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Œ É·¨ÍÒ ±·¥³´¨¥¢ÒÌ ËμÉμÊ³´μ¦¨É¥²¥° (Š”�“) Ö¢²ÖÕÉ¸Ö ¶¥·¸¶¥±É¨¢´Ò³¨ ³´μ-
£μ± ´ ²Ó´Ò³¨ ËμÉμ¸¥´¸μ· ³¨ ¤²Ö ¸Í¨´É¨²²ÖÍ¨μ´´ÒÌ ¤¥É¥±Éμ·μ¢. �´¨ ³μ£ÊÉ ¨¸¶μ²Ó-
§μ¢ ÉÓ¸Ö ¤²Ö ¶μ¸É·μ¥´¨Ö É·¥±μ¢ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í ¢´ÊÉ·¨ ¤¥É¥±Éμ·μ¢. �·¥¤¸É -
¢²¥´Ò ¶¥·¢Ò¥ · §· ¡μÉ±¨ ¤¥É¥±Éμ·μ¢ ¸ ´¥¶μ¸·¥¤¸É¢¥´´Ò³ ±μ´É ±Éμ³ ³ É·¨Í Š”�“
¸ ¶μ¢¥·Ì´μ¸ÉÓÕ ¸Í¨´É¨²²ÖÍ¨μ´´μ£μ ¤¥É¥±Éμ·  ¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ²¨´§ ”·¥´¥²Ö,
  É ±¦¥ ¶·¥¤²μ¦¥´Ò ¶¥·¸¶¥±É¨¢´Ò¥ ¢ ·¨ ´ÉÒ ¤²Ö ¡μ²ÓÏ¨Ì ¤¥É¥±Éμ·μ¢ ´¥°É·¨´´μ°
 ¸É·μË¨§¨±¨ ¨ £¥μË¨§¨±¨.

The matrices of silicon photomultipliers (SiPM) are promising multi-channel photo-
sensors for scintillation detectors. They can be used to construct tracks of the passage of
relativistic particles inside the detectors. The ˇrst developments of detectors based on the
direct contact of the SiPM matrices with the surface of the scintillation detector and using
Fresnel lenses are presented, and also promising variants for large detectors of neutrino
astrophysics and geophysics are proposed.

PACS: 95.85.Ry; 29.85.Ca; 42.79.Pw

‚‚…„…�ˆ…

‚μ ³´μ£¨Ì μ¡² ¸ÉÖÌ Ô±¸¶¥·¨³¥´É ²Ó´μ° Ë¨§¨±¨, ¸¢Ö§ ´´ÒÌ ¸μ ¸¡μ·μ³
¨´Ëμ·³ Í¨¨ ¢ ³´μ£μ± ´ ²Ó´ÒÌ ¸¨¸É¥³ Ì, ¢³¥¸Éμ É· ¤¨Í¨μ´´ÒÌ ¢ ±ÊÊ³´ÒÌ
ËμÉμÊ³´μ¦¨É¥²¥° ¶·¨³¥´ÖÕÉ ±·¥³´¨¥¢Ò¥ ËμÉμÔ²¥±É·μ´´Ò¥ Ê³´μ¦¨É¥-
²¨ (Š”�“). �´¨ μ¡² ¤ ÕÉ ·Ö¤μ³ ¶·¥¨³ÊÐ¥¸É¢ ¶¥·¥¤ ¢ ±ÊÊ³´Ò³¨: ´¥ÎÊ¢¸É¢¨-
É¥²Ó´μ¸ÉÓÕ ± ³ £´¨É´μ³Ê ¶μ²Õ, ¢Ò¸μ±μ° ÔËË¥±É¨¢´μ¸ÉÓÕ ·¥£¨¸É· Í¨¨ ËμÉμ-
´μ¢, ±μ³¶ ±É´μ¸ÉÓÕ ¨ ³¥Ì ´¨Î¥¸±μ° ¶·μÎ´μ¸ÉÓÕ [1Ä4]. �¨§±μ¥ ´ ¶·Ö¦¥´¨¥
¶¨É ´¨Ö ¨ ¢Ò¸μ±¨° ±μÔËË¨Í¨¥´É Ê¸¨²¥´¨Ö Š”�“ (105Ä107) ¶μ§¢μ²ÖÕÉ §´ Î¨-
É¥²Ó´μ Ê¶·μ¸É¨ÉÓ Ô²¥±É·μ´´Ò¥ ¸Ì¥³Ò ¸Î¨ÉÒ¢ ´¨Ö ¤ ´´ÒÌ. � ¡μÎ¨¥ Ì · ±É¥-
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·¨¸É¨±¨ ¨ ¤μ¸ÉÊ¶´ Ö ¸Éμ¨³μ¸ÉÓ ¶μ§¢μ²ÖÕÉ Ï¨·μ±μ ¨¸¶μ²Ó§μ¢ ÉÓ Š”�“ ¢
Ë¨§¨±¥ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¶·¨ ¸μ§¤ ´¨¨ ¤¥É¥±Éμ·μ¢ ¸ ¡μ²ÓÏ¨³ ±μ²¨Î¥¸É¢μ³
ËμÉμ¶·¨¥³´¨±μ¢. �·¨³¥· ³ ¸¸μ¢μ£μ ¶·¨³¥´¥´¨Ö Š”�“ Å ´¥°É·¨´´Ò° Ô±¸-
¶¥·¨³¥´É T2K. ‚ ÔÉμ³ Ô±¸¶¥·¨³¥´É¥ ¢ ¸Í¨´É¨²²ÖÍ¨μ´´ÒÌ ¸Î¥ÉÎ¨± Ì · §-
²¨Î´ÒÌ ¤¥É¥±Éμ·μ¢ ¢ ± Î¥¸É¢¥ ËμÉμ¶·¨¥³´¨±μ¢ § ¤¥°¸É¢μ¢ ´μ μ±μ²μ 60 ÉÒ¸.
Š”�“ [5]. „²Ö É ±¨Ì ³ ¸ÏÉ ¡´ÒÌ ¶·μ¥±Éμ¢ · §· ¡ ÉÒ¢ ÕÉ ¸¶¥Í¨ ²¨§¨·μ-
¢ ´´Ò¥ ³´μ£μ± ´ ²Ó´Ò¥ ¸¨¸É¥³Ò ¸¡μ·  ¤ ´´ÒÌ ´  μ¸´μ¢¥ ¸¶¥Í¨ ²Ó´ÒÌ ¶·μ-
£· ³³¨·Ê¥³ÒÌ ³¨±·μ¸Ì¥³ [5, 6].

� §¢¨É¨¥ É¥Ì´μ²μ£¨° ¶·μ¨§¢μ¤¸É¢  ±·¥³´¨¥¢ÒÌ ËμÉμ¶·¨¥³´¨±μ¢ Ê¢¥²¨-
Î¥´´μ° ¶²μÐ ¤¨ ¶·¨¢¥²μ ± ¸μ§¤ ´¨Õ ³μ´μ²¨É´ÒÌ ³ É·¨Í ¨§ Š”�“, ±μÉμ-
·Ò¥ ¨¸¶μ²Ó§ÊÕÉ ¢ ¶μ§¨É·μ´´μ-Ô³¨¸¸¨μ´´μ° Éμ³μ£· Ë¨¨ [7, 8]. ‚ ´ ¸ÉμÖÐ¥¥
¢·¥³Ö Š”�“ ¨ ³ É·¨ÍÒ ¨§ ´¨Ì Ï¨·μ±μ ¶·¨³¥´ÖÕÉ ¢ Ö¤¥·´μ° ³¥¤¨Í¨´¥. �μ
¸· ¢´¥´¨Õ ¸ ¸¨¸É¥³ ³¨ ¸¡μ·  ¤ ´´ÒÌ, Ô±¸¶²Ê É¨·Ê¥³Ò³¨ ¢ Ë¨§¨±¥ ¢Ò¸μ±¨Ì
Ô´¥·£¨°, ¢ Ö¤¥·´μ° ³¥¤¨Í¨´¥, ´¥¸³μÉ·Ö ´  μÉ´μ¸¨É¥²Ó´μ ³ ²μ¥ Î¨¸²μ ± ´ -
²μ¢, ¤²Ö ¸Î¨ÉÒ¢ ´¨Ö ¨´Ëμ·³ Í¨¨ É ±¦¥ ¨¸¶μ²Ó§ÊÕÉ ¸¨¸É¥³Ò ¸¡μ·  ¤ ´´ÒÌ
´  μ¸´μ¢¥ ¸¶¥Í¨ ²Ó´μ · §· ¡μÉ ´´ÒÌ ³¨±·μ¸Ì¥³ [9].

‚ ¶μ¸²¥¤´¨¥ £μ¤Ò ³ É·¨ÍÒ ¨§ Š”�“ ¸É ²¨ Ï¨·μ±μ ¶·¨³¥´ÖÉÓ ¢ £ ³³ -
 ¸É·μ´μ³¨¨ ¸¢¥·Ì¢Ò¸μ±¨Ì Ô´¥·£¨° [10]. �·¨ ¶·μ¥±É¨·μ¢ ´¨¨ ´μ¢ÒÌ É¥²¥¸±μ-
¶μ¢ ± ³¥·Ò (³ É·¨ÍÒ) ¨§ ¢ ±ÊÊ³´ÒÌ ËμÉμÊ³´μ¦¨É¥²¥°, ´  ±μÉμ·Ò¥ Ëμ±Ê¸¨-
·Ê¥É¸Ö ¸¢¥Éμ¢μ¥ ¨§²ÊÎ¥´¨¥ ‚ ¢¨²μ¢ Ä—¥·¥´±μ¢  μÉ ¶μÉμ±  Î ¸É¨Í, § ³¥´ÖÕÉ
³ É·¨Í ³¨ ¨§ Š”�“. ˆ¸¶μ²Ó§ÊÕÉ ± ± ³μ´μ²¨É´Ò¥ ³ É·¨ÍÒ, É ± ¨ ¸μ¡· ´´Ò¥
¤²Ö ±μ´±·¥É´μ£μ Ô±¸¶¥·¨³¥´É  ¨§ μÉ¤¥²Ó´ÒÌ Š”�“. � ¶·¨³¥·, ³ É·¨Í  É¥-
²¥¸±μ¶  —¥·¥´±μ¢  FACT ¨§£μÉμ¢²¥´  ¨§ 1440 μÉ¤¥²Ó´ÒÌ Š”�“ Hamamatsu
MPPC S10362-33-50C [11]. Š ³¥·  É¥²¥¸±μ¶  ASTRI ¸μ¡· ´  ¨§ 16 ³μ´μ-
²¨É´ÒÌ ³ É·¨Í Hamamatsu S11828-3344m, ± ¦¤ Ö ¨§ ±μÉμ·ÒÌ ¸μ¸Éμ¨É ¨§ 16
¨´¤¨¢¨¤Ê ²Ó´ÒÌ Š”�“ [12]. „²Ö ± ¦¤μ£μ Ô±¸¶¥·¨³¥´É  ¸μ§¤ ´Ò ¸¶¥Í¨ ²¨-
§¨·μ¢ ´´Ò¥ ³´μ£μ± ´ ²Ó´Ò¥ ¸¨¸É¥³Ò ¸¡μ·  ¤ ´´ÒÌ ´  μ¸´μ¢¥ · §· ¡μÉ ´´ÒÌ
³¨±·μ¸Ì¥³.

Œ É·¨ÍÒ ¨§ Š”�“ Ö¢²ÖÕÉ¸Ö ¶¥·¸¶¥±É¨¢´Ò³¨ ³´μ£μ± ´ ²Ó´Ò³¨ ËμÉμ-
¶·¨¥³´¨± ³¨ ¸Í¨´É¨²²ÖÉμ·μ¢. ‘ ¶μ³μÐÓÕ É ±¨Ì ³ É·¨Í ³μ¦´μ μÉ¡¨· ÉÓ ¨
¨§ÊÎ ÉÓ ¸μ¡ÒÉ¨Ö ¢ · §²¨Î´ÒÌ Î ¸ÉÖÌ ¸Í¨´É¨²²ÖÉμ·  [13]. „²Ö ÔÉμ° Í¥²¨  ¢-
Éμ·Ò ¶·¥¤² £ ÕÉ ¨¸¶μ²Ó§μ¢ ÉÓ ³ É·¨ÍÒ ArrayC-60035-64P-PCB (Ë¨·³  SensL,
ˆ·² ´¤¨Ö), ¸μ¸ÉμÖÐ¨¥ ¨§ 64 μ¤¨´μÎ´ÒÌ Š”�“ ¸¥·¨¨ C [14]. �μ¤²μ¦±  É ±μ°
³ É·¨ÍÒ ¨§£μÉμ¢²¥´  ¨§ ¸É¥±²μÉ¥±¸Éμ²¨É . �² É  ABL-ARRAY64P-HDR [15],
¨³¥ÕÐ Ö 64 ± ´ ² , ¶·¥¤´ §´ Î¥´  ¤²Ö Ê¸¨²¥´¨Ö ¨ ¸Î¨ÉÒ¢ ´¨Ö ¸¨£´ ²μ¢ ¸ ± -
¦¤μ£μ Š”�“ ³ É·¨ÍÒ.

•���Š’…�ˆ‘’ˆŠˆ ‘–ˆ�’ˆ‹‹Ÿ–ˆ����ƒ�
„…’…Š’��� ‘ Œ�’�ˆ–�Œˆ Š”�“

‡ ¤ Î¨ ¨ ·¥§Ê²ÓÉ ÉÒ. ‘ Í¥²ÓÕ ¸μ§¤ ´¨Ö ¶·μÉμÉ¨¶μ¢ ¤¥É¥±Éμ·μ¢ ¸ ¢¨-
§Ê ²¨§ Í¨¥° É·¥±μ¢ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í ¢ 	 ±¸ ´¸±μ° ´¥°É·¨´´μ° μ¡¸¥·-
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�¨¸. 1. Œ É·¨Í  ±·¥³´¨¥¢ÒÌ ”�“ ¸ Ê¸¨²¨É¥²Ö³¨ ¨ · §Ñ¥³ ³¨

¢ Éμ·¨¨ ¶·μ¢μ¤¨²μ¸Ó ¶μ¤·μ¡´μ¥ ¨§ÊÎ¥´¨¥ ÔÉ¨Ì ³ É·¨Í. �  ·¨¸. 1 ¶·¥¤¸É -
¢²¥´  ³ É·¨Í  Š”�“ ¢³¥¸É¥ ¸ ¶² Éμ° Ê¸¨²¨É¥²¥° ¨ · §Ñ¥³ ³¨ ¶¨É ´¨Ö ¨
¸Ñ¥³  ¨´Ëμ·³ Í¨¨. Œ É·¨Í  Š”�“ ¢±²ÕÎ ¥É 64 ±·¥³´¨¥¢ÒÌ ”�“ ¢ Ëμ·-
³ É¥ 8 × 8. Š ¦¤Ò° Š”�“ ¸μ¸Éμ¨É ¨§ 18 980 ¶¨±¸¥²μ¢. Š¢ ´Éμ¢ Ö ÔËË¥±-
É¨¢´μ¸ÉÓ ¸μ¸É ¢²Ö¥É 31Ä41 % ¢ · ¡μÎ¥³ ¤¨ ¶ §μ´¥ ´ ¶·Ö¦¥´¨°. „²Ö · ¡μÉÒ
¸ ³ É·¨Í ³¨ Š”�“ ¶·¥¤¢ ·¨É¥²Ó´μ ¡Ò²  · §· ¡μÉ ´  ¨ ¸μ§¤ ´  ³´μ£μ± -
´ ²Ó´ Ö ¨§³¥·¨É¥²Ó´ Ö ¸¨¸É¥³  ¤²Ö ¸¡μ·  ¤ ´´ÒÌ ¸ ³ É·¨Í ¨§ Š”�“ ¢ ¸É ´-
¤ ·É¥ VME, ¶μ¤·μ¡´μ¥ μ¶¨¸ ´¨¥ ±μÉμ·μ° ¶·¨¢¥¤¥´μ ¢ [16]. ”Ê´±Í¨μ´ ²Ó´ Ö
¸Ì¥³  ¸¨¸É¥³Ò ¸¡μ·  ¤ ´´ÒÌ ¸ ³ É·¨Í Š”�“ ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 2. ‹¨-
´¨¨ § ¤¥·¦±¨ ¸²Ê¦ É ¤²Ö ¸μ£² ¸μ¢ ´¨Ö ³μ³¥´Éμ¢ ¶μ¸ÉÊ¶²¥´¨Ö ³ ¸É¥·´μ£μ
¨³¶Ê²Ó¸  ¨ ¨§³¥·Ö¥³ÒÌ ¸¨£´ ²μ¢. — ¸ÉÓ Ô²¥±É·μ´¨±¨ ¡Ò²  · §· ¡μÉ ´  ¨
¸μ¡· ´  ¸μ¡¸É¢¥´´Ò³¨ ¸¨² ³¨ (128-± ´ ²Ó´ Ö ²¨´¨Ö § ¤¥·¦±¨, ¸Ì¥³  Ëμ·-
³¨·μ¢ ´¨Ö ³ ¸É¥·´μ£μ ¨³¶Ê²Ó¸ , ¤¥É¥±Éμ· ¨§ ¶² ¸É¨±  ¨ ¤·.),   μ¸´μ¢´Ò¥
Ô²¥±É·μ´´Ò¥ ¡²μ±¨ ¡Ò²¨ ¶·¨μ¡·¥É¥´Ò (¤¢¥ ³ É·¨ÍÒ Š”�“, ¶·μ³ÒÏ²¥´´Ò°
±μ³¶ÓÕÉ¥·, ±·¥°É VME, § ·Ö¤μÎÊ¢¸É¢¨É¥²Ó´Ò¥ ¶·¥μ¡· §μ¢ É¥²¨ (QDC) ¨ ¤·.).
�  μ¸´μ¢¥ ¤¢ÊÌ ³ É·¨Í ¡Ò²  ¶·μ¢¥¤¥´  · §· ¡μÉ±  ¶·μÉμÉ¨¶μ¢ ³ ²ÒÌ ¤¥É¥±-
Éμ·μ¢: ¸ ´¥¶μ¸·¥¤¸É¢¥´´Ò³ ±μ´É ±Éμ³ ³ É·¨Í ¸ ¶μ¢¥·Ì´μ¸ÉÓÕ ¶² ¸É¨Î¥¸±μ£μ
¤¥É¥±Éμ·  ¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ²¨´§ ”·¥´¥²Ö (·¨¸. 3). „μ¶μ²´¨É¥²Ó´μ ¶¥-
·¥¤ · §· ¡μÉÎ¨± ³¨ ¸ÉμÖ²  § ¤ Î  ¶μ¸É·μ¥´¨Ö É·¥±μ¢ ³Õμ´μ¢, ¶·μÌμ¤ÖÐ¨Ì
Î¥·¥§ ¤¥É¥±Éμ·Ò, ¢ ¤¢ÊÌ μ·Éμ£μ´ ²Ó´ÒÌ ¶·μ¥±Í¨ÖÌ. „²Ö Ô±¸¶¥·¨³¥´É  ¸ ´¥-
¶μ¸·¥¤¸É¢¥´´Ò³ ±μ´É ±Éμ³ ³ É·¨Í ¸μ ¸Í¨´É¨²²ÖÉμ·μ³ (·¨¸. 3, a) ¶μ²ÊÎ¥´´Ò¥
É¨¶μ¢Ò¥ É·¥±¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 4, a, ¡, ¢. „²Ö Ô±¸¶¥·¨³¥´É  ¸ ¨¸¶μ²Ó§μ-
¢ ´¨¥³ ²¨´§ ”·¥´¥²Ö (·¨¸. 3, ¡) ¶μ²ÊÎ¥´´Ò¥ É¨¶μ¢Ò¥ É·¥±¨ ¶·¥¤¸É ¢²¥´Ò ´ 
·¨¸. 4, £, ¤, ¥. ˜¨·¨´  É·¥±μ¢ ¶·¨ ´¥¶μ¸·¥¤¸É¢¥´´μ³ ±μ´É ±É¥ ¢ μ¡Ð¥³ ¸²ÊÎ ¥
Ï¨·¥, É ± ± ± μÉ¸ÊÉ¸É¢Ê¥É Ëμ±Ê¸¨·μ¢±  ËμÉμ´μ¢. „²Ö ·¨¸. 4, ¡ É·¥± Ê§±¨°,
¶μ¸±μ²Ó±Ê Î ¸É¨Í  ¶·μÌμ¤¨²  ¶· ±É¨Î¥¸±¨ ¶ · ²²¥²Ó´μ £· ´¨ ¤¥É¥±Éμ·  ¢
´¥¶μ¸·¥¤¸É¢¥´´μ° ¡²¨§μ¸É¨ μÉ ¶μ¢¥·Ì´μ¸É¨ (´¨¦´¨° ·Ö¤ Š”�“ ¢ £μ·¨§μ´-
É ²Ó´μ · ¸¶μ²μ¦¥´´ÒÌ ³ É·¨Í Ì ¶· ±É¨Î¥¸±¨ ´¥ § ¸¢¥Î¨¢ ¥É¸Ö, ÎÉμ ¢¨¤´μ ¨§
·¨¸. 3,  ). �·¨ · §³¥Ð¥´¨¨ μ¡Ñ¥±É  (¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¤¥É¥±Éμ· ) ´  Ê¤ ²¥´¨¨
¡μ²ÓÏ¥ ¤¢ÊÌ Ëμ±Ê¸´ÒÌ · ¸¸ÉμÖ´¨° · §³¥· ¨§μ¡· ¦¥´¨Ö μ¡Ñ¥±É  ¸´¨¦ ¥É¸Ö.
�μ ÔÉμ° ¶·¨Î¨´¥ · §³¥· ¤¥É¥±Éμ·  ³μ¦¥É §´ Î¨É¥²Ó´μ ¶·¥¢ÒÏ ÉÓ · §³¥· ³ -
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�¨¸. 2. ”Ê´±Í¨μ´ ²Ó´ Ö ¸Ì¥³  ¸¨¸É¥³Ò ¸¡μ·  ¨´Ëμ·³ Í¨¨ ¸ Š”�“. QDC Å § ·Ö¤μ-
ÎÊ¢¸É¢¨É¥²Ó´Ò° ¶·¥μ¡· §μ¢ É¥²Ó; V2718 Å ³μ¸É ¸¢Ö§¨ ±·¥°É  VME ¸ ¶·μ³ÒÏ²¥´´Ò³
±μ³¶ÓÕÉ¥·μ³
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�¨¸. 3. ‘Ì¥³  Ô±¸¶¥·¨³¥´É : a) ¸ ´¥¶μ¸·¥¤¸É¢¥´´Ò³ ±μ´É ±Éμ³ ³ É·¨ÍÒ SiPM ¸ ¤¥-
É¥±Éμ·μ³; ¡) ¸ ¶·¨³¥´¥´¨¥³ ²¨´§ ”·¥´¥²Ö

É·¨ÍÒ. �¥²Ó§Ö ¶μ²ÊÎ¨ÉÓ ¨§μ¡· ¦¥´¨¥ μ¤¨´ ±μ¢μ° ·¥§±μ¸É¨ ¤²Ö ²Õ¡μ° Î ¸É¨
¤¥É¥±Éμ· . � ¨¡μ²¥¥ ·¥§±μ ¥£μ ³μ¦´μ ¸Ëμ±Ê¸¨·μ¢ ÉÓ Éμ²Ó±μ ´  μ¶·¥¤¥²¥´-
´μ³ Ê¤ ²¥´¨¨, ´ ¶·¨³¥·, ´  Í¥´É· ¤¥É¥±Éμ· . �μ É ± ± ± μ¡Ñ¥±É ¨³¥¥É ¶·μ-
ÉÖ¦¥´´Ò¥ £¥μ³¥É·¨Î¥¸±¨¥ · §³¥·Ò, Éμ Ëμ±Ê¸¨·μ¢±  ÊÌÊ¤Ï ¥É¸Ö ± ¡²¨¦´¥³Ê
¨ ¤ ²Ó´¥³Ê ±· Ö³ ¤¥É¥±Éμ· . � ¶·¨³¥·, ´  ·¨¸. 5 · ¸Ëμ±Ê¸¨·μ¢±  ¤²Ö ¡²¨¦-
´¥£μ ±· Ö ¤¥É¥±Éμ·  · §³¥·μ³ 118 × 118 × 118 ³³ ¡Ê¤¥É · ¢´  3,86 ³³, ÎÉμ
§´ Î¨É¥²Ó´μ ³¥´ÓÏ¥ · §³¥·  Š”�“ (¤²Ö ¤ ²Ó´¥£μ ±· Ö · ¸Ëμ±Ê¸¨·μ¢±  ¡Ê¤¥É
¥Ð¥ ³¥´ÓÏ¥ Å 3,06 ³³). � §³¥· ¤¥É¥±Éμ·  ¸ ²¨´§ ³¨ ”·¥´¥²Ö ³μ¦´μ Ê³¥´Ó-
Ï¨ÉÓ, ¥¸²¨ ¸´¨§¨ÉÓ É·¥¡μ¢ ´¨Ö ± Ëμ±Ê¸¨·μ¢±¥, ¶μÉμ³Ê ÎÉμ ¤ ¦¥ ¶·¨ ¶²μÌμ°
Ëμ±Ê¸¨·μ¢±¥ Í¥´É· É·¥±  ³μ¦´μ μ¶·¥¤¥²¨ÉÓ ³ É¥³ É¨Î¥¸±μ° μ¡· ¡μÉ±μ°.

Š ²¨¡·μ¢±  Š”�“. „²Ö ± ²¨¡·μ¢±¨ Š”�“ ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ ¤¢ 
³¥Éμ¤ .

1. ‘ ¶μ³μÐÓÕ ¸¨´¥£μ ¸¢¥Éμ¤¨μ¤ , ¨§²ÊÎ ÕÐ¥£μ ¸¢¥É ¸ ¤²¨´μ° ¢μ²´Ò
430 ´³ (ÎÉμ Ìμ·μÏμ ¸μ£² ¸Ê¥É¸Ö ¸ ¤²¨´μ° ¢μ²´Ò, ¨§²ÊÎ ¥³μ° ¨¸¶μ²Ó§Ê¥³Ò³
¸Í¨´É¨²²ÖÉμ·μ³), ´  ³ É·¨ÍÊ Š”�“ ¶μ¤ ¢ ²¨¸Ó ¸É ¡¨²Ó´Ò¥ ´¥¶·¥·Ò¢´Ò¥
¶μÉμ±¨ ËμÉμ´μ¢ (´μ · §´Ò¥ ¶μ ¨´É¥´¸¨¢´μ¸É¨). �  Î ¸ÉμÉ¥ 100 ƒÍ QDC § -
¶Ê¸± ²¸Ö ¢ · ¡μÉÊ ¢ É¥Î¥´¨¥ ¤²¨É¥²Ó´μ¸É¨ ³ ¸É¥·´μ£μ ¸¨£´ ²  225 ´¸, ÎÉμ
´¥³´μ£μ ¡μ²ÓÏ¥ ¤²¨É¥²Ó´μ¸É¨ ¨³¶Ê²Ó¸μ¢, ¶·¨Ìμ¤ÖÐ¨Ì ¸ ³ É·¨ÍÒ Š”�“.
„ ´´Ò¥ μ¡· ¡ ÉÒ¢ ²¨¸Ó ¸ ¶μ³μÐÓÕ § ·Ö¤μÎÊ¢¸É¢¨É¥²Ó´ÒÌ ¶·¥μ¡· §μ¢ É¥²¥°
QDC. Š ¶μ²ÊÎ¥´´Ò³ ¤ ´´Ò³ (·¨¸. 6,  ) ¶·¨³¥´Ö² ¸Ó Ëμ·³Ê²  (1) ¨ ¸É·μ¨²¸Ö
£· Ë¨± 1 (·¨¸. 6, ¡ Å ²¨´¨Ö 1)

ne=(Ā/σe)2, (1)
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�¨¸. 4.  Ä¢) ’·¥±¨, ¶μ²ÊÎ¥´´Ò¥ ¢ Ô±¸¶¥·¨³¥´É¥ ¸ ´¥¶μ¸·¥¤¸É¢¥´´Ò³ ±μ´É ±Éμ³ ³ -
É·¨Í ¸ ¤¥É¥±Éμ·μ³. £Ä¥) ’·¥±¨, ¶μ²ÊÎ¥´´Ò¥ ¢ Ô±¸¶¥·¨³¥´É¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ²¨´§
”·¥´¥²Ö

£¤¥ ne Å ¸·¥¤´¥¥ Î¨¸²μ ËμÉμÔ²¥±É·μ´μ¢; Ā Å ¸·¥¤´¥¥ §´ Î¥´¨¥ § ·Ö¤ , ¶μ²Ê-
Î¥´´μ¥ ¶·¨ ¶μ¸ÉμÖ´´μ³ ¶μÉμ±¥ ËμÉμ´μ¢; σe Å ¸·¥¤´¥±¢ ¤· É¨Î´μ¥ μÉ±²μ´¥-
´¨¥ § ·Ö¤μ¢. ‚ ¸¢μÕ μÎ¥·¥¤Ó σe ¸μ¸Éμ¨É ¨§ ´¥¸±μ²Ó±¨Ì ¶ · ³¥É·μ¢, ¢²¨ÖÕÐ¨Ì
´  ¸Ê³³ ·´ÊÕ ´¥¸É ¡¨²Ó´μ¸ÉÓ:

σ2
e = σ2

¶ + σ2
¸.¤ + σ2

±.Ô + σ2
³.¶.¶, (2)

£¤¥ σ¶ Å ¸·¥¤´¥±¢ ¤· É¨Î´μ¥ μÉ±²μ´¥´¨¥, ¢Ò§¢ ´´μ¥ ¢ ·¨ Í¨¥° ¶²μÉ´μ¸É¨
ËμÉμ´μ¢ ¢ ¶·μ¸É· ´¸É¢¥ ¢ ´ ¶· ¢²¥´¨¨ ¨¸¸²¥¤Ê¥³μ£μ Š”�“. �ÉμÉ ¶ · ³¥É·
Ö¢²Ö¥É¸Ö μ¸´μ¢´Ò³ ¨ ¡Ê¤¥É ¨³¥ÉÓ ³¥¸Éμ ¤ ¦¥ ¤²Ö ¸²ÊÎ Ö, ±μ£¤  ¸¢¥Éμ¤¨μ¤
¨§²ÊÎ ¥É ¸É ¡¨²Ó´μ¥ Î¨¸²μ ËμÉμ´μ¢ ´  ± ¦¤Ò° ¨³¶Ê²Ó¸ £¥´¥· Éμ· ; σ¸.¤ Å
¸·¥¤´¥±¢ ¤· É¨Î´μ¥ μÉ±²μ´¥´¨¥, μ¡Ê¸²μ¢²¥´´μ¥ ¢ ·¨ Í¨¥° Î¨¸²  ËμÉμ´μ¢ ¨§-
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�¨¸. 5. ˆ²²Õ¸É· Í¨Ö Ê³¥´ÓÏ¥´¨Ö · §³¥·  ¨§μ¡· ¦¥´¨Ö μ¡Ñ¥±É  ¨ ¶μÖ¸´¥´¨¥ £²Ê¡¨´Ò
·¥§±μ¸É¨ d1

�¨¸. 6. a) ‘¶¥±É· Š”�“ ¶·¨ Ë¨±¸¨·μ¢ ´´ÒÌ ¶μÉμ± Ì ËμÉμ´μ¢; ¡) ± ²¨¡·μ¢± 
Š”�“: 1 Å ± ²¨¡·μ¢±  ¶μ ³¥Éμ¤Ê 1; 2 Å ± ²¨¡·μ¢±  ¶μ ³¥Éμ¤Ê 2

²ÊÎ ¥³ÒÌ ¸¢¥Éμ¤¨μ¤μ³; σ±.Ô Å ¸·¥¤´¥±¢ ¤· É¨Î´μ¥ μÉ±²μ´¥´¨¥, μ¡Ê¸²μ¢²¥´-
´μ¥ ±¢ ´Éμ¢μ° ÔËË¥±É¨¢´μ¸ÉÓÕ Š”�“; σ³.¶.¶ Å ¸·¥¤´¥±¢ ¤· É¨Î´μ¥ μÉ±²μ-
´¥´¨¥, μ¡Ê¸²μ¢²¥´´μ¥ ´ ²¨Î¨¥³ ³¥¦¶¨±¸¥²Ó´ÒÌ ¶·μ³¥¦ÊÉ±μ¢ (´¥ ¢¸¥ ËμÉμ´Ò,
¤¢¨¦ÊÐ¨¥¸Ö ¢ ´ ¶· ¢²¥´¨¨ ¨¸¸²¥¤Ê¥³μ£μ Š”�“, ¶μ¶ ¤ ÕÉ ¢  ±É¨¢´ÊÕ §μ´Ê
Š”�“ Å Î ¸ÉÓ ËμÉμ´μ¢ ¶μ¶ ¤ ¥É ¢ ³¥¦¶¨±¸¥²Ó´Ò¥ ¶·μ³¥¦ÊÉ±¨).

2. ‚Éμ·μ° ¸¶μ¸μ¡ ¸²μ¦´¥¥, ´μ ÉμÎ´¥¥. 	Ò²μ § ³¥Î¥´μ, ÎÉμ ¢ Ô´¥·£¥É¨Î¥-
¸±μ³ ¸¶¥±É·¥ Š”�“ ¢ Ê¸²μ¢¨ÖÌ Éμ²Ó±μ É¥³´μ¢μ£μ Éμ±  ¶μÖ¢²ÖÕÉ¸Ö ¸² ¡μ ¢Ò-
· ¦¥´´Ò¥ ËμÉμ´´Ò¥ ³ ±¸¨³Ê³Ò (·¨¸. 7). …¸²¨ ¤μ¶μ²´¨É¥²Ó´μ ³ É·¨ÍÊ Š”�“
μ¡²ÊÎ ÉÓ ËμÉμ´ ³¨, Éμ ³ ±¸¨³Ê³Ò ¶·μÖ¢²ÖÕÉ ¸¥¡Ö £μ· §¤μ Î¥ÉÎ¥ (·¨¸. 8, a).
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�¨¸. 7. ‘¶¥±É· Š”�“ ¢ μÉ¸ÊÉ¸É¢¨¥ ¢´¥Ï´¨Ì ËμÉμ´μ¢

�¨¸. 8. ‡ ¢¨¸¨³μ¸ÉÓ Î¨¸²  ËμÉμÔ²¥±É·μ´μ¢ μÉ § ·Ö¤  ¶·¨ ¤μ¶μ²´¨É¥²Ó´μ³ μ¡²ÊÎ¥´¨¨
ËμÉμ´ ³¨. a) Š·μ³¥ É¥³´μ¢μ£μ Éμ±  ¤μ¡ ¢²Ö¥É¸Ö ´¥¡μ²ÓÏμ¥ ±μ²¨Î¥¸É¢μ n ËμÉμ´μ¢;
¡) ±μ²¨Î¥¸É¢μ ËμÉμ´μ¢ n + m

…¸²¨ ¶μÉμ± ËμÉμ´μ¢ ¥Ð¥ ´¥³´μ£μ Ê¢¥²¨Î¨ÉÓ, Éμ ³ ±¸¨³Ê³Ò ¶·μÖ¢²ÖÕÉ ¸¥¡Ö
¥Ð¥ ²ÊÎÏ¥, ´μ μÉ´μ¸¨É¥²Ó´μ¥ Î¨¸²μ ¸μ¡ÒÉ¨° ¸ ³ ²Ò³ ±μ²¨Î¥¸É¢μ³ ËμÉμ-
Ô²¥±É·μ´μ¢ ³μ¦¥É Ê³¥´ÓÏ¨ÉÓ¸Ö (·¨¸. 8, ¡). ˆ§ ·¨¸Ê´±  ³μ¦´μ ´ °É¨, ¸±μ²Ó±μ
± ´ ²μ¢ QDC ¶·¨Ìμ¤¨É¸Ö ´  μ¤¨´ ËμÉμÔ²¥±É·μ´. �  ·¨¸. 9 ¶·¥¤¸É ¢²¥´  § -
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�¨¸. 9. ‡ ¢¨¸¨³μ¸ÉÓ Î¨¸²  ± ´ ²μ¢ QDC, ¶·¨Ìμ¤ÖÐ¨Ì¸Ö ´  1 ËμÉμÔ²¥±É·μ´, ¤²Ö ± -
¦¤μ£μ Š”�“ μ¡¥¨Ì ³ É·¨Í

¢¨¸¨³μ¸ÉÓ Î¨¸²  ± ´ ²μ¢ QDC, ¶·¨Ìμ¤ÖÐ¨Ì¸Ö ´  μ¤¨´ ËμÉμÔ²¥±É·μ´, ¤²Ö
¢¸¥Ì Š”�“ μ¡¥¨Ì ³ É·¨Í. Š ´ ² 6 (Š”�“ 6) ³ É·¨ÍÒ 2 ´¥¨¸¶· ¢¥´. � ´ 
·¨¸. 6, ¡ ±·¨¢ Ö 2 ¶μ± §Ò¢ ¥É § ¢¨¸¨³μ¸ÉÓ Î¨¸²  ËμÉμÔ²¥±É·μ´μ¢ μÉ § ·Ö¤ 
(´μ³¥· ± ´ ²  QDC) ¤²Ö Š”�“ º65. —Ê¢¸É¢¨É¥²Ó´μ¸ÉÓ ¶·¨¡²¨§¨É¥²Ó´μ ´ 
40 % ¢ÒÏ¥, Î¥³ ¤²Ö ¶¥·¢μ£μ ³¥Éμ¤ . � §²¨Î¨¥ ³μ¦´μ μ¡ÑÖ¸´¨ÉÓ ¸²¥¤ÊÕÐ¨³
μ¡· §μ³. …¸²¨ ¨¸±²ÕÎ¨ÉÓ ¨§ ¸Ê³³ ·´μ£μ ¸·¥¤´¥±¢ ¤· É¨Î´μ£μ μÉ±²μ´¥´¨Ö
(Ëμ·³Ê²  (2)) ÌμÉÖ ¡Ò μ¤¨´ ¶ · ³¥É·, ´ ¶·¨³¥· σ¸.¤, Éμ Ï¨·¨´  ¶¨±μ¢ ¨ ¤²Ö
·¨¸. 6, a ¨ 8, ¡ Ê³¥´ÓÏ¨É¸Ö,   Î¨¸²μ ËμÉμÔ²¥±É·μ´μ¢, ¸μ£² ¸´μ Ëμ·³Ê²¥ (3),
Ê¢¥²¨Î¨É¸Ö. ’ ±¨³ μ¡· §μ³, ´ ±²μ´ ²¨´¨¨ 1 ¨§ ·¨¸. 6, ¡ Ê¢¥²¨Î¨É¸Ö. „²Ö
·¨¸. 8, ¡ Ï¨·¨´  ¶¨±μ¢ Éμ¦¥ Ê³¥´ÓÏ¨É¸Ö, ´μ ³¥¦¶¨±μ¢Ò¥ ¨´É¥·¢ ²Ò ´¥ ¨§³¥-
´ÖÉ¸Ö, É. ¥. ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ¢ ËμÉμÔ²¥±É·μ´ Ì ¢¸¥£¤  μ¸É ¥É¸Ö ³ ±¸¨³ ²Ó´μ°

ne =
Ā2

σ2
e − σ2

¸.¤

. (3)

�μ É ± ± ± ¶ · ³¥É·Ò, ¢Ìμ¤ÖÐ¨¥ ¢ Ëμ·³Ê²Ê (2), ´¥¨§¢¥¸É´Ò, Éμ Ëμ·³Ê²  (1)
¶·¨³¥´Ö¥É¸Ö ± ± μÍ¥´μÎ´ Ö. …¥ É ±¦¥ Ê¤μ¡´μ ¶·¨³¥´ÖÉÓ ¶·¨ μÉ´μ¸¨É¥²Ó´μ
¡μ²ÓÏμ° ¶²μÉ´μ¸É¨ ¶μÉμ±  ËμÉμ´μ¢, ±μ£¤  μÉ¤¥²Ó´Ò¥ ¶¨±¨ ¢ ¸¶¥±É·¥ Ê¦¥
´¥· §²¨Î¨³Ò.

�¥·¸¶¥±É¨¢Ò. ‚ ˆŸˆ ��� É ±¦¥ · §· ¡ ÉÒ¢ ¥É¸Ö ¡μ²ÓÏμ° ¤¥É¥±Éμ·
¤²Ö 	 ±¸ ´¸±μ° ´¥°É·¨´´μ° μ¡¸¥·¢ Éμ·¨¨ ¸ Í¥²ÓÕ ¨§ÊÎ¥´¨Ö ¶μÉμ±μ¢ ¥¸É¥-
¸É¢¥´´ÒÌ ´¥°É·¨´μ ¢ £¥μ- ¨  ¸É·μË¨§¨±¥ (·¨¸. 10). �·¥¤¶μ² £ ¥³Ò° μ¡Ñ¥³
¤¥É¥±Éμ·  5Ä20 ±É. �·μ¢¥¤¥´´Ò¥ ´ ³¨ É¥μ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ [17] ¶μ§¢μ²ÖÕÉ
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�¨¸. 10. 	μ²ÓÏμ° ¤¥É¥±Éμ· ¤²Ö 	 ±¸ ´¸±μ° ´¥°É·¨´´μ° μ¡¸¥·¢ Éμ·¨¨ ¤²Ö ¨§ÊÎ¥´¨Ö
¶μÉμ±μ¢ ¥¸É¥¸É¢¥´´ÒÌ ´¥°É·¨´μ ¢ £¥μ- ¨  ¸É·μË¨§¨±¥

�¨¸. 11. �·μÌμ¦¤¥´¨¥ ËμÉμ´  ¢´ÊÉ·¨ Ê¸¥Î¥´´μ£μ ±μ´Ê¸  ¸μ ¸¢¥ÉμμÉ· ¦ ÕÐ¥° ¢´Ê-
É·¥´´¥° ¶μ¢¥·Ì´μ¸ÉÓÕ. Ph Å ËμÉμ´

¸¤¥² ÉÓ ¢Ò¢μ¤ μ ¢μ§³μ¦´μ¸É¨ ·¥£¨¸É· Í¨¨ ±μ·μÉ±¨Ì É·¥±μ¢. ’ ±, ´ ¶·¨³¥·,
¤²Ö ¤¥É¥±Éμ·  ¸ ³ ¸¸μ° ¸Í¨´É¨²²ÖÉμ·  5 ±É ¸  ¶¥·ÉÊ·μ° ²¨´§Ò ¢ 2000 ¸³2

¶·¨ ¤²¨´¥ É·¥±  ¢ 1,2 ¸³ ¢ Í¥´É·¥ ¤¥É¥±Éμ·  ³μ¦¥É ¡ÒÉÓ § ·¥£¨¸É·¨·μ¢ ´
1 ËμÉμÔ²¥±É·μ´ (ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ´ Ï¥° ¸¨¸É¥³Ò ¸¡μ·  ¤ ´´ÒÌ ´¥ ÌÊ¦¥ Î¥³
6 ± ´ ²μ¢ ´  1 ËμÉμ´ (¸³. ·¨¸. 9), ÎÉμ ¤μ²¦´μ ¶μ§¢μ²¨ÉÓ Ë¨±¸¨·μ¢ ÉÓ É ±¨¥
¸μ¡ÒÉ¨Ö ¤ ¦¥ ¸ ÊÎ¥Éμ³ μ¶É¨Î¥¸±¨Ì ¶μÉ¥·Ó). �  ¶· ±É¨±¥ ¨¸¶μ²Ó§μ¢ ÉÓ ²¨´§Ò
”·¥´¥²Ö ¤²Ö ¶μ²ÊÎ¥´¨Ö ¡μ²ÓÏμ°  ¶¥·ÉÊ·Ò ¶·μ¡²¥³ É¨Î´μ ¨§-§  ¡μ²ÓÏ¨Ì £ -
¡ ·¨Éμ¢ μ¶É¨Î¥¸±μ° ¸¨¸É¥³Ò.

�¥·¢μ´ Î ²Ó´μ ¶² ´¨·μ¢ ²μ¸Ó ¸μ¡¨· ÉÓ ËμÉμ´Ò ¸ ¶μ³μÐÓÕ Ê¸¥Î¥´´μ£μ
±μ´Ê¸  ¸μ ¸¢¥ÉμμÉ· ¦ ÕÐ¥° ¢´ÊÉ·¥´´¥° ¶μ¢¥·Ì´μ¸ÉÓÕ. �μ, ± ± ¢¨¤´μ ¨§
·¨¸. 11, ¡μ²ÓÏ¨´¸É¢μ ËμÉμ´μ¢ ´¥ ¤μÌμ¤ÖÉ ¤μ ¢ÒÌμ¤´μ£μ μÉ¢¥·¸É¨Ö ±μ´Ê¸  ¶μ-
Éμ³Ê, ÎÉμ ¸ ± ¦¤Ò³ μÉ· ¦¥´¨¥³ μÉ ¸É¥´μ± ±μ´Ê¸  Ê¢¥²¨Î¨¢ ¥É¸Ö Ê£μ² μÉ· ¦¥-
´¨Ö (¢¶²μÉÓ ¤μ · §¢μ· Î¨¢ ´¨Ö ËμÉμ´μ¢ ¢ μ¡· É´ÊÕ ¸Éμ·μ´Ê). „²Ö ´¥±μÉμ·ÒÌ
ËμÉμ´μ¢ Ê£μ² α < β < γ ¨ É. ¤.
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�¨¸. 12. Š ¸± ¤¨·μ¢ ´¨¥ Ê¸¥Î¥´´ÒÌ ±μ´Ê¸μ¢ ¸ Í¥²ÓÕ ¶μ²ÊÎ¥´¨Ö ¡μ²ÓÏμ°  ¶¥·ÉÊ·Ò:
Ph Å ËμÉμ´; F Å Ëμ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥; 1 Å Ê¸¥Î¥´´Ò° ±μ´Ê¸; 1 ′ Å ¸Ê³³¨·Ê-
ÕÐ¨° ±μ´Ê¸; 2 Å ³ É·¨Í  Š”�“; 3 Å ³ É·¨Í  ³¥Ì ´¨Î¥¸±μ£μ ¸μ¶·Ö¦¥´¨Ö; 4 Å
μ¶Éμ¢μ²μ±μ´´Ò¥ ¦£ÊÉÒ; 5 Å ²¨´§Ò ”·¥´¥²Ö

„²Ö ·¥Ï¥´¨Ö ÔÉμ° § ¤ Î¨ ¶·¥¤² £ ¥É¸Ö ¢ ´ Î ²¥ ±μ´Ê¸  ¡¥§ ¸¢¥ÉμμÉ· ¦ Õ-
Ð¥£μ ¶μ±·ÒÉ¨Ö ¸É ¢¨ÉÓ ²¨´§Ê ”·¥´¥²Ö ¸ Ëμ±Ê¸´Ò³ · ¸¸ÉμÖ´¨¥³ F , ¢ ÉμÎ±¥
Ëμ±Ê¸  · ¸¶μ² £ ÉÓ μ¶Éμ¢μ²μ±μ´´Ò° ¦£ÊÉ ¸ μÉÏ²¨Ëμ¢ ´´Ò³ Éμ·Íμ³ (·¨¸. 12)
²¨¡μ ¸¶¥Í¨ ²Ó´Ò° ¸μ£² ¸ÊÕÐ¨° μ¶É¨Î¥¸±¨°  ¤ ¶É¥·. ‚ μ¶Éμ¢μ²μ±´μ ¢ μ¸´μ¢-
´μ³ ¡Ê¤ÊÉ ¶μ¶ ¤ ÉÓ ËμÉμ´Ò, ¤¢¨¦ÊÐ¨¥¸Ö ¶ · ²²¥²Ó´μ μ¸¨ ±μ´Ê¸ ,   É ±¦¥
¶μ¤ ´¥±μÉμ·Ò³ ´¥¡μ²ÓÏ¨³ Ê£²μ³. …¸²¨ ´¥¡μ²ÓÏÊÕ Î ¸ÉÓ Ê¸¥Î¥´´μ£μ ±μ´Ê¸ 
¢ · °μ´¥ ¢ÒÌμ¤´μ£μ μÉ¢¥·¸É¨Ö ¶μ±·ÒÉÓ ¸¢¥ÉμμÉ· ¦ ÕÐ¨³ ¸²μ¥³, Éμ ÔËË¥±-
É¨¢´μ¸ÉÓ ¸¡μ·  ËμÉμ´μ¢ Ê¢¥²¨Î¨É¸Ö. �Éμ ¶·μ¨¸Ìμ¤¨É ¶μÉμ³Ê, ÎÉμ ËμÉμ´Ò, ¶μ-
¶ ¢Ï¨¥ ´¥¤ ²¥±μ μÉ ¢ÒÌμ¤´μ£μ μÉ¢¥·¸É¨Ö, ¡Ê¤ÊÉ μÉ· ¦ ÉÓ¸Ö ´¥¶μ¸·¥¤¸É¢¥´´μ
¢ μ¶Éμ¢μ²μ±´μ.

„²Ö ¡μ²ÓÏ¨Ì  ¶¥·ÉÊ· ³μ¦´μ ¡· ÉÓ μÉ´μ¸¨É¥²Ó´μ ´¥¡μ²ÓÏ¨¥ ±μ´Ê¸Ò ¨
± ¸± ¤¨·μ¢ ÉÓ ¨Ì ¸ ¶μ³μÐÓÕ ¤μ¶μ²´¨É¥²Ó´μ£μ ±μ´Ê¸ . �  ·¨¸. 12 ¢¨¤´μ, ± ±
Î¥ÉÒ·¥ ±μ´Ê¸  ¶μ ±μμ·¤¨´ É¥ Y μ¡Ñ¥¤¨´ÖÕÉ¸Ö ¨ ¸Ê³³ ·´Ò° ¸¨£´ ² ¶μ¶ ¤ ¥É
¢ μ¤¨´ ¨§ ±·¥³´¨¥¢ÒÌ ”�“ ³ É·¨ÍÒ. „μ²¦´μ ¸μ¡²Õ¤ ÉÓ¸Ö É·¥¡μ¢ ´¨¥ μ¤¨-
´ ±μ¢μ° ¤²¨´Ò μ¶Éμ¢μ²μ±μ´ 1Ä4. ‘Ê³³¨·ÊÕÐ¨° ±μ´Ê¸ ³μ¦´μ · ¸¶μ² £ ÉÓ
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¢ Ê¤μ¡´μ³ ³¥¸É¥ (¤ ¦¥ ´  ¡μ²ÓÏμ³ Ê¤ ²¥´¨¨), É ± ± ± § ÉÊÌ ´¨Ö ¸¨£´ ²  ¢
μ¶Éμ¢μ²μ±´¥ ´  · ¸¸ÉμÖ´¨¨ ¤¥¸ÖÉ±μ¢ ³¥É·μ¢ ¶· ±É¨Î¥¸±¨ ´¥É. ’μ ¦¥ ¸ ³μ¥
μÉ´μ¸¨É¸Ö ¨ ± μ¶Éμ¢μ²μ±´Ê, ¨¤ÊÐ¥³Ê ± ³ É·¨Í¥ Š”�“ μÉ ¸Ê³³¨·ÊÕÐ¥£μ ±μ-
´Ê¸ . ’ ±¨³ μ¡· §μ³ ³μ¦´μ ¸Ëμ·³¨·μ¢ ÉÓ ¶· ±É¨Î¥¸±¨ ²Õ¡ÊÕ  ¶¥·ÉÊ·Ê ¶·¨
³ ²ÒÌ · §³¥· Ì ±μ´Ê¸μ¢. ˆ§ ·¥§Ê²ÓÉ Éμ¢ ± ²¨¡·μ¢±¨ (¸³. ·¨¸. 9) ¸²¥¤Ê¥É, ÎÉμ
¸¨¸É¥³  ¨³¥¥É · §·¥Ï¥´¨¥ ²ÊÎÏ¥ Î¥³ 1 ËμÉμ´,   ¶μÔÉμ³Ê ¨³¥¥É · §·¥Ï¥´¨¥
´¥ ÌÊ¦¥ Î¥³ 1 ¸³ ¤²Ö ¤¥É¥±Éμ·  ³ ¸¸μ° 5 ±É ¤ ¦¥ ¤²Ö ¡μ²ÓÏ¨Ì ¶μÉ¥·Ó ¢
É· ±É Ì ¶·μÌμ¦¤¥´¨Ö ËμÉμ´μ¢. ‚·¥³Ö ¸· ¡ ÉÒ¢ ´¨Ö ±·¥³´¨¥¢ÒÌ ”�“ ¸Ê¡´ -
´μ¸¥±Ê´¤´μ¥, ¶μÔÉμ³Ê ¶·¨ ¤μ²¦´μ° Ô²¥±É·μ´¨±¥ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¢·¥³¥´´μ¥
· §·¥Ï¥´¨¥ ¤¥É¥±Éμ·μ¢ ²ÊÎÏ¥ 1 ´¸.

‚›‚�„›

• �·¨ ´¥¶μ¸·¥¤¸É¢¥´´μ³ ±μ´É ±É¥ ³ É·¨Í Š”�“ ¸μ ¸Í¨´É¨²²ÖÉμ·μ³ ¨³¥-
¥É¸Ö μ£· ´¨Î¥´¨¥ ´  · §³¥· ¤¥É¥±Éμ· . ˆ¸¶μ²Ó§μ¢ ´¨¥ μ¶É¨Î¥¸±μ° ¸¨¸É¥³Ò
Ê¸É· ´Ö¥É ÔÉμ μ£· ´¨Î¥´¨¥ ¨ Ê²ÊÎÏ ¥É μÉ´μÏ¥´¨¥ ¸¨£´ ²/ÏÊ³.

• ŒÒ ¨¸¶μ²Ó§μ¢ ²¨ ²¨´§Ò ”·¥´¥²Ö ¨§ μ¶É¨Î¥¸±μ£μ  ±·¨²  ¸ É·¥Ì±· É´Ò³
Ê¢¥²¨Î¥´¨¥³ · §³¥·μ³ A4. ‹¨´§Ò ”·¥´¥²Ö ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¤μ¸ÉÊ¶´Ò,
¨³¥ÕÉ ³ ¸¸μ¢μ¥ ¶·μ¨§¢μ¤¸É¢μ, ¤¥Ï¥¢Ò ¨ ¨Ì ³μ¦´μ ¶·¨μ¡·¥¸É¨ ¶· ±É¨Î¥¸±¨
²Õ¡μ£μ · §³¥· .

• ƒ²Ê¡¨´  ·¥§±μ¸É¨ μ¶É¨Î¥¸±μ° ¸¨¸É¥³Ò ¤μ¸É ÉμÎ´ , ÎÉμ¡Ò ¸¢¥Éμ¢ Ö ¤μ-
·μ¦±  ´  ³ É·¨Í¥ ¨³¥²  Ï¨·¨´Ê ³¥´¥¥ μ¤´μ£μ · §³¥·  Š”�“, ÎÉμ ¶μ¤É¢¥·-
¦¤ ÕÉ ¶μ²ÊÎ¥´´Ò¥ ¸´¨³±¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ μ¶É¨Î¥¸±μ° ¸¨¸É¥³Ò.

• �±¸¶¥·¨³¥´ÉÒ ¸ μ¶É¨±μ° ¶·μ¢μ¤¨²¨¸Ó ¸ ¤¥É¥±Éμ·μ³ · §³¥·μ³ 50×59×
59 ³³. ŒÒ ¶² ´¨·Ê¥³ Ê¢¥²¨Î¨ÉÓ · §³¥· ¸Í¨´É¨²²ÖÉμ·  ¤μ 500×500×500 ³³.

‘ Í¥²ÓÕ Ê¢¥²¨Î¥´¨Ö  ¶¥·ÉÊ·Ò ¤²Ö ¤¥É¥±Éμ·μ¢ ±¨²μÉμ´´μ£μ ±² ¸¸  ¶·¥¤¶μ-
² £ ¥É¸Ö ¶·¨³¥´¨ÉÓ ± ¸± ¤¨·μ¢ ´¨¥ Ê¸¥Î¥´´ÒÌ ±μ´Ê¸μ¢ ¸μ¢³¥¸É´μ ¸ ²¨´§ ³¨
”·¥´¥²Ö. „²Ö ¨§£μÉμ¢²¥´¨Ö ±μ´Ê¸μ¢ ³μ¦´μ ¶·¨³¥´ÖÉÓ 3D-¶·¨´É¥·Ò, ¶μ§¢μ-
²ÖÕÐ¨¥ · ¸¶¥Î ÉÒ¢ ÉÓ μ¡Ñ¥³´Ò¥ ¤¥É ²¨ ¸ · §·¥Ï¥´¨¥³ 50Ä100 ³±³. Š·μ³¥
Éμ£μ, ¢ ¥¤¨´μ³ É¥Ì´μ²μ£¨Î¥¸±μ³ ¶·μÍ¥¸¸¥ ³μ¦´μ ¨§£μÉμ¢¨ÉÓ ¢¸¥ ´¥μ¡Ìμ¤¨³Ò¥
±·¥¶²¥´¨Ö.

� ¡μÉ  ¢Ò¶μ²´¥´  ´  “�“ 	 ±¸ ´¸±¨° ¶μ¤§¥³´Ò° ¸Í¨´É¨²²ÖÍ¨μ´´Ò°
É¥²¥¸±μ¶ (–Š� 	 ±¸ ´¸± Ö ´¥°É·¨´´ Ö μ¡¸¥·¢ Éμ·¨Ö ˆŸˆ ���) ¶·¨ ¶μ¤-
¤¥·¦±¥ �μ¸¸¨°¸±μ£μ ´ ÊÎ´μ£μ Ëμ´¤  (¶·μ¥±É 17-12-01331).

‘�ˆ‘�Š ‹ˆ’…��’“�›

1. Buzhan P., Dolgoshein B., Filatov L., Ilyin A., Kantzerov V., Kaplin V., Karakash A.,
Kaumov F., Klemin S., Popova E., Smirnov S. Silicon Photomultiplier and Its Possible
Applications // Nucl. Instr. Meth. A. 2003. V. 504. P. 48Ä52; Metev S. M., Veiko V. P.
Laser Assisted Microtechnology / Ed. R. M. Osgood, Jr. 2nd ed. Berlin: Springer-
Verlag, 1998.



��‡��	�’Š� ‘–ˆ�’ˆ‹‹Ÿ–ˆ����ƒ� ’�…Š�‚�ƒ� „…’…Š’��� 1423

2. ŒÊ¸¨¥´±μ �. ‚., �Ì· ³¥¥¢ …. ‚., �Ë ´ ¸Ó¥¢ �. �., �μ´¤ ·¥´±μ ƒ. �., ƒμ²μ¢¨´ ‚.Œ.,
ƒÊÐ¨´ …. �., …·Ïμ¢ �. ‚., ˆ§³ °²μ¢ �. �., ŠÊ¤¥´±μ �. ƒ., ‹Ê¡¸ ´¤μ·¦¨¥¢ �. Š.,
Œ ÖÍ±¨° ‚. �., Œ¨´¥¥¢ �. ‚., • ¡¨¡Ê²²¨´ Œ.Œ., •μÉÖ´Í¥¢ �. �., ˜ °¡μ´μ¢ �. �.Œ.
‚Ò¸μ±μÎÊ¢¸É¢¨É¥²Ó´Ò¥ ³¨±·μ¶¨±¸¥²Ó´Ò¥ ² ¢¨´´Ò¥ ËμÉμ¤¨μ¤Ò ¤²Ö ¸Í¨´É¨²²ÖÍ¨-
μ´´ÒÌ ¸Î¥ÉÎ¨±μ¢ ´¥°É·¨´´μ£μ Ô±¸¶¥·¨³¥´É  ’2Š // �’�. 2008. º1. ‘. 111Ä118;
Sorace R. E., Reinhardt V. S., Vaughn S. A. High-Speed Digital-to-RF Converter. U. S.
Patent 5 668 842. Sept. 16, 1997.

3. Danilov M. Novel Photo-Detectors and Photo-Detector Systems // Nucl. Instr. Meth.
A. 2009. V. 604. P. 183Ä189.

4. Garutti E. Silicon Photomultipliers for High Energy Physics Detectors // J. Instr. 2011.
V. 6. P. ‘10003.

5. Abe K., Abgrall N,. Aihara H. and the T2K Collaboration. Application of Hamamatsu
MPPC to T2K Neutrino Detectors // Nucl. Instr. Meth. A. 2011. V. 659. P. 106Ä135.

6. Vacheret A., Noy M., Raymond M., Weber A. First Results of the Trip-t Based T2K
Front End Electronics Performance with GM-APD.
https://pos.sissa.it/archive/conferences/051/027/PD07 027.

7. Zorzi N., Melchiorri M., Piazza A., Piemonte C., Tarolli A. Development of Large-
Area Silicon Photomultiplier Detectors for PET Applications at FBK // Nucl. Instr.
Meth. A. 2011. V. 636. P. S208Ä213.

8. Roncali E., Cherry S.R. Application of Silicon Photomultipliers to Positron Emission
Tomography // Ann. Biomed. Engin. 2011. V. 39. P. 1358Ä1377.

9. Vandenberghe S., Marsden P.K. PET-MRI: A Review of Challenges and Solutions
in the Development of Integrated Multimodality Imaging // Phys. Med. Biol. 2015.
V. 60. P. 115Ä154.

10. Holder J. TeV Gamma-Ray Astronomy: A Summary // Astropart. Phys. 2012. V. 39Ä
40. P. 61Ä75.

11. Anderhub H., Backes M., Biland A., Boccone V., Braun I., Bretz T., Buss J., Cadoux F.,
Commichau V., Djambazov Boccone L., Dorner D., Einecke S., Eisenacher D., Gen-
dotti A. Design and Operation of FACT Å the First G-APD Cherenkov Telescope //
J. Instr. 2013. V. 8. P. 06008.

12. Impiombato D., Giarrusso S., Mineo T., Catalano O, Gargano C., La Rosa G.,
Russo F., Sottile G., Billotta S., Bonanno G., Garozzo S., Grillo A., Marano D.,
Romeo G. Characterization of EASIROC as Front-End for the Readout of the SiPM
at the Focal Plane of the Cherenkov Telescope ASTRI // Nucl. Instr. Meth. A. 2013.
V. 729. P. 484Ä490.

13. Masek P., Jakubek J., Uher J., Preston R. Directional Detection of Fast Neutrons by
the Timepix Pixel Detector Coupled to Plastic Scintillator with Silicon Photomultiplier
Array // JINST. 2013. V. 8. P. 01021.

14. Œ É·¨Í  ArrayC-60035-64P-PCB. http://sensl.com/estore/arrayc-60035-64p-pcb.
15. �² É  ABL-ARRAY64P-HDR. http://azimp.ru/catalogue/readout+boards/418/.
16. Ÿ´¨´ �. ”., „§ ¶ ·μ¢  ˆ.Œ., ‚μ²Î¥´±μ ‚. ˆ., ƒμ·¡ Î¥¢  …. �., ŠÊ·¥´Ö �. �., �¥É-

±μ¢ ‚. �. Œ´μ£μ± ´ ²Ó´ Ö ¨§³¥·¨É¥²Ó´ Ö ¸¨¸É¥³  ¤²Ö ¸¡μ·  ¤ ´´ÒÌ ¸ ³ É·¨Í ¨§
±·¥³´¨¥¢ÒÌ ËμÉμÊ³´μ¦¨É¥²¥° // ˆ§³¥·¨É¥²Ó´ Ö É¥Ì´¨± . 2017. º3. ‘. 8Ä11.

17. Petkov V. B.. Prospects of the Search for Neutrino Bursts from Supernovae with Baksan
Large Volume Scintillation Detector // Phys. Part. Nucl. 2016. V. 47, No. 6. P. 975Ä
979.


