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Š·¥³´¨¥¢Ò° ËμÉμÊ³´μ¦¨É¥²Ó (SiPM) Å ¸μ¢·¥³¥´´Ò° ¶μ²Ê¶·μ¢μ¤´¨±μ¢Ò° ËμÉμ¤¥É¥±Éμ·, ¸¶μ-
¸μ¡´Ò° ·¥£¨¸É·¨·μ¢ ÉÓ μ¤¨´μÎ´Ò¥ ËμÉμ´Ò. �´ ¸μ¸Éμ¨É ¨§ ³´μ¦¥¸É¢  ³¨±·μÖÎ¥¥± (¶¨±¸¥²¥°),
±μÉμ·Ò¥ · ¡μÉ ÕÉ ¢ É ± ´ §Ò¢ ¥³μ³ ®£¥°£¥·μ¢¸±μ³¯ ·¥¦¨³¥. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¸·¥¤¨ É ±¨Ì
¶·¨¡μ·μ¢ ¸ÊÐ¥¸É¢ÊÕÉ ±μ´¸É·Ê±Í¨¨ ¸ ¶μ¢¥·Ì´μ¸É´Ò³¨ ¶¨±¸¥²Ö³¨ ¨ ¸ £²Ê¡¨´´μ° ¶¨±¸¥²Ó´μ° ¸É·Ê±-
ÉÊ·μ°. ŸÎ¥¨¸É Ö ¸É·Ê±ÉÊ·  Ê³¥´ÓÏ ¥É ÔËË¥±É¨¢´ÊÕ ËμÉμÎÊ¢¸É¢¨É¥²Ó´ÊÕ ¶²μÐ ¤Ó ¶·¨¡μ· , ¢Ò· -
¦ ÕÐÊÕ¸Ö Î¥·¥§ £¥μ³¥É·¨Î¥¸±¨° Ë ±Éμ· § ¶μ²´¥´¨Ö, ÎÉμ ¢¥¸Ó³  ¢ ¦´μ ÊÎ¨ÉÒ¢ ÉÓ ¶·¨ · §· ¡μÉ±¥
´μ¢ÒÌ ±μ´¸É·Ê±Í¨° ¸ ¡μ²ÓÏ¨³¨ ¶²μÉ´μ¸ÉÖ³¨ ¶¨±¸¥²¥°, ´¥μ¡Ìμ¤¨³Ò³¨ ¤²Ö Ê¢¥²¨Î¥´¨Ö ¤¨´ ³¨Î¥-
¸±μ£μ ¤¨ ¶ §μ´ . ‘Î¨É ¥É¸Ö, ÎÉμ £²Ê¡¨´´Ò¥ ËμÉμ¤¨μ¤Ò μ¡² ¤ ÕÉ Ë ±Éμ·μ³ § ¶μ²´¥´¨Ö, ¡²¨§±¨³
± ¥¤¨´¨Í¥. ‚ ¤ ´´μ° · ¡μÉ¥ ¶·¨¢μ¤ÖÉ¸Ö ³¥Éμ¤¨±  ¨ ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤μ¢ ´¨° §μ´ ²Ó´μ£μ μÉ±²¨± 
SiPM · §²¨Î´ÒÌ ±μ´¸É·Ê±Í¨° ¸± ´¨·μ¢ ´¨¥³ (¶¥·¥³¥Ð¥´¨¥³) ² §¥·´μ£μ ¶ÖÉ´  ³¨±·μ³¥É·μ¢μ£μ
· §³¥· . �μ± § ´μ, ÎÉμ ¶·¨ ·¥£¨¸É· Í¨¨ ±· ¸´μ£μ ¸¢¥É  (λ = 632 ´³) £²Ê¡¨´´Ò° ËμÉμ¤¨μ¤ ¨³¥¥É
£¥μ³¥É·¨Î¥¸±¨° Ë ±Éμ· ³¥´ÓÏ¥ 100%.

A Silicon Photomultiplier (SiPM) is a novel semiconducting photodetector which can detect single
photons. It consists of many micro-cells (pixels) operating in the so-called ©Geigerª mode. There
are two principal designs of SiPMs: surface pixel and deeply buried pixel (micro-well) structures. The
segmentation of an active area brings a reduction of the effective photosensitivity introducing geometrical
ˇll factor. It is important to take that into account for designing new devices with high pixel densities
which allow achieving a wider dynamic range. A deep micro-well SiPM is supposed to have ˇll factor
close to one. The methods and results of studying of zonal response by scanning (moving) with micron
laser spot for SiPMs of different designs are presented in this paper. It is shown that deep micro-well
SiPM has geometrical ˇll factor less than 100% by registration of red light.
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1. Š�…Œ�ˆ…‚›… ”�’�“Œ��†ˆ’…‹ˆ Å SiPM

’¢¥·¤μÉ¥²Ó´Ò¥ ¶·¨¡μ·Ò ´  μ¸´μ¢¥ ² ¢¨´´μ£μ Ê¸¨²¥´¨Ö ¤ ¢´μ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ ´ Ê±¥
¨ É¥Ì´¨±¥. �Éμ ¨ ² ¢¨´´Ò¥ ¤¨μ¤Ò, ¨ ² ¢¨´´Ò¥ É· ´§¨¸Éμ·Ò, ¨ ¶·¨¡μ·Ò, · ¡μÉ ÕÐ¨¥ ¢
·¥¦¨³¥ É ± ´ §Ò¢ ¥³μ£μ ®£¥°£¥·μ¢¸±μ£μ¯ ¶·μ¡μÖ. Š ¦¤Ò° ¨§ ´¨Ì ¶μ-¸¢μ¥³Ê Ê´¨± ²¥´,
´μ ´ Ìμ¤¨É μ£· ´¨Î¥´´μ¥ ¶·¨³¥´¥´¨¥. � ¶·¨³¥·, ² ¢¨´´Ò° ËμÉμ¤¨μ¤ μ¡² ¤ ¥É Ìμ·μ-
Ï¥° ²¨´¥°´μ¸ÉÓÕ μÉ±²¨± , μ¤´ ±μ ¨³¥¥É Ê¸¨²¥´¨¥ ´  Ê·μ¢´¥ 102, ÎÉμ ´¥ ¶μ§¢μ²Ö¥É ¥£μ

1E-mail: anphimov@jinr.ru



598 �´Ë¨³μ¢ �. ‚. ¨ ¤·.

¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö ·¥£¨¸É· Í¨¨ ¸¢¥Éμ¢ÒÌ ¶μÉμ±μ¢ ´  Ê·μ¢´¥ μ¤¨´μÎ´ÒÌ ËμÉμ´μ¢. ®ƒ¥°-
£¥·μ¢¸±¨°¯ ¤¨μ¤, ´ ¶·μÉ¨¢, ¨³¥¥É μ£·μ³´μ¥ ¢´ÊÉ·¥´´¥¥ Ê¸¨²¥´¨¥ (¤μ 108), ´μ · ¡μÉ ¥É
¨¸±²ÕÎ¨É¥²Ó´μ ± ± ¸Î¥ÉÎ¨± ËμÉμ´μ¢ ¢ ·¥¦¨³¥ ®¤ /´¥É¯. ‹μ£¨Î´Ò³ ¶·μ¤μ²¦¥´¨¥³ · §-
¢¨É¨Ö ¤ ´´ÒÌ É¥Ì´μ²μ£¨° ¸É ² ² ¢¨´´Ò° ËμÉμ¤¨μ¤, ¶·¥¤¸É ¢²ÖÕÐ¨° ¸μ¡μ° ´ ¡μ· ®£¥°-
£¥·μ¢¸±¨Ì¯ ¤¨μ¤μ¢ ¸Ê¡³¨²²¨³¥É·μ¢ÒÌ ¨ ³¨±·μ³¥É·μ¢ÒÌ · §³¥·μ¢ Å É ± ´ §Ò¢ ¥³ÒÌ
ÖÎ¥¥± ¨²¨ ¶¨±¸¥²¥°. „ ´´Ò° ¶·¨¡μ· ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¨§¢¥¸É¥´ ¶μ¤ ³´μ£¨³¨ ±μ³-
³¥·Î¥¸±¨³¨ ´ §¢ ´¨Ö³¨: ±·¥³´¨¥¢Ò° ËμÉμÊ³´μ¦¨É¥²Ó (SiPM), ³´μ£μ¶¨±¸¥²Ó´Ò° ¸Î¥É-
Î¨± ËμÉμ´μ¢ (MPPC), ³¨±·μ¶¨±¸¥²Ó´Ò° ² ¢¨´´Ò° ËμÉμ¤¨μ¤ (MAPD) ¨ ¤·. � ¨¡μ²¥¥
· ¸¶·μ¸É· ´¥´´ Ö ±μ´¸É·Ê±Í¨Ö SiPM Å ¸É·Ê±ÉÊ·  ¸ ¶¨±¸¥²Ö³¨, · ¸¶μ²μ¦¥´´Ò³¨ ´ 
¶μ¢¥·Ì´μ¸É¨, Å ¸Ì¥³ É¨Î¥¸±¨ ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 1. Š ¦¤Ò° É ±μ° ¶¨±¸¥²Ó ¶·¥¤¸É ¢-
²Ö¥É ¸μ¡μ° ¢Ò¸μ±μ²¥£¨·μ¢ ´´Ò° p+−n+-¶¥·¥Ìμ¤, ±μÉμ·Ò° Î¥·¥§ ¢Ò¸μ±μμ³´Ò° ·¥§¨¸Éμ·
(105−107 �³) ¸μ¥¤¨´Ö¥É¸Ö ¸ ³¥É ²²¨Î¥¸±μ° Ï¨´μ°, Î¥·¥§ ±μÉμ·ÊÕ μ¡¥¸¶¥Î¨¢ ¥É¸Ö ¶¨É -
´¨¥ ¶¨±¸¥²¥° [1Ä3]. �¥§¨¸Éμ· ¢Ò¶μ²´Ö¥É ·μ²Ó ¶ ¸¸¨¢´μ£μ £ Ï¥´¨Ö · §¢¨É¨Ö ² ¢¨´´μ£μ
¶·μÍ¥¸¸ , ±μÉμ·Ò° ¢ ¶·μÉ¨¢´μ³ ¸²ÊÎ ¥ ³μ£ ¡Ò ¶¥·¥°É¨ ¢ ¨¸±·μ¢μ° ¶·μ¡μ° ¨ ¢Ò¢¥¸É¨
¶¨±¸¥²Ó ¨§ ¸É·μÖ. � ²¨Î¨¥ ´  ¶μ¢¥·Ì´μ¸É¨ ËμÉμ¤¨μ¤  ´¥ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ± ¸¢¥ÉÊ, ´¥¶·μ-
§· Î´ÒÌ ¨²¨ ¶μ²Ê¶·μ§· Î´ÒÌ Ô²¥³¥´Éμ¢ (³¥É ²², ·¥§¨¸Éμ· ¨ ¶·.) ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ ´¥
¢¸Ö ¶²μÐ ¤Ó Ö¢²Ö¥É¸Ö μ¤¨´ ±μ¢μ ËμÉμÎÊ¢¸É¢¨É¥²Ó´μ°. ‚ ¶¨±¸¥²Ó´ÒÌ ¤¥É¥±Éμ· Ì ¨¸¶μ²Ó-
§ÊÕÉ ¶μ´ÖÉ¨¥ £¥μ³¥É·¨Î¥¸±μ£μ Ë ±Éμ·  § ¶μ²´¥´¨Ö (£¥μ³¥É·¨Î¥¸± Ö ¶·μ§· Î´μ¸ÉÓ) εg,
±μÉμ·Ò° ¶·¥¤¸É ¢²¥´ μÉ´μÏ¥´¨¥³ ÔËË¥±É¨¢´μ° ¸¢¥ÉμÎÊ¢¸É¢¨É¥²Ó´μ° ¶²μÐ ¤¨ ± ¶μ²-
´μ° · ¡μÎ¥° ¶²μÐ ¤¨ ËμÉμ¤¥É¥±Éμ· . Š ± ¶· ¢¨²μ, ¸ Ê¢¥²¨Î¥´¨¥³ ¶²μÉ´μ¸É¨ ¶¨±¸¥²¥°
· ¸É¥É Î¨¸²μ Ô²¥³¥´Éμ¢, ¸´¨¦ ÕÐ¨Ì ËμÉμÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ, ÎÉμ μÉ· ¦ ¥É¸Ö ÔËË¥±É¨¢-
´Ò³ Ê³¥´ÓÏ¥´¨¥³ £¥μ³¥É·¨Î¥¸±μ£μ Ë ±Éμ·  εg ¨, ¸μμÉ¢¥É¸É¢¥´´μ, μ¡Ð¥° ÔËË¥±É¨¢´μ¸É¨
·¥£¨¸É· Í¨¨ ËμÉμ´μ¢ PDE, ¶μ¸±μ²Ó±Ê [4]

PDE ∼ QE × εg, (1)

£¤¥ QE Å ±¢ ´Éμ¢ Ö ÔËË¥±É¨¢´μ¸ÉÓ ËμÉμ¤¨μ¤ .

�¨¸. 1. ‘Ì¥³  ±μ´¸É·Ê±Í¨¨ ¶μ¢¥·Ì´μ¸É´μ-¶¨±¸¥²Ó´μ£μ SiPM

—Éμ¡Ò ¨¸±²ÕÎ¨ÉÓ ¢²¨Ö´¨¥ £¥μ³¥É·¨Î¥¸±μ£μ Ë ±Éμ· , ¡Ò²  · §· ¡μÉ ´  ±μ´¸É·Ê±Í¨Ö,
£¤¥ ¶¨±¸¥²¨ · §³¥Ð ÕÉ¸Ö ¢ £²Ê¡¨´¥ ±·¥³´¨¥¢μ£μ ¸²μÖ [3], Å É ± ´ §Ò¢ ¥³Ò° ®£²Ê¡¨´-
´Ò°¯ SiPM. Šμ´¸É·Ê±É¨¢´μ £²Ê¡¨´´Ò° SiPM ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 2. �¨±¸¥²¨ · ¸¶μ² -
£ ÕÉ¸Ö ¢ Éμ²Ð¥ ¶μ²Ê¶·μ¢μ¤´¨±  ´  £²Ê¡¨´¥ ¶μ·Ö¤±  ´¥¸±μ²Ó±¨Ì ³¨±·μ³¥É·μ¢. ‚ ·μ²¨
£ ¸ÖÐ¥£μ Ô²¥³¥´É  ¢Ò¸ÉÊ¶ ¥É ¶·μ¸É· ´¸É¢¥´´Ò° § ·Ö¤, ±μÉμ·Ò° ¸μ¡¨· ¥É¸Ö ¢μ±·Ê£ ¶¨±¸¥-
²¥° ¢ É¥Î¥´¨¥ ² ¢¨´´μ£μ ¶·μÍ¥¸¸ . ‚ É ±μ° ±μ´¸É·Ê±Í¨¨ ËμÉμ´Ò ·μ¦¤ ÕÉ ËμÉμÔ²¥±É·μ´Ò
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�¨¸. 2. ‘Ì¥³  ±μ´¸É·Ê±Í¨¨ £²Ê¡¨´´μ£μ SiPM [3]

¢ Éμ²Ð¥ μ¤´μ·μ¤´μ£μ ËμÉμÎÊ¢¸É¢¨É¥²Ó´μ£μ ¸²μÖ, ±μÉμ·Ò¥ ¢ ¤ ²Ó´¥°Ï¥³ ¤·¥°ËÊÕÉ ± ¶¨±-
¸¥²Ö³ ¢ μ¡² ¸ÉÓ ¸¨²Ó´μ£μ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö (¢¡²¨§¨ n+-μ¡² ¸É¨ ¢´ÊÉ·¨ Ô¶¨É ±¸¨¨),
£¤¥ ² ¢¨´´μ Ê³´μ¦ ÕÉ¸Ö. ’ ±μ° ËμÉμ¤¨μ¤ ¤μ²¦¥´ ¨³¥ÉÓ εg � 100% ¤²Ö ËμÉμÔ²¥±É·μ´μ¢,
·μ¦¤ ÕÐ¨Ì¸Ö ´ ¤ ¶¨±¸¥²Ó´μ° ¸É·Ê±ÉÊ·μ°.

2. ��ˆ‘��ˆ… “‘’���‚Šˆ ˆ Œ…’�„�‚ ˆ‘‘‹…„�‚��ˆŸ

ˆ§³¥·¥´¨Ö ¶·μ¢μ¤¨²¨¸Ó ¢ Š ·²μ¢μ³ Ê´¨¢¥·¸¨É¥É¥ (�· £ , —¥Ì¨Ö), £¤¥ · ¸¶μ² £ ¥É¸Ö
¸± ´¨·ÊÕÐ Ö ¸É ´Í¨Ö (·¨¸. 3). �·¥¦¤¥ μ´  ¶·¨³¥´Ö² ¸Ó ¤²Ö ¨§ÊÎ¥´¨Ö · ¡μÉÒ ¸É·¨¶μ¢ÒÌ
±·¥³´¨¥¢ÒÌ ¤¥É¥±Éμ·μ¢ [5]. ‚ ´ Ï¨Ì ¨¸¸²¥¤μ¢ ´¨ÖÌ ¡Ò²μ ¶·¥¤²μ¦¥´μ ¥¥ ¨¸¶μ²Ó§μ¢ ´¨¥
¤²Ö ¸± ´¨·μ¢ ´¨Ö SiPM. “¸É ´μ¢±  ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¸¢¥Éμ¨§μ²¨·μ¢ ´´Ò° ÖÐ¨±, ±μ-
Éμ·Ò° μ±· Ï¥´ ¢´ÊÉ·¨ ¢ Î¥·´Ò° ³ Éμ¢Ò° Í¢¥É ¤²Ö Ê³¥´ÓÏ¥´¨Ö ¶μ¶ ¤ ´¨Ö ´  ¤¥É¥±Éμ·
Ëμ´μ¢ÒÌ ËμÉμ´μ¢.

	²μ±-¸Ì¥³  Ê¸É ´μ¢±¨ ¶·¨¢¥¤¥´  ´  ·¨¸. 4. ˆ¸ÉμÎ´¨±μ³ ¸¢¥É  Ö¢²Ö¥É¸Ö ² §¥· (Laser) ¸
¤²¨´μ° ¢μ²´Ò 662 ´³, · ¡μÉ ÕÐ¨° ¢ ¨³¶Ê²Ó¸´μ³ ·¥¦¨³¥ ¸ ³¨´¨³ ²Ó´μ° ¤²¨É¥²Ó´μ¸ÉÓÕ
¸¢¥Éμ¢μ° ¢¸¶ÒÏ±¨ 1,2 ´¸. ‘¢¥É · ¸¶·μ¸É· ´Ö¥É¸Ö ¶μ ¶·μ§· Î´μ³Ê £¨¡±μ³Ê μ¶Éμ¢μ²μ±´Ê,
´  ¤·Ê£μ³ ±μ´Í¥ ±μÉμ·μ£μ Ê¸É ´μ¢²¥´  Ëμ±Ê¸¨·ÊÕÐ Ö ¸¨¸É¥³  ²¨´§, ¶μ§¢μ²ÖÕÐ Ö ¸Ëμ-
±Ê¸¨·μ¢ ÉÓ ¶ÖÉ´μ ¤μ 2,8 ³±³ (¸·¥¤´¥±¢ ¤· É¨Î´μ¥ μÉ±²μ´¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ¸¢¥Éμ¢μ£μ

�¨¸. 3. ‘± ´¨·ÊÕÐ Ö Ê¸É ´μ¢±  ¢ Š ·²μ¢μ³ Ê´¨¢¥·¸¨É¥É¥:  ) μ¡Ð¨° ¢¨¤; ¡) ¶¥·¥³¥Ð ÕÐ Ö¸Ö
Ëμ±Ê¸¨·ÊÕÐ Ö ¸¨¸É¥³ 
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�¨¸. 4. 	²μ±-¸Ì¥³  ¸± ´¨·ÊÕÐ¥° Ê¸É ´μ¢±¨ ¢ Š ·²μ¢μ³ Ê´¨¢¥·¸¨É¥É¥

¶μ²Ö). ”μ±Ê¸¨·ÊÕÐ Ö ¸¨¸É¥³  § ±·¥¶²¥´  ¢ ¸¨¸É¥³¥ ¶μ§¨Í¨μ´¨·μ¢ ´¨Ö ¨ ¶μ§¢μ²Ö¥É ¶¥-
·¥³¥Ð ÉÓ¸Ö ¢ É·¥Ì ¢§ ¨³´μ-¶¥·¶¥´¤¨±Ê²Ö·´ÒÌ ´ ¶· ¢²¥´¨ÖÌ (3D) ¸ Ï £μ³ 1,25 ³±³,  
É ±¦¥ μ¡¥¸¶¥Î¨¢ ¥É ¶μ¢μ·μÉÒ ¢ ¤¢ÊÌ ¢§ ¨³´μ-¶¥·¶¥´¤¨±Ê²Ö·´ÒÌ ¶²μ¸±μ¸ÉÖÌ (2R).

‹ §¥· ¶¨É ¥É¸Ö ¨ § ¶Ê¸± ¥É¸Ö ¡²μ±μ³ (Laser driver), ±μÉμ·Ò° É ±¦¥ Ëμ·³¨·Ê¥É § ¶Ê¸-
± ÕÐ¨° ¸¨£´ ² (Trigger) ¤²Ö �–� (Detector readout) DRS4 [6], ±μÉμ·Ò° ¶μ¤±²ÕÎ¥´ ±
�Š ¶μ USB. �  �Š Ê¸É ´μ¢²¥´μ �� (Laser test main program), ±μÉμ·μ¥ § ¶Ê¸± ¥É ´ ¡μ·
¤ ´´ÒÌ ¸ DRS4, Ê¶· ¢²Ö¥É ´ ¶·Ö¦¥´¨¥³ ¶¨É ´¨Ö Œ”‹„ (Bias voltage), ¸μÌ· ´Ö¥É ¤ ´´Ò¥
´  ¤¨¸± ¸ § ¤ ´´μ° ±μ´Ë¨£Ê· Í¨¥° (Data storage conˇguration): · §²¨Î´μ¥ Î¨¸²μ ¸Î¨ÉÒ-
¢ ´¨°, Ëμ·³ É ¤ ´´ÒÌ ¨ É. ¶. ‡ É¥³ ¤ ´´Ò¥ μ¡· ¡ ÉÒ¢ ÕÉ¸Ö ¢ ·¥¦¨³¥ μË² °´ (Of
ine
processing). SiPM (MAPD under test) § ±·¥¶²¥´ ´¥¶μ¤¢¨¦´μ ¶μ¤ ¶¥·¥³¥Ð ÕÐ¥°¸Ö Ëμ±Ê-
¸¨·ÊÕÐ¥° ¸¨¸É¥³μ° (3D+ 2R positioning system). ‘¨£´ ² ¸ ËμÉμ¤¨μ¤  Ê¸¨²¨¢ ¥É¸Ö ´¨§-
±μμ³´Ò³ ¶·¥¤Ê¸¨²¨É¥²¥³ (Pre-ampliˇer) ¸ ±μÔËË¨Í¨¥´Éμ³ Ê¸¨²¥´¨Ö ¶μ § ·Ö¤Ê K = 265.
‘Ò·Ò¥ ¤ ´´Ò¥ ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ´ ¡μ· μ¸Í¨²²μ£· ³³, μÍ¨Ë·μ¢ ´´ÒÌ ¸ Î ¸ÉμÉμ° ¤¨¸-
±·¥É¨§ Í¨¨ 5 ƒƒÍ. ‘¨£´ ² ¸ ËμÉμ¤¨μ¤  ¸μ¸É ¢²Ö¥É ¶μ μ¸´μ¢ ´¨Õ (0,1Ä0,9) ∼ 10 ´¸.

�¨¸. 5. ‡ ·Ö¤μ¢Ò¥ ¸¶¥±É·Ò ¸ ËμÉμ¤¨μ¤  MAPD-2 ¶·¨ μ¡²ÊÎ¥´¨¨ ¢¸¶ÒÏ± ³¨ ¸¢¥É  ³ ²μ° ¨´-

É¥´¸¨¢´μ¸É¨:  ) Ì · ±É¥·´Ò° ¸¶¥±É·, ¶μ²ÊÎ¥´´Ò° ¶·¨ μ¸¢¥Ð¥´¨¨ ¢¸¥° ¶μ¢¥·Ì´μ¸É¨ ËμÉμ¤¨μ¤ 
(μ = 2,3 Ë. Ô.); ¡) μÉ±²¨± μ¤¨´μÎ´μ£μ ¶¨±¸¥²Ö μ = 0,7 Ë. Ô.
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„²Ö  ´ ²¨§  ¶·μ¨§¢μ¤¨²μ¸Ó ¨´É¥£·¨·μ¢ ´¨¥ ¸¨£´ ²  ¢μ ¢·¥³¥´´μ³ μ±´¥ 20 ´¸, §´ Î¥´¨Ö
±μÉμ·μ£μ £¨¸É £· ³³¨·μ¢ ²¨¸Ó, Å § ·Ö¤μ¢Ò° ¸¶¥±É· (·¨¸. 5).

”μÉμ´Ò, ¶ ¤ ÕÐ¨¥ ´  ¶μ¢¥·Ì´μ¸ÉÓ SiPM, ¶μ¤Î¨´ÖÕÉ¸Ö · ¸¶·¥¤¥²¥´¨Õ �Ê ¸¸μ´  [7].
• · ±É¥·´Ò° ¸¶¥±É· μÉ SiPM ¶·¨¢¥¤¥´ ´  ·¨¸. 5,  . �·¨ μ¡²ÊÎ¥´¨¨ μ¤¨´μÎ´μ£μ ¶¨±-
¸¥²Ö ¢¥·μÖÉ´μ¸ÉÓ ¸· ¡ ÉÒ¢ ´¨Ö ´¥¸±μ²Ó±¨Ì ¶¨±¸¥²¥° ¢ ¨¤¥ ²Ó´μ³ ¸²ÊÎ ¥ μÉ¸ÊÉ¸É¢Ê¥É
(·¨¸. 5, ¡). �¤´ ±μ ¨§-§  ÔËË¥±É  ¶¥·¥±·¥¸É´ÒÌ ´ ¢μ¤μ± ¨ ´ ²¨Î¨Ö £ ²μ Ê ¸¢¥Éμ¢μ£μ
¶ÖÉ´  ´  ¸¶¥±É·¥ ¢¨¤´Ò  ³¶²¨ÉÊ¤Ò ¡μ²ÓÏ¨¥, Î¥³ μÉ±²¨± μ¤¨´μÎ´μ£μ ¶¨±¸¥²Ö. �·¨
ÔÉμ³ Î¨¸²μ ¸μ¡ÒÉ¨° ¢ ¶Ó¥¤¥¸É ²¥ N0 É ±¦¥ ¶μ¤Î¨´Ö¥É¸Ö · ¸¶·¥¤¥²¥´¨Õ �Ê ¸¸μ´ . �É-
´μ¸¨É¥²Ó´ Ö ÔËË¥±É¨¢´μ¸ÉÓ ·¥£¨¸É· Í¨¨ ¸¢¥É  ËμÉμ¤¥É¥±Éμ·μ³ (PDE) ¶·μ¶μ·Í¨μ´ ²Ó´ 
¸·¥¤´¥³Ê Î¨¸²Ê ËμÉμÔ²¥±É·μ´μ¢ (Ë. Ô.) μ ¶·¨ ¶μ¸ÉμÖ´´μ° ¸·¥¤´¥° ¨´É¥´¸¨¢´μ¸É¨ ¸¢¥É 
(Î¨¸²μ ËμÉμ´μ¢) γ, ¶μ¸±μ²Ó±Ê

PDE =
μ

γ
. (2)

‘·¥¤´¥¥ Î¨¸²μ ËμÉμÔ²¥±É·μ´μ¢ ¢ ± ¦¤μ° ÉμÎ±¥ ³μ¦¥É ¡ÒÉÓ μÍ¥´¥´μ ± ± [7]

μ̂ = − ln
N0

N
, (3)

£¤¥ N Å ¶μ²´μ¥ Î¨¸²μ ¸μ¡ÒÉ¨° ¢ ¸¶¥±É·¥. ‚ ± ¦¤μ° ÉμÎ±¥ ´ ¡¨· ² ¸Ó ¸É É¨¸É¨± 
N = 5000. —¨¸²μ ¸μ¡ÒÉ¨° ¢ ¶Ó¥¤¥¸É ²¥ N0 μ¶·¥¤¥²Ö²μ¸Ó ± ± ¨´É¥£· ² £¨¸Éμ£· ³³Ò
¢ ¨´É¥·¢ ²¥ (−∞, V ), £¤¥ V Å ¶μ²μ¦¥´¨¥ É ± ´ §Ò¢ ¥³μ° ¤μ²¨´Ò, ³¨´¨³Ê³  ³¥¦¤Ê
¶¥·¢Ò³¨ ¤¢Ê³Ö ¶¨± ³¨ (¸³. ·¨¸. 5, ¡). �É´μ¸¨É¥²Ó´ÊÕ ¶μ£·¥Ï´μ¸ÉÓ μ̂ ³μ¦´μ ¶·¨¡²¨§¨-
É¥²Ó´μ μÍ¥´¨ÉÓ ¶μ Ëμ·³Ê²¥ [7]

σ̂μ̂

μ̂
=

1√
Nμ̂

√
eμ̂ − 1

μ̂
. (4)

ˆ´É¥´¸¨¢´μ¸ÉÓ ¸¢¥É  ¢ ³ ±¸¨³Ê³¥ (Í¥´É· ²Ó´ Ö Î ¸ÉÓ ¶¨±¸¥²Ö) Ê¸É ´ ¢²¨¢ ² ¸Ó ´ 
Ê·μ¢´¥ 1,0 Ë. Ô., ÎÉμ ¶·¨ N = 5000 μ¡¥¸¶¥Î¨¢ ²μ ¸É É¨¸É¨Î¥¸±ÊÕ ÉμÎ´μ¸ÉÓ ´  Ê·μ¢´¥ 2 %.
‚ ³¨´¨³Ê³ Ì, ±μ£¤  ²ÊÎ ¸¢¥É  ¶μ¶ ¤ ² ³¥¦¤Ê ËμÉμÎÊ¢¸É¢¨É¥²Ó´Ò³¨ μ¡² ¸ÉÖ³¨, μÉ±²¨±
SiPM ¶ ¤ ² ¤μ Ê·μ¢´Ö 0,1 Ë. Ô., ¶·¨ ÔÉμ³ μÉ´μ¸¨É¥²Ó´ Ö ÉμÎ´μ¸ÉÓ ÊÌÊ¤Ï ² ¸Ó ¤μ 7 %.
Šμ²¨Î¥¸É¢μ ¸μ¡ÒÉ¨° μ¶É¨³¨§¨·μ¢ ²μ¸Ó ¨¸Ìμ¤Ö ¨§ ¤²¨É¥²Ó´μ¸É¨ ´ ¡μ· . ‘±μ·μ¸ÉÓ ¸Î¨-
ÉÒ¢ ´¨Ö �–� ¸μ¸É ¢²Ö²  ¶μ·Ö¤±  100 ƒÍ, ± ¦¤ Ö ÉμÎ±  ¸ N = 5000 § ´¨³ ²  ¶·¨³¥·´μ
1 ³¨´. � ¶·¨³¥·, ¸± ´¨·μ¢ ´¨¥ μ¡² ¸É¨ 375 × 375 ³±³ ¸ Ï £μ³ 5 ³±³ ¢ ´ Ï¥³ ¸²ÊÎ ¥
§ ´¨³ ¥É μ±μ²μ 4 ¸ÊÉ.

3. ˆ‘‘‹…„�‚��ˆ… ��‚…�•��‘’��-�ˆŠ‘…‹œ��ƒ� SiPM

‚ ´ Ï¥° · ¡μÉ¥ ¨§ÊÎ ²¸Ö ¶μ¢¥·Ì´μ¸É´μ-¶¨±¸¥²Ó´Ò° ËμÉμ¤¨μ¤ MAPD-2 Ë¨·³Ò Ze-
cotek [8]. �  ·¨¸. 6,   ¶·¥¤¸É ¢²¥´ É¥Ì´μ²μ£¨Î¥¸±¨° Î¥·É¥¦ £¥μ³¥É·¨Î¥¸±μ° Ê¶ ±μ¢±¨ ¨
· §³¥·Ò ¶μ¢¥·Ì´μ¸É´ÒÌ Ô²¥³¥´Éμ¢. „¨μ¤ ¨³¥¥É ÎÊ¢¸É¢¨É¥²Ó´ÊÕ ¶²μÐ ¤Ó 1,05× 1,05 ³³,
¶¨±¸¥²¨ ¸±μÏ¥´Ò ¸ μ¤´μ£μ ±· Ö ¨ · ¸¶μ² £ ÕÉ¸Ö ¸ Ï £μ³ d = 42 ³±³. � ¸Î¥É´Ò° £¥μ-
³¥É·¨Î¥¸±¨° Ë ±Éμ· § ¶μ²´¥´¨Ö ¶¨±¸¥²¥° εg = 62%. � ¡μÎ¥¥ ´ ¶·Ö¦¥´¨¥ Uop = 94 ‚.
�μ¸²¥ μ¡· ¡μÉ±¨ ¢¸¥Ì § ·Ö¤μ¢ÒÌ ¸¶¥±É·μ¢ (¸³. ·¨¸. 5) ¸É·μ¨²μ¸Ó ¤¢Ê³¥·´μ¥ · ¸¶·¥¤¥²¥-
´¨¥ μ. �  ·¨¸. 6, ¡ ¶·¥¤¸É ¢²¥´  ¨´É¥·¶μ²¨·μ¢ ´´ Ö ± ·É¨´  · ¸¶·¥¤¥²¥´¨Ö μÉ´μ¸¨É¥²Ó-
´μ° PDE. �É´μ¸¨É¥²Ó´Ò¥ §´ Î¥´¨Ö PDE ¶·¥¤¸É ¢²¥´Ò Í¢¥Éμ¢μ° Ï± ²μ° ¢ ¶·μÍ¥´É Ì.



602 �´Ë¨³μ¢ �. ‚. ¨ ¤·.

�
¨
¸.

6
(Í

¢¥
É´

μ°
¢

Ô²
¥±

É·
μ´

´
μ°

¢¥
·¸

¨
¨
).

a)
’
¥Ì

´
μ²

μ£
¨
Î¥

¸±
¨
°

Î¥
·É

¥¦
M

A
P
D

-2
,
£¥

μ³
¥É

·¨
Î¥

¸±
¨
°

Ë
 ±

Éμ
·

ε g
=

6
2

%
;
¡)

·¥
§Ê

²Ó
É 

É
¸±

 ´
¨
·μ

¢ 
´
¨
Ö

3
7
5
×

3
7
5

³
±³

Ë
μÉ

μ¤
¨
μ¤

 
M

A
P
D

-2
,
¢Ò

Î¨
¸²

¥´
´
Ò
°

£¥
μ³

¥É
·¨

Î¥
¸±

¨
°

Ë
 ±

Éμ
·

ε g
=

(5
8
±

7
)
%



‘± ´¨·μ¢ ´¨¥ ±·¥³´¨¥¢μ£μ ËμÉμÊ³´μ¦¨É¥²Ö ² §¥·´Ò³ ²ÊÎμ³ 603

�μ·³¨·μ¢±  100% ¶·μ¨§¢μ¤¨² ¸Ó ´  ¸·¥¤´¥¥  ·¨Ë³¥É¨Î¥¸±μ¥ §´ Î¥´¨° ³ ±¸¨³Ê³μ¢  ³-
¶²¨ÉÊ¤Ò ¢ ¶·¥¤¶μ² £ ¥³ÒÌ Í¥´É· Ì ¶¨±¸¥²¥°. „²Ö ¨´É¥·¶μ²ÖÍ¨¨ ¨¸¶μ²Ó§μ¢ ² ¸Ó ¢¸É·μ-
¥´´ Ö ËÊ´±Í¨Ö μÉ·¨¸μ¢±¨ ±μ´ÉÊ·μ¢ ®Cont4¯ ¢ ¶·μ£· ³³´μ³ ¶ ±¥É¥ ROOT [9].

�  ·¨¸. 6, ¡ Ìμ·μÏμ ¢¨¤´  ¶¨±¸¥²Ó´ Ö ¸É·Ê±ÉÊ·  ËμÉμ¤¥É¥±Éμ·  (±· ¸´μ-¦¥²ÉÒ¥ ±² -
¸É¥·Ò, μÉ³¥Î¥´Ò ± ± 100 %) Å ´ ¨¡μ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´Ò¥ ± ¸¢¥ÉÊ μ¡² ¸É¨. �·μ¸²¥¦¨¢ -
¥É¸Ö ¸±μÏ¥´´μ¸ÉÓ Ê£²μ¢ ¶¨±¸¥²¥°. ‚¨¤´μ, ÎÉμ ³¥¦¤Ê ¶¨±¸¥²Ö³¨ · ¸¶μ² £ ÕÉ¸Ö ´¥ÎÊ¢-
¸É¢¨É¥²Ó´Ò¥ ± ¸¢¥ÉÊ μ¡² ¸É¨ (Ë¨μ²¥Éμ¢μ-¸¨´¨¥ ±² ¸É¥·Ò, μÉ³¥Î¥´Ò ± ± 10 %), ±μÉμ·Ò¥
¸´¨¦ ÕÉ μ¡ÐÊÕ ÔËË¥±É¨¢´μ¸ÉÓ ·¥£¨¸É· Í¨¨ ¸¢¥É . „²Ö μ¶·¥¤¥²¥´¨Ö £¥μ³¥É·¨Î¥¸±μ£μ
Ë ±Éμ·  ¨¸¶μ²Ó§μ¢ ²μ¸Ó Î¨¸²¥´´μ¥ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ²ÊÎ¥´´μ£μ · ¸¶·¥¤¥²¥´¨Ö. „²Ö
¨´É¥£·¨·μ¢ ´¨Ö ¢Ò¡¨· ² ¸Ó ¸¨³³¥É·¨Î´ Ö μ¡² ¸ÉÓ, £¤¥ ´ Ìμ¤ÖÉ¸Ö Í¥²Ò¥ ®Î¥É¢¥·±¨¯ ¶¨±-
¸¥²¥° (μ¡μ§´ Î¥´Ò ¸É·¥²±μ° ´  ·¨¸. 6). �μ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É εg = (58 ± 7)% Ìμ·μÏμ
¸μ£² ¸Ê¥É¸Ö ¸ · ¸Î¥É´Ò³ ¶ · ³¥É·μ³ εg = 62%.

4. Œ…’�„› ˆ �…‡“‹œ’�’› ˆ‘‘‹…„�‚��ˆŸ ƒ‹“�ˆ���ƒ� SiPM

ŒÒ ¶·μ¢¥²¨ ¨¸¸²¥¤μ¢ ´¨¥ £²Ê¡¨´´μ£μ SiPM MAPD-3N Ë¨·³Ò Zecotek [8]. ”μÉμ¤¨μ¤
¨¸¶μ²Ó§μ¢ ²¸Ö ¡¥§ § Ð¨É´μ£μ Ô¶μ±¸¨¤´μ£μ ¸²μÖ, ÎÉμ ¶μ§¢μ²Ö²μ μ¡¥¸¶¥Î¨¢ ÉÓ ²ÊÎÏÊÕ
Ëμ±Ê¸¨·μ¢±Ê ¸¢¥Éμ¢μ£μ ¶ÖÉ´ . � §³¥· ËμÉμ¤¨μ¤  3 × 3 ³³. � §³¥· ¶¨±¸¥²Ö 5 ³±³, Ï £
³¥¦¤Ê ¶¨±¸¥²Ö³¨ 8 ³±³. �²μÉ´μ¸ÉÓ 15 625 ÏÉ./³³2. � ¡μÎ¥¥ ´ ¶·Ö¦¥´¨¥ Uop = 94 ‚.
�μ¸±μ²Ó±Ê ¶¨±¸¥²¨ · ¸¶μ² £ ÕÉ¸Ö ¢ £²Ê¡¨´¥, Éμ Ëμ±Ê¸¨·μ¢±Ê ´¥¢μ§³μ¦´μ Ê¸É ´μ¢¨ÉÓ
¢¨§Ê ²Ó´μ.

‘ Í¥²ÓÕ ¶μ²ÊÎ¥´¨Ö Ëμ±Ê¸¨·μ¢±¨ ´  ¶¨±¸¥²¥ ´ ³¨ ¡Ò² · §· ¡μÉ ´ ³¥Éμ¤ ¸± ´¨·μ¢ ´¨Ö
ËμÉμ¤¨μ¤  ¢ Éμ±μ¢μ³ ·¥¦¨³¥: ´ ¶·Ö¦¥´¨¥ Ê¸É ´ ¢²¨¢ ²μ¸Ó ´¥³´μ£μ ´¨¦¥ ¶·μ¡μ°´μ£μ
U = 90 ‚, ´¥¶·¥·Ò¢´Ò° ¸¢¥Éμ¢μ° ¶μÉμ± ¨²¨ ¡μ²ÓÏ Ö Î ¸ÉμÉ  ¶·¨ ¤μ¸É ÉμÎ´μ ¡μ²ÓÏμ°
¨´É¥´¸¨¢´μ¸É¨ ¸¢¥É . �·¨ É ±μ³ ´ ¶·Ö¦¥´¨¨ ¶¨±¸¥²¨ · ¡μÉ ÕÉ ¢ ²¨´¥°´μ³ ² ¢¨´´μ³
·¥¦¨³¥ ¸ Ê¸¨²¥´¨¥³ ∼ 10. � ¨²ÊÎÏ Ö Ëμ±Ê¸¨·μ¢±  μ¶·¥¤¥²Ö² ¸Ó ´ ¨¡μ²ÓÏ¥° · §´¨-
Í¥° ¨§³¥´¥´¨Ö ËμÉμÉμ± , ¸Î¨ÉÒ¢ ¥³μ£μ ´ ¶·Ö³ÊÕ ¸ ËμÉμ¤¨μ¤  ¶·¨ ¶¥·¥³¥Ð¥´¨¨ ¢¤μ²Ó
¶μ¢¥·Ì´μ¸É¨. �·¨ ¶μ¶ ¤ ´¨¨ ¶ÊÎ±  ¸¢¥É  ´  ¶¨±¸¥²Ó ËμÉμÉμ± Ê¸¨²¨¢ ²¸Ö ¨ ¤ ¢ ² ³ ±¸¨-
³ ²Ó´μ¥ §´ Î¥´¨¥, ¶·¨ ¶μ¶ ¤ ´¨¨ ³¥¦¤Ê ¶¨±¸¥²Ö³¨ ¶μ²ÊÎ ²μ¸Ó ³¨´¨³ ²Ó´μ¥ §´ Î¥´¨¥.
‚ ± Î¥¸É¢¥ ¨§³¥·¨É¥²Ö Éμ±  ¨¸¶μ²Ó§μ¢ ²¸Ö ¶¨±μ ³¶¥·³¥É· Keithley 6487/E. • · ±É¥·´ Ö
¢¥²¨Î¨´  Éμ±μ¢ Ê¸É ´ ¢²¨¢ ² ¸Ó ´  Ê·μ¢´¥ ´¥¸±μ²Ó±¨Ì ³¨±·μ ³¶¥·. � §· ¡μÉ±  ³¥Éμ¤ 
Ëμ±Ê¸¨·μ¢±¨ ² §¥·´μ£μ ¶ÖÉ´  ´  ¶¨±¸¥²ÖÌ ¢ £²Ê¡¨´¥ ¶·μ¨§¢μ¤¨² ¸Ó ¸ ¶μ³μÐÓÕ ±μ´Ëμ-
± ²Ó´μ£μ ³¨±·μ¸±μ¶  Solar TII ¸ Ê¸É ´μ¢²¥´´Ò³ ² §¥·μ³ ´¥¶·¥·Ò¢´μ£μ ¤¥°¸É¢¨Ö ¨ ¤²¨´μ°
¢μ²´Ò 440 ´³. ˆ§³¥·¥´´μ¥ μÉ´μ·³¨·μ¢ ´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ËμÉμÉμ±μ¢ (¸± ´¨·μ¢ ´¨¥)
¶·¨ μ¶É¨³ ²Ó´μ° Ëμ±Ê¸¨·μ¢±¥ ¶μ± § ´μ ´  ·¨¸. 7,  . Œ¨±·μ¸±μ¶ · ¸¶μ² £ ¥É¸Ö ¢ Ë¨-
²¨ ²¥ � ÊÎ´μ-¨¸¸²¥¤μ¢ É¥²Ó¸±μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´μ° Ë¨§¨±¨ ¨³. „. ‚. ‘±μ¡¥²ÓÍÒ´  Œμ-
¸±μ¢¸±μ£μ £μ¸Ê¤ ·¸É¢¥´´μ£μ Ê´¨¢¥·¸¨É¥É  ¨³. Œ. ‚.‹μ³μ´μ¸μ¢  (�ˆˆŸ” Œƒ“) ¢ „Ê¡´¥.
� §³¥· ¶ÖÉ´  0,8 ³±³ (¸·¥¤´¥±¢ ¤· É¨Î´μ¥ μÉ±²μ´¥´¨¥), ³¨´¨³ ²Ó´Ò° Ï £ 100 ´³. �ÉμÉ
² §¥· ´¥ ¨³¥¥É ¢μ§³μ¦´μ¸É¨ · ¡μÉ ÉÓ ¢ ¨³¶Ê²Ó¸´μ³ ·¥¦¨³¥, ÎÉμ ´¥ ¶μ§¢μ²Ö¥É ¶·μ¢¥¸É¨
¨§³¥·¥´¨Ö ¢ ®£¥°£¥·μ¢¸±μ³¯ ·¥¦¨³¥ · ¡μÉÒ ËμÉμ¤¨μ¤ , É ± ± ± É·¥¡Ê¥É¸Ö μ¤´μËμÉμÔ²¥±-
É·μ´´Ò° ·¥¦¨³ ¸ § ¶Ê¸±μ³. ‚ ¤ ²Ó´¥°Ï¥³ ÔÉμÉ ³¥Éμ¤ ¡Ò² ¶·¨³¥´¥´ ´ ³¨ ´  Ê¸É ´μ¢±¥
¢ Š ·²μ¢μ³ Ê´¨¢¥·¸¨É¥É¥ (·¨¸. 7, ¡) ¤²Ö Ëμ±Ê¸¨·μ¢±¨ ² §¥·´μ£μ ¶ÖÉ´  ¨ ¶μ¸²¥¤ÊÕÐ¥£μ
¸± ´¨·μ¢ ´¨Ö ¢ ¨³¶Ê²Ó¸´μ³ ·¥¦¨³¥, μ¶¨¸ ´´μ³ ¢ · §¤. 2. ‚¨¤´μ, ÎÉμ ¶μ²ÊÎ¥´´μ¥ ¶·μ-
¸É· ´¸É¢¥´´μ¥ · §·¥Ï¥´¨¥ ´¥¸±μ²Ó±μ ²ÊÎÏ¥ ´  ±μ´Ëμ± ²Ó´μ³ ³¨±·μ¸±μ¶¥. �Éμ ¸¢Ö§ ´μ
¸ ³¥´ÓÏ¨³¨ · §³¥· ³¨ ¸¢¥Éμ¢μ£μ ¶ÖÉ´ .
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�¨¸. 7 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). �¥§Ê²ÓÉ ÉÒ ¸± ´¨·μ¢ ´¨Ö £²Ê¡¨´´μ£μ SiPM MAPD-3N ¢

Éμ±μ¢μ³ ·¥¦¨³¥ (U = 90 ‚) ¸ ¶μ³μÐÓÕ: a) ±μ´Ëμ± ²Ó´μ£μ ³¨±·μ¸±μ¶  Solar TII; ¡) ¸± ´¨·ÊÕÐ¥°
¸É ´Í¨¨ (Š ·²μ¢ Ê´¨¢¥·¸¨É¥É)

�μ¸²¥ ´ Ìμ¦¤¥´¨Ö μ¶É¨³ ²Ó´μ£μ Ëμ±Ê¸  ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¨§³¥·¥´¨Ö ¢ · ¡μÎ¥³ ®£¥°-
£¥·μ¢¸±μ³¯ ·¥¦¨³¥ · ¡μÉÒ ËμÉμ¤¨μ¤  ¶·¨ Uop = 94 ‚. �¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì ¨§³¥·¥´¨°
¶·¨¢¥¤¥´Ò ´  ·¨¸. 8. Š ± ¨ μ¦¨¤ ²μ¸Ó, ¢¨¤´  ´¥¸±μ²Ó±μ ²ÊÎÏ Ö μ¤´μ·μ¤´μ¸ÉÓ (·¨¸. 8,  )
¶μ ¸· ¢´¥´¨Õ ¸ ¶μ¢¥·Ì´μ¸É´μ-¶¨±¸¥²Ó´Ò³ ËμÉμ¤¨μ¤μ³ (¸³. ·¨¸. 6, ¡). �¤´ ±μ ÔÉμ ³μ¦¥É
¡ÒÉÓ ¸¢Ö§ ´μ ¸ · §¡·μ¸μ³  ³¶²¨ÉÊ¤ ¨§-§  ¸³¥Ð¥´¨Ö Ëμ±Ê¸¨·μ¢±¨ (¤¨μ¤ ³μ¦¥É ´ Ìμ¤¨ÉÓ¸Ö
¢ ¶²μ¸±μ¸É¨, ¸²¥£±  ´¥ ¶ · ²²¥²Ó´μ° ¶²μ¸±μ¸É¨ ¶¥·¥³¥Ð¥´¨Ö ² §¥· ),   É ±¦¥ ¸ £·Ê¡Ò³
· §³¥·μ³ ¶ÖÉ´  (σ ∼ 2,8 ³±³), ¸· ¢´¨³Ò³ ¸ · §³¥· ³¨ ¶¨±¸¥²Ö (5 ³±³), ¨ § §μ·μ³ ³¥¦¤Ê
´¨³¨ (3 ³±³). ‚¨¤´μ, ÎÉμ Éμ²Ó±μ Î ¸ÉÓ ¶¨±¸¥²¥° ¤ ÕÉ ³ ±¸¨³ ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò (±· ¸´Ò¥
±² ¸É¥·Ò, μÉ³¥Î¥´Ò ± ± 100%) ¶μ ¸· ¢´¥´¨Õ ¸ ¡μ²ÓÏ¨´¸É¢μ³ ¶¨±¸¥²¥° (¦¥²Éμ-§¥²¥´Ò¥
±² ¸É¥·Ò, μÉ³¥Î¥´Ò ± ± 75%). �ÉμÉ ÔËË¥±É ÊÌÊ¤Ï ¥É ¶·μ¸É· ´¸É¢¥´´μ¥ · §·¥Ï¥´¨¥.
�·¨ ¢Ò·¥§ ´¨¨ ¤¨ ¶ §μ´  Ï± ²Ò 35Ä75% (·¨¸. 8, ¡) Ìμ·μÏμ ¶·μ¸²¥¦¨¢ ¥É¸Ö ¶¨±¸¥²Ó´ Ö
¸É·Ê±ÉÊ· . „²Ö ´μ·³¨·μ¢±¨ ¶·¨ μÍ¥´±¥ £¥μ³¥É·¨Î¥¸±μ£μ Ë ±Éμ·  ³Ò ¢ÒÎ¨¸²¨²¨ ¸·¥¤´¥¥
§´ Î¥´¨¥ ¶μ ³ ±¸¨³ ²Ó´Ò³  ³¶²¨ÉÊ¤ ³ ±² ¸É¥·μ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¶¨±¸¥²Ö³. ’ ±¨³
μ¡· §μ³, μÍ¥´¥´´Ò° £¥μ³¥É·¨Î¥¸±¨° Ë ±Éμ· εg = (65 ± 12)%. ƒ¥μ³¥É·¨Î¥¸±¨° Ë ±Éμ·
¡Ò²μ ¡Ò ±μ··¥±É´¥¥ ´ §¢ ÉÓ ±μÔËË¨Í¨¥´Éμ³ ¸¡μ·  Ô²¥±É·μ´μ¢. �¤´ ±μ ¤²Ö ¸μμÉ¢¥É¸É¢¨Ö
³Ò μ¸É ¢¨²¨ ÔÉμ ´ §¢ ´¨¥.

�¨¸. 8 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). �¥§Ê²ÓÉ É ¸± ´¨·μ¢ ´¨Ö 37,5 × 37,5 ³±³ ËμÉμ¤¨μ¤ 
MAPD-3N ¶·¨ · ¡μÎ¥³ ´ ¶·Ö¦¥´¨¨ Uop = 94 ‚ (®£¥°£¥·μ¢¸±¨°¯ ·¥¦¨³), Ï £ Å 1 ³±³: a) ¶μ²´ Ö

Ï± ² ; ¡) ¢Ò¤¥²¥´´Ò° ¤¨ ¶ §μ´. ‚ÒÎ¨¸²¥´´Ò° £¥μ³¥É·¨Î¥¸±¨° Ë ±Éμ· εg = (65 ± 12) %
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‚ · ¡μÉ¥ ¶·¥¤²μ¦¥´ ³¥Éμ¤ ¸± ´¨·μ¢ ´¨Ö ±·¥³´¨¥¢ÒÌ ËμÉμÊ³´μ¦¨É¥²¥° ¸ ¶μ³μÐÓÕ
² §¥·´μ£μ ²ÊÎ  ³¨±·μ³¥É·μ¢μ£μ · §³¥· . ’ ±μ° ³¥Éμ¤ ¶·μ¤¥³μ´¸É·¨·μ¢ ² μÎ¥´Ó Ìμ·μÏ¥¥
¸μ£² ¸¨¥ ¨§³¥·¥´´μ£μ §´ Î¥´¨Ö £¥μ³¥É·¨Î¥¸±μ£μ Ë ±Éμ·  § ¶μ²´¥´¨Ö εg = (58 ± 7)%
¨ · ¸¸Î¨É ´´μ£μ ¨§ ³ ¸±¨ É¥Ì´μ²μ£¨Î¥¸±μ£μ ³ ·Ï·ÊÉ  εg = 62% ¤²Ö ¶μ¢¥·Ì´μ¸É´μ-
¶¨±¸¥²Ó´μ£μ ËμÉμ¤¨μ¤  MAPD-2. ’ ±¦¥ ¶·¥¤²μ¦¥´ ³¥Éμ¤ Ëμ±Ê¸¨·μ¢±¨ ² §¥·´μ£μ ¶ÊÎ± 
´  ¶¨±¸¥²ÖÌ, · ¸¶μ²μ¦¥´´ÒÌ ¢ £²Ê¡¨´¥ ¶μ²Ê¶·μ¢μ¤´¨±μ¢μ£μ ¸²μÖ, ¸ ¶μ³μÐÓÕ ¸± ´¨·μ-
¢ ´¨Ö ËμÉμ¤¥É¥±Éμ·  ¢ Éμ±μ¢μ³ ·¥¦¨³¥. �·μ¢¥¤¥´Ò ¨§³¥·¥´¨Ö £²Ê¡¨´´μ£μ ËμÉμ¤¨μ¤ 
MAPD-3N. �μ± § ´μ, ÎÉμ ¢ ®£¥°£¥·μ¢¸±μ³¯ ·¥¦¨³¥ ¤²Ö ±· ¸´μ£μ ¸¢¥É  (λ = 662 ´³) É -
±μ° ¤¨μ¤ μ¡² ¤ ¥É £¥μ³¥É·¨Î¥¸±¨³ Ë ±Éμ·μ³ εg = (65±12)%. ” ±É Éμ£μ, ÎÉμ εg < 100%,
³μ¦¥É £μ¢μ·¨ÉÓ μ Éμ³, ÎÉμ ´¥ ¢¸¥ ËμÉμÔ²¥±É·μ´Ò ¸μ¡¨· ÕÉ¸Ö ¢ μ¡² ¸É¨ ² ¢¨´´μ£μ Ê³´μ-
¦¥´¨Ö. ‚μ§³μ¦´μ, ÔÉμ ¸¢Ö§ ´μ ¸ É¥³, ÎÉμ ±· ¸´Ò° ¸¢¥É ¶·μ´¨± ¥É ¢ ±·¥³´¨° ´  £²Ê¡¨´Ê
´¥¸±μ²Ó±¨Ì ³¨±·μ³¥É·μ¢ ¨ Î ¸ÉÓ ËμÉμÔ²¥±É·μ´μ¢ ³μ¦¥É ·μ¦¤ ÉÓ¸Ö ³¥¦¤Ê ¶¨±¸¥²Ö³¨ ¨ ´¥
¶μ¶ ¤ ÉÓ ¢ ² ¢¨´´ÊÕ μ¡² ¸ÉÓ Ê³´μ¦¥´¨Ö (¸³. ·¨¸. 2). “²ÊÎÏ¥´¨Ö £¥μ³¥É·¨Î¥¸±μ£μ Ë ±-
Éμ·  ¤²Ö ¤²¨´´μ¢μ²´μ¢μ£μ ¨§²ÊÎ¥´¨Ö ¢μ§³μ¦´μ ¤μ¡¨ÉÓ¸Ö Ê¢¥²¨Î¥´¨¥³ Éμ²Ð¨´Ò ¢¥·Ì´¥£μ
Ô¶¨É ±¸¨ ²Ó´μ£μ ¸²μÖ ¨²¨ ¨§³¥´¥´¨¥³ ¸É·Ê±ÉÊ·Ò ´  ¶μ¤²μ¦±¥ ¨§ p-±·¥³´¨Ö ¨ ¶μ³¥Ð¥-
´¨¥³ ¶¨±¸¥²¥° ¡²¨¦¥ ± ¶μ¢¥·Ì´μ¸É¨.

�² £μ¤ ·´μ¸É¨. �¢Éμ·Ò μÎ¥´Ó ¶·¨§´ É¥²Ó´Ò ÊÏ¥¤Ï¥³Ê ¨§ ¦¨§´¨ ‡. ‚.Š·Ê³ÏÉ¥°´Ê
(�ˆŸˆ) §  μ·£ ´¨§ Í¨Õ ¨ μ£·μ³´Ò° ¢±² ¤ ¢ ÔÉ¨ ¨¸¸²¥¤μ¢ ´¨Ö. ’ ±¦¥ ¡² £μ¤ ·¨³
’. ‚. ’¥É¥·¥¢Ê (Ë¨²¨ ² �ˆˆŸ” Œƒ“ ¢ „Ê¡´¥) §  ¶·¥¤μ¸É ¢²¥´´ÊÕ ¢μ§³μ¦´μ¸ÉÓ ¶·μ¢¥¸É¨
¨¸¸²¥¤μ¢ ´¨Ö ´  ±μ´Ëμ± ²Ó´μ³ ³¨±·μ¸±μ¶¥. �¢Éμ·Ò ¢Ò· ¦ ÕÉ ¡² £μ¤ ·´μ¸ÉÓ
¶·μË. �. ƒ. �²ÓÏ¥¢¸±μ³Ê, ‚.‚. — ²ÒÏ¥¢Ê, ˆ. …. —¨·¨±μ¢Ê-‡μ·¨´Ê (�ˆŸˆ) §  ¶μ³μÐÓ ¨
Í¥´´Ò¥ ¸μ¢¥ÉÒ ¶·¨ ¶μ¤£μÉμ¢±¥ ´ ¸ÉμÖÐ¥° · ¡μÉÒ. �£·μ³´μ¥ ¸¶ ¸¨¡μ ¶·μË. ‡. Ÿ. ‘ ¤Ò-
£μ¢Ê (�ˆŸˆ) §  ¶·¥¤μ¸É ¢²¥´´Ò¥ μ¡· §ÍÒ ¨ Î¥·É¥¦¨,   É ±¦¥ �.‚. �Ò¡´¨±μ¢Ê (�ˆŸˆ) § 
¶μ³μÐÓ ¢ ¶μ¤£μÉμ¢±¥ ¸É ÉÓ¨. „ ´´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö ¶μ¤¤¥·¦¨¢ ²¨¸Ó £· ´É ³¨ ¶μ²´μ³μÎ-
´μ£μ ¶·¥¤¸É ¢¨É¥²Ö ¶· ¢¨É¥²Ó¸É¢  —¥Ì¨¨ ¢ �ˆŸˆ 2006Ä2014,   É ±¦¥ £· ´Éμ³ ¶·μ£· ³³Ò
¸μÉ·Ê¤´¨Î¥¸É¢  �ˆŸˆÄ—¥Ì¨Ö 2006Ä2014.
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