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�Ê¤ÊÐ¨° ¨³¶Ê²Ó¸´Ò° ¨¸ÉμÎ´¨± ´¥°É·μ´μ¢ ¢ ‹ ¡μ· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨-
§¨±¨ �ˆŸˆ, ±μÉμ·Ò° ¤μ²¦¥´ ¸³¥´¨ÉÓ ´Ò´¥ ¤¥°¸É¢ÊÕÐ¨° ˆ��-2Œ, ³μ¦¥É ¡ÒÉÓ
¸μ§¤ ´ ± ± ¸Ê¶¥·¡Ê¸É¥·, É. ¥. Ê³´μ¦¨É¥²Ó ´¥°É·μ´μ¢ ´¥°É·μ´μ¶·μ¨§¢μ¤ÖÐ¥° ³¨-
Ï¥´¨ ¶·μÉμ´´μ£μ Ê¸±μ·¨É¥²Ö ¸ Ô´¥·£¨¥° ¶·μÉμ´μ¢ ¶μ·Ö¤±  1 ƒÔ‚. �¡ÒÎ´μ
¸Ê¶¥·¡Ê¸É¥· · ¸¸³ É·¨¢ ÕÉ ± ± ¡¥§μ¶ ¸´ÊÕ ¨ ´ ¤¥¦´ÊÕ Ö¤¥·´ÊÕ Ê¸É ´μ¢±Ê. ‚
¤ ´´μ° · ¡μÉ¥ ¶μ± § ´μ, ÎÉμ ³μÐ´Ò° ¸Ê¶¥·¡Ê¸É¥· ³μ¦¥É μ± § ÉÓ¸Ö ³¥´¥¥ ¸É -
¡¨²Ó´Ò³ ¢ · ¡μÉ¥, Î¥³ ¨³¶Ê²Ó¸´Ò° ·¥ ±Éμ·, ¶μÔÉμ³Ê ¢μ¶·μ¸Ò ¥£μ ¡¥§μ¶ ¸´μ¸É¨
É·¥¡ÊÕÉ ¢´¨³ ´¨Ö.
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Highly intense pulsed neutron source which should replace the pulsed reactor
IBR-2M currently in operation after its wear-out, can be made as superbooster, that
is a powerful breeder of neutrons produced in accelerating proton target. Usually,
superbooster is considered to be a safe and reliable nuclear facility. However, as
indicated in the paper, powerful superbooster can be less stable in operation than
pulsed reactor. Therefore, problems of its safety call for close study.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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‘Ê¶¥·¡Ê¸É¥· Å ÔÉμ Ö¤¥·´Ò° ·¥ ±Éμ·, · ¡μÉ ÕÐ¨° ¢ ·¥¦¨³¥ ¶¥·¨μ¤¨-
Î¥¸±μ° ¶Ê²Ó¸ Í¨¨ ·¥ ±É¨¢´μ¸É¨ ¸ ³ ±¸¨³ ²Ó´μ° ¶μ¤±·¨É¨Î´μ¸ÉÓÕ ´  ³£´μ-
¢¥´´ÒÌ ´¥°É·μ´ Ì ³¥´ÓÏ¥ ¥¤¨´¨ÍÒ ¨ ¸ ¢´¥Ï´¨³ ¨¸ÉμÎ´¨±μ³ ´¥°É·μ´μ¢,
¸¨´Ì·μ´´μ ¢±²ÕÎ ¥³Ò³ ¢ · °μ´¥ ³ ±¸¨³Ê³  ·¥ ±É¨¢´μ¸É¨ [1, 2].

�·¥¨³ÊÐ¥¸É¢¥´´ Ö μ¡² ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö ¸Ê¶¥·¡Ê¸É¥·μ¢ Å £¥´¥· Í¨Ö
³μÐ´ÒÌ ¢Ò¢¥¤¥´´ÒÌ ¶ÊÎ±μ¢ ´¥°É·μ´μ¢ [3, 4]. �¨±μ¢ Ö ¶²μÉ´μ¸ÉÓ ¶μÉμ± 
É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢ ´  ¢´¥Ï´¥° ¶μ¢¥·Ì´μ¸É¨ § ³¥¤²¨É¥²Ö ³μ¦¥É ¤μ¸É¨£ ÉÓ
1017 ¸³−2 · c−1,   ¸·¥¤´ÖÖ ¶μ ¢·¥³¥´¨ Å ¶μ·Ö¤±  1014 ¸³−2 · c−1 [1].

�²ÓÉ¥·´ É¨¢μ° ¸Ê¶¥·¡Ê¸É¥·Ê ³μ¦¥É ¢Ò¸ÉÊ¶ ÉÓ ¨³¶Ê²Ó¸´Ò° ·¥ ±Éμ·
¸ ³£´μ¢¥´´μ° ´ ¤±·¨É¨Î´μ¸ÉÓÕ ¢ ¨³¶Ê²Ó¸¥, ±μÉμ·Ò° ³μ¦¥É ¸μ§¤ ¢ ÉÓ ´ -
¸Éμ²Ó±μ ¦¥ ¢Ò¸μ±¨¥ ¶μÉμ±¨ ´¥°É·μ´μ¢, ± ± ¨ ¸Ê¶¥·¡Ê¸É¥· [5Ä7]. �·¥¨³ÊÐ¥-
¸É¢μ ¸Ê¶¥·¡Ê¸É¥·  ¸μ¸Éμ¨É ¢ ¢μ§³μ¦´μ¸É¨ ¸μ§¤ ´¨Ö ±μ·μÉ±¨Ì ¨³¶Ê²Ó¸μ¢ ´¥°-
É·μ´μ¢ ¶μ·Ö¤±  10Ä30 ³±¸ (·¨¸. 1),   É ±¦¥ ¢ Éμ³, ÎÉμ ·¥ ±Éμ· (· §³´μ¦ ÕÐ Ö

�¨¸. 1. ”μ·³  ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¸Ê¶¥·¡Ê¸É¥·  ®�¥¶ÉÊ´¯ ¤²Ö · §´ÒÌ §´ Î¥´¨° ¶μ¤-
±·¨É¨Î´μ¸É¨ ´  ³£´μ¢¥´´ÒÌ ´¥°É·μ´ Ì: 1 Å ¤²Ö ρmax = −2 · 10−3 kÔË; 2 Å ¤²Ö
ρmax = −1 · 10−3 kÔË; 3 Å ¤²Ö ρmax = −5 · 10−4 kÔË; 4 Å ¤²Ö ρmax = −3 · 10−4 kÔË;
5 Å ¤²Ö ρmax = −2 · 10−4 kÔË; 6 Å ¤²Ö ρmax = −1 · 10−4 kÔË; 7 Å ¤²Ö kp = 0
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³¨Ï¥´Ó) ¢ ´μ³¨´ ²Ó´μ³ ·¥¦¨³¥ ¶μ¤±·¨É¨Î¥´ ¨ · §£μ´ ±· °´¥ ³ ²μ¢¥·μÖÉ¥´.
�·¥¨³ÊÐ¥¸É¢μ ¦¥ ¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ· , £¤¥ É¥Ì´¨Î¥¸±¨ ´¥¢μ§³μ¦´μ ¶μ²Ê-
Î¨ÉÓ ¨³¶Ê²Ó¸ ±μ·μÎ¥ 150 ³±¸, ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¥£μ ¸μ§¤ ´¨¥ ¨ Ô±¸¶²Ê É Í¨Ö
´  ¶μ·Ö¤μ± ¤¥Ï¥¢²¥ ¸Ê¶¥·¡Ê¸É¥· .

‚ ¤ ´´μ° · ¡μÉ¥ · ¸¸³μÉ·¥´Ò ¸²ÊÎ ¨, ±μ£¤  ³μÐ´Ò° ¸Ê¶¥·¡Ê¸É¥· ³μ-
¦¥É μ± § ÉÓ¸Ö ³¥´¥¥ ¸É ¡¨²Ó´Ò³ ¢ · ¡μÉ¥, Î¥³ ¨³¶Ê²Ó¸´Ò° ·¥ ±Éμ·, ¶μÔÉμ³Ê
¢μ¶·μ¸Ò ¥£μ ¡¥§μ¶ ¸´μ¸É¨ É·¥¡ÊÕÉ ¢´¨³ ´¨Ö.

��ˆ—ˆ�› �…‘’��ˆ‹œ��‘’ˆ ‘“�…��“‘’…��

‚ ´μ³¨´ ²Ó´μ³ Ê¸É ´μ¢¨¢Ï¥³¸Ö ·¥¦¨³¥ Ê·μ¢¥´Ó ¶μ¤±·¨É¨Î´μ¸É¨ ·¥ ±-
Éμ·  ¨ ¶ · ³¥É·Ò Ê¸±μ·¨É¥²Ö, ¸μ§¤ ÕÐ¥£μ § ¶Ê¸± ÕÐ¨° ·¥ ±Éμ· ¶ÊÎμ± Î ¸É¨Í
(¶·μÉμ´μ¢, Ô²¥±É·μ´μ¢), ¤μ²¦´Ò ¡ÒÉÓ ¸É ¡¨²Ó´Ò³¨ ¸ ¢·¥³¥´´Ò³¨ μÉ±²μ´¥´¨-
Ö³¨, ¤μ¶Ê¸± ¥³Ò³¨ É¥Ì´μ²μ£¨Î¥¸±¨³ ·¥£² ³¥´Éμ³. � ¶·¨³¥·, ¢ ¤¥°¸É¢ÊÕÐ¥³
¨³¶Ê²Ó¸´μ³ ·¥ ±Éμ·¥ ˆ��-2Œ ´ ¡²Õ¤ ¥³Ò¥ ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ μÉ±²μ´¥´¨Ö
·¥ ±É¨¢´μ¸É¨ ´¥ ¶·¥¢ÒÏ ÕÉ 6·10−6 ¤μ²¥° kÔË,   ³ ±¸¨³ ²Ó´Ò¥ Å 3·10−5 [8].
‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ μÉ´μ¸¨É¥²Ó´Ò¥ ±μ²¥¡ ´¨Ö ³μÐ´μ¸É¨ ¨³¶Ê²Ó¸  Å 4 ¨ 20 %.
�·¥¤¥²Ó´ Ö ³μÐ´μ¸ÉÓ ¨³¶Ê²Ó¸ , ±μÉμ· Ö ¥Ð¥ ´¥ ¢Ò§Ò¢ ¥É ¢μ§³μ¦´ÒÌ ¶μ¢·¥-
¦¤¥´¨° Ô²¥³¥´Éμ¢  ±É¨¢´μ° §μ´Ò, ¶·¨³¥·´μ ¢ 5Ä6 · § ¡μ²ÓÏ¥ ´μ³¨´ ²Ó´μ°,
  ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ¢μ§³ÊÐ¥´¨¥ ·¥ ±É¨¢´μ¸É¨ Å μ±μ²μ 3 · 10−4.

„²Ö ·¥¦¨³  ¸Ê¶¥·¡Ê¸É¥·  É ±¨¥ ¶·¥¤¥²Ó´Ò¥ ¤²Ö ˆ��-2 ¢μ§³ÊÐ¥´¨Ö, ± ±
3 · 10−4, ³μ¦´μ ¸Î¨É ÉÓ ´¥¸ÊÐ¥¸É¢¥´´Ò³¨: Ë²Ê±ÉÊ Í¨¨ ·¥ ±É¨¢´μ¸É¨ ¨ ³μÐ-
´μ¸É¨ ¢ ¸Ê¶¥·¡Ê¸É¥·¥ ¸¢Ö§ ´Ò ²¨´¥°´μ° § ¢¨¸¨³μ¸ÉÓÕ (¶·¨ · §³´μ¦¥´¨ÖÌ
´¥°É·μ´μ¢ ¶μ¤¦¨£  ´¥ ¢ÒÏ¥ ∼ 500):

ΔQ

Q´μ³¨´ ²

∼=
Δε

−ε´μ³¨´ ²
.

�·¨ ·¥£Ê²Ö·´μ³ ¨ ¸¨´Ì·μ´´μ³ ¸ ¢¢μ¤¨³μ° ·¥ ±É¨¢´μ¸ÉÓÕ ¢¢μ¤¥ ¶ÊÎ± 
¶·μÉμ´μ¢ ¢  ±É¨¢´ÊÕ §μ´Ê ·¥§Ê²ÓÉ¨·ÊÕÐ¨° ¨³¶Ê²Ó¸ ³μÐ´μ¸É¨ ¸É ¡¨²¥´,
· §£μ´ ·¥ ±Éμ·  ¨¸±²ÕÎ¥´, ¶μ±  ¢¥²¨Î¨´  ¢´¥§ ¶´μ ¢¢¥¤¥´´μ° ·¥ ±É¨¢´μ-
¸É¨ ´¥ ¶·¥¢Ò¸¨É Ê¸É ´μ¢²¥´´μ° ¶μ¤±·¨É¨Î´μ¸É¨ ¸Ê¶¥·¡Ê¸É¥·  (ε´μ³¨´ ² >
−2 · 10−3 kÔË). �¤´ ±μ ¶·¨ ¢´¥§ ¶´μ³ ¨¸Î¥§´μ¢¥´¨¨ ¶·μÉμ´´μ£μ ¶ÊÎ±  ¨
¶μ¸²¥¤ÊÕÐ¥³ ¢μ¸¸É ´μ¢²¥´¨¨ ¥£μ Î¥·¥§ ´¥¶·μ¤μ²¦¨É¥²Ó´μ¥ ¢·¥³Ö ¢μ§³μ¦´ 
£¥´¥· Í¨Ö ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨, §´ Î¨É¥²Ó´μ ¶·¥¢ÒÏ ÕÐ¥£μ ´μ³¨´ ²Ó´Ò° ¨³-
¶Ê²Ó¸. 	Éμ μ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉμ ¢ μÌ² ¦¤¥´´μ° §  ¢·¥³Ö ¶·μ¸ÉμÖ Ê¸±μ·¨-
É¥²Ö  ±É¨¢´μ° §μ´¥ ±μÔËË¨Í¨¥´É · §³´μ¦¥´¨Ö ´¥°É·μ´μ¢ Ê¢¥²¨Î¨É¸Ö ¢¸²¥¤-
¸É¢¨¥ μÉ·¨Í É¥²Ó´μ£μ É¥³¶¥· ÉÊ·´μ£μ ÔËË¥±É  ·¥ ±É¨¢´μ¸É¨. �μÔÉμ³Ê ¶·¨
¢μ§μ¡´μ¢²¥´¨¨ ¶ÊÎ±  ¨³¶Ê²Ó¸ ³μÐ´μ¸É¨ ³μ¦¥É μ± § ÉÓ¸Ö ¢ÒÏ¥ ´μ³¨´ ²Ó-
´μ£μ. ‚ ¸²ÊÎ ¥ ¶·¥¢ÒÏ¥´¨Ö ¤μ¶Ê¸É¨³μ£μ Ê·μ¢´Ö Ô´¥·£μ¢Ò¤¥²¥´¨Ö ¢ ¨³¶Ê²Ó¸¥
¸· ¡μÉ ¥É  ¢ ·¨°´ Ö § Ð¨É  ·¥ ±Éμ· , ¨ ¢μ¸¸É ´μ¢²¥´¨¥ · ¡μÉÒ ¸Ê¶¥·¡Ê¸É¥· 
¸É ´¥É ¢μ§³μ¦´Ò³ ²¨ÏÓ Î¥·¥§ ³´μ£μ Î ¸μ¢. ‘·Ò¢Ò Ê¸±μ·¥´¨Ö ¢ ²¨´¥°´ÒÌ
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Ê¸±μ·¨É¥²ÖÌ ¶·μÉμ´μ¢ Å ¤μ¢μ²Ó´μ Î ¸Éμ¥ Ö¢²¥´¨¥. ‘²¥¤μ¢ É¥²Ó´μ, · ¡μÉÊ
¸Ê¶¥·¡Ê¸É¥·  ´¥²Ó§Ö ¸Î¨É ÉÓ ¸É ¡¨²Ó´μ°, ¥¸²¨ ´¥ ¨¸±²ÕÎ¥´Ò Î ¸ÉÒ¥ ¸·Ò¢Ò
Ê¸±μ·¥´¨Ö.

Œ…’�„ˆŠ� ��‘—…’� „ˆ��Œˆ—…‘Š�ƒ� ���–…‘‘�
‚ ‘‹“—�… ‘�›‚� ���’����ƒ� �“—Š�

�·μÍ¥¸¸ · ¡μÉÒ ¸Ê¶¥·¡Ê¸É¥·  ¢ ¸²ÊÎ ¥ ¸·Ò¢  ¶ÊÎ±   ´ ²¨§¨·μ¢ ²¸Ö ¶ÊÉ¥³
Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ±¨´¥É¨±¨ ¨ ¤¨´ ³¨±¨  ±É¨¢´μ° §μ´Ò.

‚ · ¸Î¥É¥ ±¨´¥É¨±¨ ´¥°É·μ´´μ£μ ¶μÉμ±  ¨¸¶μ²Ó§μ¢ ² ¸Ó μ¡Ð¥¶·¨´ÖÉ Ö
ÉμÎ¥Î´ Ö ³μ¤¥²Ó  ±É¨¢´μ° §μ´Ò,   Ô¢μ²ÕÍ¨Ö ·¥ ±É¨¢´μ¸É¨ ¢ ¨³¶Ê²Ó¸¥ § 
¸Î¥É ´ £·¥¢  ¸¥·¤¥Î´¨±  É¢Ô²  · ¸¸Î¨ÉÒ¢ ² ¸Ó ¶μ ¤¢Ê³ ³¥Éμ¤¨± ³: Ìμ·μÏμ
¨§¢¥¸É´μ° μ¸Í¨²²ÖÉμ·´μ° ³μ¤¥²¨ [6] (Ë ±É¨Î¥¸±¨ ³μ¤¥²¨·ÊÕÐ¥° ¸¥·¤¥Î´¨±
Ë¨§¨Î¥¸±¨³ ³ ÖÉ´¨±μ³) ¨ ®¢μ²´μ¢μ°¯ ³μ¤¥²¨ [9, 10], ÊÎ¨ÉÒ¢ ÕÐ¥° ¢μ§´¨±-
´μ¢¥´¨¥ ¨ · ¸¶·μ¸É· ´¥´¨¥ ¢μ²´ Ê¶·Ê£μ° ¤¥Ëμ·³ Í¨¨ ¢ ´¥±μ¥³ Ê¸·¥¤´¥´´μ³
É¥¶²μ¢Ò¤¥²ÖÕÐ¥³ Ô²¥³¥´É¥. �¨¦¥ ¶·¨¢¥¤¥´Ò Ê· ¢´¥´¨Ö, ¨¸¶μ²Ó§μ¢ ´´Ò¥ ¤²Ö
¤ ´´ÒÌ ³¥Éμ¤μ¢.

�¤´μÉμÎ¥Î´μ¥ Ê· ¢´¥´¨¥ ±¨´¥É¨±¨ ·¥ ±Éμ·  § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

ẇ(t) =
1
τ

(
w(t) [kp(t) − 1] +

S

ν

)
. (1)

‡¤¥¸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 ³μÐ´μ¸ÉÓ ¢´¥Ï´¥£μ ¨¸ÉμÎ´¨±  ´¥°É·μ´μ¢ (´¥°É·μ´μ¢/¸):
S = So + Sd, £¤¥ So Å ¨¸ÉμÎ´¨± ´¥°É·μ´μ¢, ¢μ§´¨± ÕÐ¨Ì ¶·¨ ¢§ ¨³μ¤¥°-
¸É¢¨¨ ¶ÊÎ±  Ê¸±μ·¥´´ÒÌ ¶·μÉμ´μ¢ ¸ ³ É¥·¨ ²μ³  ±É¨¢´μ° §μ´Ò ¨²¨ ³¨Ï¥´¨,
  Sd Å ¨¸ÉμÎ´¨±¨ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢, ´ ±μ¶¨¢Ï¨¥¸Ö ¢ É¥Î¥´¨¥ ¶·¥¤Ò-
¤ÊÐ¨Ì ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨; kp Å ±μÔËË¨Í¨¥´É · §³´μ¦¥´¨Ö ´  ³£´μ¢¥´´ÒÌ
´¥°É·μ´ Ì.

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

Sd =
6∑

i=1

ci(t)λi, (2)

ċi(t) = −λi ci(t) + w(t) νβi, (3)

6∑
i=1

βi = β. (4)
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‡¤¥¸Ó ci(t) Å ±μ²¨Î¥¸É¢μ Ö¤¥·-¨¸ÉμÎ´¨±μ¢ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ i-°
£·Ê¶¶Ò; βi Å  ¡¸μ²ÕÉ´ Ö ¤μ²Ö (¢ÒÌμ¤) i-° £·Ê¶¶Ò § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢;
λi Å ¶μ¸ÉμÖ´´ Ö · ¸¶ ¤  § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ i-° £·Ê¶¶Ò (¸−1).

C Í¥²ÓÕ · ¸¸³μÉ·¥´¨Ö ¤¨´ ³¨±¨ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ ¸Ê¶¥·¡Ê¸É¥·  ±μ-
ÔËË¨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¨ (Ö¢²Ö¥É¸Ö ¶¥·¨μ¤¨Î¥¸±μ° ËÊ´±Í¨¥°),   Δρ(t) Å ÔÉμ ¢±² ¤ ¢ ·¥-
 ±É¨¢´μ¸ÉÓ μÉ μ¡· É´μ° ¸¢Ö§¨ ¶μ ¨§³¥´¥´¨Õ É¥³¶¥· ÉÊ·Ò ·¥ ±Éμ· . ”Ê´±Í¨Ö
ε(t) ¡μ²ÓÏÊÕ Î ¸ÉÓ ¢·¥³¥´¨ ¨³¥¥É ¶μ¸ÉμÖ´´μ¥ §´ Î¥´¨¥, ´¥¸±μ²Ó±μ ³¥´ÓÏ¥¥
¥¤¨´¨ÍÒ ´  ¢¥²¨Î¨´Ê ¶μ·Ö¤±  ´¥¸±μ²Ó±¨Ì ¶·μÍ¥´Éμ¢,   ¢μ ¢·¥³Ö ¨³¶Ê²Ó¸ 
³μÐ´μ¸É¨, ¸μ§¤ ¢ ¥³μ£μ ³μ¤Ê²ÖÉμ·μ³ ·¥ ±É¨¢´μ¸É¨, ε(t) ¢μ§· ¸É ¥É ¤μ ¢¥-
²¨Î¨´Ò, ³¥´ÓÏ¥° ¥¤¨´¨ÍÒ ´  ¢¥²¨Î¨´Ê ¶μ·Ö¤±  ´¥¸±μ²Ó±¨Ì ¤¥¸ÖÉÒÌ ¤μ²¥°
¶·μÍ¥´É .

‚ μ¸Í¨²²ÖÉμ·´μ° ³μ¤¥²¨

Δρ(t) = kuu. (5)

‡¤¥¸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

∼= 1−3 (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. (6)

‡¤¥¸Ó ω Å ¸μ¡¸É¢¥´´ Ö ±·Ê£μ¢ Ö Î ¸ÉμÉ  ¸¢μ¡μ¤´ÒÌ ±μ²¥¡ ´¨° É¥¶²μ¢Ò¤¥-
²ÖÕÐ¥£μ Ô²¥³¥´É  ·¥ ±Éμ· . �´  ´  ¸ ³μ³ ¤¥²¥ Ö¢²Ö¥É¸Ö ¶ · ³¥É·μ³ ³μ-
¤¥²¨. ‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ · ¡μÉμ° [11] μ¶É¨³ ²Ó´μ° ¢¥²¨Î¨´μ° Ö¢²Ö¥É¸Ö ω =
37,45 ³¸−1 ¤²Ö ´¥¶ÉÊ´¨¥¢ÒÌ É¢Ô²μ¢ ¤²¨´μ° L = 0, 25 ³, κ ∼ 10−5 K−1 Å
±μÔËË¨Í¨¥´É É¥·³¨Î¥¸±μ£μ · ¸Ï¨·¥´¨Ö ´¨É·¨¤  ´¥¶ÉÊ´¨Ö.

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. (7)

‡¤¥¸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 Å Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³
¢μ²´μ¢μ£μ Ê· ¢´¥´¨Ö

∂2u(x, t)
∂t2

= c2 ∂2u(x, t)
∂x2

− κc2 ∂ΔT

∂x
. (8)

‚ · ³± Ì μ¸Í¨²²ÖÉμ·´μ£μ ¶·¨¡²¨¦¥´¨Ö ± ¤¨´ ³¨±¥ ´¥¸É Í¨μ´ ·´μ£μ
¶·μÍ¥¸¸  Ê· ¢´¥´¨Ö ±¨´¥É¨±¨ ·¥ ±Éμ·  (1)Ä(4) ·¥Ï ÕÉ¸Ö ¸μ¢³¥¸É´μ ¸ Ê· ¢-
´¥´¨Ö³¨ (5) ¨ (6). ‚ · 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¨ (7) ¨ (8).
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‘“�…��“‘’…�� ®�…�’“�¯

ˆ¸Ìμ¤´μ¥ ¸μ¸ÉμÖ´¨¥: ´μ³¨´ ²Ó´Ò° ·¥¦¨³, ¶μ¤ Î  ¨³¶Ê²Ó¸μ¢ ¶·μÉμ´μ¢ Å
¸¨´Ì·μ´´μ ¸ ³μ¤Ê²ÖÍ¨¥° ·¥ ±É¨¢´μ¸É¨ ¸ Î ¸ÉμÉμ° 10 ƒÍ, Ê³´μ¦¥´¨¥ ´¥°É·μ-
´μ¢ ¢  ±É¨¢´μ° §μ´¥ 500 (εmax = −2 · 10−3), ¸·¥¤´ÖÖ ³μÐ´μ¸ÉÓ ¤¥²¥´¨° ¢
 ±É¨¢´μ° §μ´¥ Å 10 Œ‚É, ¤²¨É¥²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸  ¶·μÉμ´μ¢ Å 20 ³±¸.

� ¸¸Î¨É ´´ Ö Ô¢μ²ÕÍ¨Ö ³μÐ´μ¸É¨  ±É¨¢´μ° §μ´Ò ¶μ¸²¥ μÉ±²ÕÎ¥´¨Ö ¶·μ-
Éμ´´μ£μ ¶ÊÎ±  ´  ¢·¥³Ö ¤μ 20 ¸ ¶μ¸²¥ ¶¥·¢ÒÌ ´μ³¨´ ²Ó´ÒÌ ¤¥¸ÖÉ¨ ¨³¶Ê²Ó-
¸μ¢ ¢ μ¸Í¨²²ÖÉμ·´μ° ³μ¤¥²¨ ¤²Ö · §´ÒÌ §´ Î¥´¨° ku ¶μ± § ´  ´  ·¨¸. 2Ä5.

�¨¸. 2. Œ£´μ¢¥´´ Ö ³μÐ´μ¸ÉÓ ¸Ê¶¥·¡Ê¸É¥·  ¶·¨ μÉ¸ÊÉ¸É¢¨¨ μ¡· É´μ° ¸¢Ö§¨ ¢ ¨³-
¶Ê²Ó¸¥. ’¥³¶¥· ÉÊ·´ Ö § ¢¨¸¨³μ¸ÉÓ ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ ¸μμÉ¢¥É¸É¢Ê¥É kT = dk/dT =
−5 · 10−6 K−1

�¨¸. 3. Œ£´μ¢¥´´ Ö ³μÐ´μ¸ÉÓ ¸Ê¶¥·¡Ê¸É¥·  ¶·¨ ku = 1
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�¨¸. 4. Œ£´μ¢¥´´ Ö ³μÐ´μ¸ÉÓ ¸Ê¶¥·¡Ê¸É¥·  ¶·¨ ku = 2

�¨¸. 5. Œ£´μ¢¥´´ Ö ³μÐ´μ¸ÉÓ ¸Ê¶¥·¡Ê¸É¥·  ¶·¨ ku = 3

�¨¸. 6. 	¢μ²ÕÍ¨Ö ³£´μ¢¥´´μ° ³μÐ´μ¸É¨ ¸Ê¶¥·¡Ê¸É¥·  ¶·¨ ku = 3 ¨ ¶¥·¥·Ò¢¥ ¢ · ¡μÉ¥
Ê¸±μ·¨É¥²Ö ´  5 ¸
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�¨¸. 7. � £·¥¢ É¢Ô²  §  μ¤¨´ ¨³¶Ê²Ó¸ ¢ § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ ¶¥·¥·Ò¢  ¢ · ¡μÉ¥
Ê¸±μ·¨É¥²Ö ¨ ¢¥²¨Î¨´Ò μ¡· É´μ° ¸¢Ö§¨

‚¥·Ì´ÖÖ μ£¨¡ ÕÐ Ö ¸μμÉ¢¥É¸É¢Ê¥É ³ ±¸¨³ ²Ó´μ° ³μÐ´μ¸É¨ ¢ ¨³¶Ê²Ó¸¥ (Î -
¸ÉμÉ  ¨³¶Ê²Ó¸μ¢ ³μ¤Ê²ÖÉμ·  ¸μÌ· ´Ö¥É¸Ö ¶μ¸ÉμÖ´´μ° Å 10 ƒÍ),   ´¨¦´ÖÖ
μ£¨¡ ÕÐ Ö ¸μμÉ¢¥É¸É¢Ê¥É ³μÐ´μ¸É¨ ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨, μ¡Ê¸²μ¢²¥´´μ° ´ ²¨-
Î¨¥³ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢. ‚¨¤´μ, ÎÉμ ¡¥§ ¢μ§μ¡´μ¢²¥´¨Ö ¶ÊÎ±  ¶·μÉμ-
´μ¢ Ô´¥·£¨Ö ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ ´¨¦¥ ´μ³¨´ ²Ó´μ°, ÎÉμ μÎ¥¢¨¤´μ. �μ ¶·¨
¢±²ÕÎ¥´¨¨ ¶ÊÎ±  Î¥·¥§ ´¥¸±μ²Ó±μ ¸¥±Ê´¤ ³μÐ´μ¸ÉÓ ¨ Ô´¥·£¨Ö ¶μ¸²¥¤ÊÕÐ¨Ì
¨³¶Ê²Ó¸μ¢ ¢¸¥£¤  ¢ÒÏ¥ ´μ³¨´ ²Ó´ÒÌ (·¨¸. 6 ¨ 7).

�·¨ ³ ±¸¨³ ²Ó´μ° μ¡· É´μ° ¸¢Ö§¨ ku
∼= 3 ¶μ¸²¥ 5 ¸ ®³μ²Î ´¨Ö¯ ¶ÊÎ± 

´ £·¥¢ §  ¨³¶Ê²Ó¸ Ê¢¥²¨Î¨¢ ¥É¸Ö ¢ 14 · § ¶μ ¸· ¢´¥´¨Õ ¸ ´μ³¨´ ²μ³, ÎÉμ Ê¦¥
³μ¦¥É ¶·¨¢¥¸É¨ ± · §·ÊÏ¥´¨Õ É¢Ô² .

Œ…�› �…‡���‘��‘’ˆ

1. �Î¥¢¨¤´μ, ÎÉμ Î¥³ ¢ÒÏ¥ Ê³´μ¦¥´¨¥ ´¥°É·μ´μ¢ ¶μ¤¦¨£  ¢ ¸Ê¶¥·¡Ê-
¸É¥·¥, É¥³ ³¥´ÓÏ¥ § ¶ ¸ ·¥ ±É¨¢´μ¸É¨ ¢ ¶·μÍ¥¸¸¥ μÌ² ¦¤¥´¨Ö  ±É¨¢´μ° §μ´Ò
¶·¨ ¢·¥³¥´´μ³ ¨¸Î¥§´μ¢¥´¨¨ ¶μ¤¦¨£ ÕÐ¥£μ ¶·μÉμ´´μ£μ ¨³¶Ê²Ó¸ . �¥É·Ê¤´μ
μ¶·¥¤¥²¨ÉÓ É ±μ° ¶·¥¤¥² Ê³´μ¦¥´¨Ö, ±μÉμ·Ò° ¶μ§¢μ²¨É ¨§¡¥¦ ÉÓ μ¶ ¸´ÒÌ
¸¨ÉÊ Í¨° ¶·¨ ´¥·¥£Ê²Ö·´μ³ ¢¡·μ¸¥ ¶·μÉμ´μ¢ ¢  ±É¨¢´ÊÕ §μ´Ê. ‚ÒÎ¨¸²¥´¨Ö,
 ´ ²μ£¨Î´Ò¥ ¨§²μ¦¥´´Ò³ ¢ ¶·¥¤Ï¥¸É¢ÊÕÐ¥³ · §¤¥²¥, ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¤²Ö
¸Ê¶¥·¡Ê¸É¥·  ®�¥¶ÉÊ´¯ ¸ Éμ° ¦¥ ³μÐ´μ¸ÉÓÕ (10 Œ‚É), ´μ ¶·¨ ¡μ²¥¥ ´¨§-
±¨Ì Ê³´μ¦¥´¨ÖÌ (±μ³¶¥´¸ Í¨Ö ³μÐ´μ¸É¨ ¶·¥¤¶μ² £ ² ¸Ó §  ¸Î¥É Ê¢¥²¨Î¥´¨Ö
Ô´¥·£¨¨ ¶·μÉμ´μ¢). �  ·¨¸. 8 ¤ ´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¤²Ö Ê³´μ¦¥´¨Ö ¸Ê¶¥·-
¡Ê¸É¥·  200 ¨ ¢ÒÏ¥ ¤²Ö ¸²ÊÎ Ö ¸¨²Ó´μ° μ¡· É´μ° ¸¢Ö§¨: ku

∼= 3.
�·¨ Ê³´μ¦¥´¨ÖÌ ¸Ê¶¥·¡Ê¸É¥·  ´¨¦¥ 250 ´¥²Ó§Ö μ¦¨¤ ÉÓ ¨³¶Ê²Ó¸  ¢ÒÏ¥

¶ÖÉ¨±· É´μ£μ ¶μ ¸· ¢´¥´¨Õ ¸ ´μ³¨´ ²Ó´Ò³, ÎÉμ ´¥ ¶·¨¢μ¤¨É ± §´ Î Ð¨³
´¥Ê¶·Ê£¨³ ¤¥Ëμ·³ Í¨Ö³ É¢Ô²μ¢.
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�¨¸. 8. �·¥¢ÒÏ¥´¨¥ Ô´¥·£¨¨ ´μ³¨´ ²Ó´μ£μ ¨³¶Ê²Ó¸  ¸Ê¶¥·¡Ê¸É¥·  ®�¥¶ÉÊ´¯ ¢ § ¢¨-
¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ ®³μ²Î ´¨Ö¯ ¶ÊÎ±  ¶·μÉμ´μ¢ ¨ Ê·μ¢´Ö Ê¸É ´μ¢²¥´´μ£μ Ê³´μ¦¥´¨Ö:
� Å “ = 500, � Å “ = 250, � Å “ = 200

2. ‘´¨¦¥´¨¥ Ê¸É ´μ¢²¥´´μ£μ Ê³´μ¦¥´¨Ö Å ´¥ ¥¤¨´¸É¢¥´´Ò° ¸¶μ¸μ¡
¨§¡¥¦ ÉÓ μ¶ ¸´μ¸É¨ ¶μ¢·¥¦¤¥´¨° É¢Ô²μ¢ ¶·¨ μÉ± §¥ ¶ÊÎ±  ¶·μÉμ´μ¢. ‚¸¥
· ¸Î¥ÉÒ ¢ ¤ ´´μ° · ¡μÉ¥ ¸¤¥² ´Ò ¤²Ö μ¤´μ·μ¤´μ£μ ¶μ ¤²¨´¥ É¢Ô² . …¸²¨
Éμ¶²¨¢´Ò° ¸¥·¤¥Î´¨± ¡Ê¤¥É ¸μ¸ÉμÖÉÓ ¶μ ¤²¨´¥ ¨§ ¤¢ÊÌ ¨²¨ ¡μ²¥¥ ¸¥£³¥´Éμ¢,
¸² ¡μ ¸¢Ö§ ´´ÒÌ ³¥Ì ´¨Î¥¸±¨, Éμ É¥³¶¥· ÉÊ·´Ò° ±μÔËË¨Í¨¥´É ·¥ ±É¨¢´μ¸É¨
³μ¦¥É ¡ÒÉÓ ¢ ´¥¸±μ²Ó±μ · § ¸´¨¦¥´. �·μ¶Ê¸±¨ ¢ £¥´¥· Í¨¨ ¶ÊÎ±μ¢ ¶·μÉμ-
´μ¢ ¡Ê¤ÊÉ μ§´ Î ÉÓ Éμ£¤  ²¨ÏÓ ´¥·¥£Ê²Ö·´μ¸ÉÓ Î ¸ÉμÉÒ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨
¸Ê¶¥·¡Ê¸É¥·  (¶¥·¨μ¤ ¨³¶Ê²Ó¸μ¢ ¡Ê¤¥É ±· É¥´ 0,1 ¸).

‡�Š‹�—…�ˆ…

‚ ¤ ´´μ° · ¡μÉ¥  ¢Éμ·Ò μ£· ´¨Î¨²¨¸Ó ´¥±μÉμ·Ò³¨ ¶·¨¡²¨¦¥´¨Ö³¨ ¶·¨
μÍ¥´±¥ ¤¨´ ³¨±¨ ¸Ê¶¥·¡Ê¸É¥·  ¸ ´¥· ¢´μ³¥·´μ ¶μ¸ÉÊ¶ ÕÐ¨³¨ ¶ÊÎ± ³¨ ¶·μ-
Éμ´μ¢. ‚ ¤ ²Ó´¥°Ï¥³ ¡Ê¤¥É ¶·μ¢¥¤¥´  ´ ²¨§ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¡μ²¥¥ ÉμÎ´μ°
®¢μ²´μ¢μ°¯ ³μ¤¥²¨ ¤¥Ëμ·³ Í¨¨ ¸É¥·¦´Ö É¢Ô² ,   É ±¦¥  ´ ²¨§ ¢²¨Ö´¨Ö ¸¥±-
Í¨μ´¨·μ¢ ´¨Ö ¸¥·¤¥Î´¨±  É¢Ô² . ’¥³ ´¥ ³¥´¥¥ ´  μ¸´μ¢¥ ¶·μ¤¥² ´´μ° · ¡μÉÒ
³μ¦´μ ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ ±μ·μÉ±¨¥ ¸¡μ¨ ¢ · ¡μÉ¥ Ê¸±μ·¨É¥²Ö ¸Ê¶¥·¡Ê¸É¥·  ´¥
¡Ê¤ÊÉ Ö¢²ÖÉÓ¸Ö Ë ±Éμ·μ³, ¸ÊÐ¥¸É¢¥´´μ ¶·¥¶ÖÉ¸É¢ÊÕÐ¨³ ¨¸¶μ²Ó§μ¢ ´¨Õ ¸Ê-
¶¥·¡Ê¸É¥·  ± ± ³μÐ´μ£μ ¨³¶Ê²Ó¸´μ£μ ¨¸ÉμÎ´¨±  ´¥°É·μ´μ¢ ¤²Ö Ë¨§¨Î¥¸±¨Ì
Ô±¸¶¥·¨³¥´Éμ¢ ´  ¢Ò¢¥¤¥´´ÒÌ ¶ÊÎ± Ì.
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