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‘¨¸É¥³  ·¥£¨¸É· Í¨¨ · ¸¸¥Ö´´ÒÌ Ô²¥±É·μ´μ¢ (��) ¤¥É¥±Éμ·  Š…„� Å ¸¨³³¥-
É·¨Î´Ò° Ëμ±Ê¸¨·ÊÕÐ¨° ³ £´¨É´Ò° ¸¶¥±É·μ³¥É· ¤²Ö · ¸¸¥Ö´´ÒÌ ¶μ¤ ³ ²Ò³¨ Ê£² ³¨
Ô²¥±É·μ´μ¢ ¨ ¶μ§¨É·μ´μ¢, ¢¸É·μ¥´´Ò° ¢ ¶·μ³¥¦ÊÉμ± ¢¸É·¥Î¨ ±μ²² °¤¥·  ‚���-4Œ.
�´  ¶·¥¤´ §´ Î¥´  ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¤¢ÊÌËμÉμ´´ÒÌ ¶·μÍ¥¸¸μ¢ ¨ ¨§³¥·¥´¨Ö Ô´¥·£¨¨
�� ¸ · §·¥Ï¥´¨¥³ ΔE/E0 = 0,03−0,6% (E0 Å Ô´¥·£¨Ö ¶ÊÎ± ). „²Ö ÉμÎ´μ° ± ²¨-
¡·μ¢±¨ ¥¥ Ô´¥·£¥É¨Î¥¸±μ° Ï± ²Ò ¨¸¶μ²Ó§ÊÕÉ¸Ö ³¥Î¥´¨¥ Ô²¥±É·μ´ /¶μ§¨É·μ´  ¶μ Ô´¥·-
£¨¨ ËμÉμ´  μÉ μ¤´μ±· É´μ£μ Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö, ¨§³¥·¥´´μ° BGO-± ²μ·¨³¥É·μ³, ¨
±· ° ¸¶¥±É·  �� μ¡· É´μ£μ ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ² §¥·´μ£μ ¨§²ÊÎ¥´¨Ö. ‚ ¤ ´´μ³
μÉÎ¥É¥ μÉ· ¦¥´μ Ê¸É·μ°¸É¢μ ¨ ¸μ¸ÉμÖ´¨¥ ÔÉμ° ¸¨¸É¥³Ò ± ²¨¡·μ¢±¨.

The tagging system of KEDR detector is a symmetrical focusing magnetic spectrom-
eter for electrons and positrons scattered at small angles (brie	y, SE), which is embedded
into the lattice of VEPP-4M collider. It is intended for two-photon processes study and
measures scattered electron energy with resolution ΔE/E0 = 0.03−0.6% (E0 is the
beam energy). For precise energy scale calibration two methods are used: tagging of
bremsstrahlung electron/positron by the photon energy measured by BGO calorimeter, and
direct calibration using Compton backscattering spectrum edge. This report covers the
design and current status of the calibration system.

PACS: 29.40.Gx; 29.30.Aj; 06.20.fb; 29.27.-a

1. ‘ˆ‘’…Œ� �…ƒˆ‘’��–ˆˆ ��‘‘…Ÿ��›• �‹…Š’����‚
„…’…Š’��� Š…„�

„²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¤¢ÊÌËμÉμ´´ÒÌ ¶·μÍ¥¸¸μ¢ („”�) e−e+ → e−e+γ∗γ∗ →
e−e+X ¤¥É¥±Éμ· Š…„� [1] ´  ±μ²² °¤¥·¥ ‚���-4Œ [2] ¨³¥¥É ¸¶¥Í¨ ²Ó´ÊÕ
¸¨¸É¥³Ê ·¥£¨¸É· Í¨¨ · ¸¸¥Ö´´ÒÌ Ô²¥±É·μ´μ¢ [3]. �´  ·¥£¨¸É·¨·Ê¥É · ¸¸¥-
Ö´´Ò¥ ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ´  ³ ²Ò¥ Ê£²Ò Ô²¥±É·μ´Ò ¨ ¶μ§¨É·μ´Ò (¤²Ö
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±· É±μ¸É¨ Å · ¸¸¥Ö´´Ò¥ Ô²¥±É·μ´Ò, ��), ÎÉμ ¶μ¤´¨³ ¥É ÔËË¥±É¨¢´μ¸ÉÓ μÉ-
¡μ·  ¤¢ÊÌËμÉμ´´ÒÌ ¸μ¡ÒÉ¨° ¢ ´¥¸±μ²Ó±μ · §, ´μ μ¸´μ¢´μ¥ ¶·¥¨³ÊÐ¥¸É¢μ
¸¨¸É¥³Ò Å ¨§³¥·¥´¨¥ Ô´¥·£¨° ��. ‚ ¶·¨¡²¨¦¥´¨¨ ³¥Éμ¤  Ô±¢¨¢ ²¥´É´ÒÌ
ËμÉμ´μ¢ ¨´¢ ·¨ ´É´ Ö ³ ¸¸  ·μ¦¤¥´´μ° ¤¢ÊÌËμÉμ´´μ° ¸¨¸É¥³Ò μ¶·¥¤¥²Ö¥É¸Ö
¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

W 2
γγ ≈ 4ω1ω2 ≈ 4(E0 − E−)(E0 − E+), (1)

£¤¥ E0 Å Ô´¥·£¨Ö ´ Î ²Ó´μ£μ ¶ÊÎ± ; E−, E+ Å Ô´¥·£¨Ö · ¸¸¥Ö´´μ£μ Ô²¥±-
É·μ´ /¶μ§¨É·μ´ ; ω1, ω2 Å Ô´¥·£¨¨ ¢¨·ÉÊ ²Ó´ÒÌ ËμÉμ´μ¢.

‘¨¸É¥³  ·¥£¨¸É· Í¨¨ �� ¤¥É¥±Éμ·  Š…„� (·¨¸. 1) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ°
¸¨³³¥É·¨Î´Ò° (¤²Ö Ô²¥±É·μ´μ¢ ¨ ¶μ§¨É·μ´μ¢) Ëμ±Ê¸¨·ÊÕÐ¨° ³ £´¨É´Ò°
¸¶¥±É·μ³¥É·, ¸μ¸ÉμÖÐ¨° ¨§ ³ £´¨É´ÒÌ Ô²¥³¥´Éμ¢ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¶·μ-
³¥¦ÊÉ±  ±μ²² °¤¥·  ‚���-4Œ: ¤¢ÊÌ ¶ · ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§, ¤¢ÊÌ ¶ · ¶μ-
¢μ·μÉ´ÒÌ ³ £´¨Éμ¢,   É ±¦¥ ¤¢ÊÌ ¶ · ¸¥±¸ÉÊ¶μ²¥°, É·¥Ì ¸μ²¥´μ¨¤μ¢, ±μ·-
·¥±Éμ·μ¢ μ·¡¨ÉÒ ¨ É. ¤. � ¸¸¥Ö´´Ò¥ ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ´  Ê£²Ò ³¥´¥¥ 1◦

Ô²¥±É·μ´Ò/¶μ§¨É·μ´Ò ¸´ Î ²  ¨¤ÊÉ ¢³¥¸É¥ ¸ μ¸´μ¢´Ò³ ¶ÊÎ±μ³ Î¥·¥§ ²¨´§Ò,
  § É¥³ μÉ±²μ´ÖÕÉ¸Ö μÉ ´¥£μ ¢ ¶μ¢μ·μÉ´ÒÌ ³ £´¨É Ì ¨ ·¥£¨¸É·¨·ÊÕÉ¸Ö
¢μ¸¥³ÓÕ ±μμ·¤¨´ É´Ò³¨ ¤¥É¥±Éμ· ³¨, ± ¦¤Ò° ¨§ ±μÉμ·ÒÌ ¸μ¸Éμ¨É ¨§ £μ-
¤μ¸±μ¶  ´  ¤·¥°Ëμ¢ÒÌ É·Ê¡μÎ± Ì ¨ ¤¢ÊÌ±μμ·¤¨´ É´μ£μ ¤¥É¥±Éμ·  ´  μ¸´μ¢¥
£ §μ¢μ£μ Ô²¥±É·μ´´μ£μ Ê³´μ¦¨É¥²Ö (ƒ�“, GEM) [4]. „Ê¶²¥É ±¢ ¤·Ê¶μ²Ó´ÒÌ
²¨´§ Ëμ±Ê¸¨·Ê¥É �� ´  ´¥±μÉμ·μ¥ · ¸¸ÉμÖ´¨¥, § ¢¨¸ÖÐ¥¥ μÉ Ô´¥·£¨¨. �·¨
¶μ¢μ·μÉ¥ ¶ÊÎ±  ¢ ¤¨¶μ²Ó´ÒÌ ³ £´¨É Ì ÉμÎ±¨ Ëμ±Ê¸  ¸³¥Ð ÕÉ¸Ö μÉ μ·¡¨ÉÒ
· ¢´μ¢¥¸´μ£μ ¶ÊÎ± . „²Ö μ¶É¨³¨§ Í¨¨ · §·¥Ï¥´¨Ö ±μμ·¤¨´ É´Ò¥ ¤¥É¥±Éμ·Ò
· ¸¶μ² £ ÕÉ¸Ö ´  ²¨´¨¨ Ëμ±Ê¸¨·μ¢±¨ ¨ · §¤¥²ÖÕÉ¸Ö ´  Î¥ÉÒ·¥ ¡²μ± . � §·¥-
Ï¥´¨¥ ¸¨¸É¥³Ò ·¥£¨¸É· Í¨¨ ¶μ Ô´¥·£¨¨ �� ¨³¥¥É ¸²μ¦´ÊÕ § ¢¨¸¨³μ¸ÉÓ μÉ
Ô´¥·£¨¨ ¨ ³¥´Ö¥É¸Ö ¢ ¶·¥¤¥² Ì μÉ 0,03 ¤μ 0,6 %, · §·¥Ï¥´¨¥ ¶μ ¨´¢ ·¨ ´É´μ°
³ ¸¸¥ ¤¢ÊÌËμÉμ´´μ° ¸¨¸É¥³Ò Å μÉ 3 ¤μ 20 ŒÔ‚ ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° ¶ÊÎ± 
1,5Ä5 ƒÔ‚.
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�¨¸. 1. ‘Ì¥³  ¸¨¸É¥³Ò ·¥£¨¸É· Í¨¨ �� ¤¥É¥±Éμ·  Š…„� ¨ ¸¨¸É¥³Ò ¥¥ ± ²¨¡·μ¢±¨:
NEL, SEL Å ±¢ ¤·Ê¶μ²Ó´Ò¥ ²¨´§Ò; NEM, SEM Å ¶μ¢μ·μÉ´Ò¥ ³ £´¨ÉÒ; TS Å ±μμ·-
¤¨´ É´Ò¥ ¤¥É¥±Éμ·Ò; BGO Å ± ²μ·¨³¥É·Ò; LM Å ³μ´¨Éμ·Ò ¸¢¥É¨³μ¸É¨
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‚ μ¡Ð¥³ ¸²ÊÎ ¥ ±μμ·¤¨´ É  X Î ¸É¨ÍÒ ´  ¢ÒÌμ¤¥ Ëμ±Ê¸¨·ÊÕÐ¥£μ ³ £-
´¨É´μ£μ ¸¶¥±É·μ³¥É·  § ¢¨¸¨É μÉ ¥¥ Ô´¥·£¨¨ E ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

X = A
E0

E
+ B. (2)

‘·¥¤´ÖÖ Ô´¥·£¨Ö ¶ÊÎ±  E0 μ¶·¥¤¥²¥´  ´  ±μ²² °¤¥·¥ ‚���-4Œ ¸ ¢Ò¸μ±μ°
ÉμÎ´μ¸ÉÓÕ (< 10−4) [2]. ŠμÔËË¨Í¨¥´ÉÒ A ¨ B § ¢¨¸ÖÉ μÉ ¶μ²Ö ¶μ¢μ·μÉ-
´ÒÌ ³ £´¨Éμ¢ ¨ · ¸¶μ²μ¦¥´¨Ö ±μμ·¤¨´ É´ÒÌ ¤¥É¥±Éμ·μ¢,   É ±¦¥ μÉ μ·¡¨ÉÒ
¶ÊÎ±  ¢ ³¥¸É¥ ¢¸É·¥Î¨ ¨ ¸¨²Ò ¤·Ê£¨Ì ³ £´¨É´ÒÌ Ô²¥³¥´Éμ¢. ’ ±¨³ μ¡· §μ³,
¶·¨ ¨§¢¥¸É´ÒÌ ±μÔËË¨Í¨¥´É Ì A ¨ B Ô´¥·£¨Ö �� μ¶·¥¤¥²Ö¥É¸Ö ¨§ ¥£μ ±μ-
μ·¤¨´ ÉÒ. „²Ö ´ ¤¥¦´μ¸É¨ ¨ ¤μ¸Éμ¢¥·´μ¸É¨ É·¥¡Ê¥É¸Ö ¶·μ¢¥¸É¨ ± ²¨¡·μ¢±Ê
Ô´¥·£¥É¨Î¥¸±μ° Ï± ²Ò ¸¨¸É¥³Ò ·¥£¨¸É· Í¨¨ �� ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ë¨§¨Î¥-
¸±¨Ì ¶·μÍ¥¸¸μ¢.

„²Ö μ¤´μ±· É´μ£μ Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö (�’ˆ) Ô´¥·£¨Ö �� ¸¢Ö§ ´  ¸
Ô´¥·£¨¥° ËμÉμ´  ω ¸μμÉ´μÏ¥´¨¥³ E = E0 − ω, ÎÉμ ¶μ§¢μ²Ö¥É ·¥ ²¨§μ¢ ÉÓ
³¥Î¥´¨¥ Ô²¥±É·μ´  ¶μ Ô´¥·£¨¨ ËμÉμ´  �’ˆ (·¨¸. 2). „²Ö ¨§³¥·¥´¨Ö Ô´¥·£¨°
ËμÉμ´μ¢ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤¢  BGO-± ²μ·¨³¥É·  Å ¸μ ¸Éμ·μ´Ò Ô²¥±É·μ´μ¢ ¨
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�¨¸. 2. a) „¥³μ´¸É· Í¨Ö ± ²¨¡·μ¢±¨ ±μμ·¤¨´ É´ÒÌ ¡²μ±μ¢ TS4− ¸ ¶μ³μÐÓÕ ³¥Î¥´¨Ö
�� ¶μ Ô´¥·£¨¨ ËμÉμ´μ¢. ¡) �É²¨Î¨¥ ¢μ¸¸É ´μ¢²¥´´μ° Ô´¥·£¨¨ �� μÉ ± ²¨¡·μ¢μÎ´μ°
±·¨¢μ°
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¶μ§¨É·μ´μ¢. Š ²¨¡·μ¢±  ± ²μ·¨³¥É·μ¢ ¶·μ¢μ¤¨É¸Ö ¸ ¶μ³μÐÓÕ Ê§±¨Ì ±· ¥¢
¸¶¥±É·μ¢ · ¸¸¥Ö´´ÒÌ ËμÉμ´μ¢ μÉ �’ˆ ¨ μ¡· É´μ£μ ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö
(¸³. · §¤. 2).

2. ����’��… Š�Œ�’���‚‘Š�… ��‘‘…Ÿ�ˆ…

�¡· É´μ¥ ±μ³¶Éμ´μ¢¸±μ¥ · ¸¸¥Ö´¨¥ (�Š�) Å ²μ¡μ¢μ¥ ´¥Ê¶·Ê£μ¥ ¸Éμ²±´μ-
¢¥´¨¥ ³μ´μÌ·μ³ É¨Î¥¸±μ£μ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ËμÉμ´  (ω0 = 1,2−2,4 Ô‚)
¸ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨³ Ô²¥±É·μ´μ³ (¨²¨ ¶μ§¨É·μ´μ³, E0 = 1,5−5 ƒÔ‚). �·¨
´Ê²¥¢μ³ Ê£²¥ · ¸¸¥Ö´¨Ö Ô´¥·£¨Ö ËμÉμ´  ω ³ ±¸¨³ ²Ó´ , ¸μμÉ¢¥É¸É¢¥´´μ, Ô´¥·-
£¨Ö E Ô²¥±É·μ´  μÉ¤ Î¨ ³¨´¨³ ²Ó´ :

ωmax =
E0λ

1 + λ
≈ 4γ2ω0, Emin = E0 − ωmax =

E0

1 + λ
, λ =

4ω0E0

m2
, (3)

£¤¥ m Å Ô´¥·£¨Ö ¶μ±μÖ Ô²¥±É·μ´  (c = 1). �´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· · ¸-
¸¥Ö´´ÒÌ ËμÉμ´μ¢ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¶² Éμ ¸ μÎ¥´Ó Ê§±¨³ ±· ¥³, ¸¶¥±É·
Ô²¥±É·μ´μ¢ §¥·± ²Ó´μ-¸¨³³¥É·¨Î¥´.

’ ±¨³ μ¡· §μ³, μ¡¥¸¶¥Î¨¢ Ö ¢§ ¨³μ¤¥°¸É¢¨¥ ² §¥·´μ£μ ¶ÊÎ±  ¸ ¶ÊÎ±μ³
Ô²¥±É·μ´μ¢ (¨²¨ ¶μ§¨É·μ´μ¢) ¨ ¨§³¥·ÖÖ ¶μ²μ¦¥´¨¥ ±· Ö ¸¶¥±É·  ±μ³¶Éμ-
´μ¢¸±¨Ì Ô²¥±É·μ´μ¢ ¢ ±μμ·¤¨´ É´ÒÌ ¤¥É¥±Éμ· Ì ¸¨¸É¥³Ò ·¥£¨¸É· Í¨¨ ��,
³μ¦´μ ¸μ¶μ¸É ¢¨ÉÓ ±μμ·¤¨´ É¥ Ô´¥·£¨Õ. „²Ö μ¤´μ§´ Î´μ£μ ´ Ìμ¦¤¥´¨Ö ¤¢ÊÌ
±μÔËË¨Í¨¥´Éμ¢ A ¨ B ¨§ Ëμ·³Ê²Ò (2) ´¥μ¡Ìμ¤¨³μ ´ ¡· ÉÓ ±μ³¶Éμ´μ¢¸±¨¥
¸¶¥±É·Ò ¸ ² §¥·´Ò³ ¨§²ÊÎ¥´¨¥³ ¤¢ÊÌ ¤²¨´ ¢μ²´. ‘ ¨³¥ÕÐ¨³¨¸Ö ² §¥· ³¨
³μ¦´μ ¶·μ¢¥¸É¨ ± ²¨¡·μ¢±Ê ±μμ·¤¨´ É´ÒÌ ¡²μ±μ¢ TS4± (¸³. ·¨¸. 1), · -
¡μÉ ÕÐ¨Ì ¢ ¤¨ ¶ §μ´¥ 87Ä98% Ô´¥·£¨¨ ¶ÊÎ± , ¶·¨ Ô´¥·£¨ÖÌ ¶ÊÎ±  μÉ 1,5
¤μ 4 ƒÔ‚. ˆ³¥´´μ ¢ TS4± ¶μ¶ ¤ ¥É ¡μ²ÓÏ Ö Î ¸ÉÓ �� μÉ „”�, É ± ± ± ¸¶¥±É·
¢¨·ÉÊ ²Ó´ÒÌ ËμÉμ´μ¢ „”� μ¡· É´μ ¶·μ¶μ·Í¨μ´ ²¥´ Ô´¥·£¨¨. Š· ° ¸¶¥±É· 
±μ³¶Éμ´μ¢¸±¨Ì ËμÉμ´μ¢ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ± ²¨¡·μ¢±¨ BGO-± ²μ·¨³¥É·μ¢ ¢
¤¨ ¶ §μ´¥ Ô´¥·£¨° ËμÉμ´μ¢ μÉ 40 ¤μ 1000 ŒÔ‚ ¶·¨ É¥Ì ¦¥ Ô´¥·£¨ÖÌ ¶ÊÎ± .

3. ��’ˆ—…‘Š�Ÿ ‘ˆ‘’…Œ�

‘ Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³ ‚���-4Œ ¢§ ¨³μ¤¥°¸É¢Ê¥É ¨§²ÊÎ¥´¨¥ ¤¢ÊÌ ² §¥-
·μ¢ ¸ ¤²¨´ ³¨ ¢μ²´ 1064 ´³ (Nd:YAG), 527 ´³ (Nd:YLF ¸ Ê¤¢μ¥´¨¥³ Î ¸ÉμÉÒ).
�  ¶μ§¨É·μ´´μ³ ´ ¶· ¢²¥´¨¨ · ¡μÉ ¥É É·¥ÌÎ ¸ÉμÉ´Ò° ² §¥· ´  ±·¨¸É ²²¥
Nd:YLF ¸ ¤²¨´ ³¨ ¢μ²´ 1053 ´³ (¶¥·¢ Ö £ ·³μ´¨± ), 527 ´³ (¢Éμ· Ö £ ·³μ-
´¨± ) ¨ 263 ´³ (Î¥É¢¥·É Ö £ ·³μ´¨±  ¶μ±  ´¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ± ²¨¡·μ¢±¨).
�É¨ ² §¥·Ò ¨³¶Ê²Ó¸´Ò¥, · ¡μÉ ÕÉ ¶·¨ Î ¸ÉμÉ¥ ¢´¥Ï´¥£μ § ¶Ê¸±  1000 ƒÍ,
¤²¨É¥²Ó´μ¸ÉÓ ² §¥·´μ£μ ¨³¶Ê²Ó¸  ³¥´ÓÏ¥ 10 ´¸, É ± ÎÉμ ±μ³¶Éμ´μ¢¸±μ¥ ¢§ ¨-
³μ¤¥°¸É¢¨¥ ¶·μ¨¸Ìμ¤¨É ¢ ¶·¥¤¥² Ì ¤¥É¥±Éμ·  Š…„� ´  ¤²¨´¥ ³¥´¥¥ 2 ³. ‘¨£-
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´ ²Ò § ¶Ê¸±  ² §¥·μ¢ ¤²Ö ¸¨´Ì·μ´¨§ Í¨¨ ¸ ¶ÊÎ± ³¨ Ê¸±μ·¨É¥²Ö Ëμ·³¨·ÊÕÉ¸Ö
¨§ ¸¨£´ ²  Ë §Ò ‚— ‚���-4Œ (819 ±ƒÍ).

�  Ô²¥±É·μ´´μ° ¸Éμ·μ´¥ ¨§²ÊÎ¥´¨¥ ¤¢ÊÌ ² §¥·μ¢ ¸¢μ¤¨É¸Ö ¢ μ¤¨´ μ¶É¨Î¥-
¸±¨° ¶ÊÉÓ ¸ ¶μ³μÐÓÕ μ¡ÒÎ´μ£μ ¨ ¤¨Ì·μ¨Î´μ£μ §¥·± ². ‹ §¥·´μ¥ ¨§²ÊÎ¥´¨¥
Ëμ±Ê¸¨·Ê¥É¸Ö ´  ´Ê¦´μ¥ · ¸¸ÉμÖ´¨¥ (¶·¨³¥·´μ 22 ³) ¸ ¶μ³μÐÓÕ ³μÉμ·¨-
§¨·μ¢ ´´μ£μ Ô±¸¶ ´¤¥·  (μ¶É¨Î¥¸±μ° É·Ê¡Ò ¸ ¤¢Ê³Ö ²¨´§ ³¨). �μ¶¥·¥Î´μ¥
¶μ²μ¦¥´¨¥ ² §¥·´μ£μ ¶ÊÎ±  μÉ´μ¸¨É¥²Ó´μ Ô²¥±É·μ´´μ£μ ·¥£Ê²¨·Ê¥É¸Ö ¸ ¶μ-
³μÐÓÕ ¤¢ÊÌμ¸´μ£μ §¥·± ²  ¸ Ï £μ¢Ò³¨ ¤¢¨£ É¥²Ö³¨. ˆ§²ÊÎ¥´¨¥ ¢¢μ¤¨É¸Ö ¢
¢ ±ÊÊ³´ÊÕ ± ³¥·Ê Î¥·¥§ ±¢ ·Í¥¢μ¥ μ±´μ, ¤ ²¥¥ μÉ· ¦ ¥É¸Ö μÉ ´¥¶μ¤¢¨¦´μ£μ
§¥·± ²  ¢ ¸Éμ·μ´Ê Ô²¥±É·μ´´μ£μ ¶ÊÎ± .

�  ¶μ§¨É·μ´´μ° ¸Éμ·μ´¥ ¨§²ÊÎ¥´¨¥ É·¥ÌÎ ¸ÉμÉ´μ£μ ² §¥·  · §¤¥²Ö¥É¸Ö
´  £ ·³μ´¨±¨ ¢ ¤¨¸¶¥·¸¨μ´´μ° ¶·¨§³¥. …¸ÉÓ É ±¦¥ ¢μ§³μ¦´μ¸ÉÓ Ê¶· ¢²¥´¨Ö
³μÐ´μ¸ÉÓÕ ¨§²ÊÎ¥´¨Ö ¸ ¶μ³μÐÓÕ ¶μ²Ö·¨§ Í¨μ´´μ° ¶·¨§³Ò. „ ²¥¥ ¨§²ÊÎ¥-
´¨¥ Ëμ±Ê¸¨·Ê¥É¸Ö ¨ ¶·μ¢μ¤¨É¸Ö ¢ ¢ ±ÊÊ³´ÊÕ ± ³¥·Ê  ´ ²μ£¨Î´μ Ô²¥±É·μ´´μ°
¸Éμ·μ´¥.

„²Ö ´ ¸É·μ°±¨ ÔËË¥±É¨¢´μ¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ·¥ ²¨§μ¢ ´ ³μ´¨Éμ· ¸±μ-
·μ¸É¨ ¸Î¥É  ±μ³¶Éμ´μ¢¸±¨Ì Î ¸É¨Í. ‘μ§¤ ´μ ¶·μ£· ³³´μ¥ μ¡¥¸¶¥Î¥´¨¥, ¶μ-
§¢μ²ÖÕÐ¥¥ ± ± Ê¶· ¢²ÖÉÓ μÉ¤¥²Ó´Ò³¨ Ê§² ³¨ μ¶É¨Î¥¸±μ° ¸¨¸É¥³Ò (Ï £μ¢Ò³¨
¤¢¨£ É¥²Ö³¨, ²¨´¨Ö³¨ § ¤¥·¦±¨, ±μ³³ÊÉ Éμ· ³¨ ¨ É. ¤.), É ± ¨  ¢Éμ³ É¨§¨·μ-
¢ ÉÓ Ô±¸¶¥·¨³¥´É ¢ Í¥²μ³ É ±¨³ μ¡· §μ³, ÎÉμ ¸¨¸É¥³  ± ²¨¡·μ¢±¨ ³μ¦¥É
· ¡μÉ ÉÓ ¤μ²£μ¥ ¢·¥³Ö (´¥¸±μ²Ó±μ ´¥¤¥²Ó) ¡¥§ ÊÎ ¸É¨Ö μ¶¥· Éμ· .

4. ��‘—…’ ��…�ƒ…’ˆ—…‘Š�‰ ˜Š�‹›

Œ¥¦¤Ê ± ²¨¡·μ¢± ³¨ ¸ BGO-± ²μ·¨³¥É· ³¨ Ô´¥·£¥É¨Î¥¸± Ö Ï± ²  ¸¨-
¸É¥³Ò ·¥£¨¸É· Í¨¨ �� · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¶μ ¸μ¸ÉμÖ´¨Õ ³ £´¨É´μ° ¸¨¸É¥³Ò
‚���-4Œ. ‘μ§¤ ´  ³μ¤¥²Ó Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¶·μ³¥¦ÊÉ± , ¢ ±μÉμ·μ° ÊÎ¨-
ÉÒ¢ ÕÉ¸Ö ¨§³¥·¥´´Ò¥ ¶μ²Ö ¨ Éμ±¨ ³ £´¨É´ÒÌ Ô²¥³¥´Éμ¢ ¨ ¶μ± § ´¨Ö ¤ ÉÎ¨-
±μ¢ ¶μ²μ¦¥´¨Ö ¶ÊÎ±  ¢ ±μ´±·¥É´μ³ Ô±¸¶¥·¨³¥´É ²Ó´μ³ § Ìμ¤¥ (¢·¥³Ö ´ ¡μ· 
¤ ´´ÒÌ Š…„� 60Ä120 ³¨´). Œμ¤¥²¨·ÊÕÉ¸Ö Î ¸É¨ÍÒ �Š� ¨ �’ˆ ¨ ¨Ì ¶·μ²¥É
Î¥·¥§ ³ £´¨É´ÊÕ ¸¨¸É¥³Ê. �  ¢ÒÌμ¤¥ ¶·μ£· ³³Ò Å ±μÔËË¨Í¨¥´ÉÒ A ¨ B ¨§
Ëμ·³Ê²Ò (2) ¤²Ö ± ¦¤μ£μ § Ìμ¤  ¤²Ö ¢¸¥Ì ¢μ¸Ó³¨ ¡²μ±μ¢.

Œμ¤¥²Ó μÉ¸²¥¦¨¢ ¥É μÉ´μ¸¨É¥²Ó´Ò¥ ¨§³¥´¥´¨Ö Ô´¥·£¥É¨Î¥¸±μ° Ï± ²Ò.
„²Ö · ¸¸Î¨É ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ A· ¨ B· ¤¥² ÕÉ¸Ö ¶μ¶· ¢±¨: A → A· ·ΔA,
B → B· + ΔB. ΔA ¨ ΔB ´ Ìμ¤ÖÉ¸Ö ¢ § Ìμ¤ Ì ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
± ²¨¡·μ¢± ³¨: ΔA = AÔ/A· ¨ ΔB = BÔ − B·. ‘· ¢´¥´¨¥ · ¸¸Î¨É ´´ÒÌ
¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¶μ²μ¦¥´¨° ±μ³¶Éμ´μ¢¸±μ£μ ±· Ö §  ¤²¨É¥²Ó´μ¥ ¢·¥³Ö
¶μ± §Ò¢ ¥É, ÎÉμ · ¸Î¥É ¢μ¸¶·μ¨§¢μ¤¨É ´ ¡²Õ¤ ¥³Ò¥ ¢ Ô±¸¶¥·¨³¥´É¥ ¸± Î±¨
¨ ¤·¥°Ë ¶μ²μ¦¥´¨Ö ¸ ÉμÎ´μ¸ÉÓÕ 0,06 % Ô´¥·£¨¨ ¶ÊÎ± . �² ´¨·Ê¥É¸Ö ¤μ¢¥¸É¨
ÉμÎ´μ¸ÉÓ · ¸Î¥É  ¤μ É¥μ·¥É¨Î¥¸±μ£μ ¶·¥¤¥²Ó´μ£μ Ê·μ¢´Ö 0,01Ä0,02%.
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5. �…‡“‹œ’�’›

‘μ§¤ ´  ¸¨¸É¥³  ±μ³¶Éμ´μ¢¸±μ° ± ²¨¡·μ¢±¨ ¤²Ö ¸¨¸É¥³Ò ·¥£¨¸É· Í¨¨ ��
¤¥É¥±Éμ·  Š…„�: ² §¥·´μ-μ¶É¨Î¥¸± Ö ¸¨¸É¥³  ¸ ¤¢Ê³Ö ¤²¨´ ³¨ ¢μ²´ ¤²Ö Ô²¥±-
É·μ´μ¢ ¨ ¶μ§¨É·μ´μ¢ ¨ ¸¨¸É¥³  Ê¶· ¢²¥´¨Ö. ‘¨¸É¥³  · ¡μÉ ¥É ´¥¶·¥·Ò¢´μ ¢
 ¢Éμ³ É¨Î¥¸±μ³ ·¥¦¨³¥. ‘μ§¤ ´  ¶·μ£· ³³  ¤²Ö · ¸Î¥É  É· ¥±Éμ·¨° Î ¸É¨Í
¢ ¸¨¸É¥³¥ ·¥£¨¸É· Í¨¨ �� ¸ ÊÎ¥Éμ³ ¨§³¥·¥´´ÒÌ ¶ · ³¥É·μ¢ ‚���-4Œ, ¶μ-
§¢μ²ÖÕÐ Ö ¢ÒÎ¨¸²ÖÉÓ Ô´¥·£¥É¨Î¥¸±ÊÕ Ï± ²Ê ¸¨¸É¥³Ò ·¥£¨¸É· Í¨¨ �� ¸ Ê¤μ-
¢²¥É¢μ·¨É¥²Ó´μ° ÉμÎ´μ¸ÉÓÕ. � ¡μÉ  ¶μ Ê²ÊÎÏ¥´¨Õ ÉμÎ´μ¸É¨ ¨ ¸É ¡¨²Ó´μ¸É¨
¶·μ¤μ²¦ ¥É¸Ö.

� ¡μÉ  Î ¸É¨Î´μ ¶μ¤¤¥·¦ ´  £· ´Éμ³ �””ˆ º15-02-09016 �.
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