö´¨¥ ÔËË¥±É  „μ¶²¥·  ´¥§´ Î¨É¥²Ó´μ, ÎÉμ ¶μ¤É¢¥·-
¦¤¥´μ · ¸Î¥Éμ³ [5]. ’ ±¨³ μ¡· §μ³, ¢ ¥¤¨´¨Î´μ³ ¨³¶Ê²Ó¸¥ μ¸É ¥É¸Ö Éμ²Ó±μ
μ¡· É´ Ö ¸¢Ö§Ó §  ¸Î¥É É¥³¶¥· ÉÊ·´μ£μ · ¸Ï¨·¥´¨Ö, ¶·¨Î¥³ ¥¥ ¢±² ¤ ¸É·μ£μ
μÉ·¨Í É¥²Ó´Ò° (¶·¨ Ê¸²μ¢¨¨ μÉ¸ÊÉ¸É¢¨Ö ¨§£¨¡  É¢Ô²μ¢), É. ¥. ¤²Ö ¥¤¨´¨Î´μ£μ
¨³¶Ê²Ó¸  ´¥¶ÉÊ´¨¥¢Ò° ·¥ ±Éμ· μ¡² ¤ ¥É ¸¢μ°¸É¢μ³ ®¸ ³μ£ Ï¥´¨Ö¯ ·¥§±¨Ì
¢¸¶²¥¸±μ¢ ·¥ ±É¨¢´μ¸É¨.

�μ²´ Ö ¸¨¸É¥³  Ê· ¢´¥´¨° ±¨´¥É¨±¨ ·¥ ±Éμ·  ¸μ¢³¥¸É´μ ¸ Ê· ¢´¥´¨Ö³¨
É¥·³μÊ¶·Ê£μ¸É¨ Ö¢²Ö¥É¸Ö ¤μ¸É ÉμÎ´μ ¸²μ¦´μ° ¨ É·Ê¤μ¥³±μ° ¤²Ö ·¥Ï¥´¨Ö [6].
	¢μ²ÕÍ¨Ö ·¥ ±É¨¢´μ¸É¨ ¢ ¨³¶Ê²Ó¸¥ §  ¸Î¥É ´ £·¥¢  É¥¶²μ¢Ò¤¥²ÖÕÐ¥£μ Ô²¥-
³¥´É  (É¢Ô² ) · ¸¸Î¨ÉÒ¢ ² ¸Ó ´ ³¨ ¶μ ¤¢Ê³ ³¥Éμ¤¨± ³: Ìμ·μÏμ ¨§¢¥¸É´μ°
μ¸Í¨²²ÖÉμ·´μ° ³μ¤¥²¨ [7] (Ë ±É¨Î¥¸±¨ ³μ¤¥²¨·ÊÕÐ¥° ¸¥·¤¥Î´¨± Ë¨§¨Î¥¸-
±¨³ ³ ÖÉ´¨±μ³) ¨ ®¢μ²´μ¢μ°¯ ³μ¤¥²¨ [6, 8], ÊÎ¨ÉÒ¢ ÕÐ¥° ¢μ§´¨±´μ¢¥´¨¥ ¨
· ¸¶·μ¸É· ´¥´¨¥ ¢μ²´ Ê¶·Ê£μ° ¤¥Ëμ·³ Í¨¨ ¢ ´¥±μÉμ·μ³ Ê¸·¥¤´¥´´μ³ É¢Ô²¥.

‚ μ¸Í¨²²ÖÉμ·´μ° ³μ¤¥²¨

Δρ(t) = kuu. (6)

‡¤¥¸Ó ku = dk/du Å ¶μ²ÊÔ³¶¨·¨Î¥¸±¨° ±μÔËË¨Í¨¥´É, ¨³¥ÕÐ¨° §´ Î¥´¨¥
¤²Ö ¤¥²ÖÐ¥£μ¸Ö ³ É¥·¨ ²  É¢Ô²  ¢ ¶·¥¤¥² Ì ku

∼= 0Ä4 [9] (μ´ ¸¢Ö§ ´ ¸ É¥³¶¥· -
ÉÊ·´Ò³ ±μÔËË¨Í¨¥´Éμ³ ·¥ ±É¨¢´μ¸É¨ ¨ ¤²¨´μ° É¢Ô² ),   ¶¥·¥³¥´´ Ö u ¨³¥¥É
Ë¨§¨Î¥¸±¨° ¸³Ò¸²  ¡¸μ²ÕÉ´μ£μ ¨§³¥´¥´¨Ö ¤²¨´Ò ¸É¥·¦´Ö É¢Ô²  ¨ Ö¢²Ö¥É¸Ö
·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö

ü + ω2u = ω2
κLΔT. (7)

‡¤¥¸Ó ω Å ¸μ¡¸É¢¥´´ Ö ±·Ê£μ¢ Ö Î ¸ÉμÉ  ¸¢μ¡μ¤´ÒÌ ±μ²¥¡ ´¨° É¢Ô²  ·¥ ±Éμ· 
(´  ¸ ³μ³ ¤¥²¥ μ´  Ö¢²Ö¥É¸Ö ¶ · ³¥É·μ³ ³μ¤¥²¨), κ ∼ 10−5 Š−1 Å ±μÔËË¨-
Í¨¥´É É¥·³¨Î¥¸±μ£μ · ¸Ï¨·¥´¨Ö ´¨É·¨¤  ´¥¶ÉÊ´¨Ö, L = 0,41 ³ Å ¤²¨´  É¢Ô² 
¨ ΔT Å ¨§³¥´¥´¨¥ É¥³¶¥· ÉÊ·Ò É¢Ô²  ¢ É¥±ÊÐ¨° ³μ³¥´É ¢·¥³¥´¨ μÉ´μ¸¨-
É¥²Ó´μ ´ Î ²Ó´μ° É¥³¶¥· ÉÊ·Ò, É. ¥. · §´¨Í  ¸ ®· ¢´μ¢¥¸´μ°¯ É¥³¶¥· ÉÊ·μ°,
¶·¨ ±μÉμ·μ° Δρ(t) ≡ 0.

ˆ§³¥´¥´¨¥ ·¥ ±É¨¢´μ¸É¨ ¢ ¤¨´ ³¨Î¥¸±μ³ (μ¤´μ³¥·´μ³) ¶·μÍ¥¸¸¥ ¶μ ¢μ²-
´μ¢μ° ³μ¤¥²¨ ¢Ò· ¦ ¥É¸Ö ¨´É¥£· ²μ³

Δρ(t) =

L/2∫
−L/2

∂ρ

∂x
u(x, t) dx. (8)

‡¤¥¸Ó u(x, t) Å μ¸¥¢μ¥ (¶·μ¤μ²Ó´μ¥) ¸³¥Ð¥´¨¥ Ô²¥³¥´É  É¢Ô²  μÉ´μ¸¨É¥²Ó´μ
¥£μ ´ Î ²Ó´μ£μ ¶μ²μ¦¥´¨Ö ¢ ÉμÎ±¥ x ¢ ³μ³¥´É ¢·¥³¥´¨ t, ±μÉμ·μ¥ Ö¢²Ö¥É¸Ö
·¥Ï¥´¨¥³ ¢μ²´μ¢μ£μ Ê· ¢´¥´¨Ö

∂2u(x, t)
∂t2

= c2 ∂2u(x, t)
∂x2

− κc2 ∂ΔT

∂x
. (9)
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‚ · ³± Ì μ¸Í¨²²ÖÉμ·´μ£μ ¶·¨¡²¨¦¥´¨Ö ± ¤¨´ ³¨±¥ ´¥¸É Í¨μ´ ·´μ£μ ¶·μ-
Í¥¸¸  Ê· ¢´¥´¨Ö ±¨´¥É¨±¨ ·¥ ±Éμ·  (1)Ä(4) ·¥Ï ÕÉ¸Ö ¸μ¢³¥¸É´μ ¸ Ê· ¢´¥´¨-
Ö³¨ (6) ¨ (7). ‚ · ³± Ì ¶·¨¡²¨¦¥´¨Ö μ¤´μ³¥·´μ° ¢μ²´μ¢μ° ³μ¤¥²¨ Ê· ¢´¥´¨Ö
(1)Ä(4) ·¥Ï ÕÉ¸Ö ¸μ¢³¥¸É´μ ¸ Ê· ¢´¥´¨Ö³¨ (8) ¨ (9).

2. �…‡“‹œ’�’› ��‘—…’�.
‘��‚�…�ˆ… �‘–ˆ‹‹Ÿ’����‰ ˆ ‚�‹��‚�‰ Œ�„…‹…‰

‚ · ¡μÉ¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ±μ´¸É ´É: ¢·¥³Ö ¦¨§´¨ ³£´μ-
¢¥´´ÒÌ ´¥°É·μ´μ¢ ¤¥²¥´¨Ö τ = 10 ´¸, α = 3,6 · 10−3 ³¸−2, ¸·¥¤´ÖÖ ³μÐ´μ¸ÉÓ
·¥ ±Éμ·  15 Œ‚É, ±μÔËË¨Í¨¥´É É¥·³¨Î¥¸±μ£μ · ¸Ï¨·¥´¨Ö ´¨É·¨¤  ´¥¶ÉÊ-
´¨Ö 10−5 Š−1, ¸±μ·μ¸ÉÓ §¢Ê±  ¢ ´¨É·¨¤¥ ´¥¶ÉÊ´¨Ö c ≈ 3 ±³/¸, ³μ¤Ê²Ó 
´£ 
(100 − 130) · 109 �/³2.

Š¢ §¨¸É Í¨μ´ ·´μ³Ê ·¥¦¨³Ê · ¡μÉÒ ·¥ ±Éμ·  ¶·¨ ¶·μ¨§¢μ²Ó´μ° ³μÐ-
´μ¸É¨ ¢ ¸²ÊÎ ¥ μÉ¸ÊÉ¸É¢¨Ö μ¡· É´μ° ¸¢Ö§¨ (ku = 0) ¸μμÉ¢¥É¸É¢Ê¥É εm =
1,18 · 10−4.

‚ ¸²ÊÎ ¥ μ¸Í¨²²ÖÉμ·´μ£μ ¶·¨¡²¨¦¥´¨Ö ¢μ§´¨± ¥É ¶·μ¡²¥³  μ¤´μ§´ Î-
´μ£μ ¶μ²ÊÎ¥´¨Ö §´ Î¥´¨° μ¸´μ¢´ÒÌ ¶ · ³¥É·μ¢ ³μ¤¥²¨ (ω ¨ ku) ¨¸Ìμ¤Ö ¨§
Ë¨§¨Î¥¸±¨Ì ¸¢μ°¸É¢ ¸¨¸É¥³Ò. ‚ ¢μ²´μ¢μ° ³μ¤¥²¨ É ±μ° ¶·μ¡²¥³Ò ´¥É: É ³
¶ · ³¥É·Ò ¨³¥ÕÉ μ¤´μ§´ Î´Ò° Ë¨§¨Î¥¸±¨° ¸³Ò¸², ¨ ¢μ¶·μ¸ ¸μ¸Éμ¨É Éμ²Ó±μ
¢ Ô±¸¶¥·¨³¥´É ²Ó´μ° ´¥μ¶·¥¤¥²¥´´μ¸É¨.

’ ±, §´ Î¥´¨¥ ¶ · ³¥É·  ω ¸¢Ö§ ´μ ¸ ¤²¨´μ° ¸É¥·¦´Ö É¢Ô²  ´¥μ¤´μ-
§´ Î´Ò³ μ¡· §μ³. …¸²¨ ³ ¸¸Ê ¸É¥·¦´Ö É¢Ô²  ¸Î¨É ÉÓ ¸μ¸·¥¤μÉμÎ¥´´μ°, ÎÉμ
¨ ¶·¥¤¶μ² £ ¥É Ê· ¢´¥´¨¥ μ¸Í¨²²ÖÉμ·  (7), Éμ ±·Ê£μ¢ÊÕ Î ¸ÉμÉÊ ¸¢μ¡μ¤´ÒÌ
±μ²¥¡ ´¨° ¸É¥·¦´Ö ¸²¥¤Ê¥É ¸Î¨É ÉÓ · ¢´μ° c/L, £¤¥ L Å ¤²¨´  ¸É¥·¦´Ö,
c Å ¸±μ·μ¸ÉÓ §¢Ê± . „²Ö ¸²ÊÎ Ö · ¸¶·¥¤¥²¥´´μ° ³ ¸¸Ò ³μ¦´μ ¡Ò²μ ¡Ò μ¦¨-
¤ ÉÓ, ÎÉμ ¶¥·¨μ¤ ±μ²¥¡ ´¨° ¡Ê¤¥É · ¢¥´ Ê¤¢μ¥´´μ³Ê ¢·¥³¥´¨ ¶·μÌμ¦¤¥´¨Ö
¢μ²´Ò Ê¶·Ê£μ£μ ¸¦ É¨Ö-· ¸ÉÖ¦¥´¨Ö ¢¤μ²Ó ¸É¥·¦´Ö 2L/c,   ±·Ê£μ¢ Ö Î ¸ÉμÉ ,
¸μμÉ¢¥É¸É¢¥´´μ, ¡Ê¤¥É · ¢´  πc/L, É. ¥. ¢ π · § ¡μ²ÓÏ¥, Î¥³ ¤²Ö ¸²ÊÎ Ö ¸μ-
¸·¥¤μÉμÎ¥´´μ° ³ ¸¸Ò [10]. ’ ±, ¶·¨ ¤²¨´¥ ¸É¥·¦´Ö 0,41 ³ ¤²Ö ¶¥·¢μ£μ ¸²Ê-
Î Ö ω = 7,3 ³¸−1,   ¤²Ö ¢Éμ·μ£μ Å ω = 23 ³¸−1. �¤´ ±μ ¢¥²¨Î¨´  ω,
¶μ²ÊÎ¥´´ Ö ¢ ·¥§Ê²ÓÉ É¥ · ¸Î¥É  ¶μ ¢μ²´μ¢μ° ³μ¤¥²¨ (9), μ± § ² ¸Ó · ¢´μ°
ω = 11 ³¸−1. ’ ±¨³ μ¡· §μ³, ³μ¦´μ ¸Î¨É ÉÓ, ÎÉμ ¢¥²¨Î¨´  ω ´ Ìμ¤¨É¸Ö ¢
¶·¥¤¥² Ì 7 < ω < 23 ³¸−1.

—Éμ ± ¸ ¥É¸Ö ¢¥²¨Î¨´Ò ku, Éμ §¤¥¸Ó ¶·¥¤¶μÎÉ¨É¥²Ó´Ò³ §´ Î¥´¨¥³ ¸²¥¤Ê¥É
¸Î¨É ÉÓ Î¨¸²μ, ¶μ²ÊÎ¥´´μ¥ ¨¸Ìμ¤Ö ¨§ ¸¢Ö§¨ ³¥¦¤Ê ¢μ²´μ¢μ° ¨ μ¸Í¨²²ÖÉμ·´μ°
³μ¤¥²Ö³¨. •μÉÖ ¢ ¢μ²´μ¢μ° ³μ¤¥²¨ ±μÔËË¨Í¨¥´É kT = dk/dT ´¥ Ö¢²Ö¥É¸Ö
±μ´¸É ´Éμ°,   § ¢¨¸¨É μÉ ¢·¥³¥´¨, ¢ ¸²ÊÎ ¥ ³¥¤²¥´´μ£μ ±¢ §¨¸É Í¨μ´ ·´μ£μ
´ £·¥¢ , ¨¸Ìμ¤Ö ¨§ (8) ¶·¨ ´¥±μÉμ·ÒÌ ¶·¥¤¶μ²μ¦¥´¨ÖÌ μÉ´μ¸¨É¥²Ó´μ ¢¨¤ 
ËÊ´±Í¨¨ ρ(x), ¶μ²ÊÎ¨³ kT = 9,11 · 10−6 Š−1. � ¸ ÊÎ¥Éμ³ · ¢¥´¸É¢  Δρ =
kuu = kT ΔT ¶μ²ÊÎ ¥É¸Ö, ÎÉμ ku = 2,22 ³−1.
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�¨¸. 2. 	´¥·£¨Ö ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ (Ô´¥·-
£¨Ö, ¢Ò¤¥²¥´´ Ö ± ³μ³¥´ÉÊ ¢·¥³¥´¨ t) ¤²Ö
¸²ÊÎ Ö ku = 0 ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ ³ ±-
¸¨³ ²Ó´μ° ·¥ ±É¨¢´μ¸É¨ εm. � Î ²μ ±μ-
μ·¤¨´ É t = 0 ¸μμÉ¢¥É¸É¢Ê¥É ³ ±¸¨³Ê³Ê
·¥ ±É¨¢´μ¸É¨ εm

�¨¸. 3. 	´¥·£¨Ö ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¤²Ö
¸²ÊÎ Ö ku = 1 ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ
³ ±¸¨³ ²Ó´μ° ·¥ ±É¨¢´μ¸É¨ εm

�¨¸. 4. �μ¸É É¥³¶¥· ÉÊ·Ò §  ¨³¶Ê²Ó¸ ¢
§ ¢¨¸¨³μ¸É¨ μÉ ³ ±¸¨³ ²Ó´μ° ·¥ ±É¨¢-
´μ¸É¨ εm ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ ku ¨
ω = 23 ³¸−1 ¤²Ö μ¸Í¨²²ÖÉμ·´μ° ³μ¤¥²¨
¨ ¢ ¸· ¢´¥´¨¨ ¸ ¢μ²´μ¢μ° ³μ¤¥²ÓÕ

�¨¸. 5. �μ¸É É¥³¶¥· ÉÊ·Ò §  ¨³¶Ê²Ó¸ ¢
§ ¢¨¸¨³μ¸É¨ μÉ ³ ±¸¨³ ²Ó´μ° ·¥ ±É¨¢-
´μ¸É¨ εm ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ ω ¨
ku = 2,22 ¤²Ö μ¸Í¨²²ÖÉμ·´μ° ³μ¤¥²¨ ¨
¢ ¸· ¢´¥´¨¨ ¸ ¢μ²´μ¢μ° ³μ¤¥²ÓÕ

…¸²¨ ¶·¨ μÉ¸ÊÉ¸É¢¨¨ μ¡· É´μ° ¸¢Ö§¨ (ku = 0) 50%-° ¸± Îμ± ·¥ ±É¨¢´μ¸É¨
¶·¨¢μ¤¨É ± Ê¢¥²¨Î¥´¨Õ Ô´¥·£¨¨, ¢Ò¤¥²Ö¥³μ° ¢ ¨³¶Ê²Ó¸¥, ´  ¶μ·Ö¤μ± (·¨¸. 2),
Éμ ¤ ¦¥ ¤μ¸É ÉμÎ´μ ¸² ¡ Ö μ¡· É´ Ö ¸¢Ö§Ó (ku = 1) (·¨¸. 3) ¸ÊÐ¥¸É¢¥´´μ
¶μ¤ ¢²Ö¥É ¸± Îμ± ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨. —¥³ ¡μ²ÓÏ¥ ¢¥²¨Î¨´  ku, É¥³ ¸¨²Ó-
´¥¥ ¢²¨Ö´¨¥ μ¡· É´μ° ¸¢Ö§¨ ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ³¥´ÓÏ¥ § ¢¨¸¨³μ¸ÉÓ Ô´¥·£¨¨
¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ μÉ εm. �·¨ ·¥ ²¨¸É¨Î´ÒÌ §´ Î¥´¨ÖÌ ku ∼ 2 ¶μ¤ ¢²¥-
´¨¥ Ô´¥·£¨¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¸μ¸É ¢²Ö¥É 5Ä10 · § ¤²Ö ¡μ²ÓÏ¨Ì §´ Î¥´¨°
´ ¤±·¨É¨Î´μ¸É¨ ¢ ¨³¶Ê²Ó¸¥ εm ¨ 1,5Ä2 · §  ¤²Ö ³ ²ÒÌ §´ Î¥´¨° εm. ’ ±¨³
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�¨¸. 6. β¨³¶ ± ± ËÊ´±Í¨Ö ΔT

μ¡· §μ³, ¢ · ³± Ì · ¸¸³ É·¨¢ ¥³ÒÌ ³μ-
¤¥²¥° ¡μ²¥¥ ³μÐ´Ò° ¨³¶Ê²Ó¸ §  ¸Î¥É
μ¡· É´μ° ¸¢Ö§¨ ¶μ¤ ¢²Ö¥É¸Ö ¸¨²Ó´¥¥.

� ¸¸³ É·¨¢ Ö ·μ¸É É¥³¶¥· ÉÊ·Ò § 
¨³¶Ê²Ó¸ ¶·¨ ¢¸¥Ì ¤μ¶Ê¸É¨³ÒÌ §´ Î¥-
´¨ÖÌ ¶ · ³¥É·μ¢ μ¸Í¨²²ÖÉμ·´μ° ³μ¤¥²¨
(·¨¸. 4 ¨ 5), ³μ¦´μ ¢¨¤¥ÉÓ, ÎÉμ μ¸Í¨²²Ö-
Éμ·´ Ö ¨ ¢μ²´μ¢ Ö ³μ¤¥²¨ ¸μ£² ¸ÊÕÉ¸Ö
¤·Ê£ ¸ ¤·Ê£μ³,   ¨³¥´´μ ·¥§Ê²ÓÉ ÉÒ ¢μ²-
´μ¢μ° ³μ¤¥²¨ ´ Ìμ¤ÖÉ¸Ö ¢´ÊÉ·¨ ¤μ¶Ê¸-
É¨³μ£μ ¨´É¥·¢ ²  §´ Î¥´¨° ¶ · ³¥É·μ¢
μ¸Í¨²²ÖÉμ·´μ° ³μ¤¥²¨.

�·¥¨³ÊÐ¥¸É¢μ³ ¢μ²´μ¢μ° ³μ¤¥²¨
¶μ³¨³μ ¡μ²ÓÏ¥° μ¶·¥¤¥²¥´´μ¸É¨ ¶ · -
³¥É·μ¢ Ö¢²Ö¥É¸Ö Éμ, ÎÉμ μ´  Ö¢²Ö¥É¸Ö
¸²¥¤ÊÕÐ¨³ ¶·¨¡²¨¦¥´¨¥³ ± Ë¨§¨Î¥¸±μ° ¤¥°¸É¢¨É¥²Ó´μ¸É¨. …¸²¨ μ¸Í¨²²Ö-
Éμ·´ Ö ³μ¤¥²Ó Å ÔÉμ ´Ê²Ó³¥·´μ¥ ¶·¨¡²¨¦¥´¨¥, Éμ ¢μ²´μ¢ Ö ³μ¤¥²Ó ¢ · ¸¸³μ-
É·¥´´μ³ ´ ³¨ ¢¨¤¥ Ö¢²Ö¥É¸Ö μ¤´μ³¥·´Ò³ ¶·¨¡²¨¦¥´¨¥³. ‘²¥¤ÊÕÐ¨³ Ï £μ³
²μ£¨Î´μ ¡Ò²μ ¡Ò · ¸¸³μÉ·¥ÉÓ ¤¢Ê³¥·´μ¥ ¶·¨¡²¨¦¥´¨¥.

„²Ö ¢μ²´μ¢μ° ³μ¤¥²¨ · ¸¸Î¨É ´  ¢¥²¨Î¨´  ®¨³¶Ê²Ó¸´μ° ¤μ²¨ § ¶ §¤Ò¢ -
ÕÐ¨Ì ´¥°É·μ´μ¢¯ [11]:

β¨³¶ =
ΔT (εm)
∂ΔT (εm)

∂εm

. (10)

�¥§Ê²ÓÉ É · ¸Î¥É  ¶·¨¢¥¤¥´ ´  ·¨¸. 6.
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