
�¨¸Ó³  ¢ �—�Ÿ. 2013. ’. 10, º 1(178). ‘. 120Ä129

”ˆ‡ˆŠ� ˆ ’…•�ˆŠ� “‘Š��ˆ’…‹…‰

�’Š‹ˆŠ �“—Š�
�� �…�…•�„�›‰ ���–…‘‘ ‚ ‘ˆ�•��’����•

‘ –ˆ”��‚�‰ ‘ˆ‘’…Œ�‰ ��„�‚‹…�ˆŸ
Š�ƒ…�…�’�›• ���…�…—�›• Š�‹…���ˆ‰

‚. Œ.† ¡¨Í±¨°
�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ 

‚ ¸¨´Ì·μÉ·μ´ Ì ¸ Í¨Ë·μ¢μ° ¸¨¸É¥³μ° ¶μ¤ ¢²¥´¨Ö ±μ£¥·¥´É´ÒÌ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ¨¸¸²¥-
¤Ê¥É¸Ö ·¥ ±Í¨Ö ¶ÊÎ±  ´  ¨³¶Ê²Ó¸´μ¥ ¢´¥Ï´¥¥ ¢μ§¤¥°¸É¢¨¥. �·μ ´ ²¨§¨·μ¢ ´Ò Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ ¤ ´´Ò¥ ¶μ ¤¥³¶Ë¨·μ¢ ´¨Õ ±μ£¥·¥´É´ÒÌ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ¸£Ê¸É±  ¢ LHC, ¢μ§¡Ê¦¤¥´´ÒÌ
¤¥²ÓÉ -¨³¶Ê²Ó¸μ³. �μ± § ´μ ¸μ¢¶ ¤¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ · ¸Î¥É´ÒÌ ¢¥²¨Î¨´ ¤²Ö ¤¥±·¥³¥´Éμ¢
§ ÉÊÌ ´¨Ö É ±¨Ì ±μ²¥¡ ´¨°. �¡¸Ê¦¤ ¥É¸Ö ³¥Éμ¤ Éμ´±μ° ´ ¸É·μ°±¨ ¸¨¸É¥³Ò ¶μ¤ ¢²¥´¨Ö ±μ£¥·¥´É-
´ÒÌ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨°, μ¸´μ¢ ´´Ò° ´  ¨§³¥·¥´¨¨ μÉ±²¨±  ¶ÊÎ±  ´  μ£· ´¨Î¥´´μ¥ ¢μ ¢·¥³¥´¨
£ ·³μ´¨Î¥¸±μ¥ ¢μ§¤¥°¸É¢¨¥.

The transient beam response to an externally applied impulse force in synchrotrons with a digital
transverse feedback system is studied. Experimental data from the LHC on damping of coherent
transverse oscillations excited by the discrete-time unit impulse are analysed. Good agreement on the
measured and theoretically predicted decrements has been obtained. A method of feedback ˇne tuning,
based on measurements of bunch response to harmonic excitation impulse, is discussed.

PACS: 29.20.Lq; 29.27.Bd
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‘¨¸É¥³Ò ¶μ¤ ¢²¥´¨Ö (‘�) ±μ£¥·¥´É´ÒÌ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ¢ ¸¨´Ì·μÉ·μ-
´ Ì (·¨¸. 1) Ï¨·μ±μ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ¤¥³¶Ë¨·μ¢ ´¨Ö μ¸É ÉμÎ´ÒÌ ±μ²¥¡ ´¨° Î ¸É¨Í
¶μ¸²¥ ¨´¦¥±Í¨¨ ¨ ¤²Ö ¶μ¤ ¢²¥´¨Ö ±μ£¥·¥´É´ÒÌ ´¥Ê¸Éμ°Î¨¢μ¸É¥° Ê¸±μ·Ö¥³ÒÌ ¸£Ê¸É±μ¢.
�·¨ ¶· ¢¨²Ó´μ ´ ¸É·μ¥´´μ° ‘� ¤μ¸É¨£ ¥É¸Ö § ÉÊÌ ´¨¥ ±μ£¥·¥´É´ÒÌ ¶μ¶¥·¥Î´ÒÌ ±μ²¥-
¡ ´¨° Î ¸É¨Í, ¨´¨Í¨¨·μ¢ ´´ÒÌ · §²¨Î´Ò³¨ ¢´¥Ï´¨³¨ ¸¨² ³¨. ‚ ÔÉμ³ ¸²ÊÎ ¥ ³μ¦´μ
¨¸¸²¥¤μ¢ ÉÓ ·¥ ±Í¨Õ ¶ÊÎ±  ´  ¨³¶Ê²Ó¸´μ¥ ¢´¥Ï´¥¥ ¢μ§¤¥°¸É¢¨¥. � ¡²Õ¤ ¥³Ò° ¶·¨ ÔÉμ³
¶¥·¥Ìμ¤´Ò° ¶·μÍ¥¸¸ ¶μ§¢μ²Ö¥É ¶·μ¢¥¸É¨  ´ ²¨§ ¤¨´ ³¨Î¥¸±¨Ì ¸¢μ°¸É¢ ¨ ± Î¥¸É¢  ´ -
¸É·μ°±¨ · ¸¸³ É·¨¢ ¥³μ° ‘�. ‚´¥Ï´¨³ ¢μ§¤¥°¸É¢¨¥³ ³μ¦¥É ¡ÒÉÓ ¤¥²ÓÉ -¨³¶Ê²Ó¸ ¨²¨
μ£· ´¨Î¥´´μ¥ ¢μ ¢·¥³¥´¨ £ ·³μ´¨Î¥¸±μ¥ ¢μ§¡Ê¦¤¥´¨¥. �  ·¨¸. 2 ¶μ± § ´ ¶·¨³¥· § ÉÊÌ -
ÕÐ¨Ì ¢¥·É¨± ²Ó´ÒÌ ±μ²¥¡ ´¨° ¸£Ê¸É± , ¨´¨Í¨¨·μ¢ ´´ÒÌ ¤¥²ÓÉ -¨³¶Ê²Ó¸μ³ ¸ ¶μ³μÐÓÕ
Éμ²± É¥²Ö (K, kicker), ¢ ±μ²² °¤¥·¥ LHC ¶·¨ Ô´¥·£¨¨ ¶·μÉμ´μ¢ 450 ƒÔ‚ [1]. ‘¨£´ ² § -
Ë¨±¸¨·μ¢ ´ ¤ ÉÎ¨±μ³ (BPM, beam position monitor), ¢Ìμ¤ÖÐ¨³ ¢ ¸μ¸É ¢ ‘�. „¥³¶Ë¨·μ-
¢ ´¨¥ ±μ²¥¡ ´¨° μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ ¤¥Ë²¥±Éμ·  (DK, damper kicker). „¥Ë²¥±Éμ·
¨§³¥´Ö¥É Ê£μ² ´ ±²μ´  É· ¥±Éμ·¨¨ ¶·μ¨§¢μ²Ó´μ£μ ¸£Ê¸É±  ¶·μ¶μ·Í¨μ´ ²Ó´μ μÉ±²μ´¥´¨Õ
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�¨¸. 1. ‘Ì¥³  ‘�
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�¨¸. 2. ‘¨£´ ² § ÉÊÌ ÕÐ¨Ì ±μ²¥¡ ´¨° ¸ BPM

ÔÉμ£μ ¦¥ ¸£Ê¸É±  ¢ ¤ ÉÎ¨±¥ BPM. �¥μ¡Ìμ¤¨³Ò¥  ³¶²¨ÉÊ¤´Ò¥ ¨ Ë §μ¢Ò¥ ¸μμÉ´μÏ¥´¨Ö
‚—-¸¨£´ ²μ¢ ´  ¤¥Ë²¥±Éμ·¥ DK ¨ ¨§³¥·¨É¥²Ó´μ³ ¤ ÉÎ¨±¥ BPM μ¡¥¸¶¥Î¨¢ ÕÉ¸Ö ¸ ¶μ³μ-
ÐÓÕ Í¨Ë·μ¢μ£μ Ë¨²ÓÉ·  (DSP, digital signal processor),   ¸¨´Ì·μ´¨§ Í¨Ö μ¸ÊÐ¥¸É¢²Ö¥É¸Ö
¸ ¶μ³μÐÓÕ § ¤¥·¦±¨ (τdelay).

‚·¥³Ö § ÉÊÌ ´¨Ö ±μ£¥·¥´É´ÒÌ ¶μ¶¥·¥Î´ÒÌ (¡¥É É·μ´´ÒÌ) ±μ²¥¡ ´¨° ¸£Ê¸É± , Î ¸ÉμÉ 
±μÉμ·ÒÌ ¸μ¶μ¸É ¢¨³  ¨²¨ ¢ÒÏ¥ Î ¸ÉμÉÒ μ¡· Ð¥´¨Ö, μ¡ÒÎ´μ ¸μ¸É ¢²Ö¥É μ±μ²μ ¸μÉ´¨
μ¡μ·μÉμ¢. — ¸ÉμÉ  ¶·μ¤μ²Ó´ÒÌ (¸¨´Ì·μÉ·μ´´ÒÌ) ±μ²¥¡ ´¨° §´ Î¨É¥²Ó´μ ´¨¦¥ Î ¸ÉμÉÒ
μ¡· Ð¥´¨Ö Î ¸É¨Í ¢ ¸¨´Ì·μÉ·μ´¥. �μÔÉμ³Ê ¢ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨ ¤²Ö  ´ ²¨§  ¶μ¶¥-
·¥Î´μ° ¤¨´ ³¨±¨ ¸£Ê¸É±μ¢ ¢ ¸¨´Ì·μÉ·μ´¥ ¶·¨ ´ ²¨Î¨¨ ‘� ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ É· ¤¨-
Í¨μ´´μ¥ ¶·¥¤¶μ²μ¦¥´¨¥ μ ´¥§ ¢¨¸¨³μ¸É¨ ¶μ¶¥·¥Î´μ£μ ¨ ¶·μ¤μ²Ó´μ£μ ¤¢¨¦¥´¨° Î ¸É¨Í.
‚ · ³± Ì ÔÉμ£μ ¶·¨¡²¨¦¥´¨Ö ´¨¦¥  ´ ²¨§¨·Ê¥É¸Ö ·¥ ±Í¨Ö ¶ÊÎ±  ´  ¨³¶Ê²Ó¸´μ¥ ¢´¥Ï-
´¥¥ ¢μ§¤¥°¸É¢¨¥. �·¨ ÔÉμ³ ¨¸¶μ²Ó§Ê¥É¸Ö μ·¨£¨´ ²Ó´Ò° ³¥Éμ¤ ¤¨¸±·¥É´μ£μ  ´ ²¨§  ‘�,
¨§²μ¦¥´´Ò° ¢ [2,3].
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�Ê¸ÉÓ ¸μ¸ÉμÖ´¨¥ Í¥´É·  ÉÖ¦¥¸É¨ ¸£Ê¸É±  ´  μ¡μ·μÉ¥ n ¢ ¶·μ¨§¢μ²Ó´μ° ÉμÎ±¥ s μ·¡¨ÉÒ
(¸³. ·¨¸. 1) μ¶¨¸Ò¢ ¥É¸Ö ³ É·¨Í¥°-¸Éμ²¡Íμ³ X̂ [n, s], ¢ ±μÉμ·μ° ¶¥·¢Ò° Ô²¥³¥´É ¥¸ÉÓ
x[n, s] Å ¸³¥Ð¥´¨¥ ¸£Ê¸É±  μÉ´μ¸¨É¥²Ó´μ · ¸Î¥É´μ° μ·¡¨ÉÒ ¸ ¶¥·¨³¥É·μ³ C,   ¢Éμ·μ°
Ô²¥³¥´É x′[n, s] Å Ê£μ² ´ ±²μ´  É· ¥±Éμ·¨¨. �Ê¸ÉÓ Éμ²± É¥²Ó K, · ¸¶μ²μ¦¥´´Ò° ¢ ÉμÎ±¥
sD μ·¡¨ÉÒ, ¨§³¥´Ö¥É Ê£μ² ´ ±²μ´  É· ¥±Éμ·¨¨ ¸£Ê¸É±  ´  ¢¥²¨Î¨´Ê Δx′

D[n]. �μ¸²¥
¶·μÌμ¦¤¥´¨Ö ¸£Ê¸É±μ³ ¤¥³¶Ë¨·ÊÕÐ¥£μ ¤¥Ë²¥±Éμ·  DK ¢ ÉμÎ±¥ sK ¤²Ö ¸μ¸ÉμÖ´¨° ¸£Ê¸É± 
´  ¤¢ÊÌ ¶μ¸²¥¤μ¢ É¥²Ó´ÒÌ μ¡μ·μÉ Ì, ¸²¥¤ÊÖ [2,3], ³μ¦¥³ § ¶¨¸ ÉÓ:

X̂[n + 1, s] ≡ X̂[n, s + C] = M̂(s)X̂ [n, s] + Δx′[n, sK]M̂KÊ + Δx′
D[n] M̂DÊ, (1)

£¤¥ ¢ ³ É·¨Í¥-¸Éμ²¡Í¥ Ê ¨³¥¥³ E1 = 0 ¨ E2 = 1,   ¤²Ö ³ É·¨Í ¶¥·¥Ìμ¤  M̂(s2|s1) ¨§ s1 ¢

s2 ¢¢¥¤¥´Ò μ¡μ§´ Î¥´¨Ö [4]: M̂(s) ≡ M̂(s+C|s), M̂K ≡ M̂(s+C|sK), M̂D ≡ M̂(s+C|sD).
‚¥²¨Î¨´  ¤¥³¶Ë¨·ÊÕÐ¥£μ Éμ²Î±  ¶·μ¶μ·Í¨μ´ ²Ó´  ¢ÒÌμ¤´μ³Ê ´ ¶·Ö¦¥´¨Õ Vout ´ 

Ê¸¨²¨É¥²¥ ¢ Í¥¶¨ μ¡· É´μ° ¸¢Ö§¨,   Vout ²¨´¥°´μ § ¢¨¸¨É μÉ ¢Ìμ¤´μ£μ ´ ¶·Ö¦¥´¨Ö Vin:

Δx′[n, sK] = SKVout[n] = SKKoutKin

NF∑
m=0

h[m]Vin[n − q̂ − m]u[n − q̂ − m], (2)

£¤¥ SK Å ¶¥·¥¤ ÉμÎ´ Ö Ì · ±É¥·¨¸É¨±  ¤¥³¶Ë¨·ÊÕÐ¥£μ ¤¥Ë²¥±Éμ· ; Kin ¨ Kout Å ±μ-
ÔËË¨Í¨¥´ÉÒ Ê¸¨²¥´¨Ö ¢Ìμ¤´μ£μ ¨ ¢ÒÌμ¤´μ£μ Ê¸¨²¨É¥²¥° (¸³. ·¨¸. 1); u[n] Å ËÊ´±Í¨Ö
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•¥¢¨¸ °¤ ; h[m] Å ±μÔËË¨Í¨¥´ÉÒ Í¨Ë·μ¢μ£μ Ë¨²ÓÉ·  ¢ DSP; NF Å ¶μ·Ö¤μ± ÔÉμ£μ Ë¨²Ó-
É·  ¸ ±μ´¥Î´μ° ¨³¶Ê²Ó¸´μ° Ì · ±É¥·¨¸É¨±μ°; q̂ Å ±· É´μ¸ÉÓ § ¤¥·¦±¨ ¢ Í¥¶¨ μ¡· É´μ°
¸¢Ö§¨ (¥¸²¨ τPK Å ¢·¥³Ö ¶·μ²¥É  ¸£Ê¸É±  μÉ BPM ¤μ DK,   Trev Å ¶¥·¨μ¤ ¥£μ μ¡· Ð¥´¨Ö,
Éμ τdelay = τPK + q̂ Trev, ¸³. [1]).

‚ ¸¢μÕ μÎ¥·¥¤Ó ¢¥²¨Î¨´  Vin ²¨´¥°´μ § ¢¨¸¨É μÉ ¸³¥Ð¥´¨Ö x[n, sP]:

Vin[n] = (x[n, sP] + δxP)SPu[n], (3)

£¤¥ δxP Å ¸³¥Ð¥´¨¥ Ô²¥±É·¨Î¥¸±μ£μ Í¥´É·  BPM μÉ´μ¸¨É¥²Ó´μ μ·¡¨ÉÒ; SP Å ÎÊ¢¸É¢¨-
É¥²Ó´μ¸ÉÓ ¨§³¥·¨É¥²Ó´μ£μ ¤ ÉÎ¨± . „²Ö μ¤¨´μÎ´μ£μ ¸£Ê¸É±  ¤¨¸±·¥É´μ¥ ¶·¥¤¸É ¢²¥´¨¥ (3)
¸¨£´ ²  ¸ BPM ¢ ¢¨¤¥ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ μÉ¸Î¥Éμ¢, Ëμ·³¨·Ê¥³ÒÌ ´  ± ¦¤μ³ μ¡μ·μÉ¥,
¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ É¥μ·¥³μ° ŠμÉ¥²Ó´¨±μ¢  [5] μ¤´μ§´ Î´μ ¢μ§³μ¦´μ ¤²Ö Î ¸ÉμÉ f ´¨¦¥
Î ¸ÉμÉÒ μ¡· Ð¥´¨Ö frev = 1/Trev. Šμ²¥¡ ´¨Ö ¸ Î ¸ÉμÉμ° f = frev/2 ¨ Ë § ³¨, ¶·¨
±μÉμ·ÒÌ ¸£Ê¸Éμ± ¶·μ²¥É ¥É ¤ ÉÎ¨± ¡¥§ ¸³¥Ð¥´¨Ö, É ±¦¥ ¡Ê¤ÊÉ ·¥£¨¸É·¨·μ¢ ÉÓ¸Ö ± ± ¸¨£-
´ ², ¸μ¢¶ ¤ ÕÐ¨° ¸ δxP. ‚ ¨Éμ£¥ ¸¨£´ ² ´  ¢ÒÌμ¤¥ Í¥¶¨ μ¡· É´μ° ¸¢Ö§¨, ¶·μ¶μ·Í¨μ-
´ ²Ó´Ò° Δx′[n, sK], Ö¢²Ö¥É¸Ö ¸¢¥·É±μ° ¢Ìμ¤´μ£μ ¸¨£´ ² , ¶·μ¶μ·Í¨μ´ ²Ó´μ£μ x[n, sP], ¸
¤¨¸±·¥É´μ° ¨³¶Ê²Ó¸´μ° Ì · ±É¥·¨¸É¨±μ° Í¥¶¨ KoutKinh[n] ¨ μ¤´μ§´ Î´μ ¸μμÉ¢¥É¸É¢Ê¥É
±μ£¥·¥´É´Ò³ ¶μ¶¥·¥Î´Ò³ ±μ²¥¡ ´¨Ö³ ¸£Ê¸É±  ¸ Î ¸ÉμÉμ° |{Q}|frev, ´¥ ¸μ¢¶ ¤ ÕÐ¥° ¸
(mfrev/2), £¤¥ m Å Í¥²μ¥ Î¨¸²μ, |{Q}| Å  ¡¸μ²ÕÉ´ Ö ¢¥²¨Î¨´  μÉ±²μ´¥´¨Ö μÉ ¡²¨¦ °-
Ï¥£μ Í¥²μ£μ Î¨¸²  ¤²Ö Q Å Î¨¸²  ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° Î ¸É¨ÍÒ §  μ¡μ·μÉ ¢ ¸¨´Ì·μ-
É·μ´¥ (¤²Ö μÉ±²μ´¥´¨Ö {Q} ¨¸¶μ²Ó§Ê¥É¸Ö ¸²¥¤ÊÕÐ¥¥ μ¶·¥¤¥²¥´¨¥: −0,5 < {Q} � 0,5).

‚´¥Ï´¨³ ¢μ§¤¥°¸É¢¨¥³ ¸  ³¶²¨ÉÊ¤μ° aD, ¢μ§´¨± ÕÐ¨³ ´  μ¡μ·μÉ¥ nD, ³μ¦¥É ¡ÒÉÓ
¤¥²ÓÉ -¨³¶Ê²Ó¸ ¨²¨ μ£· ´¨Î¥´´μ¥ ¢μ ¢·¥³¥´¨ £ ·³μ´¨Î¥¸±μ¥ ¢μ§¡Ê¦¤¥´¨¥ ¸ Î ¸ÉμÉμ°
QDfrev, ¶·μ¤μ²¦¨É¥²Ó´μ¸ÉÓÕ NDTrev ¨ Ë §μ° φD:

Δx′
D[n]

√
β̂Dβ̂P =

{
aDδ[n − nD],
aD cos

(
2π(n − nD)QD + φD

)(
u[n − nD] − u[n − nD − ND]

)
,

(4)

£¤¥ β̂i ≡ β̂(si) Å ¡¥É -ËÊ´±Í¨Ö ’¢¨¸¸  [4,6].
‘¨¸É¥³  ²¨´¥°´ÒÌ · §´μ¸É´ÒÌ Ê· ¢´¥´¨° (1), (2), (3) ¨ (4) ³μ¦¥É ¡ÒÉÓ ·¥Ï¥´  ¸

¨¸¶μ²Ó§μ¢ ´¨¥³ μ¤´μ¸Éμ·μ´´¥£μ Z-¶·¥μ¡· §μ¢ ´¨Ö [5]:

y(z, s) =Z{y[n, s]} ≡
∞∑

n=0

y[n, s]z−n, y[n, s] = 0 ∀n < 0, s ∈ [0, C),

(5)
y[n, s] =Z−1{y(z, s)} ≡ 1

2πj

∮
Γ

y(z, s)zn−1dz =
∑

k

Res [y(zk, s) zn−1
k ],

É. ¥. ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ y[n, s] μ¶·¥¤¥²¥´  ¢ÒÎ¥É ³¨  ´ ²¨É¨Î¥¸±μ° ËÊ´±Í¨¨ y(z, s). „²Ö
 ´ ²¨É¨Î¥¸±μ° ËÊ´±Í¨¨ X̂(z, s) = Z{X̂[n, s]} ´¥É·Ê¤´μ ¶μ²ÊÎ¨ÉÓ

X̂(z, s) =
zÎ − M̂−1 det M̂

det
(
zÎ − M̂

) (
zX̂[0, s] +

gz−q̂K(z)δxP

(1 − z−1)(β̂Kβ̂P)1/2K0

M̂KÊ+

+ Z{Δx′
D[n]} M̂DÊ

)
, (6)
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£¤¥ Î Å ¥¤¨´¨Î´ Ö ³ É·¨Í ; K(z) = KoutH(z)Kin Å ¶¥·¥¤ ÉμÎ´ Ö ËÊ´±Í¨Ö Í¥¶¨ μ¡· É-
´μ° ¸¢Ö§¨; H(z) = Z{h[n]}, g = (β̂Kβ̂P)1/2K0SKSP Å ±μÔËË¨Í¨¥´É μ¡· É´μ° ¸¢Ö§¨
(gain), ¶·¨Î¥³ ¢¥²¨Î¨´  K0 § ¤ ´  É ± (¸³. ¤ ²¥¥), ÎÉμ g > 0 μÉ¢¥Î ¥É § ÉÊÌ ÕÐ¨³
±μ²¥¡ ´¨Ö³. Œ É·¨Í  M̂ ¨³¥¥É ¢¨¤

M̂ ≡ M̂(z, s) = M̂(s) +
gz−q̂K(z)

(β̂Kβ̂P)1/2K0

M̂KT̂ M̂(sP|s),

£¤¥ T̂ Å ±¢ ¤· É´ Ö 2 × 2 ³ É·¨Í , ¢ ±μÉμ·μ° T21 = 1,   ¢¸¥ μ¸É ²Ó´Ò¥ Ô²¥³¥´ÉÒ · ¢´Ò
´Ê²Õ. ‘μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö zk ¶·¨ aD = 0 ¥¸ÉÓ ·¥Ï¥´¨Ö  ²£¥¡· ¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö

det
(
zk Î − M̂(zk, s)

)
≡ z2

k − zk tr M̂(zk, s) + det M̂(zk, s) =

= z2
k −

(
2 cos (2πQ) +

gz−q̂K(z)
K0

sin (2πQ − ψPK)
)
×

× zk + 1 − gz−q̂K(z)
K0

sin ψPK = 0, (7)

£¤¥ ψPK Å ´ ¡¥£ Ë §Ò ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ³¥¦¤Ê ¨§³¥·¨É¥²Ó´Ò³ ¤ ÉÎ¨±μ³ BPM ¨
¤¥³¶Ë¨·ÊÕÐ¨³ ¤¥Ë²¥±Éμ·μ³ DK. �·¨ g = 0 ¨³¥¥³ z± = exp (±j 2πQ), É. ¥. Ìμ·μÏμ
¨§¢¥¸É´μ¥ ·¥Ï¥´¨¥ ¤²Ö ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°. �·¨ g �= 0 ¤²Ö μ¶¨¸ ´¨Ö ¸μ¸ÉμÖ´¨°
¸³¥Ð¥´¨° Í¥´É·  ÉÖ¦¥¸É¨ ¸£Ê¸É±  X̂[n, s] = M̂(s|sK)X̂ [n, sK] Ë¨§¨Î¥¸±¨° ¸³Ò¸² ¨³¥ÕÉ
·¥Ï¥´¨Ö (·¨¸. 3), ¢ ±μÉμ·ÒÌ ±μ³¶μ´¥´ÉÒ X̂ [n, sK] ¶μ¸²¥ ± ¦¤μ£μ ¶·μÌμ¦¤¥´¨Ö ¤¥³¶-
Ë¨·ÊÕÐ¥£μ Éμ²± É¥²Ö ³μ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥ ¸Ê³³Ò £ ·³μ´¨± ¸  ³¶²¨ÉÊ¤ ³¨
Akβ̂1/2, Ë § ³¨ Φk, ²μ£ ·¨Ë³¨Î¥¸±¨³¨ ¤¥±·¥³¥´É ³¨ § ÉÊÌ ´¨Ö §  μ¡μ·μÉ αk ≡ − ln |zk|
¨ ´ ¡¥£ ³¨ Ë §Ò §  μ¡μ·μÉ 2π{Qk} ≡ arg zk É ±¨³¨, ÎÉμ, ´ ¶·¨³¥·, ¤²Ö É¥±ÊÐ¥£μ ¸³¥-
Ð¥´¨Ö Í¥´É·  ÉÖ¦¥¸É¨ ¸£Ê¸É±  ¶μ¸²¥ DK ¸μ£² ¸´μ (5) ³μ¦¥³ § ¶¨¸ ÉÓ:

x[n, sK] =
∑

k

Akβ̂
1/2
K exp (−nαk) exp

(
j(2πn{Qk} + Φk)

)
.

�Éμ ¸¶· ¢¥¤²¨¢μ ¶·¨ ¢Ò¶μ²´¥´¨¨ ¸²¥¤ÊÕÐ¨Ì Ê¸²μ¢¨°:

|zk| < 1, lim
n→∞

X̂[n, s] = lim
z→1

(z − 1)X̂(z, s) = 0 ⇒ K(z = 1) = 0.
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�¨¸. 3. ’· ¥±Éμ·¨Ö x(t) Í¥´É·  ÉÖ¦¥¸É¨ ¸£Ê¸É±  ¢¤μ²Ó μ·¡¨ÉÒ (a) ¨ ¢¥²¨Î¨´  ¸³¥Ð¥´¨Ö x[n, sK] ¢
³¥¸É¥ · ¸¶μ²μ¦¥´¨Ö DK ´  · §´ÒÌ μ¡μ·μÉ Ì n = t/Trev (¡)
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�¨¸. 4. ƒ· Ë¨±¨ § ¢¨¸¨³μ¸É¥° |zk| ( ) ¨ {Qk} (¡) μÉ g

’ ±¨³ μ¡· §μ³, ¢¸¥ ¶μ²Õ¸  zk ËÊ´±Í¨¨ X̂(z, s) ¤μ²¦´Ò ²¥¦ ÉÓ ¢´ÊÉ·¨ μ±·Ê¦´μ¸É¨ ¥¤¨-
´¨Î´μ£μ · ¤¨Ê¸ ,   ¢²¨Ö´¨¥ ¸³¥Ð¥´¨Ö δxP ¢ X̂(z, s) ¤μ²¦´μ ¡ÒÉÓ ¨¸±²ÕÎ¥´μ. �μ¸²¥¤´¥¥
¤μ¸É¨£ ¥É¸Ö ¡² £μ¤ ·Ö ¶·¨³¥´¥´¨Õ ¢ Í¥¶¨ μ¡· É´μ° ¸¢Ö§¨ Ê§±μ¶μ²μ¸´μ£μ § £· ¦¤ ÕÐ¥£μ
Ë¨²ÓÉ·  (notch ˇlter), ¶¥·¥¤ ÉμÎ´ Ö ËÊ´±Í¨Ö ±μÉμ·μ£μ HNF(z) = (1 − z−1).

’¥±ÊÐ¥¥ ¸μ¸ÉμÖ´¨¥ ¸£Ê¸É±  X̂ [n, sK] ¶μ¸²¥ DK μ¶·¥¤¥²¥´μ ¸μ£² ¸´μ (5) ¨ (7) ¸μ¡-
¸É¢¥´´Ò³¨ §´ Î¥´¨Ö³¨ zk, Î¨¸²μ ±μÉμ·ÒÌ § ¢¨¸¨É μÉ ¶μ·Ö¤±  Í¨Ë·μ¢μ£μ Ë¨²ÓÉ·  NF ¨
±· É´μ¸É¨ § ¤¥·¦±¨ q̂. � ¶·¨³¥·, ¶·¨ q̂ = 0 ¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¢ ‘� Í¨Ë·μ¢μ£μ Ë¨²ÓÉ· 
¢Éμ·μ£μ ¶μ·Ö¤±  ¸ H(z) = (1 − z−1)(1 + 0,576z−1) ¨³¥¥³ Î¥ÉÒ·¥ ·¥Ï¥´¨Ö. ƒ· Ë¨±¨
¢μ§´¨± ÕÐ¨Ì ¢ ÔÉμ³ ¸²ÊÎ ¥ § ¢¨¸¨³μ¸É¥° x[n, sK] μÉ n (¸³. ·¨¸. 3, ¡), |zk| ¨ {Qk} μÉ g
(·¨¸. 4) ¸μμÉ¢¥É¸É¢ÊÕÉ Q = 59,31, ψPK = 2π · 59,25, K0 = 1,576. ‚¥²¨Î¨´Ò x[n, sK]
¢ÒÎ¨¸²¥´Ò ¶μ Ëμ·³Ê² ³ (1), (2) ¨ (3) ¶·¨ x[0, sP] = a0, x′[0, sP] = 0, δxP = 0, g = 0,05.
„²Ö ³ É·¨Í M̂(s2|s1) ¢ Ê· ¢´¥´¨¨ (1) ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¸²¥¤ÊÕÐ¨¥ ¢¥²¨Î¨´Ò ËÊ´±Í¨°
’¢¨¸¸ : β̂P = β̂K = 71,538 ³, α̂P = α̂K = 0. ‘¶²μÏ´Ò¥ ²¨´¨¨ ¸μμÉ¢¥É¸É¢ÊÕÉ ¸μ¡¸É¢¥´-
´Ò³ §´ Î¥´¨Ö³ z1,2 ¸ Î ¸ÉμÉ ³¨ |{Q1,2}|frev, ´¥§´ Î¨É¥²Ó´μ μÉ²¨Î ÕÐ¨³¸Ö μÉ |{Q}|frev

¶·¨ g < 0,3. �Ê´±É¨·´Ò¥ ²¨´¨¨ ¤²Ö z3,4 ¸μμÉ¢¥É¸É¢ÊÕÉ ¡Ò¸É·μ § ÉÊÌ ÕÐ¨³ ³μ¤ ³ ±μ-
²¥¡ ´¨° ¶·¨ g < 0,3. ˆ§²μ³ É· ¥±Éμ·¨¨ Í¥´É·  ÉÖ¦¥¸É¨ ¸£Ê¸É±  ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö
¤¥³¶Ë¨·ÊÕÐ¥£μ Éμ²± É¥²Ö ¶·¨ ³ ²ÒÌ g ¢ μ¸´μ¢´μ³ μ¶·¥¤¥²Ö¥É¸Ö ³μ¤ ³¨ ±μ²¥¡ ´¨°
¸ ´ ¨³¥´ÓÏ¨³ ¤¥±·¥³¥´Éμ³ § ÉÊÌ ´¨Ö ¨ Î ¸ÉμÉ ³¨, ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ÕÐ¨³¨ ¸ ¡¥-
É É·μ´´μ°. Š ÔÉ¨³ ¤¢Ê³ μ¸´μ¢´Ò³ ³μ¤ ³ ±μ²¥¡ ´¨° ¤μ¡ ¢²ÖÕÉ¸Ö ¡Ò¸É·μ § ÉÊÌ ÕÐ¨¥
±μ³¶μ´¥´ÉÒ ¸ Î ¸ÉμÉ ³¨, μÉ²¨Î´Ò³¨ μÉ ¡¥É É·μ´´μ°, ¶·¨Î¥³ Î¨¸²μ ÔÉ¨Ì ³μ¤ ±μ²¥¡ ´¨°
§ ¢¨¸¨É μÉ ¶μ·Ö¤±  Í¨Ë·μ¢μ£μ Ë¨²ÓÉ·  NF ¨ ±· É´μ¸É¨ § ¤¥·¦±¨ q̂.

‘²¥¤Ê¥É ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¢ÒÏ¥ ¶·¥¤¶μ² £ ² ¸Ó ´¥§ ¢¨¸¨³μ¸ÉÓ ¶¥·¥¤ ÉμÎ´ÒÌ ËÊ´±Í¨°
Kin ¨ Kout μÉ Î ¸ÉμÉÒ. �¤´ ±μ ·¥ ²Ó´Ò¥ ¢Ìμ¤´Ò¥ ¨ ¢ÒÌμ¤´Ò¥ Ê¸¨²¨É¥²¨ ¨³¥ÕÉ μ£· -
´¨Î¥´´ÊÕ ¶μ²μ¸Ê ¶·μ¶Ê¸± ´¨Ö. ‚³¥¸É¥ ¸ É¥³ ¢ ¸μ¢·¥³¥´´ÒÌ ‘�  ³¶²¨ÉÊ¤´μ-Î ¸ÉμÉ´ Ö
¨ Ë §μ-Î ¸ÉμÉ´ Ö Ì · ±É¥·¨¸É¨±¨ ÔÉ¨Ì Ê¸¨²¨É¥²¥° ¸² ¡μ § ¢¨¸ÖÉ μÉ Î ¸ÉμÉÒ ¢ · ¡μÎ¥°
¶μ²μ¸¥ Î ¸ÉμÉ μÉ |{Q}|frev ¤μ Kbfrev, £¤¥ Kb Å Î¨¸²μ ¸£Ê¸É±μ¢ ¢ ¸¨´Ì·μÉ·μ´¥. �μÔÉμ³Ê
¢ ± ¦¤μ° μ£· ´¨Î¥´´μ° ¶μ²μ¸¥ Î ¸ÉμÉ μÉ mfrev ¤μ (m + 1)frev, £¤¥ m Å Í¥²μ¥ Î¨¸²μ,
¢²¨Ö´¨¥ ¶ · ³¥É·μ¢ ¢Ìμ¤´ÒÌ ¨ ¢ÒÌμ¤´ÒÌ Ê¸¨²¨É¥²¥° ³μ¦´μ ÊÎ¨ÉÒ¢ ÉÓ ¢ § ¢¨¸¨³μ¸ÉÖÌ
H

(
z = exp (j 2π(Q + m))

)
μÉ Q ¨ m, ¢¢μ¤Ö ¤μ¡ ¢±¨, ¨§³¥·¥´´Ò¥ ¢ ·¥ ²Ó´μ° ‘�. ’ ±, ¢

¸¨¸É¥³¥ ¶μ¤ ¢²¥´¨Ö ±μ£¥·¥´É´ÒÌ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ¢ LHC [1, 7] μÉ±²μ´¥´¨Ö
¨§³¥·¥´´ÒÌ Ë § argK μÉ · ¸Î¥É´ÒÌ ¢¥²¨Î¨´ arg H ¢ Í¨Ë·μ¢μ° Î ¸É¨ ‘� ´¥ ¶·¥¢μ¸Ìμ¤ÖÉ
5◦ ¤²Ö ¢¸¥Ì · ¡μÎ¨Ì Î ¸ÉμÉ ¢¡²¨§¨ Î ¸ÉμÉ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¨ ¨Ì μ¡¥·Éμ´μ¢. ’ -
±¨³ μ¡· §μ³, ¢ ·¥ ²Ó´μ° ¸¨ÉÊ Í¨¨ ± ¦¤ Ö ³μ¤  ±μ²¥¡ ´¨°, μÉ¢¥Î ÕÐ Ö zk, ³μ¦¥É ¨³¥ÉÓ
μÉ±²μ´¥´¨Ö ¸ ¨§³¥´¥´¨¥³ m. ‚³¥¸É¥ ¸ É¥³ Ö¸´μ, ÎÉμ ´ ¨¡μ²ÓÏ¥¥ ¢²¨Ö´¨¥ ´  ¤¨´ ³¨±Ê
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¸£Ê¸É±  ¡Ê¤ÊÉ μ± §Ò¢ ÉÓ ³μ¤Ò ±μ²¥¡ ´¨° ¸ ³¨´¨³ ²Ó´Ò³ ¤¥±·¥³¥´Éμ³ § ÉÊÌ ´¨Ö, ±μÉμ-
·Ò¥ ¶·¨ ¶· ¢¨²Ó´μ ´ ¸É·μ¥´´μ° ‘� ¸μμÉ¢¥É¸É¢ÊÕÉ Î ¸ÉμÉ ³ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¨
¥¥ μ¡¥·Éμ´ ³ (¸³. ·¨¸. 4).

‚ ¨Éμ£¥ ¶·¨ g � 1 ¤²Ö § ÉÊÌ ÕÐ¨Ì ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨°, ´¥§´ Î¨É¥²Ó´μ μÉ²¨Î Õ-
Ð¨Ì¸Ö ¶μ Î ¸ÉμÉ¥ μÉ Î ¸ÉμÉÒ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¨ ¥¥ μ¡¥·Éμ´μ¢, ¨³¥¥³ ¨§ (7):

αm =
g |K(ωm)|

2K0
sin ΨPK, {Qm} = {Q} − g |K(ωm)|

4πK0
cos ΨPK,

ΨPK = ψPK + 2πq̂ Q − argK(ωm),
(8)

K(ωm) = Kin(ωm)Kout(ωm)H
(
z = exp (j2πQ)

)
,

ωm =
2π(Q + m)

Trev
, |K0| = |K(m = 0)|, K0 sin ΨPK(m = 0) > 0,

£¤¥ m Å ¶μ²μ¦¨É¥²Ó´μ¥ ¨²¨ μÉ·¨Í É¥²Ó´μ¥ Í¥²μ¥ Î¨¸²μ. �¶É¨³ ²Ó´ Ö ´ ¸É·μ°±  ‘�
¸μμÉ¢¥É¸É¢Ê¥É ¡ ² ´¸Ê Ë § ΨPK, ±μ£¤  | sin ΨPK| = 1, É ± ÎÉμ {Qm} = {Q}.

�·¨ ´ ·ÊÏ¥´¨¨ ¡ ² ´¸  Ë § Ê³¥´ÓÏ ¥É¸Ö ¸±μ·μ¸ÉÓ Ê¡Ò¢ ´¨Ö  ³¶²¨ÉÊ¤Ò,   Í¨±²¨-
Î¥¸± Ö Î ¸ÉμÉ  § ÉÊÌ ÕÐ¨Ì ±μ²¥¡ ´¨° ω = 2π|{Qm}|frev ³μ¦¥É ¡ÒÉÓ ± ± ¡μ²ÓÏ¥, É ±
¨ ³¥´ÓÏ¥ Í¨±²¨Î¥¸±μ° Î ¸ÉμÉÒ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ω0 = 2π|{Q}|frev, ¶μ¸±μ²Ó±Ê
ω = ω0 − αm/(Trev tg ΨPK) ¨ ¸¤¢¨£ Î ¸ÉμÉ ¶·μ¶μ·Í¨μ´ ²¥´ g cos ΨPK. ‚ Éμ ¦¥ ¢·¥³Ö ¢
±² ¸¸¨Î¥¸±μ° ³¥Ì ´¨±¥ ³ ²Ò¥ ±μ²¥¡ ´¨Ö ¶·¨ ´ ²¨Î¨¨ ¤¨¸¸¨¶ É¨¢´ÒÌ ¶·μÍ¥¸¸μ¢ ¢¸¥£¤ 
¶·μ¨¸Ìμ¤ÖÉ ¸ Ê³¥´ÓÏ¥´¨¥³ Î ¸ÉμÉÒ: ω =

√
ω2

0 − λ2, £¤¥ λ Å ±μÔËË¨Í¨¥´É § ÉÊÌ ´¨Ö [8].
’ ±¨³ μ¡· §μ³, ¶·¨ ´ ² ¤±¥ ‘� ´¥μ¡Ìμ¤¨³μ ´ ¸É·μ¨ÉÓ ·¥¦¨³, μÉ¢¥Î ÕÐ¨° § ÉÊÌ -

´¨Õ ±μ£¥·¥´É´ÒÌ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° Í¥´É·  ÉÖ¦¥¸É¨ ¸£Ê¸É± , ¨ μ¸ÊÐ¥¸É¢¨ÉÓ Éμ´±ÊÕ
´ ¸É·μ°±Ê, ¸μμÉ¢¥É¸É¢ÊÕÐÊÕ ³ ²μ³Ê μÉ·¨Í É¥²Ó´μ³Ê ¸¤¢¨£Ê Î ¸ÉμÉ ({Qm} − {Q})frev.

�’Š‹ˆŠ �“—Š� �� „…‹œ’�-ˆŒ�“‹œ‘

‘μμÉ¢¥É¸É¢¨¥ · ¸Î¥É´ÒÌ ¨ ¨§³¥·¥´´ÒÌ ¤¥±·¥³¥´Éμ¢ § ÉÊÌ ´¨Ö ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ -
´¨° ³μ¦´μ Ê¸É ´μ¢¨ÉÓ, ¢ÒÖ¢²ÖÖ Ô±¸¶μ´¥´Í¨ ²Ó´Ò° § ±μ´ § ÉÊÌ ´¨Ö ¸¨£´ ²  ¸ BPM ¤²Ö
μ¸É ÉμÎ´ÒÌ ±μ²¥¡ ´¨° ¶μ¸²¥ ¨´¦¥±Í¨¨. �¤´ ±μ ¨§ ¢Ò· ¦¥´¨Ö ¤²Ö X̂(z, s) ¸²¥¤Ê¥É, ÎÉμ
¢ É¥Î¥´¨¥ ´¥¸±μ²Ó±¨Ì μ¡μ·μÉμ¢ ¶μ¸²¥ ¨´¦¥±Í¨¨ ¸¨£´ ² ¸ BPM § ¢¨¸¨É ´¥ Éμ²Ó±μ μÉ
´ Î ²Ó´ÒÌ Ê¸²μ¢¨° X̂[0, s], ´μ ¨ μÉ ¸³¥Ð¥´¨Ö δxP ¨§³¥·¨É¥²Ó´μ£μ ¤ ÉÎ¨±  μÉ´μ¸¨É¥²Ó´μ
μ·¡¨ÉÒ. ‚¸²¥¤¸É¢¨¥ ÔÉμ£μ Ëμ·³  ¸¨£´ ²  § ¢¨¸¨É μÉ ¶·μÍ¥¸¸μ¢ ¢ Í¨Ë·μ¢μ³ Ë¨²ÓÉ·¥ ¶·¨
¶¥·¥Ìμ¤¥ μÉ ´Ê²¥¢ÒÌ ´ Î ²Ó´ÒÌ Ê¸²μ¢¨° ± ·¥ ²Ó´Ò³, μÉ¢¥Î ÕÐ¨³ δxP.

‚´¥Ï´¥¥ ¢μ§¤¥°¸É¢¨¥ ¢ ¢¨¤¥ ¤¥²ÓÉ -¨³¶Ê²Ó¸  ¶·¨¢μ¤¨É ± ¶μÖ¢²¥´¨Õ ¢ ¢Ò· ¦¥´¨¨ ¤²Ö
X̂(z, s) ¸² £ ¥³μ£μ, ¶·μ¶μ·Í¨μ´ ²Ó´μ£μ Z{Δx′

D[n]} = aDz−nD/(β̂Pβ̂K)1/2. �Éμ ¸² £ ¥-
³μ¥ μÉ¢¥Î ¥É § ÉÊÌ ÕÐ¨³ ±μ²¥¡ ´¨Ö³, ¢μ§´¨± ÕÐ¨³ ¢ ³μ³¥´É ¢·¥³¥´¨ nDTrev, ¸ É¥³¨
¦¥ ¤¥±·¥³¥´É ³¨ ¨ Î ¸ÉμÉ ³¨, ÎÉμ ¨ ¤²Ö μ¸É ÉμÎ´ÒÌ ±μ²¥¡ ´¨° ¸£Ê¸É±  ¶μ¸²¥ ¨´¦¥±Í¨¨,
μ¤´ ±μ Ëμ·³  ¸¨£´ ²  ¸ BPM ´¥ § ¢¨¸¨É μÉ δxP. �·¨³¥· · ¸Î¥É´μ° § ¢¨¸¨³μ¸É¨ ¸¨£´ ² 
¸ BPM μÉ n = t/Trev ¶μ± § ´ ´  ·¨¸. 5,  . ‡¤¥¸Ó ¶¥·¢Ò° ‚—-¨³¶Ê²Ó¸ ¸μμÉ¢¥É¸É¢Ê¥É μ¸É -
ÉμÎ´Ò³ ±μ²¥¡ ´¨Ö³ ¶μ¸²¥ ¨´¦¥±Í¨¨,   ¢Éμ·μ° Å § ÉÊÌ ÕÐ¨³ ±μ²¥¡ ´¨Ö³ ¶μ¸²¥ Éμ²Î± ,
¨´¨Í¨¨·μ¢ ´´μ£μ ¤¥²ÓÉ -¨³¶Ê²Ó¸μ³ (¶ · ³¥É·Ò · ¸Î¥É  É ±¨¥ ¦¥, ± ± ´  ·¨¸. 3, μ¤´ ±μ
x[0, sP] = −a0, δxP = a0, nD = 300, aD = a0, g = 0,05).

�É±²¨± ¶ÊÎ±  ´  ¤¢  Éμ²Î±  ¶μ± § ´ ´  ·¨¸. 5, ¡. ‡ ÉÊÌ ´¨¥ ±μ²¥¡ ´¨°, μ¡Ê¸²μ¢²¥´´ÒÌ
¶¥·¢Ò³ Éμ²Î±μ³ ¢ ³μ³¥´É ¢·¥³¥´¨ 100 Trev, ¸μμÉ¢¥É¸É¢Ê¥É ±μÔËË¨Í¨¥´ÉÊ μ¡· É´μ° ¸¢Ö§¨
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g = 0,08. ˆ§ (7) ¨³¥¥³ αmin = − ln |z(max)
k | = Trev/τ = 0,0429, ÎÉμ μÉ¢¥Î ¥É ¡μ²¥¥

¢Ò¸μ±μ³Ê É¥³¶Ê ¶μ¤ ¢²¥´¨Ö ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¶μ ¸· ¢´¥´¨Õ ¸ g/2 Å ²¨´¥°´Ò³
¶·¨¡²¨¦¥´¨¥³ (8). „²Ö ¢Éμ·μ£μ Éμ²Î±  ¶·¨ t = 400 Trev, £¤¥ g = 0,02, ¨³¥¥³ αmin = 0,01
¨§ (7), ÎÉμ ¸μ£² ¸Ê¥É¸Ö ¸ (8). �£¨¡ ÕÐ¨¥ ‚—-¸¨£´ ²μ¢ (ÏÉ·¨Ìμ¢Ò¥ ²¨´¨¨) ¢ÒÎ¨¸²¥´Ò
¸μ£² ¸´μ ¢¥²¨Î¨´ ³ αmin(g) ¨ Ìμ·μÏμ ¨Ì  ¶¶·μ±¸¨³¨·ÊÕÉ.

’ ±¨³ μ¡· §μ³, μ¸ÊÐ¥¸É¢²ÖÖ ®¶μ¤£μ´±Ê¯ (Ë¨É¨·μ¢ ´¨¥) · ¸Î¥É´ÒÌ ±·¨¢ÒÌ ¶μ¤ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö ±μ²¥¡ ´¨°, ¨´¨Í¨¨·μ¢ ´´ÒÌ ¤¥²ÓÉ -¨³¶Ê²Ó¸μ³, ³μ¦´μ μÍ¥-
´¨ÉÓ ¢¥²¨Î¨´Ê ¤¥±·¥³¥´É  § ÉÊÌ ´¨Ö ±μ²¥¡ ´¨°. �É  ¶·μÍ¥¤Ê·  ¨¸¶μ²Ó§μ¢ ² ¸Ó ´  ±μ²-
² °¤¥·¥ LHC ¤²Ö μ¶·¥¤¥²¥´¨Ö ¤¥±·¥³¥´Éμ¢ § ÉÊÌ ´¨Ö ±μ²¥¡ ´¨° ¶·μÉμ´´μ£μ ¸£Ê¸É±  ¶·¨
Ô´¥·£¨¨ ¨´¦¥±Í¨¨ 450 ƒÔ‚ [1] ¨ ¶μ¸²¥ Ê¸±μ·¥´¨Ö ¶·¨ Ô´¥·£¨¨ 3,5 ’Ô‚ [7]. � ¶·¨-
³¥·, ´  ·¨¸. 6, a ¶μ± § ´μ, ÎÉμ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö ¤¥±·¥³¥´Éμ¢ § ÉÊÌ ´¨Ö
±μ£¥·¥´É´ÒÌ ¢¥·É¨± ²Ó´ÒÌ ±μ²¥¡ ´¨° ¶·μÉμ´´μ£μ ¸£Ê¸É±  ¶·¨ Ô´¥·£¨¨ 3,5 ’Ô‚ Ìμ·μÏμ
¸μ£² ¸ÊÕÉ¸Ö ¸ · ¸Î¥É´Ò³¨ ¢¥²¨Î¨´ ³¨ ¤¥±·¥³¥´Éμ¢ Trev/τ ¤²Ö ±μÔËË¨Í¨¥´Éμ¢ μ¡· É´μ°
¸¢Ö§¨ 0,004 < g < 0,08 ¢ ± ¦¤μ³ ¨§ Î¥ÉÒ·¥Ì ± ´ ²μ¢ μÉ ¤¢ÊÌ BPM ¤μ ¤¢ÊÌ ¸¥±Í¨° DK
¢ μ¤´μ° ¶²μ¸±μ¸É¨ ±μ²¥¡ ´¨° (¢¸¥£μ ¢ ‘� ´  LHC ¨¸¶μ²Ó§ÊÕÉ¸Ö 16 ± ´ ²μ¢ ¤²Ö DSP: ¢
£μ·¨§μ´É ²Ó´μ° ¨ ¢¥·É¨± ²Ó´μ° ¶²μ¸±μ¸ÉÖÌ ±μ²¥¡ ´¨° ´  ¤¢ÊÌ ±μ²ÓÍ Ì ±μ²² °¤¥· ) [1].
�·¨¢¥¤¥´´Ò¥ ´  ·¨¸. 6, ¡ Î¥ÉÒ·¥ · ¸Î¥É´Ò¥ § ¢¨¸¨³μ¸É¨, ¢ÒÎ¨¸²¥´´Ò¥ ¸μ£² ¸´μ (7) ¤²Ö
·¥ ²Ó´ÒÌ ¶ · ³¥É·μ¢ ‘� ¢ LHC, £¤¥ ¨¸¶μ²Ó§Ê¥É¸Ö Í¨Ë·μ¢μ° Ë¨²ÓÉ· ƒ¨²Ó¡¥·É , ¸μ¢¶ -
¤ ÕÉ ¶·¨ g < 0,09 (ÔÉ¨ ¤ ´´Ò¥ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 6,  ), ´μ · §²¨Î ÕÉ¸Ö ¶·¨ g > 0,1.
�μ¸±μ²Ó±Ê ¸¨²  ¤¥³¶Ë¨·ÊÕÐ¥£μ ¢μ§¤¥°¸É¢¨Ö ¢ DK μ£· ´¨Î¥´  ³μÐ´μ¸ÉÓÕ μ±μ´¥Î´ÒÌ
Ê¸¨²¨É¥²¥° ¢ ‘�, Éμ ¶·μ¤¢¨´ÊÉÓ¸Ö ¢ μ¡² ¸ÉÓ g > 0,08 ¤²Ö ¡μ²¥¥ ± Î¥¸É¢¥´´μ° ´ ¸É·μ°±¨
‘� ´¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢μ§³μ¦´Ò³. ‘²¥¤Ê¥É É ±¦¥ μÉ³¥É¨ÉÓ, ÎÉμ Ë¨É¨·μ¢ ´¨¥ Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¤²Ö ¸¨£´ ²  ¸ ¨§³¥·¨É¥²Ó´μ£μ ¤ ÉÎ¨±  ¶·¨ ¢Ò¸μ±¨Ì É¥³¶ Ì § ÉÊÌ ´¨Ö

�¨¸. 5. ‘¨£´ ² ¸ BPM ¶μ¸²¥ ¨´¦¥±Í¨¨ (a) ¨ μÉ±²¨± ¶ÊÎ±  ´  ¤¢  Éμ²Î±  (¡)

�¨¸. 6. „¥±·¥³¥´ÉÒ § ÉÊÌ ´¨Ö Trev/τ ¢ § ¢¨¸¨³μ¸É¨ μÉ g
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É·¥¡Ê¥É ¡μ²¥¥  ±±Ê· É´μ£μ ÊÎ¥É  ¢±² ¤  ¢¸¥Ì £ ·³μ´¨± |{Qm}|frev ¢ Ëμ·³Ê ¸¨£´ ² . �Éμ
¸¨²Ó´μ μ£· ´¨Î¨¢ ¥É μ¡² ¸ÉÓ ¶·¨³¥´¥´¨Ö ³¥Éμ¤  ¢μ§¡Ê¦¤¥´¨Ö ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨°
¤¥²ÓÉ -¨³¶Ê²Ó¸μ³ ¤²Ö ´ ¸É·μ°±¨ ‘�, ±μÉμ·Ò°, μ¤´ ±μ, Ö¢²Ö¥É¸Ö ´ ¨¡μ²¥¥ Ê¤μ¡´Ò³ ³¥-
Éμ¤μ³ Ê¸É ´μ¢²¥´¨Ö μ¡² ¸É¥° ¶ · ³¥É·μ¢ ‘�, £¤¥ μ¡¥¸¶¥Î¨¢ ¥É¸Ö § ÉÊÌ ´¨¥ ±μ£¥·¥´É´ÒÌ
¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨°.

�’Š‹ˆŠ �“—Š� �� ƒ��Œ��ˆ—…‘Š�… ‚�‡„…‰‘’‚ˆ…

�  ·¨¸. 7,   ¶·¨¢¥¤¥´Ò § ¢¨¸¨³μ¸É¨ {Qk} μÉ g ¤²Ö ³μ¤ ±μ²¥¡ ´¨°, ¤¥±·¥³¥´ÉÒ ¤²Ö
±μÉμ·ÒÌ Ê± § ´Ò ´  ·¨¸. 6. �μ²μ¦¥´¨¥ · ¡μÎ¥° ÉμÎ±¨ μÉ¢¥Î ¥É Q = 590,32. �É²¨Î¨Ö
μÉ ÔÉμ£μ §´ Î¥´¨Ö ¤²Ö ¶·¨¢¥¤¥´´ÒÌ ³μ¤ ±μ²¥¡ ´¨° § ³¥É´Ò Ê¦¥ ¶·¨ g = 0,05, ¢ Éμ
¢·¥³Ö ± ± · §²¨Î¨Ö ¢ ¢¥²¨Î¨´ Ì ¤¥±·¥³¥´Éμ¢ ÔÉ¨Ì ±μ²¥¡ ´¨° ¶·μÖ¢²ÖÕÉ¸Ö Éμ²Ó±μ ¶·¨
g > 0,1. �μ¸±μ²Ó±Ê ‘� μ¡¥¸¶¥Î¨¢ ¥É ¤¥³¶Ë¨·μ¢ ´¨¥ ±μ£¥·¥´É´ÒÌ ¶μ¶¥·¥Î´ÒÌ ±μ²¥-
¡ ´¨°, Éμ ³μ¦´μ ¨¸¶ÒÉ ÉÓ ·¥ ±Í¨Õ ¶ÊÎ±  ´  μ£· ´¨Î¥´´μ¥ ¢μ ¢·¥³¥´¨ £ ·³μ´¨Î¥¸±μ¥
¢μ§¤¥°¸É¢¨¥. �  ·¨¸. 7, ¡ ¶·¨¢¥¤¥´Ò § ¢¨¸¨³μ¸É¨ ¸³¥Ð¥´¨° ¸£Ê¸É±  x[n, sP] μÉ n. � ¸Î¥É
¶·μ¢¥¤¥´ ¶μ Ëμ·³Ê² ³ (1), (2), (3) ¨ (4) ¤²Ö £ ·³μ´¨Î¥¸±μ£μ ¢μ§¡Ê¦¤¥´¨Ö ¸ QD = 0,316,
±μÉμ·μ¥ ¢±²ÕÎ ¥É¸Ö ¢ ³μ³¥´É ¢·¥³¥´¨ t = nD Trev = 100 Trev ¨ ¢Ò±²ÕÎ ¥É¸Ö Î¥·¥§
300 μ¡μ·μÉμ¢ (aD = a0, φD = 0, g = 0,08, ´ ¡¥£ Ë §Ò ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° μÉ
BPM ¤μ Éμ²± É¥²Ö K ¢Ò¡· ´ · ¢´Ò³ ψPD = 2π · 58,3). ‚¨¤´μ, ÎÉμ Î¥·¥§ 100 μ¡μ·μÉμ¢
¶μ¸²¥ ¢±²ÕÎ¥´¨Ö ¢´¥Ï´¥£μ ¢μ§¡Ê¦¤¥´¨Ö Ê¸É ´ ¢²¨¢ ¥É¸Ö ·¥¦¨³ ¸  ³¶²¨ÉÊ¤μ° ±μ²¥¡ -
´¨°, ¶·¨³¥·´μ ¢ 12 · § ¶·¥¢μ¸Ìμ¤ÖÐ¥°  ³¶²¨ÉÊ¤Ê ¢μ§¡Ê¦¤¥´¨Ö aD = a0 (μ£¨¡ ÕÐ Ö
‚—-¸¨£´ ²  Å ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö ´  ·¨¸. 7, ¡). ˆ§³¥´ÖÖ QD, ¶μ²ÊÎ ¥³ ´ ¡μ· § ¢¨¸¨³μ¸É¥°
 ³¶²¨ÉÊ¤ ±μ²¥¡ ´¨° a(n, QD) μÉ n ¨ QD ¶·¨ Ë¨±¸¨·μ¢ ´´ÒÌ ¢¥²¨Î¨´ Ì ±μÔËË¨Í¨¥´É 
μ¡· É´μ° ¸¢Ö§¨ g, ±μÔËË¨Í¨¥´Éμ¢ h[n] Í¨Ë·μ¢μ£μ Ë¨²ÓÉ·  ¨ ¶·μÎ¨Ì ¶ · ³¥É·μ¢ ‘�.
•μÉÖ  ³¶²¨ÉÊ¤  ¢Ò´Ê¦¤¥´´μ£μ ±μ²¥¡ ´¨Ö ¨ ¢μ§· ¸É ¥É ¶·¨ ¶·¨¡²¨¦¥´¨¨ QD ± {Q}, ´μ
μ´  ´¥ μ¡· Ð ¥É¸Ö ¢ ¡¥¸±μ´¥Î´μ¸ÉÓ, ± ± ÔÉμ ¶·μ¨¸Ìμ¤¨É ¶·¨ ·¥§μ´ ´¸¥ ¢ μÉ¸ÊÉ¸É¢¨¥ ‘�.
”Ê´±Í¨Õ a(n, QD) ¤¢ÊÌ ¶¥·¥³¥´´ÒÌ n ¨ QD ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ´  ¶²μ¸±μ¸É¨ ¢ ¢¨¤¥
± ·ÉÒ ¨§μ ³¶²¨ÉÊ¤ Å ¸¥³¥°¸É¢  ²¨´¨°, ¤²Ö ± ¦¤μ° ¨§ ±μÉμ·ÒÌ  ³¶²¨ÉÊ¤  ¢ ²Õ¡μ°
ÉμÎ±¥ ¨³¥¥É ¶μ¸ÉμÖ´´μ¥ §´ Î¥´¨¥. � ¶·¨³¥·, ¤²Ö ¨§μ ³¶²¨ÉÊ¤ ³μ¦´μ ¢Ò¡· ÉÓ

a(n, QD) = ai, −0,01 < {QD} − {Q} < 0,01, ai = amax

√
i/10, i ∈ [0, 10), (9)

£¤¥ amax Å ³ ±¸¨³ ²Ó´ Ö  ³¶²¨ÉÊ¤  Ê¸É ´μ¢¨¢Ï¨Ì¸Ö ±μ²¥¡ ´¨° ¢ Ê± § ´´μ³ ¤¨ ¶ §μ´¥

¨§³¥´¥´¨Ö QD = {QD} + m, ±μÉμ· Ö μÉ¢¥Î ¥É Q
(max)
D .
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�¨¸. 7. ‡ ¢¨¸¨³μ¸É¨ {Qk} μÉ g (a) ¨ x[n, sP] μÉ n = t/Trev (¡)
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�¨¸. 8. Š ·É  ¨§μ ³¶²¨ÉÊ¤ ( ) ¨ ·¥§μ´ ´¸´ Ö ±·¨¢ Ö (¡)

Šμ£¤  ¸£Ê¸Éμ± ¸μ¢¥·Ï ¥É ¢Ò´Ê¦¤¥´´Ò¥ ±μ²¥¡ ´¨Ö, Éμ ¢ μ¡² ¸É¨ Ê¸É ´μ¢¨¢Ï¨Ì¸Ö ±μ²¥-
¡ ´¨° ¥£μ ¶μ¶¥·¥Î´ Ö Ô´¥·£¨Ö I(QD) ¢ ¸·¥¤´¥³ μ¸É ¥É¸Ö ´¥¨§³¥´´μ°: ´  ± ¦¤μ³ μ¡μ·μÉ¥
¸£Ê¸Éμ± ¶μ²ÊÎ ¥É ¤μ¶μ²´¨É¥²Ó´Ò° ¶μ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ ¶μ¸²¥ ¶·μ²¥É  Éμ²± É¥²Ö, ±μÉμ-
·Ò° ±μ³¶¥´¸¨·Ê¥É¸Ö ¶μ¸²¥ ¶·μ²¥É  ¤¥³¶Ë¨·ÊÕÐ¥£μ ¤¥Ë²¥±Éμ· . ‚¥²¨Î¨´  I(QD) ¶·μ-
¶μ·Í¨μ´ ²Ó´  ±¢ ¤· ÉÊ  ³¶²¨ÉÊ¤Ò Ê¸É ´μ¢¨¢Ï¨Ì¸Ö ±μ²¥¡ ´¨°. �μÔÉμ³Ê ¤²Ö ·¥§μ´ ´¸´μ°
±·¨¢μ° ¨³¥¥³ ¸μ£² ¸´μ (6) ¨ (5):

I(QD)
Imax

=
1

Imax

∣∣∣det
(
zDÎ − M̂(zD)

)∣∣∣−2

,

(10)

zD = exp (zD2π{QD}), Imax = I
(
Q

(max)
D

)
.

�·¨³¥· £· Ë¨±μ¢ ¨§μ ³¶²¨ÉÊ¤ (9) ¨ ·¥§μ´ ´¸´μ° ±·¨¢μ° (10) ¶·¨¢¥¤¥´ ´  ·¨¸. 8 ¤²Ö
É¥Ì ¦¥ ¶ · ³¥É·μ¢ ‘�, ÎÉμ ¨ ´  ·¨¸. 7,   (ÏÉ·¨Ì¶Ê´±É¨·´ Ö ±·¨¢ Ö, g = 0,08). ‚¨¤´μ,
ÎÉμ ´  ·¨¸. 8 ³ ±¸¨³ ²Ó´Ò° μÉ±²¨± ¶ÊÎ±  ´  £ ·³μ´¨Î¥¸±μ¥ ¢μ§¤¥°¸É¢¨¥ ¸μμÉ¢¥É¸É¢Ê¥É

μÉ·¨Í É¥²Ó´μ³Ê ¸³¥Ð¥´¨Õ μÉ´μ¸¨É¥²Ó´μ ¡¥É É·μ´´μ° Î ¸ÉμÉÒ: Q
(max)
D ≈ {Q}− 5 · 10−4.

‘μ¢¶ ¤ ÕÉ É ±¦¥ ¢¥²¨Î¨´Ò QD − {Q} ´  ·¨¸. 8,   ¨ ¡, ±μÉμ·Ò¥ μÉ¢¥Î ÕÉ μ¤¨´ ±μ¢Ò³
Ê·μ¢´Ö³  ³¶²¨ÉÊ¤ Ê¸É ´μ¢¨¢Ï¨Ì¸Ö ±μ²¥¡ ´¨°.

‚ ²¨´¥°´μ³ ¶·¨¡²¨¦¥´¨¨ g � 1 ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (8) ´¥É·Ê¤´μ ¶μ²ÊÎ¨ÉÓ ¤²Ö (10):

I(QD)
Imax

=
α2

m

4π2({QD} − {Qm})2 + α2
m

.

�É  ËÊ´±Í¨Ö ¸μ¢¶ ¤ ¥É ¸ ·¥§μ´ ´¸´μ° ±·¨¢μ° [8], ±μÉμ· Ö μ¡ÒÎ´μ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö
 ´ ²¨§  ¢Ò´Ê¦¤¥´´ÒÌ ±μ²¥¡ ´¨° ¶·¨ ´ ²¨Î¨¨ É·¥´¨Ö, ¨ ¨³¥¥É ³ ±¸¨³Ê³ ¶·¨

{Q(max)
D } = {Qm} = {Q} − g |K(ωm)|

4πK0
cos ΨPK.

’ ±¨³ μ¡· §μ³, ³ ±¸¨³Ê³ ·¥§μ´ ´¸´μ° ±·¨¢μ° ¸³¥Ð ¥É¸Ö μÉ´μ¸¨É¥²Ó´μ ¡¥É É·μ´´μ° Î -
¸ÉμÉÒ ¶·¨ ´ ·ÊÏ¥´¨¨ ¡ ² ´¸  Ë §. �¤¨´ ±μ¢Ò¥ Ê·μ¢´¨  ³¶²¨ÉÊ¤ Ê¸É ´μ¢¨¢Ï¨Ì¸Ö ±μ²¥-
¡ ´¨° ¸μμÉ¢¥É¸É¢ÊÕÉ ¸³¥Ð¥´¨Õ ·¥§μ´ ´¸´μ° ±·¨¢μ°. �μ²ÊÏ¨·¨´  ·¥§μ´ ´¸´μ° ±·¨¢μ°
´  ¥¥ ¶μ²Ê¢Ò¸μÉ¥ · ¢´  ¶·¨³¥·´μ αm/2π. ƒ· Ë¨±¨ § ¢¨¸¨³μ¸É¥°, ¶·¥¤¸É ¢²¥´´ÒÌ ´ 
·¨¸. 8, ¶μ¤É¢¥·¦¤ ÕÉ ÔÉ¨ ¢Ò¢μ¤Ò. �μ¸±μ²Ó±Ê ¸³¥Ð¥´¨¥ ·¥§μ´ ´¸´μ° ±·¨¢μ° ¶·μ¶μ·Í¨-
μ´ ²Ó´μ g cosΨPK, Éμ ¤ ´´Ò° ÔËË¥±É ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´ ¢ ¸¨¸É¥³ Ì ¶μ¤ ¢²¥´¨Ö
¤²Ö Éμ´±μ° ´ ¸É·μ°±¨ ¡ ² ´¸  Ë § ΨPK.
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�·¨£¨´ ²Ó´Ò° ³¥Éμ¤ ¤¨¸±·¥É´μ£μ  ´ ²¨§  Í¨Ë·μ¢ÒÌ ¸¨¸É¥³ ¶μ¤ ¢²¥´¨Ö ±μ£¥·¥´É´ÒÌ
¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ¢ ¸¨´Ì·μÉ·μ´ Ì [2,3] ¨¸¶μ²Ó§μ¢ ´ ¶·¨ ¨¸¸²¥¤μ¢ ´¨¨ ·¥ ±-
Í¨¨ ¶ÊÎ±  ´  ¨³¶Ê²Ó¸´μ¥ ¢´¥Ï´¥¥ ¢μ§¤¥°¸É¢¨¥. �·μ ´ ²¨§¨·μ¢ ´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ ¶μ ¤¥³¶Ë¨·μ¢ ´¨Õ ±μ£¥·¥´É´ÒÌ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ¸£Ê¸É±  ¢ LHC, ¢μ§¡Ê-
¦¤¥´´ÒÌ ¤¥²ÓÉ -¨³¶Ê²Ó¸μ³. �μ± § ´μ ¸μ¢¶ ¤¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ · ¸Î¥É´ÒÌ ¢¥²¨-
Î¨´ ¤²Ö ¤¥±·¥³¥´Éμ¢ § ÉÊÌ ´¨Ö É ±¨Ì ±μ²¥¡ ´¨°.

�μ²ÊÎ¥´Ò  ´ ²¨É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö μÉ±²¨±  ¶ÊÎ±  ´  μ£· ´¨Î¥´´μ¥ ¢μ ¢·¥³¥´¨
£ ·³μ´¨Î¥¸±μ¥ ¢μ§¤¥°¸É¢¨¥ ¸ ÊÎ¥Éμ³ ·¥ ²Ó´ÒÌ Ì · ±É¥·¨¸É¨± Í¨Ë·μ¢μ° Í¥¶¨ μ¡· É´μ°
¸¢Ö§¨. ‚ÒÖ¢²¥´Ò ±μ²¨Î¥¸É¢¥´´Ò¥ ¨ ± Î¥¸É¢¥´´Ò¥ § ±μ´μ³¥·´μ¸É¨ ¤²Ö ·¥§μ´ ´¸´μ° § -
¢¨¸¨³μ¸É¨  ³¶²¨ÉÊ¤ Ê¸É ´μ¢¨¢Ï¨Ì¸Ö ±μ²¥¡ ´¨° ¸£Ê¸É±  μÉ Î ¸ÉμÉÒ £ ·³μ´¨Î¥¸±μ£μ ¢μ§-
¤¥°¸É¢¨Ö, ±μÉμ·Ò¥ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö Éμ´±μ° ´ ¸É·μ°±¨ ¸¨¸É¥³Ò ¶μ¤ ¢²¥´¨Ö ±μ£¥-
·¥´É´ÒÌ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ¢ ¸¨´Ì·μÉ·μ´ Ì.

�² £μ¤ ·´μ¸É¨. �¢Éμ· ¢Ò· ¦ ¥É ¶·¨§´ É¥²Ó´μ¸ÉÓ W.Héo	e, R. Louwerse ¨ D.Valuch
(–…��) §  ¶μ²¥§´Ò¥ μ¡¸Ê¦¤¥´¨Ö ¨ ¶·¥¤μ¸É ¢²¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥.
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