
”ˆ‡ˆŠ� �‹…Œ…�’���›• —�‘’ˆ– ˆ �’�Œ��ƒ� Ÿ„��
2021. ’. 52. ‚›�. 4. ‘. 965Ä973

‹�‡…���Ÿ “‘’���‚Š�
„‹Ÿ ���‚…�Šˆ Š�—…‘’‚� ’�…Š�‚›• Œ�„“‹…‰

„‹Ÿ �Š‘�…�ˆŒ…�’� BM@N

�.ˆ. • ·² ³μ¢ 1, 2, ∗, Œ.�.˜¨É¥´±μ¢ 2

1 � ÊÎ´μ-¨¸¸²¥¤μ¢ É¥²Ó¸±¨° ¨´¸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¢ , Œμ¸±¢ 

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

�¶¨¸ ´  Ô±¸¶¥·¨³¥´É ²Ó´ Ö Ê¸É ´μ¢±  ´  μ¸´μ¢¥ ¨³¶Ê²Ó¸´ÒÌ ² §¥·´ÒÌ ¤¨μ¤μ¢
¤²Ö ¶·μ¢¥·±¨ É·¥±μ¢ÒÌ ³μ¤Ê²¥° ¤²Ö Ô±¸¶¥·¨³¥´É  BM@N. ˆ¤¥Ö ² §¥·´μ£μ ¸É¥´¤ 
μ¸´μ¢ ´  ´  ¨³¨É Í¨¨ ² §¥·´Ò³ ¶ÊÎ±μ³ ¶·μÌμ¦¤¥´¨Ö ¨μ´¨§¨·ÊÕÐ¥° Î ¸É¨ÍÒ Î¥·¥§
É·¥±μ¢Ò° ³μ¤Ê²Ó. ’·¥±μ¢Ò¥ ³μ¤Ê²¨ μ¸´μ¢ ´Ò ´  ±·¥³´¨¥¢ÒÌ ³¨±·μ¸É·¨¶μ¢ÒÌ ¸¥´-
¸μ· Ì ¨ ³¨±·μ¸Ì¥³ Ì ¸Î¨ÉÒ¢ ÕÐ¥° Ô²¥±É·μ´¨±¨ STS-XYTER. ‚ Ê¸É ´μ¢±¥ ¶·¨³¥´Ö-
ÕÉ¸Ö ² §¥·´Ò¥ ¤¨μ¤Ò ¸ ¨§²ÊÎ¥´¨¥³ ´  ¤¢ÊÌ ¤²¨´ Ì ¢μ²´ Å 635 ¨ 1064 ´³. ‚ ± Î¥¸É¢¥
¨¸ÉμÎ´¨±  ¶¨É ´¨Ö ² §¥·´ÒÌ ¤¨μ¤μ¢ ¨¸¶μ²Ó§Ê¥É¸Ö £¥´¥· Éμ· ¨³¶Ê²Ó¸μ¢. ˆ§²ÊÎ¥´¨¥ ¶¥-
·¥¤ ¥É¸Ö ¶μ μ¤´μ³μ¤μ¢μ³Ê μ¶Éμ¢μ²μ±´Ê Î¥·¥§  ÉÉ¥´Õ Éμ· ´  Ëμ±Ê¸¨·ÊÕÐÊÕ £μ²μ¢±Ê
¨ § É¥³ Ëμ±Ê¸¨·Ê¥É¸Ö ´  ¸¥´¸μ·¥. „ ²¥¥ ¤¥É¥±Éμ·´Ò° ³μ¤Ê²Ó ¶¥·¥³¥Ð ¥É¸Ö ¢³¥¸É¥ ¸
±μμ·¤¨´ É´Ò³ ¸Éμ²μ³ ¸ Í¥²ÓÕ ¨§³¥·¥´¨Ö μÉ±²¨±  μÉ ± ¦¤μ£μ ¸É·¨¶ .

An experimental setup for quality assurance of the BM@N experiment tracking mod-
ules based on pulsed diode lasers is described. The main idea of the setup is to simulate
an ionizing particle traversing a silicon sensor of the module. The tracking modules are
based on silicon microstrip sensors and readout electronics STS-XYTER ASICs. Diode
lasers with wavelengths of 635 and 1064 nm are used in the setup. The lasers are pow-
ered by a pulse oscillator which can generate rectangular pulses with high frequency.
Laser radiation is transmitted through a single-mode optical ˇber and an attenuator to a
focuser and then is focused on a tracking module sensor. After that, the module is moved
along with a positioning table in order to measure signals from all strips and readout
channels.

PACS: 07.77.Ka
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�¸´μ¢Ê ²Õ¡μ£μ ¸μ¢·¥³¥´´μ£μ Ô±¸¶¥·¨³¥´É  ¢ μ¡² ¸É¨ Ë¨§¨±¨ Î ¸É¨Í ¸μ-
¸É ¢²ÖÕÉ ¤¥É¥±Éμ·Ò, ·¥£¨¸É·¨·ÊÕÐ¨¥ ¨§²ÊÎ¥´¨Ö. �¤´μ° ¨§ ¢ ¦´¥°Ï¨Ì § ¤ Î
¢ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì Ö¢²Ö¥É¸Ö ÉμÎ´μ¥ μ¶·¥¤¥²¥´¨¥ É·¥±μ¢ ¨ ¨³¶Ê²Ó¸μ¢ Î -
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¸É¨Í,   É ±¦¥ ¢¥·Ï¨´ ¨Ì ¢§ ¨³μ¤¥°¸É¢¨°. ‘ ³Ò³ · ¸¶·μ¸É· ´¥´´Ò³ ¢¨¤μ³
¤¥É¥±Éμ·μ¢ ¤²Ö Í¥²¥° ¢μ¸¸É ´μ¢²¥´¨Ö É·¥±μ¢ Î ¸É¨Í ¨ ¢¥·Ï¨´ ¨Ì ¢§ ¨³μ¤¥°-
¸É¢¨° ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö Ö¢²ÖÕÉ¸Ö ±·¥³´¨¥¢Ò¥ ¸É·¨¶μ¢Ò¥ ¤¥É¥±Éμ·Ò.

Š·¥³´¨¥¢Ò¥ μ¤´μ¸Éμ·μ´´¨¥ ¸É·¨¶μ¢Ò¥ É·¥±μ¢Ò¥ ¤¥É¥±Éμ·Ò Ê¦¥ ¤ ¢´μ
¨ Ê¸¶¥Ï´μ ¶·¨³¥´ÖÕÉ¸Ö ¢ Ô±¸¶¥·¨³¥´É Ì ¢ μ¡² ¸É¨ Ë¨§¨±¨ ¢Ò¸μ±¨Ì Ô´¥·-
£¨°, ´ ¶·¨³¥· ¢ Ô±¸¶¥·¨³¥´É Ì ATLAS, CMS, ALICE ¨ LHCb ´  	μ²ÓÏμ³
 ¤·μ´´μ³ ±μ²² °¤¥·¥ ¨ ¢ D0 ¨ CDF ´  ÉÔ¢ É·μ´¥. ’¥³ ´¥ ³¥´¥¥ ´μ¢Ò¥ Ê¸±μ-
·¨É¥²Ó´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶μ Ë¨§¨±¥ ÉÖ¦¥²ÒÌ ¨μ´μ¢, É ±¨¥ ± ± BM@N ¨
CBM@FAIR, ¸É ¢ÖÉ ¤·Ê£¨¥, ¡μ²¥¥ ¸É·μ£¨¥ Ê¸²μ¢¨Ö ± É·¥±μ¢Ò³ ¸¨¸É¥³ ³ ¨§-
§  ¢Ò¸μ±¨Ì Î ¸ÉμÉÒ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ ³´μ¦¥¸É¢¥´´μ¸É¨ ÔÉ¨Ì Ô±¸¶¥·¨³¥´Éμ¢,
  É ±¦¥ ´¥μ¡Ìμ¤¨³μ¸É¨ ÉμÎ´μ£μ ¢μ¸¸É ´μ¢²¥´¨Ö ¢Éμ·¨Î´ÒÌ ¢¥·Ï¨´ ¢§ ¨³μ-
¤¥°¸É¢¨°, μ¡· §μ¢ ´´ÒÌ ±μ·μÉ±μ¦¨¢ÊÐ¨³¨ Î ¸É¨Í ³¨. ‚ ¸¢Ö§¨ ¸ ¢ÒÏ¥¸± -
§ ´´Ò³ ¡Ò²μ ¶·¨´ÖÉμ ·¥Ï¥´¨¥ ¶·¨³¥´ÖÉÓ ¤¢ÊÌ¸Éμ·μ´´¨¥ ³¨±·μ¸É·¨¶μ¢Ò¥
¤¥É¥±Éμ·Ò, ±μÉμ·Ò¥ ¤μ ´ ¸ÉμÖÐ¥£μ ¢·¥³¥´¨ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¢¥¸Ó³  μ£· ´¨-
Î¥´´μ (Î ¸É¨Î´μ Éμ²Ó±μ ¢ D0 [1] ¨ Delphi [2]). �μÔÉμ³Ê É·¥¡ÊÕÉ¸Ö ÊÉμÎ-
´¥´¨¥ ¨ ¡μ²¥¥ ÉÐ É¥²Ó´ Ö ¶·μ¢¥·±  Ì · ±É¥·¨¸É¨± É ±μ£μ ·μ¤  ¤¥É¥±Éμ·μ¢.
�μ¸±μ²Ó±Ê ¤¥É¥±Éμ·´Ò° ³μ¤Ê²Ó ¶² ´¨·Ê¥É¸Ö ¶·¨³¥´ÖÉÓ ¢ Ô±¸¶¥·¨³¥´É Ì ¸
ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ ´  Ë¨±¸¨·μ¢ ´´μ° ³¨Ï¥´¨ ¸ ¢Ò¸μ±μ° Î ¸ÉμÉμ° ¢§ ¨³μ-
¤¥°¸É¢¨Ö ¨ ³´μ¦¥¸É¢¥´´μ¸ÉÓÕ, Éμ ´¥¨§¡¥¦´μ ¨¸¶μ²Ó§μ¢ ´¨¥ ¡¥¸É·¨££¥·´μ°
Ô²¥±É·μ´¨±¨, ±μÉμ· Ö Éμ¦¥ ³ ¸¸μ¢μ ´¥ ¶·¨³¥´Ö² ¸Ó, ¶μÔÉμ³Ê ´¥μ¡Ìμ¤¨³μ
¨§ÊÎ¥´¨¥ ¥¥ ¶ · ³¥É·μ¢ ¨ ¨Ì ¢²¨Ö´¨Ö ´  · ¡μÉÊ ¤¥É¥±Éμ·´μ° ¸¨¸É¥³Ò.

‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¡Ò²μ ¶·¨´ÖÉμ ·¥Ï¥´¨¥ μ · §· ¡μÉ±¥ ² §¥·´μ£μ ¸É¥´¤  ¤²Ö
¶·μ¢¥·±¨ ± Î¥¸É¢  É·¥±μ¢ÒÌ ³μ¤Ê²¥°, ±μÉμ·Ò° ³μ¦¥É Ô³Ê²¨·μ¢ ÉÓ ¶·μ²¥É
¨μ´¨§¨·ÊÕÐ¥° Î ¸É¨ÍÒ Î¥·¥§ É·¥±μ¢Ò° ³μ¤Ê²Ó.

’…��ˆŸ

‘¢¥É μÉ ² §¥·´μ£μ ¤¨μ¤  ¸μ¸Éμ¨É ¨§ ËμÉμ´μ¢, ±μÉμ·Ò¥ Ì · ±É¥·¨§ÊÕÉ¸Ö,
¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó, ¸¢μ¥° Ô´¥·£¨¥°, ±μÉμ·ÊÕ ³μ¦´μ ¢Ò· §¨ÉÓ Î¥·¥§ ¤²¨´Ê
¢μ²´Ò ¨§²ÊÎ¥´¨Ö. …¸²¨ ¢Ò· ¦ ÉÓ Ô´¥·£¨Õ ËμÉμ´  ¢ Ô²¥±É·μ´¢μ²ÓÉ Ì,   ¤²¨´Ê
¢μ²´Ò Å ¢ ´ ´μ³¥É· Ì, Éμ Ô´¥·£¨Õ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¶μ Ê¶·μÐ¥´´μ³Ê ¢Ò· -
¦¥´¨Õ

Eph [Ô‚] =
1240 Ô‚ · ´³

λ [´³]
. (1)

�μ£²μÐ¥´¨¥ ËμÉμ´  ¶·μ¨¸Ìμ¤¨É, ¥¸²¨ ¥£μ Ô´¥·£¨Ö, ¶μ ±· °´¥° ³¥·¥,
· ¢´  ³¨´¨³ ²Ó´μ³Ê ±¢ ´ÉÊ Ô´¥·£¨¨, ±μÉμ·Ò° Î ¸É¨Í  ¢¥Ð¥¸É¢  ³μ¦¥É ¶μ-
£²μÉ¨ÉÓ. ‚ ¸²ÊÎ ¥ ³μ´μ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ ±·¥³´¨Ö (±μÉμ·Ò° Ö¢²Ö¥É¸Ö
· ¡μÎ¨³ ¢¥Ð¥¸É¢μ³ É·¥±μ¢μ£μ ¸¥´¸μ· ) ³¨´¨³ ²Ó´ Ö ¢¥²¨Î¨´  Ô´¥·£¨¨ ¸μμÉ-
¢¥É¸É¢Ê¥É Ï¨·¨´¥ § ¶·¥Ð¥´´μ° §μ´Ò, · ¢´μ° 1,12 Ô‚ ¶·¨ 300 K. „²Ö ËμÉμ´μ¢
¸ Ô´¥·£¨¥° ³¥´ÓÏ¥ 1,12 Ô‚ ±·¥³´¨° ¶·μ§· Î¥´. ’μ ¥¸ÉÓ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¸μμÉ-
´μÏ¥´¨¥³ (1), ¤²Ö Éμ£μ ÎÉμ¡Ò ¨§²ÊÎ¥´¨¥ ² §¥·´μ£μ ¤¨μ¤  ¢§ ¨³μ¤¥°¸É¢μ¢ ²μ
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¸ ¸¥´¸μ·μ³, ¤²¨´  ¢μ²´Ò ¨§²ÊÎ¥´¨Ö ¤μ²¦´  ¡ÒÉÓ ³¥´¥¥ 1107 ´³. �¤´ ±μ ¶μ-
£²μÐ¥´¨¥ ËμÉμ´μ¢ ¸ Ô´¥·£¨¥°, ³¥´ÓÏ¥° Ï¨·¨´Ò § ¶·¥Ð¥´´μ° §μ´Ò, ¢¸¥ ¥Ð¥
¢μ§³μ¦´μ, ¥¸²¨ ¢ § ¶·¥Ð¥´´μ° §μ´¥ ¥¸ÉÓ Ê·μ¢´¨, μ¡· §μ¢ ´´Ò¥ ¤¥Ë¥±É ³¨
±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ ¨²¨ ¶·¨³¥¸Ö³¨.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¸·¥¤´ÖÖ Ô´¥·£¨Ö μ¡· §μ¢ ´¨Ö Ô²¥±É·μ´´μ-¤Ò·μÎ´μ°
¶ ·Ò ¢ ±·¥³´¨¨ ¶·¨ ¶·μÌμ¦¤¥´¨¨ § ·Ö¦¥´´μ° Î ¸É¨ÍÒ ¨²¨ ËμÉμ´  ¸ Ô´¥·-
£¨¥°, §´ Î¨É¥²Ó´μ ¶·¥¢ÒÏ ÕÐ¥° Ï¨·¨´Ê § ¶·¥Ð¥´´μ° §μ´Ò, ´¥ · ¢´  Ï¨-
·¨´¥ § ¶·¥Ð¥´´μ° §μ´Ò 1,12 Ô‚ ¨ ¸μ¸É ¢²Ö¥É 3,6 Ô‚. � §²¨Î¨¥ ÔÉ¨Ì ¢¥²¨Î¨´
μ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉμ ËμÉμ´Ò ¸ Ô´¥·£¨¥°, ´¥ ¸¨²Ó´μ ¶·¥¢ÒÏ ÕÐ¥° Ï¨·¨´Ê
§ ¶·¥Ð¥´´μ° §μ´Ò, ¶μ£²μÐ ÕÉ¸Ö ¶μ²´μ¸ÉÓÕ, Éμ£¤  ± ± μ¸É ²Ó´Ò¥ Î ¸É¨ÍÒ É¥-
·ÖÕÉ Ô´¥·£¨Õ ¢ ¶μ²Ê¶·μ¢μ¤´¨± Ì ¶ÊÉ¥³ ³´μ¦¥¸É¢  · ¸¸¥Ö´¨° ´  Ô²¥±É·μ´ Ì
 Éμ³μ¢ ¶μ²Ê¶·μ¢μ¤´¨± . — ¸ÉÓ ¶μÉ¥·Ö´´μ° Ô´¥·£¨¨ É· É¨É¸Ö ´  ¢μ§¡Ê¦¤¥-
´¨¥ ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨,   ¤·Ê£ Ö Î ¸ÉÓ Å ´  μ¡· §μ¢ ´¨¥ Ô²¥±É·μ´´μ-
¤Ò·μÎ´μ° ¶ ·Ò.

�·¨ ÔÉμ³ ËμÉμ´Ò ¸ Ô´¥·£¨¥° ¡μ²¥¥ 1,12 Ô‚ ´¥ μ¡Ö§ É¥²Ó´μ ¶μ£²μÉÖÉ¸Ö
±·¥³´¨¥³. ‚¥·μÖÉ´μ¸ÉÓ ÔÉμ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö § ¢¨¸¨É μÉ Éμ£μ, ´ ¸±μ²Ó±μ
Ô´¥·£¨Ö ËμÉμ´  ¶·¥¢ÒÏ ¥É Ï¨·¨´Ê § ¶·¥Ð¥´´μ° §μ´Ò, ¨ μ¶·¥¤¥²Ö¥É¸Ö ±μ-
ÔËË¨Í¨¥´Éμ³ ¶μ£²μÐ¥´¨Ö, § ¢¨¸ÖÐ¨³ μÉ ¤²¨´Ò ¢μ²´Ò ¨§²ÊÎ¥´¨Ö ¨ ³ É¥-
·¨ ² , ¸ ¶μ³μÐÓÕ ±μÉμ·μ£μ ´ Ìμ¤¨É¸Ö, ± ±μ° ¶·μÍ¥´É ËμÉμ´μ¢, ¶ ¤ ÕÐ¨Ì
´  ³ É¥·¨ ² Éμ²Ð¨´μ° 1 ¸³, ¡Ê¤¥É ¶μ£²μÐ¥´. ’ ±¦¥ ³μ¦´μ μ¶·¥¤¥²¨ÉÓ É ±
´ §Ò¢ ¥³ÊÕ ¤²¨´Ê ¶μ£²μÐ¥´¨Ö (¨²¨ £²Ê¡¨´Ê ¶·μ´¨±´μ¢¥´¨Ö) Å Éμ²Ð¨´Ê ³ -
É¥·¨ ² , ´¥μ¡Ìμ¤¨³ÊÕ, ÎÉμ¡Ò ¶μ£²μÉ¨ÉÓ 1/e (¶·¨³¥·´μ 37%) ¶ ¤ ÕÐ¥£μ ¨§-
²ÊÎ¥´¨Ö. ‚ ¤ ´´μ° ² §¥·´μ° Ê¸É ´μ¢±¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö ² §¥·´Ò¥ ¤¨μ¤Ò ¤¢ÊÌ

�¨¸. 1. ‡ ¢¨¸¨³μ¸ÉÓ ¤²¨´Ò ¶μ£²μÐ¥´¨Ö ¢ ±·¥³´¨¨ μÉ ¤²¨´Ò ¢μ²´Ò ¶ ¤ ÕÐ¥£μ ¨§²ÊÎ¥-
´¨Ö: 1 Å ¤²¨´  ¢μ²´Ò 635 ´³ ¸μμÉ¢¥É¸É¢Ê¥É ¤²¨´¥ ¶μ£²μÐ¥´¨Ö 3,17 ³±³; 2 Å ¤²¨´ 
¢μ²´Ò 1064 ´³ ¸μμÉ¢¥É¸É¢Ê¥É 1040 ³±³
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¤²¨´ ¢μ²´ Å 635 ¨ 1064 ´³. „²¨´  ¶μ£²μÐ¥´¨Ö ¢ ±·¥³´¨¨ ¤²Ö ¨§²ÊÎ¥´¨Ö
¸ ¤²¨´μ° ¢μ²´Ò 635 ´³ ¸μ¸É ¢²Ö¥É 3,17 ³±³,   ¸ 1064 ´³ Å 1040 ³±³ [3]
(·¨¸. 1).

‚ ¤ ´´μ³ ¸²ÊÎ ¥ ¶·¨ ¶μ£²μÐ¥´¨¨ ËμÉμ´  ¸ Ô´¥·£¨¥° ¡μ²ÓÏ¥°, Î¥³ Ï¨-
·¨´  § ¶·¥Ð¥´´μ° §μ´Ò, ÔÉ  Ô´¥·£¨Ö É· É¨É¸Ö ´  ¶¥·¥´μ¸ Ô²¥±É·μ´  ¨§ ¢ -
²¥´É´μ° §μ´Ò ´  μ¤¨´ ¨§ ´¥§ ¶μ²´¥´´ÒÌ Ê·μ¢´¥° ¢ §μ´¥ ¶·μ¢μ¤¨³μ¸É¨, ¢ ·¥-
§Ê²ÓÉ É¥ Î¥£μ ¸μ§¤ ¥É¸Ö Ô²¥±É·μ´´μ-¤Ò·μÎ´ Ö ¶ · , ±μÉμ· Ö § É¥³ ¨ ·¥£¨¸É·¨-
·Ê¥É¸Ö ¤¥É¥±Éμ·μ³.

’·¥±μ¢Ò° ¤¥É¥±Éμ· · ¸¸Î¨É ´ ´  ¤¥É¥±É¨·μ¢ ´¨¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í,
μÉ±²¨± μÉ ±μÉμ·ÒÌ ¡²¨§μ± ± μÉ±²¨±Ê μÉ ³¨´¨³ ²Ó´μ ¨μ´¨§¨·ÊÕÐ¥° Î ¸É¨ÍÒ
(MIP), ¶μÔÉμ³Ê É¥¸É¨·μ¢ ´¨¥ É·¥±μ¢ÒÌ ³μ¤Ê²¥° ¶·¥¤¶μ² £ ¥É ³μ¤¥²¨·μ¢ ´¨¥
¸¨ÉÊ Í¨¨ ¶·μ²¥É  É ±μ° Î ¸É¨ÍÒ. „²Ö ÔÉμ£μ ¸²¥¤Ê¥É ¶·μ¢¥¸É¨ · ¸Î¥ÉÒ Ô´¥·-
£¨¨ ² §¥·´μ£μ ¨³¶Ê²Ó¸ , ¶·¨³¥·´μ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ MIP, ¨ ´¥μ¡Ìμ¤¨³ÊÕ
± ²¨¡·μ¢±Ê μ¡μ·Ê¤μ¢ ´¨Ö.

‚ ²¨É¥· ÉÊ·´ÒÌ ¨¸ÉμÎ´¨± Ì ¢¸É·¥Î ÕÉ¸Ö · §´Ò¥ §´ Î¥´¨Ö ±μ²¨Î¥¸É¢ 
Ô²¥±É·μ´´μ-¤Ò·μÎ´ÒÌ ¶ ·, ¢Ò¤¥²ÖÕÐ¨Ì¸Ö ¢ ±·¥³´¨¨ Éμ²Ð¨´μ° 300 ³±³ μÉ
¶·μ²¥É  MIP, Å μÉ 20 000 ¤μ 25 000. „²Ö μÍ¥´±¨ ´¥μ¡Ìμ¤¨³μ° Ô´¥·£¨¨ ² -
§¥·´μ£μ ¨³¶Ê²Ó¸  ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ ÔÉμ 22 500 ¶ · Ô²¥±É·μ´Ä¤Ò·± .

�μ¸±μ²Ó±Ê ¢ Ê¸É ´μ¢±¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö ² §¥·´Ò¥ ¤¨μ¤Ò ¸ ¤²¨´ ³¨ ¢μ²´
635 ¨ 1064 ´³, Éμ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ Ô´¥·£¨¨ ±¢ ´Éμ¢ ¡Ê¤ÊÉ 1,95 ¨ 1,17 Ô‚
¸μ£² ¸´μ ¸μμÉ´μÏ¥´¨Õ (1). �·¥¤¶μ²μ¦¨³, ÎÉμ ÔËË¥±É¨¢´μ¸ÉÓ ·¥£¨¸É· Í¨¨
· ¢´  100% ¨ ¶μÉ¥·Ó ¢ μ¶É¨Î¥¸±μ° ¸¨¸É¥³¥ ´¥É. ’μ£¤  ¶μ²´Ò¥ Ô´¥·£¨¨
² §¥·´ÒÌ ¨³¶Ê²Ó¸μ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì MIP, ¡Ê¤ÊÉ · ¢´Ò

E635 = 1,95 Ô‚ × 22500 = 43,875 ±Ô‚ = 7,0 · 10−15 „¦,

E1064 = 1,17 Ô‚ × 22500 = 26,325 ±Ô‚ = 4,2 · 10−15 „¦.
(2)

Š· ¸´Ò° ² §¥·´Ò° ¨³¶Ê²Ó¸, ¢¥·μÖÉ´μ, ¶μ²´μ¸ÉÓÕ ¶μ£²μÉ¨É¸Ö ±·¥³´¨¥³,
´μ ¨´Ë· ±· ¸´Ò° ¶μ£²μÉ¨É¸Ö ¶·¨³¥·´μ ´  25%, ¢ μ¶Éμ¢μ²μ±μ´´ÒÌ ²¨´¨ÖÌ
¨ Ê§² Ì ¥¸ÉÓ ´¥±μÉμ·Ò¥ ´¥¡μ²ÓÏ¨¥ ¶μÉ¥·¨ (μ¡ÒÎ´μ ¶μ·Ö¤±  0,3 ¤	), Î ¸ÉÓ
² §¥·´μ£μ ²ÊÎ  μÉ· §¨É¸Ö μÉ ³¥É ²²¨§ Í¨¨ ¨²¨ μ±¸¨¤  ±·¥³´¨Ö ´  ¶μ¢¥·Ì-
´μ¸É¨ ¨ § ¤´¥° ¶²μ¸±μ¸É¨ ¸¥´¸μ· . �·¨¡²¨§¨É¥²Ó´Ò° ÊÎ¥É ÔÉ¨Ì ¶μÉ¥·Ó ¶μ-
± §Ò¢ ¥É, ÎÉμ Ô´¥·£¨Õ ¨³¶Ê²Ó¸  ´Ê¦´μ ¶μ¢Ò¸¨ÉÓ ´  μ¤¨´-¤¢  ¶μ·Ö¤± . �μ
¨ ¢ ÔÉμ³ ¸²ÊÎ ¥ Ô´¥·£¨Ö 10−14Ä10−13 „¦ ¸²¨Ï±μ³ ³ ² , ¤ ¦¥ ¤²Ö ³ ²μ-
³μÐ´ÒÌ ² §¥·´ÒÌ ¤¨μ¤μ¢. �μÔÉμ³Ê ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ´¨¥  ÉÉ¥´Õ -
Éμ·μ¢.

’�…Š�‚›… Œ�„“‹ˆ

‚μ¸¸É ´μ¢²¥´¨¥ É·¥±μ¢ ¨ ¨³¶Ê²Ó¸μ¢ Î ¸É¨Í, μ¡· §ÊÕÐ¨Ì¸Ö ¢ ¸Éμ²±´μ¢¥-
´¨ÖÌ  Éμ³´ÒÌ Ö¤¥·, Å ÔÉμ μ¤´  ¨§ Í¥´É· ²Ó´ÒÌ ¤¥É¥±Éμ·´ÒÌ § ¤ Î ¢ Ô±¸¶¥-
·¨³¥´É Ì ¶μ ¸Éμ²±´μ¢¥´¨Õ ÉÖ¦¥²ÒÌ ¨μ´μ¢. ‚ ¡Ê¤ÊÐ¥³ Ô±¸¶¥·¨³¥´É¥ BM@N
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(Baryonic Matter at Nuclotron) § ¤ ÎÊ ¶μ ¢μ¸¸É ´μ¢²¥´¨Õ É· ¥±Éμ·¨° ¨ ¨³¶Ê²Ó-
¸μ¢ Î ¸É¨Í ·¥Ï ¥É £¨¡·¨¤´Ò° É·¥±¥·, Î ¸ÉÓÕ ±μÉμ·μ£μ Ö¢²Ö¥É¸Ö ±·¥³´¨¥¢ Ö
É·¥±μ¢ Ö ¸¨¸É¥³  STS (Silicon Tracking System) [4].

�±¸¶¥·¨³¥´É BM@N Å ÔÉμ ¶¥·¢Ò° ÔÉ ¶ ¶·μ¥±É  NICA, ±μÉμ·Ò° ¸²Ê¦¨É
§ ¤ Î ³ ´¥ Éμ²Ó±μ ¨§ÊÎ¥´¨Ö Š•„-³ É¥·¨¨ ¨ ¨´ÒÌ Ë¨§¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ -
´¨°, ´μ ¨ É¥¸É¨·μ¢ ´¨Ö μ¡μ·Ê¤μ¢ ´¨Ö ¤²Ö ¶·μ¥±Éμ¢ CBM@FAIR ¨ NICA.
�ÉμÉ Ô±¸¶¥·¨³¥´É ¨³¥¥É ³´μ£μ μ¡Ð¥£μ ¸ Ô±¸¶¥·¨³¥´Éμ³ CBM, ¢ Éμ³ Î¨-
¸²¥ ¶μÌμ¦ÊÕ ±·¥³´¨¥¢ÊÕ É·¥±μ¢ÊÕ ¸¨¸É¥³Ê, ¸μ¸ÉμÖÐÊÕ Éμ²Ó±μ ¨§ Î¥ÉÒ·¥Ì
¸É ´Í¨°. �μ¸±μ²Ó±Ê ¢ BM@N μ¦¨¤ ÕÉ¸Ö §´ Î¨É¥²Ó´μ ³¥´ÓÏ¨¥, Î¥³ ¢ CBM,
§ £·Ê§±¨ ¸¥´¸μ·μ¢, Éμ ¤²Ö STS BM@N ¢Ò¡· ´Ò ¸¥´¸μ·Ò · §³¥· ³¨ 4 × 6 ¸³
¨ 6× 6 ¸³ ¤²Ö ¢´ÊÉ·¥´´¨Ì ¨ ¢´¥Ï´¨Ì μ¡² ¸É¥° ¸É ´Í¨¨ ¸μμÉ¢¥É¸É¢¥´´μ. ‘¥´-
¸μ·Ò 4 × 6 ¸³, ¶·¨²¥£ ÕÐ¨¥ ± ¢Ò¢μ¤Ê ¶ÊÎ± , ¡Ê¤ÊÉ ¶·μ¨§¢¥¤¥´Ò ¸ ¢Ò·¥§μ³,
ÎÉμ¡Ò ¶·¥¤μÉ¢· É¨ÉÓ ¢§ ¨³μ¤¥°¸É¢¨¥ ¸¥´¸μ·μ¢ ¸ μ¸É ÉμÎ´Ò³ ¶ÊÎ±μ³ ¨ ¢ Éμ
¦¥ ¢·¥³Ö ¶μ±·ÒÉÓ ± ± ³μ¦´μ ¡μ²ÓÏ¨° É¥²¥¸´Ò° Ê£μ².

Œμ¤Ê²¨ STS ¸μ¸ÉμÖÉ ¨§ ±·¥³´¨¥¢ÒÌ ¸¥´¸μ·μ¢, ¸Î¨ÉÒ¢ ÕÐ¥° Ô²¥±É·μ-
´¨±¨ ¨ ¸μ¥¤¨´¨É¥²Ó´ÒÌ ± ¡¥²¥°. ‚Ò¡· ´Ò ±·¥³´¨¥¢Ò¥ ³¨±·μ¸É·¨¶μ¢Ò¥ ¤¢ÊÌ-
¸Éμ·μ´´¨¥ ¸¥´¸μ·Ò Éμ²Ð¨´μ° 300 ³±³, ±μÉμ·Ò¥ μ¡² ¤ ÕÉ 1024 ¸É·¨¶ ³¨
´  ± ¦¤μ° ¸Éμ·μ´¥ ¸ Ï £μ³ ¸É·¨¶μ¢ 58 ³±³, μÉ ¤¢ÊÌ ¶·μ¨§¢μ¤¨É¥²¥° Å
CiS (ƒ¥·³ ´¨Ö) ¨ Hamamatsu (Ÿ¶μ´¨Ö). ’¥²¥¸´Ò° Ê£μ² ³¥¦¤Ê ¸É·¨¶ ³¨
´  ¤¢ÊÌ ¸Éμ·μ´ Ì ¸μ¸É ¢²Ö¥É 7,5◦, ÎÉμ ¸¤¥² ´μ ¤²Ö Ê³¥´ÓÏ¥´¨Ö ´¥μ¶·¥¤¥-
²¥´´μ¸É¨ ¶·¨ ¢μ¸¸É ´μ¢²¥´¨¨ É·¥±μ¢. ˜ £ ¸É·¨¶μ¢ ¢ 58 ³±³ ¢¥¤¥É ± ¶·μ-
¸É· ´¸É¢¥´´μ³Ê · §·¥Ï¥´¨Õ ¤¥É¥±Éμ·  58 ³±³/

√
12 ≈ 17 ³±³. „¢ÊÌ¸Éμ·μ´-

´¨¥ ¸¥´¸μ·Ò ³μ£ÊÉ ¶·¥¤μ¸É ¢¨ÉÓ ¢ ¤¢  · §  ¡μ²ÓÏ¥¥ ±μ²¨Î¥¸É¢μ ¨´Ëμ·³ Í¨¨
¶·¨ Éμ³ ¦¥ μ¡Ñ¥³¥ ±·¥³´¨Ö, ± ± ¨ ¢ ¸²ÊÎ ¥ μ¤´μ¸Éμ·μ´´¨Ì. ‚ Ê¸²μ¢¨ÖÌ
´¥Ì¢ É±¨ ¶·μ¸É· ´¸É¢  ¤¢ÊÌ¸Éμ·μ´´¨¥ ¸¥´¸μ·Ò Ö¢²ÖÕÉ¸Ö ²ÊÎÏ¨³ ·¥Ï¥´¨¥³,
´¥¸³μÉ·Ö ´  ¡μ²ÓÏÊÕ ¸²μ¦´μ¸ÉÓ ¢ ¨§£μÉμ¢²¥´¨¨ ¨ ¶·¨ ¸Î¨ÉÒ¢ ´¨¨ ¨´Ëμ·-
³ Í¨¨.

„·Ê£ Ö ¢ ¦´ Ö Î ¸ÉÓ É·¥±μ¢μ£μ ³μ¤Ê²Ö Å ÔÉμ ¥£μ ¸Î¨ÉÒ¢ ÕÐ Ö Ô²¥±É·μ-
´¨± . ‚ ´ Ï¥³ ¸²ÊÎ ¥ ¤²Ö ÔÉ¨Ì Í¥²¥° ¨¸¶μ²Ó§Ê¥É¸Ö ¸ ³μÉ·¨££¨·ÊÕÐ Ö¸Ö ¸Î¨-
ÉÒ¢ ÕÐ Ö Ô²¥±É·μ´¨± , μ¸´μ¢ ´´ Ö ´  ASIC STS-XYTER Å ³´μ£μ± ´ ²Ó´μ°
¡¥¸É·¨££¥·´μ° ¸Î¨ÉÒ¢ ÕÐ¥° ³¨±·μ¸Ì¥³¥ [5]. Š ¦¤ Ö É ± Ö ³¨±·μ¸Ì¥³  ³μ-
¦¥É ¸Î¨ÉÒ¢ ÉÓ 128 ± ´ ²μ¢ ¸ ¸¥´¸μ· . �¤¨´ ¤¢ÊÌ¸Éμ·μ´´¨° ¸¥´¸μ· ¢ É·¥±μ¢μ³
³μ¤Ê²¥ ¨³¥¥É 1024 ¸É·¨¶  ´  ± ¦¤μ° ¸Éμ·μ´¥ ¨, ¸μμÉ¢¥É¸É¢¥´´μ, 2048 ± ´ ²μ¢
¸Î¨ÉÒ¢ ´¨Ö, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É 16 ³¨±·μ¸Ì¥³ ³ STS-XYTER, · ¸¶μ²μ¦¥´´Ò³
´  ¤¢ÊÌ ¶² É Ì Front-End Board-8 (FEB-8).

��ˆ‘��ˆ… ‹�‡…���‰ “‘’���‚Šˆ

ˆ¤¥Ö ² §¥·´μ£μ ¸É¥´¤  μ¸´μ¢ ´  ´  ¨³¨É Í¨¨ ² §¥·´Ò³ ¶ÊÎ±μ³ ¶·μÌμ¦¤¥-
´¨Ö ¨μ´¨§¨·ÊÕÐ¥° Î ¸É¨ÍÒ Î¥·¥§ É·¥±μ¢Ò° ³μ¤Ê²Ó. �μ¤μ¡´Ò° É¥¸É Ö¢²Ö¥É¸Ö
¶μ¸²¥¤´¨³ ¶¥·¥¤ Ê¸É ´μ¢±μ° ³μ¤Ê²Ö ¢ É·¥±μ¢ÊÕ ¸¨¸É¥³Ê. ˆ³¥´´μ É ±μ° É¥¸É
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�¨¸. 2. 	²μ±-¸Ì¥³  ² §¥·´μ£μ ¸É¥´¤ 

³μ¦¥É μ¶·¥¤¥²¨ÉÓ ·¥ ²Ó´ÊÕ · ¡μÉμ¸¶μ¸μ¡´μ¸ÉÓ É·¥±μ¢μ£μ ³μ¤Ê²Ö, μ¸´μ¢Ò¢ -
Ö¸Ó ´  μÉ±²¨± Ì μÉ ¢¸¥Ì ¸É·¨¶μ¢ ¸¥´¸μ· . Š·¨É¥·¨¨ μÉ¡μ·  ³μ¤Ê²¥° · §· ¡ -
ÉÒ¢ ÕÉ¸Ö. �·¥¤¶μ²μ¦¨É¥²Ó´Ò³ ±·¨É¥·¨¥³ Ö¢²Ö¥É¸Ö ®±μ²¨Î¥¸É¢μ ´¥Î¨É ¥³ÒÌ
± ´ ²μ¢ ¸Î¨ÉÒ¢ ´¨Ö ³¥´¥¥ 1 %¯ ¶μ ¢¸¥³ ¢μ§³μ¦´Ò³ ¶·¨Î¨´ ³.

‹ §¥·´ Ö Ê¸É ´μ¢±  ¤²Ö ¶·μ¢¥·±¨ ± Î¥¸É¢  ¤¥É¥±Éμ·´ÒÌ ³μ¤Ê²¥° ¸μ¸Éμ¨É
¨§ ´¥¸±μ²Ó±¨Ì ¶μ¤¸¨¸É¥³ (·¨¸. 2).

�¥·¢ Ö ¶μ¤¸¨¸É¥³  ¸μ¸Éμ¨É ¨§ ³¨±·μ¸±μ¶  ¸ Í¨Ë·μ¢μ° ± ³¥·μ°, ±μÉμ-
· Ö ¶μ¤±²ÕÎ ¥É¸Ö Î¥·¥§ ±μ´¢¥·É¥· ¢¨¤¥μ¸¨£´ ²  RCA ¢ VGA ± ¢´¥Ï´¥³Ê
³μ´¨Éμ·Ê. �É  ¸¨¸É¥³  ¨¸¶μ²Ó§Ê¥É¸Ö Éμ²Ó±μ ¤²Ö ¤μ¶μ²´¨É¥²Ó´μ° ´ ¸É·μ°±¨
μ¸É ²Ó´ÒÌ ¶μ¤¸¨¸É¥³ ¨ ´¥ · ¡μÉ ¥É ¢μ ¢·¥³Ö É¥¸É¨·μ¢ ´¨Ö, ÎÉμ¡Ò ¨¸±²ÕÎ¨ÉÓ
¤μ¶μ²´¨É¥²Ó´Ò¥ ÏÊ³Ò.

‚Éμ· Ö Å ÔÉμ ¸¨¸É¥³  ¶μ§¨Í¨μ´¨·μ¢ ´¨Ö, ±μÉμ· Ö ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ±μμ·-
¤¨´ É´Ò° ¸Éμ² ¸ ±·¥¶²¥´¨Ö³¨ ¤²Ö ¤¥É¥±Éμ·´μ£μ ³μ¤Ê²Ö, Ï £μ¢Ò° ¤¢¨£ É¥²Ó
„˜ˆ-200-2 ¸ ¢ ²μ³ ¤²Ö ¶¥·¥³¥Ð¥´¨Ö ±μμ·¤¨´ É´μ£μ ¸Éμ² , ¨¸ÉμÎ´¨± ¶¨-
É ´¨Ö ¤²Ö Ï £μ¢μ£μ ¤¢¨£ É¥²Ö ¨ ¤· °¢¥· Ê¶· ¢²¥´¨Ö Ï £μ¢Ò³ ¤¢¨£ É¥²¥³,
¶μ¤±²ÕÎ ¥³Ò° ¶μ¸²¥¤μ¢ É¥²Ó´μ ± ¶μ·ÉÊ ±μ³¶ÓÕÉ¥· . ‘¨¸É¥³  Ê¶· ¢²Ö¥É¸Ö
¸ ¶μ³μÐÓÕ ¶·μ£· ³³´μ£μ μ¡¥¸¶¥Î¥´¨Ö, ·¥ ²¨§μ¢ ´´μ£μ ´  ¢Ò¸μ±μÊ·μ¢´¥¢μ³
Ö§Ò±¥ ¶·μ£· ³³¨·μ¢ ´¨Ö Python 2.7 ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¡¨¡²¨μÉ¥±¨ pyserial.
„¢¨¦¥´¨¥ ±μμ·¤¨´ É´μ£μ ¸Éμ²  μ£· ´¨Î¥´μ ±μ´Í¥¢Ò³¨ ¢Ò±²ÕÎ É¥²Ö³¨ ¤²Ö
²ÊÎÏ¥£μ ¶μ§¨Í¨μ´¨·μ¢ ´¨Ö. ‘Éμ² ¶¥·¥³¥Ð ¥É¸Ö Éμ²Ó±μ ¢¤μ²Ó μ¤´μ° μ¸¨, ´μ
ÔÉμ£μ ¤μ¸É ÉμÎ´μ ¤²Ö ¶μ²´μ£μ É¥¸É¨·μ¢ ´¨Ö ¢¸¥Ì ¸É·¨¶μ¢ ´  ¸¥´¸μ·¥.
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’·¥ÉÓÖ ¶μ¤¸¨¸É¥³  μÌ¢ ÉÒ¢ ¥É ÎÉ¥´¨¥, ±μ´É·μ²Ó ¨ ³μ´¨Éμ·¨´£ ¤¥É¥±Éμ·-
´μ£μ ³μ¤Ê²Ö∗. „²Ö ÎÉ¥´¨Ö  ´ ²μ£μ¢ÒÌ ¸¨£´ ²μ¢ ¸ μ¤´μ° ¸Éμ·μ´Ò ¸¥´¸μ· 
¨¸¶μ²Ó§ÊÕÉ¸Ö 8 ³¨±·μ¸Ì¥³ STS-XYTER v.2.1, Ê¸É ´μ¢²¥´´ÒÌ ´  ¶² É Ì FEB
(Front-End Board). �¥·¥¤ Î  ¤ ´´ÒÌ,   É ±¦¥ ±μ³ ´¤ Ê¶· ¢²¥´¨Ö ¶² É ³¨
FEB ·¥ ²¨§μ¢ ´a ¸ ¶μ³μÐÓÕ ¸¶¥Í¨ ²¨§¨·μ¢ ´´μ£μ ¶·μÉμ±μ²  STS-HCTSP
Î¥·¥§ ¤¢ÊÌμ¸¥¢μ° ± ¡¥²Ó, ±μÉμ·Ò° ¶μ¤±²ÕÎ ¥É¸Ö ± ¶² É¥ μ¡· ¡μÉ±¨ ¤ ´´ÒÌ
GBTxEmulator. �  ÔÉμ³ ÔÉ ¶¥ ¤²Ö ±μ´Ë¨£Ê· Í¨¨ ¸¨¸É¥³Ò ÎÉ¥´¨Ö, ³¥¤²¥´-
´μ£μ ±μ´É·μ²Ö, ¸¨´Ì·μ´¨§ Í¨¨ ¶² É FEB ¨ ¸μ·É¨·μ¢±¨ ¤ ´´ÒÌ ¨¸¶μ²Ó§Ê¥É¸Ö
¶² É  DPB (Data Processing Board), μ¸´μ¢ ´´ Ö ´  ¶² É¥ AFCK. ‡ É¥³ ¤ ´´Ò¥
¶¥·¥¤ ÕÉ¸Ö ¶μ μ¶É¨Î¥¸±μ° ²¨´¨¨ ¢ FLIB (First-Level Event Selector (FLES)
Interface Board) ¤²Ö ¶μ¸²¥¤ÊÕÐ¥° μ¡· ¡μÉ±¨. �μ²´μ¥ μ¶¨¸ ´¨¥  ·Ì¨É¥±ÉÊ·Ò
¸¨¸É¥³Ò ¸¡μ·  ¤ ´´ÒÌ ¶·¥¤¸É ¢²¥´μ ¢ É¥Ì´¨Î¥¸±μ³ ¤¨§ °´¥ É·¥±μ¢μ° ¸¨-
¸É¥³Ò [4].

—¥É¢¥·É Ö ¶μ¤¸¨¸É¥³  Å μ¶É¨Î¥¸± Ö, μ´  ¸μ¸Éμ¨É ¨§ Ëμ±Ê¸¨·ÊÕÐ¥° £μ-
²μ¢±¨, ¶¥·¥³¥´´μ£μ  ÉÉ¥´Õ Éμ· , ² §¥·´μ£μ ¤¨μ¤  ¨ £¥´¥· Éμ·  ¸¨£´ ²μ¢ ¢
·μ²¨ ¨¸ÉμÎ´¨±  ¶¨É ´¨Ö ² §¥·´μ£μ ¤¨μ¤ . ƒ¥´¥· Éμ· ¸¨£´ ²μ¢ AFG3052C
Ë¨·³Ò ®Tektronix¯, ¢ ¸¢μÕ μÎ¥·¥¤Ó, ¶μ¤±²ÕÎ ¥É¸Ö ± ±μ³¶ÓÕÉ¥·Ê ± ¶μ·ÉÊ
Ethernet, ±μÉμ·Ò° ¶μ§¢μ²Ö¥É ¸μ§¤ ¢ ÉÓ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ ¶·Ö³μÊ£μ²Ó´ÒÌ
¨³¶Ê²Ó¸μ¢ ¤²¨É¥²Ó´μ¸ÉÓÕ 12 ´¸ ¨  ³¶²¨ÉÊ¤μ° 1,9 ‚ ¶·¨ ¶¥·¨μ¤¥ 1,2 ³¸
¨ ¤²¨É¥²Ó´μ¸É¨ ´ · ¸É ´¨Ö/Ê¡Ò¢ ´¨Ö ¨³¶Ê²Ó¸μ¢ 7 ´¸. ’ ± Ö ¤²¨É¥²Ó´μ¸ÉÓ
¨³¶Ê²Ó¸  ³¥´ÓÏ¥ É¨¶¨Î´μ£μ ¢·¥³¥´¨ ¸¡μ·  § ·Ö¤  ±·¥³´¨¥¢μ£μ ¤¥É¥±Éμ· ,
±μÉμ·μ¥ ¸μ¸É ¢²Ö¥É ³¥´¥¥ 20 ´¸.

‚Ò¡¨· ²¨¸Ó É ±¨¥ ² §¥·´Ò¥ ¤¨μ¤Ò, ±μÉμ·Ò¥ ³μ£ÊÉ · ¡μÉ ÉÓ ¸ ´ ¸Éμ²Ó±μ
±μ·μÉ±¨³¨ ¨³¶Ê²Ó¸ ³¨ ´ ¶·Ö¦¥´¨°, μ¡² ¤ ÕÉ ¶μ¤Ìμ¤ÖÐ¨³¨ ¤²¨´ ³¨ ¢μ²´
(μ¤¨´ ±· ¸´μ£μ ¤¨ ¶ §μ´  ¨ ¢Éμ·μ° ¨´Ë· ±· ¸´μ£μ ¸ ¤²¨´μ° ¢μ²´Ò μ±μ²μ
1060 ´³) ¨ ¨³¥ÕÉ ¢ÒÌμ¤ ¢ μ¤´μ³μ¤μ¢μ¥ μ¶Éμ¢μ²μ±´μ ¨ ³ ²ÊÕ ³μÐ´μ¸ÉÓ.
’ ±¨³ μ¡· §μ³, ¡Ò²¨ ¢Ò¡· ´Ò ² §¥·´Ò¥ ¤¨μ¤Ò FPL-635-14BF-1 ¨ FPL-1064-
14BF-1 ¶·μ¨§¢μ¤¨É¥²Ö ®�μ² É¥Ì¯ ¸ ¢ÒÌμ¤μ³ ´  μ¤´μ³μ¤μ¢μ¥ μ¶Éμ¢μ²μ±´μ
¤¨ ³¥É·μ³ 4,5 ¨ 5,6 ³±³ ¸μμÉ¢¥É¸É¢¥´´μ. ŒμÐ´μ¸ÉÓ ¢ ´¥¶·¥·Ò¢´μ³ ·¥¦¨³¥
ÔÉ¨Ì ² §¥·´ÒÌ ¤¨μ¤μ¢ 1 ³‚É ¤μ¸É ÉμÎ´  ¨ ¤ ¦¥ ¨§¡ÒÉμÎ´ , ¶μÔÉμ³Ê ¡Ò²¨
§ ±Ê¶²¥´Ò ¶¥·¥³¥´´Ò¥  ÉÉ¥´Õ Éμ·Ò VOA1064-FC ¨ VOA630-FC ¶·μ¨§¢μ¤¨-
É¥²Ö ®Thorlabs¯ ¤²Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¤²¨´ ¢μ²´ ¤¨μ¤μ¢.

�´¥·£¨Ö ² §¥·´μ£μ ¨³¶Ê²Ó¸  ¤²Ö ¢ÒÏ¥Ê± § ´´μ£μ ·¥¦¨³  · ¡μÉÒ £¥´¥-
· Éμ·  ¨³¶Ê²Ó¸μ¢ ¶·¨ ¨§¢¥¸É´μ° ³μÐ´μ¸É¨ ² §¥·´ÒÌ ¤¨μ¤μ¢ ¢ ´¥¶·¥·Ò¢´μ³
·¥¦¨³¥ · ¢´ 

1 ³‚É × 12 ´¸ = 10−3 „¦/c · 12 · 10−9 c = 1,2 · 10−11 „¦. (3)

‘· ¢´¥´¨¥ · ¸¸Î¨É ´´ÒÌ ¢¥²¨Î¨´ (3) ¨ (2) ¶μ§¢μ²Ö¥É ¸¤¥² ÉÓ ¢Ò¢μ¤ μ Éμ³,
ÎÉμ ³ ±¸¨³ ²Ó´μ¥ μ¸² ¡²¥´¨¥ ´¥μ¡Ìμ¤¨³μ ´¥ ¡μ²¥¥ Î¥³ ¢ 105 · §, ¶μÔÉμ³Ê
¡Ò²¨ ¢Ò¡· ´Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥  ÉÉ¥´Õ Éμ·Ò ¸ μ¸² ¡²¥´¨¥³ ¤μ 50 ¤	.

∗�μ¤·μ¡´¥¥ ¸¨¸É¥³  ¸Î¨ÉÒ¢ ´¨Ö μ¶¨¸ ´  ¢ ¤μ±² ¤ Ì Œ.˜¨É¥´±μ¢  ¨ „. „¥³¥´ÉÓ¥¢ .
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’ ±¦¥ ¢ ¦´μ° Î ¸ÉÓÕ μ¶É¨Î¥¸±μ° ¸¨¸É¥³Ò Ö¢²Ö¥É¸Ö Ëμ±Ê¸¨·ÊÕÐ Ö £μ-
²μ¢± , ¢ ± Î¥¸É¢¥ ±μÉμ·μ° ¨¸¶μ²Ó§Ê¥É¸Ö ±μ´¤¥´¸μ· PS-2 ¶·μ¨§¢μ¤¨É¥²Ö
®SOLAR LS¯, ±μÉμ·Ò° ¶μ§¢μ²Ö¥É ¸Ëμ±Ê¸¨·μ¢ ÉÓ ² §¥·´Ò° ²ÊÎ ¢ ¶ÖÉ´μ ¤¨ -
³¥É·μ³ ¤μ 50 ³±³ ¨ μ¡² ¤ ¥É Ëμ±Ê¸´Ò³ · ¸¸ÉμÖ´¨¥³ 4 ¸³. �μ¸±μ²Ó±Ê · ¸¸Éμ-
Ö´¨¥ ³¥¦¤Ê ¸É·¨¶ ³¨ ¢ ¶·¨³¥´Ö¥³ÒÌ ¸¥´¸μ· Ì · ¢´μ 58 ³±³, ÔÉμ ¶μ§¢μ²Ö¥É
¸Ëμ±Ê¸¨·μ¢ ÉÓ ² §¥·´Ò° ²ÊÎ ³¥¦¤Ê ¸É·¨¶ ³¨ ¨ ¶μ²ÊÎ¨ÉÓ μÉ±²¨±, ¶μÌμ¦¨° ´ 
μÉ±²¨± μÉ ¶μ¶ ¤ ´¨Ö μ¤´μ° ¨μ´¨§¨·ÊÕÐ¥° Î ¸É¨ÍÒ. ‘¨¸É¥³  Ëμ±Ê¸¨·μ¢±¨
¸¶¥Í¨ ²Ó´μ ¢Ò¡¨· ² ¸Ó ¤²¨´´μËμ±Ê¸´μ°, ÎÉμ¡Ò μ¡¥¸¶¥Î¨ÉÓ ¤μ¸É ÉμÎ´Ò° § -
§μ· ³¥¦¤Ê ¨¸¸²¥¤Ê¥³Ò³ ³μ¤Ê²¥³ ¨ μ¶É¨Î¥¸±μ° ¸¨¸É¥³μ° ¤²Ö Ê³¥´ÓÏ¥´¨Ö
¢¥·μÖÉ´μ¸É¨ ¶μ¢·¥¦¤¥´¨Ö ³μ¤Ê²Ö,   É ±¦¥ Ê¤μ¡¸É¢  · ¡μÉÒ.

ˆ§³¥·¥´´Ò¥ ¶ · ³¥É·Ò ² §¥·´μ£μ ¸É¥´¤  ¢ μ¸´μ¢´μ³ ¸μμÉ¢¥É¸É¢ÊÕÉ § -
¶² ´¨·μ¢ ´´Ò³. �μ¸ÉμÖ´¸É¢μ Î ¸ÉμÉÒ ¨ Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ μ¡¥¸¶¥Î¨¢ ¥É¸Ö
¶μ ¡μ²ÓÏ¥° Î ¸É¨ ± Î¥¸É¢μ³ £¥´¥· Éμ·  ¸¨£´ ²μ¢. �μ¸±μ²Ó±Ê ² §¥·´Ò¥ ¤¨-
μ¤Ò μ¡² ¤ ÕÉ ³ ²μ° ³μÐ´μ¸ÉÓÕ ¨ § ±²ÕÎ¥´Ò ¢ ¤μ¢μ²Ó´μ ±·Ê¶´Ò° ³¥É ²²¨-
Î¥¸±¨° ±μ·¶Ê¸, Éμ ´¥ ¶·μ¨¸Ìμ¤¨É ¸¨²Ó´μ£μ ´ £·¥¢  ¤¨μ¤μ¢, ¡² £μ¤ ·Ö Î¥³Ê
§´ Î¨É¥²Ó´μ Ê³¥´ÓÏ ¥É¸Ö ´¥¸É ¡¨²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸μ¢. ’ ±¦¥ ¶² ´¨·Ê¥É¸Ö ¨¸-
¶μ²Ó§μ¢ ÉÓ 1000 ¨³¶Ê²Ó¸μ¢ ´  ¸É·¨¶ ¤²Ö Éμ£μ, ÎÉμ¡Ò Ê¸·¥¤´¨ÉÓ ·¥§Ê²ÓÉ ÉÒ,
¶·¨ ÔÉμ³ ¢²¨Ö´¨¥ ´¥¸É ¡¨²Ó´μ¸É¨ ¨³¶Ê²Ó¸μ¢ ´¥§´ Î¨É¥²Ó´μ.

�μ¸±μ²Ó±Ê ¨μ´¨§¨·ÊÕÐ¨¥ Î ¸É¨ÍÒ μ¡ÒÎ´μ ¨³¥ÕÉ ³ ²Ò¥ ÔËË¥±É¨¢´Ò¥
Ô²¥±É·μ³ £´¨É´Ò¥ · ¤¨Ê¸Ò, ¡Ò²μ ¡Ò ²ÊÎÏ¥ ¡μ²¥¥ ÉÐ É¥²Ó´μ Ëμ±Ê¸¨·μ¢ ÉÓ
² §¥·´Ò¥ ¨³¶Ê²Ó¸Ò. ’¥μ·¥É¨Î¥¸±¨ ¢μ§³μ¦´μ ¸Ëμ±Ê¸¨·μ¢ ÉÓ ² §¥·´Ò° ²ÊÎ ¨§
μ¶Éμ¢μ²μ±´  ¢ ¶ÖÉ´μ ¤¨³¥É·μ³, · ¢´Ò³ ¤¨ ³¥É·Ê μ¶Éμ¢μ²μ±´  (¢ ´ Ï¥³ ¸²Ê-
Î ¥ 4,5 ¨ 5,6 ³±³). �  ¶· ±É¨±¥ ¶μ¤μ¡´Ò¥ Ëμ±Ê¸¨·ÊÕÐ¨¥ ¸¨¸É¥³Ò μÎ¥´Ó £·μ-
³μ§¤±¨¥ ¨ ¤μ·μ£¨¥. ’ ± ÎÉμ 50-³±³ Ëμ±Ê¸¨·μ¢± , ¶·¥¤μ¸É ¢²Ö¥³ Ö Ëμ±Ê¸¨·Ê-
ÕÐ¥° £μ²μ¢±μ°, ¤μ¸É ÉμÎ´a ¤²Ö ¶·μ¢¥¤¥´¨Ö É¥¸É¨·μ¢ ´¨Ö É·¥±μ¢ÒÌ ³μ¤Ê²¥°,
¶μ¸±μ²Ó±Ê ² §¥·´Ò¥ ¨³¶Ê²Ó¸Ò ³μ£ÊÉ ¡ÒÉÓ ¸Ëμ±Ê¸¨·μ¢ ´Ò ³¥¦¤Ê ¸É·¨¶ ³¨.
�  ¸ ³μ³ ¤¥²¥ É¥¸ÉÒ Ëμ±Ê¸¨·ÊÕÐ¥° ¸¨¸É¥³Ò ¶μ± § ²¨, ÎÉμ ¨³¶Ê²Ó¸Ò ³μ-
£ÊÉ ¡ÒÉÓ ¸Ëμ±Ê¸¨·μ¢ ´Ò ¤ ¦¥ ¢ ¶ÖÉ´μ ¸ ÔËË¥±É¨¢´Ò³ ¤¨ ³¥É·μ³ ¶·¨³¥·´μ
40 ³±³, É ± ± ± £ ²μ ³μ¦¥É ¡ÒÉÓ μÉ·¥§ ´μ ± ± Ëμ´.

Š ± ¡Ò²μ ¸± § ´μ · ´¥¥, Ï £ ¸É·¨¶μ¢ ¸¥´¸μ·  ¸μ¸É ¢²Ö¥É 58 ³±³, É ± ÎÉμ
¡Ò²μ ¡Ò ¶·¥¤¶μÎÉ¨É¥²Ó´μ ¨³¥ÉÓ ÉμÎ´μ¸ÉÓ ¶μ§¨Í¨μ´¨·μ¢ ´¨Ö 1 ³±³. Š ¸μ¦ -
²¥´¨Õ, ±μ´Ë¨£Ê· Í¨Ö Ï £μ¢μ£μ ¤¢¨£ É¥²Ö ¨ ¢ ²  ¸¨¸É¥³Ò ¶μ§¨Í¨μ´¨·μ¢ ´¨Ö
¶μ§¢μ²Ö¥É · ¢´μ³¥·´μ ¶¥·¥³¥Ð ÉÓ ±μμ·¤¨´ É´Ò° ¸Éμ² Éμ²Ó±μ ¸ ¶μ²´Ò³¨ Ï -
£ ³¨ (¶μ 20 ³±³). Š ¸Î ¸ÉÓÕ, ³μ¦´μ · ¡μÉ ÉÓ ¸ Ï £μ¢Ò³ ¤¢¨£ É¥²¥³ ¢ ·¥¦¨³¥
Î¥É¢¥·É¨ Ï £  (5 ³±³). �μ¤μ¡´Ò° ·¥¦¨³ · ¡μÉÒ ´¥ ´ ¸Éμ²Ó±μ ¸É ¡¨²¥´, ± ±
·¥¦¨³ ¶μ²´μ£μ Ï £ , ´μ ³μ¦¥É ¨¸¶μ²Ó§μ¢ ÉÓ¸Ö ¤²Ö ±μ··¥±Í¨¨ ¶¥·¥³¥Ð¥´¨Ö.
‚ ±μ´¥Î´μ³ ¨Éμ£¥ ¶μ¤μ¡´ Ö ÉμÎ´μ¸ÉÓ ¶μ§¨Í¨μ´¨·μ¢ ´¨Ö ¤μ¸É ÉμÎ´  ¤²Ö É¥-
¸Éμ¢ ³μ¤Ê²¥°. ˆ§³¥·¥´´μ¥ ¢·¥³Ö É¥¸É¨·μ¢ ´¨Ö ³μ¤Ê²¥° ¸μ¸É ¢²Ö¥É ¶·¨³¥·´μ
30 ³¨´, ¨ μ´μ ¤μ²¦´μ ¡ÒÉÓ Ê³¥´ÓÏ¥´μ ¸ Ê²ÊÎÏ¥´¨¥³ ¸¨¸É¥³Ò ¸Î¨ÉÒ¢ ´¨Ö ¨
¶·μ£· ³³´μ£μ μ¡¥¸¶¥Î¥´¨Ö ² §¥·´μ£μ ¸É¥´¤ . �Éμ ¢·¥³Ö § ¢¨¸¨É μÉ Ï¨·¨´Ò
¨ Î ¸ÉμÉÒ ¨³¶Ê²Ó¸μ¢,   É ±¦¥ μÉ ¸±μ·μ¸É¨ ¢· Ð¥´¨Ö Ï £μ¢μ£μ ¤¢¨£ É¥²Ö. �μ-
¨¸± μ¶É¨³ ²Ó´ÒÌ §´ Î¥´¨° ÔÉ¨Ì § ¢¨¸¨³ÒÌ ¢¥²¨Î¨´ Ö¢²Ö¥É¸Ö ¢ ¦´μ° § ¤ Î¥°.
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�¦¨¤ ¥³μ¥ ¢·¥³Ö É¥¸É¨·μ¢ ´¨Ö ³μ¤Ê²¥° ¤μ²¦´μ ¤μ¸É¨£´ÊÉÓ 15Ä20 ³¨´ ¶μ¸²¥
¢¸¥Ì Ê²ÊÎÏ¥´¨°.

‚¸¥ ¤μ¸É¨£´ÊÉÒ¥ ¶ · ³¥É·Ò Ê¤μ¢²¥É¢μ·ÖÕÉ Í¥²Ö³ É¥¸É¨·μ¢ ´¨Ö É·¥±μ¢ÒÌ
³μ¤Ê²¥°.

‡�Š‹�—…�ˆ…

‚ ¨Éμ£¥ ¸²¥¤Ê¥É ¸± § ÉÓ, ÎÉμ ¢¸¥ ±μ³¶μ´¥´ÉÒ ² §¥·´μ£μ ¸É¥´¤  ¶·μÉ¥¸É¨-
·μ¢ ´Ò. � §· ¡μÉ ´μ ¶·μ£· ³³´μ¥ μ¡¥¸¶¥Î¥´¨¥ ¤²Ö ¸¨¸É¥³Ò ¶μ§¨Í¨μ´¨·μ-
¢ ´¨Ö ¨ ¶¨É ´¨Ö ² §¥·´ÒÌ ¤¨μ¤μ¢. �·μ¢¥¤¥´  ± ²¨¡·μ¢±  ¸¨¸É¥³Ò ¶μ§¨Í¨μ-
´¨·μ¢ ´¨Ö, ¢Ò¡· ´ ´ ¨¡μ²¥¥ ¸É ¡¨²Ó´Ò° ·¥¦¨³ · ¡μÉÒ Ï £μ¢μ£μ ¤¢¨£ É¥²Ö.
ˆ§£μÉμ¢²¥´ ¨ ¸μ¡· ´ Ô±· ´¨·μ¢ ´´Ò° ±μ¦ÊÌ ¸ Î¥·´Ò³ ³ Éμ¢Ò³ ¶μ±·ÒÉ¨¥³.
�·μ¢¥¤¥´  ¶μ²´ Ö ¶·μ¢¥·±  · ¡μÉμ¸¶μ¸μ¡´μ¸É¨ ² §¥·´μ£μ ¸É¥´¤ . �¦¨¤ ¥É¸Ö
¡μ²ÓÏ¥¥ ±μ²¨Î¥¸É¢μ ¸¥·¨°´ÒÌ μ¡· §Íμ¢ É·¥±μ¢ÒÌ ³μ¤Ê²¥° ¤²Ö É¥¸É¨·μ¢ ´¨Ö.

�¢Éμ·Ò ¢Ò· ¦ ÕÉ ¡² £μ¤ ·´μ¸ÉÓ „³¨É·¨Õ Š ·³ ´μ¢Ê ¨ Œ¨Ì ¨²Ê Šμ·μ-
²¥¢Ê ¨§ �ˆˆŸ” Œƒ“ §  ±μ´¸Ê²ÓÉ Í¨¨ ¶μ ¤ ´´μ° · ¡μÉ¥.

ˆ¸¸²¥¤μ¢ ´¨¥ ¢Ò¶μ²´¥´μ ¶·¨ Ë¨´ ´¸μ¢μ° ¶μ¤¤¥·¦±¥ �””ˆ ¢ · ³± Ì
´ ÊÎ´ÒÌ ¶·μ¥±Éμ¢ º18-02-40113 ¨ º19-32-90001.
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