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‘¢μ¡μ¤´Ò¥ ±μ²¥¡ ´¨Ö Î ¸É¨Í ¢ Ëμ±Ê¸¨·ÊÕÐ¥° ¸¨¸É¥³¥ ±μ²ÓÍ  ¸ ¶¥·¥³¥´´Ò³ £· ¤¨¥´Éμ³ μ¶¨-
¸Ò¢ ÕÉ¸Ö  ³¶²¨ÉÊ¤´μ° ËÊ´±Í¨¥° (¡¥É -ËÊ´±Í¨¥°) ¨ Ë §μ¢μ° ËÊ´±Í¨¥°. ‚μ§³ÊÐ¥´¨Ö £· ¤¨¥´É 
¶·¨¢μ¤ÖÉ ± ¨¸± ¦¥´¨Ö³ ÔÉ¨Ì ËÊ´±Í¨°. ˆ¸± ¦¥´¨Ö ¡¥É -ËÊ´±Í¨¨ (ˆ	”) Ê³¥´ÓÏ ÕÉ  ±¸¥¶É ´¸
±μ²ÓÍ , μ¸μ¡¥´´μ ¥¸²¨ · ¡μÎ Ö ÉμÎ±  ´  ±²¥É±¥ ¡¥É É·μ´´ÒÌ Î ¸ÉμÉ ¶·¨¡²¨¦ ¥É¸Ö ± ¶μ²ÊÍ¥²μ³Ê
·¥§μ´ ´¸Ê. �·¥¤²μ¦¥´ ´μ¢Ò° ³¥Éμ¤ · ¸Î¥É  Éμ±μ¢ ¢ μ¡³μÉ± Ì ±μ··¥±É¨·ÊÕÐ¨Ì ±¢ ¤·Ê¶μ²Ó´ÒÌ
²¨´§. ˆ¤¥Ö ³¥Éμ¤  ¸μ¸Éμ¨É ¢ ¢μ§¡Ê¦¤¥´¨¨ ¨¸± ¦¥´¨° § ³±´ÊÉμ° μ·¡¨ÉÒ (ˆ‡�) ¸ ¶μ³μÐÓÕ ¤¨¶μ²Ó-
´μ£μ ³ £´¨É . ‘· ¢´¥´¨¥ ¨§³¥·¥´´ÒÌ §´ Î¥´¨° ˆ‡� ¢ ³μ´¨Éμ· Ì ¶μ²μ¦¥´¨Ö μ·¡¨ÉÒ (¶¨± ¶ Ì) ¸
· ¸Î¥É´Ò³¨ §´ Î¥´¨Ö³¨ ˆ‡� ¤²Ö ¨¤¥ ²Ó´ÒÌ £· ¤¨¥´Éμ¢ ¶μ§¢μ²Ö¥É · ¸¸Î¨É ÉÓ ·¥§μ´ ´¸´Ò¥ £ ·³μ-
´¨±¨ ˆ	” ¨ § É¥³ ¸±μ··¥±É¨·μ¢ ÉÓ ¨Ì ¸ ¶μ³μÐÓÕ ±¢ ¤·Ê¶μ²Ó´ÒÌ ±μ··¥±Éμ·μ¢. �¶¨¸ ´  ²£μ·¨É³
³¥Éμ¤  ¨ ¶·¥¤¢ ·¨É¥²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¥£μ ¶·¨³¥´¥´¨Ö ± ¸¨´Ì·μÉ·μ´Ê SIS 100.

Free oscillations of particles in the rings focusing system with a variable gradient are described by
the amplitude function (beta-function) and phase function. The gradient perturbation leads to distortions
of these functions. Distortions of beta-function reduce the ring acceptance, especially if the working
point on the cell betatron frequency is close to half-integer resonance. A new method for currents
calculating in the windings of correcting quadrupole lenses is presented. The idea of the method
consists in the excitation of the closed orbit with the dipole magnet. Comparison of measured values of
these orbits in pickup with the calculated values for the ideal gradients give an opportunity to calculate
the resonant harmonics of the beta-function distortions and then adjust them using quadrupole correctors.
The method algorithm and preliminary results of its application to the synchrotron SIS 100 are given.
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‘¢μ¡μ¤´Ò¥ ±μ²¥¡ ´¨Ö Î ¸É¨Í ¢ ±μ²ÓÍ¥¢μ³ Ê¸±μ·¨É¥²¥ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§  ³¶²¨ÉÊ¤-
´ÊÕ ËÊ´±Í¨Õ (¡¥É -ËÊ´±Í¨Õ) ¨ Ë §μ¢ÊÕ ËÊ´±Í¨Õ. �±¸¥¶É ´¸ ±μ²ÓÍ  εx,y (x, y Å
¶μ¶¥·¥Î´Ò¥ μÉ±²μ´¥´¨Ö μÉ ¨¤¥ ²Ó´μ° μ·¡¨ÉÒ) ¸¢Ö§ ´ ¸ ¡¥É -ËÊ´±Í¨¥° ¸μμÉ´μÏ¥´¨¥³

εx,y = min

[
Ax,y (s)2

βx,y (s)

]
, (1)

£¤¥ s Å ¤²¨´ , μÉ¸Î¨ÉÒ¢ ¥³ Ö ¢¤μ²Ó μ·¡¨ÉÒ; Ax,y(s) Å ³ ±¸¨³ ²Ó´ Ö  ³¶²¨ÉÊ¤  ¸¢μ-
¡μ¤´ÒÌ ±μ²¥¡ ´¨°; βx,y(s) Å ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¡¥É -ËÊ´±Í¨Ö.
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…¸²¨ £· ¤¨¥´É Ëμ±Ê¸¨·ÊÕÐ¥£μ ³ £´¨É´μ£μ ¶μ²Ö ¨¤¥ ²¥´, ¡¥É -ËÊ´±Í¨Ö ¸μ¢¶ ¤ ¥É
¸ · ¸Î¥É´μ°; μ¤´ ±μ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¢μ§³ÊÐ¥´¨° £· ¤¨¥´É  ¢μ§´¨± ÕÉ ¨¸± ¦¥´¨Ö ¡¥É -
ËÊ´±Í¨¨ ¨ Ë §μ¢μ° ËÊ´±Í¨¨. �É¨ ¨¸± ¦¥´¨Ö ¶·¨¢μ¤ÖÉ ± Ê³¥´ÓÏ¥´¨Õ  ±¸¥¶É ´¸  ±μ²ÓÍ 
¨ ¶μÉ¥·Ö³ Î ¸É¨Í; ´ ¨¡μ²ÓÏ¨° ¢±² ¤ ¤ ÕÉ ·¥§μ´ ´¸´Ò¥ £ ·³μ´¨±¨ ¸ ´μ³¥·μ³, ¡²¨§±¨³ ±
k ≈ 2Q, £¤¥ Q Å ¡¥É É·μ´´ Ö Î ¸ÉμÉ . ‚μ§¡Ê¦¤¥´¨¥ ÔÉ¨Ì £ ·³μ´¨± μ¸μ¡¥´´μ μ¶ ¸´μ ¤²Ö
¶ÊÎ±μ¢ ¸ ¢Ò¸μ±μ° ¨´É¥´¸¨¢´μ¸ÉÓÕ, ¢ ±μÉμ·ÒÌ ±Ê²μ´μ¢¸±¨° ¸¤¢¨£ ¡¥É É·μ´´μ° Î ¸ÉμÉÒ
¶·¨¢μ¤¨É ± ¶·¨¡²¨¦¥´¨Õ ± ¡²¨¦ °Ï¥³Ê ¶ · ³¥É·¨Î¥¸±μ³Ê ·¥§μ´ ´¸Ê ¨²¨ ¤ ¦¥ ± ¥£μ
¶¥·¥¸¥Î¥´¨Õ.

Šμ··¥±Í¨Ö ·¥§μ´ ´¸´ÒÌ £ ·³μ´¨± ¡Ò²  ¢Ò¶μ²´¥´  ¢ ˆ’�” ³´μ£μ ²¥É Éμ³Ê ´ § ¤ [1].
„²Ö ±μ··¥±Í¨¨ ¨¸¶μ²Ó§μ¢ ²¨¸Ó Î¥ÉÒ·¥ μ¡³μÉ±¨: ®¸¨´Ê¸´ Ö¯ ¨ ®±μ¸¨´Ê¸´ Ö¯ μ¡³μÉ±¨
¤²Ö ¤¢ÊÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò. ’μ±¨ ¢ ÔÉ¨Ì μ¡³μÉ± Ì ¢Ò¡¨· ²¨¸Ó ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¥Éμ¤ 
®Î¥·´μ£μ ÖÐ¨± ¯: ¤²Ö ± ¦¤μ° μ¡³μÉ±¨ Ô±¸¶¥·¨³¥´É ²Ó´μ ¨¸¸²¥¤μ¢ ² ¸Ó § ¢¨¸¨³μ¸ÉÓ
¸·¥¤´¥° ¨´É¥´¸¨¢´μ¸É¨ Ê¸±μ·¨É¥²Ö μÉ Éμ± ; § É¥³ ¢Ò¡¨· ²μ¸Ó §´ Î¥´¨¥ Éμ± , ¸μμÉ¢¥É-
¸É¢ÊÕÐ¥¥ ³ ±¸¨³ ²Ó´μ° ¨´É¥´¸¨¢´μ¸É¨. �¥¸³μÉ·Ö ´  ¶·¨³¨É¨¢´Ò° Ì · ±É¥· ¶·μÍ¥¤Ê·Ò,
¸ ¥¥ ¶μ³μÐÓÕ Ê¤ ²μ¸Ó ¤μ¡¨ÉÓ¸Ö § ³¥É´μ£μ ¶μ¢ÒÏ¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ (μ±μ²μ 20%).

‚ ¤ ´´μ° · ¡μÉ¥ ³Ò ¶·¥¤² £ ¥³ ³¥Éμ¤ · ¸Î¥É  ¨¸± ¦¥´¨° ¡¥É -ËÊ´±Í¨¨ ¶μ ¨´Ëμ·³ -
Í¨¨, ¶μ²ÊÎ¥´´μ° μÉ ¶¨± ¶-³μ´¨Éμ·μ¢. ˆ¤¥Ö ³¥Éμ¤  ¸μ¸Éμ¨É ¢ ¨¸±Ê¸¸É¢¥´´μ³ ¢μ§¡Ê¦¤¥´¨¨
¨¸± ¦¥´¨° § ³±´ÊÉμ° μ·¡¨ÉÒ ¸ ¶μ³μÐÓÕ ¤¨¶μ²Ó´μ£μ ³ £´¨É  ¨ ¸· ¢´¥´¨¨ ¨§³¥·¥´´ÒÌ
§´ Î¥´¨° ˆ‡� ¸μ §´ Î¥´¨Ö³¨, · ¸¸Î¨É ´´Ò³¨ ¤²Ö ¨¤¥ ²Ó´μ£μ £· ¤¨¥´É . ‡´ Î¥´¨Ö ËÊ·Ó¥-
£ ·³μ´¨± ˆ	” ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¸ ¶μ³μÐÓÕ ³¥Éμ¤  ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éμ¢. ‡ É¥³ ÔÉ¨
¨¸± ¦¥´¨Ö ³μ£ÊÉ ¡ÒÉÓ ¸±μ··¥±É¨·μ¢ ´Ò ¸ ¶μ³μÐÓÕ ¸¶¥Í¨ ²Ó´ÒÌ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§.
�·¨¢¥¤¥´  ²£μ·¨É³ ³¥Éμ¤  ¨ ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¤²Ö ¸¨´Ì·μÉ·μ´ 
SIS100.

1. ˆ‘Š�†…�ˆŸ �Œ�‹ˆ’“„��‰ ˆ ”�‡�‚�‰ ”“�Š–ˆˆ
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‚ ²¨´¥°´μ³ ¶·¨¡²¨¦¥´¨¨ Ê· ¢´¥´¨¥ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° Î ¸É¨Í ¢ ±μ²ÓÍ¥¢μ³ Ê¸±μ-
·¨É¥²¥ ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤ [2]:

d2y

ds2
+ K(s)y = 0. (2)

‚ ÔÉμ³ Ê· ¢´¥´¨¨ y Å ¶μ¶¥·¥Î´ Ö ±μμ·¤¨´ É ; ´¥§ ¢¨¸¨³ Ö ¶¥·¥³¥´´ Ö s Å · ¸¸ÉμÖ´¨¥

¢¤μ²Ó μ·¡¨ÉÒ (¢¸¥ ¶¥·¥³¥´´Ò¥ ¨§³¥·ÖÕÉ¸Ö ¢ ³); Ëμ±Ê¸¨·ÊÕÐ¨° Î²¥´ K(s) =
1

R(s)2
+

G(s)
BR

¤²Ö £μ·¨§μ´É ²Ó´μ£μ ¤¢¨¦¥´¨Ö ¨ K(s) = −G(s)/BR ¤²Ö ¢¥·É¨± ²Ó´μ£μ ¤¢¨¦¥´¨Ö;

£· ¤¨¥´É ³ £´¨É´μ£μ ¶μ²Ö G(s) =
∂Bz(x)

∂x
; BR Å ³ £´¨É´ Ö ¦¥¸É±μ¸ÉÓ (’² ·³); R(s) Å

· ¤¨Ê¸ ±·¨¢¨§´Ò μ·¡¨ÉÒ. �¡Ð¥¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (2) § ¶¨¸Ò¢ ¥É¸Ö ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

y = a
√

β (s) cos (μ (s) + α) . (3)

‡¤¥¸Ó a ¨ α Å  ³¶²¨ÉÊ¤  ¨ Ë §  ¸¢μ¡μ¤´ÒÌ ±μ²¥¡ ´¨°; β(s) ¨ μ(s) Å ¸μμÉ¢¥É¸É¢¥´´μ
 ³¶²¨ÉÊ¤´ Ö ËÊ´±Í¨Ö (¡¥É -ËÊ´±Í¨Ö) ¨ Ë §μ¢ Ö ËÊ´±Í¨Ö. ” §μ¢ Ö ËÊ´±Í¨Ö μ(s) ¸¢Ö§ ´ 

¸ ¡¥É -ËÊ´±Í¨¥° ¸μμÉ´μÏ¥´¨¥³ μ(s) =
s∫
0

ds

β (s)
; ¡¥É É·μ´´ Ö Î ¸ÉμÉ  Q =

1
2π

C∫
0

ds

β(s)
,
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£¤¥ C Å ¤²¨´  ±μ²ÓÍ . �¥·¨μ¤¨Î¥¸± Ö Î ¸ÉÓ Ë §μ¢μ° ËÊ´±Í¨¨ μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê²μ°
μper(s) = μ(s)−Q(s/R) (§¤¥¸Ó R Å ¸·¥¤´¨° · ¤¨Ê¸ ±μ²ÓÍ ). �²ÓÉ¥·´ É¨¢´ Ö Ëμ·³  ·¥-
Ï¥´¨Ö § ¶¨¸Ò¢ ¥É¸Ö Î¥·¥§ ±μ³¶²¥±¸´Ò¥ ËÊ´±Í¨¨ ”²μ±¥ φ (s): y = Aφ (s) + C.C. (§¤¥¸Ó
A Å ±μ³¶²¥±¸´ Ö ±μ´¸É ´É , C.C. μ§´ Î ¥É ±μ³¶²¥±¸´μ-¸μ¶·Ö¦¥´´ÊÕ ¢¥²¨Î¨´Ê). Œμ-
¤Ê²Ó ¨ Ë §  ËÊ´±Í¨¨ ”²μ±¥ ¸¢Ö§ ´Ò ¸ ¡¥É -ËÊ´±Í¨¥° ¨ Ë §μ¢μ° ËÊ´±Í¨¥° ¸²¥¤ÊÕÐ¨³¨
Ëμ·³Ê² ³¨: g(s) = |φ(s)| =

√
β(s)Δ, Δ = 1 ³; μ(s) = arg [φ(s)]. �¥·¨μ¤¨Î¥¸± Ö Î ¸ÉÓ

ËÊ´±Í¨¨ ”²μ±¥: Φ(s) = g(s) exp [iμper(s)].
‚ ¶·¨¸ÊÉ¸É¢¨¨ ¢μ§³ÊÐ¥´¨° £· ¤¨¥´É  (K(s) = K0(s) + ΔK(s)) ¡¥É -ËÊ´±Í¨Ö ¨ Ë -

§μ¢ Ö ËÊ´±Í¨Ö É ±¦¥ ¨§³¥´ÖÕÉ¸Ö: β(s) = β0(s) + Δβ(s), μ(s) = μ0(s) + Δμ(s). �É³¥-
É¨³, ÎÉμ ¨§³¥´¥´¨¥ ¡¥É -ËÊ´±Í¨¨ ¸¢Ö§ ´μ ¸ ¨§³¥´¥´¨¥³ Ë §μ¢μ° ËÊ´±Í¨¨ ¸μμÉ´μÏ¥´¨¥³

Δμ(s) ≈ −
s∫
0

Δβ(s)
β(s)2

ds.

ŒÒ ³μ¦¥³ ¢Ò· §¨ÉÓ Δβ(s) Î¥·¥§ ΔK(s) ¸ ¶μ³μÐÓÕ ¸²¥¤ÊÕÐ¥£μ  ²£μ·¨É³ : 1) ¶¥-

·¥Ìμ¤ ± ¶¥·¥³¥´´Ò³ ŠÊ· ´É Ä‘´ °¤¥·  [2] θ =
1

Q0

s∫
0

Δ
β0(s)

ds, Y =
y

g0(s)
(¶μ¸²¥ ÔÉμ°

μ¶¥· Í¨¨ Ê· ¢´¥´¨¥ (2) § ¶¨¸Ò¢ ¥É¸Ö ¢ Ëμ·³¥ Ê· ¢´¥´¨Ö ±μ²¥¡ ´¨° ¸ Î ¸ÉμÉμ° Q0);
2) ¢¢¥¤¥´¨¥ ´μ¢μ° ¶¥·¥³¥´´μ° G = |Y | (¶ · ³¥É· G ¨³¥¥É Ë¨§¨Î¥¸±¨° ¸³Ò¸² ¡¥§· §³¥·-
´μ° μ£¨¡ ÕÐ¥°); 3) · §²μ¦¥´¨¥ ¶· ¢μ° Î ¸É¨ ÔÉμ£μ Ê· ¢´¥´¨Ö ¢ ·Ö¤ ”Ê·Ó¥; 4) ²¨´¥ ·¨-
§ Í¨Ö ÔÉμ£μ Ê· ¢´¥´¨Ö (G = G0 + ΔG). ’μ£¤  ³Ò ¶μ²ÊÎ¨³ ¸²¥¤ÊÕÐÊÕ Ëμ·³Ê²Ê:

ΔG =
1
2

Δβ

β0 (s)
= C0 +

∞∑
k=1

uk cos kθ + vk sinkθ

4Q2
0 − k2

, (4)

£¤¥  ³¶²¨ÉÊ¤Ò ËÊ·Ó¥-£ ·³μ´¨±⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

uk =
Q

3/2
0

π

2π∫
0

β0(s)2ΔK(s) cos kθdθ,

vk =
Q

3/2
0

π

2π∫
0

β0 (s)2 ΔK (s) sin kθdθ.

(5)

ˆ§³¥´¥´¨¥ Ë §μ¢μ° ËÊ´±Í¨¨ Δμ (θ) ≈ −2Q0

θ∫
0

ΔG (θ) dθ. �μ¤¸É ¢²ÖÖ Ê· ¢´¥´¨¥ (4),

¶μ²ÊÎ¨³

Δμ (θ) = −2Q0

∞∑
k=1

uk sin kθ + vk (1 − cos kθ)
k (4Q2

0 − k2)
+ ΔQθ. (6)

�¥·¨μ¤¨Î¥¸± Ö Î ¸ÉÓ Ë §μ¢μ° ËÊ´±Í¨¨ μper (θ) = μ (θ) − Q(s/R); É ±¨³ μ¡· §μ³:

Δμper (θ) = 2Q0

∞∑
k=1

uk sin kθ + vk (1 − cos kθ)
k (4Q2

0 − k2)
. (7)

�·μ¢¥·±  É¥μ·¨¨ ¡Ò²  ¸¤¥² ´  ¤²Ö ¸É·Ê±ÉÊ·Ò ¸¨´Ì·μÉ·μ´  SIS100 [3]. ’μ´± Ö ±¢ ¤·Ê-
¶μ²Ó´ Ö ²¨´§  ¡Ò²  · §³¥Ð¥´  ¢ ÉμÎ±¥ ¸ s0 = 0; ¸¨²  ²¨´§Ò αl = 0,05 ³−1. ‘ ¶μ³μÐÓÕ
±μ¤  MADX ¤²Ö SIS100 ¡Ò²¨ · ¸¸Î¨É ´Ò ËÊ´±Í¨¨ β0 (θ), g0 (θ), μ0 (θ) ¨ ¨Ì ¨¸± ¦¥´¨Ö
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�¨¸. 1. � ¸Î¥É´Ò¥ §´ Î¥´¨Ö Δg0 (θ)/g0 (θ): ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö ¸μμÉ¢¥É¸É¢Ê¥É ¢ÒÎ¨¸²¥´¨Ö³ ¶μ
MADX, ¸¶²μÏ´ Ö ±·¨¢ Ö · ¸¸Î¨É ´  ¸ ¶μ³μÐÓÕ Ê· ¢´¥´¨Ö (4)

�¨¸. 2. � ¸Î¥É´Ò¥ §´ Î¥´¨Ö Δμper (θ): ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö ¸μμÉ¢¥É¸É¢Ê¥É ¢ÒÎ¨¸²¥´¨Ö³ ¶μ MADX,

¸¶²μÏ´ Ö ±·¨¢ Ö · ¸¸Î¨É ´  ¸ ¶μ³μÐÓÕ Ê· ¢´¥´¨Ö (4)

Δβ0 (θ), Δg0 (θ), Δμper (θ). ‡ É¥³ ¸ ¶μ³μÐÓÕ ¢Ò¢¥¤¥´´ÒÌ Ê· ¢´¥´¨° ¡Ò²¨ · ¸¸Î¨É ´Ò
±μÔËË¨Í¨¥´ÉÒ · §²μ¦¥´¨Ö ËÊ´±Í¨° ΔG (θ) = Δg0 (θ)/g0 (θ) ¨ Δμper (θ) ¢ ·Ö¤ ”Ê·Ó¥ ¶μ
θ. ‘ ÊÎ¥Éμ³ ¸¨³³¥É·¨¨ ³Ò ´ °¤¥³, ÎÉμ vk = 0. „²Ö · ¸Î¥Éμ¢ ¨¸¶μ²Ó§μ¢ ²¨¸Ó £ ·³μ´¨±¨
¸ ´μ³¥· ³¨ 32Ä37 (· ¡μÎ Ö ÉμÎ±  ¸μμÉ¢¥É¸É¢Ê¥É Q0 = 17,3). �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¤ ´Ò
´  ·¨¸. 1, 2. ŒÒ ¢¨¤¨³, ÎÉμ ¶·Ö³Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¶μ¤É¢¥·¦¤ ÕÉ ¶· ¢¨²Ó´μ¸ÉÓ É¥μ·¨¨.

2. ˆ‘Š�†…�ˆŸ ‡�ŒŠ�“’�‰ ���ˆ’›,
‚�‡�“†„�…Œ›… „ˆ��‹œ�›Œ Œ�ƒ�ˆ’�Œ
‚ ��ˆ‘“’‘’‚ˆˆ ‚�‡Œ“™…�ˆ‰ ƒ��„ˆ…�’�

ˆ¸± ¦¥´¨Ö § ³±´ÊÉμ° μ·¡¨ÉÒ (closed orbit distortions Å COD), ¢μ§¡Ê¦¤ ¥³Ò¥ ¤¨¶μ²Ó-
´Ò³ ³ £´¨Éμ³, μ¶·¥¤¥²ÖÕÉ¸Ö ¶¥·¨μ¤¨Î¥¸±¨³ ·¥Ï¥´¨¥³ ¸²¥¤ÊÕÐ¥£μ Ê· ¢´¥´¨Ö:

d2y

ds2
+ K (s) y = αδ (s − s0) . (8)
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‘ ¶μ³μÐÓÕ ³¥Éμ¤  ¢ ·¨ Í¨¨ ¶μ¸ÉμÖ´´ÒÌ ¶μ²ÊÎ¨³

y = Ag (s)F (s, s0) exp [iμ (s)] + C.C. (9)

‚ ÔÉμ³ Ê· ¢´¥´¨¨

F (s, s0) =
{

s � s0,
exp (−2πiQ) , s > s0,

(10)

¨ ±μ³¶²¥±¸´ Ö ±μ´¸É ´É 

A =
α · exp (πiQ)

4 sinπQ
Φ∗ (s0) exp

(
−iQ

s0

R

)
= A1 + iA2. (11)

‡ ³¥É¨³, ÎÉμ |F (s, s0)| = 1, arg (F (s, s0)) = θ (s, s0). � ¸¸³μÉ·¨³ · §´μ¸ÉÓ ³¥¦¤Ê
·¥Ï¥´¨¥³ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¢μ§³ÊÐ¥´¨° £· ¤¨¥´É  ¨ ·¥Ï¥´¨¥³ ¶·¨ ¨¤¥ ²Ó´μ³ £· ¤¨¥´É¥:
Δy (s) = y (s) − y0 (s). „²Ö ¨¤¥ ²Ó´μ£μ £· ¤¨¥´É 

A0 =
α · exp (πiQ0)

4 sinπQ0
Φ∗

0 (s0) exp
(
−iQ0

s0

R

)
. (12)

‚ ¶·¨¸ÊÉ¸É¢¨¨ ¢μ§³ÊÐ¥´¨° £· ¤¨¥´É  A = A0+ΔA, A1 = A1,0+ΔA1, A2 = A2,0 +ΔA2.
„²Ö Ê²ÊÎÏ¥´¨Ö ÉμÎ´μ¸É¨ ¶·¥¤¶μ²μ¦¨³, ÎÉμ ¡¥É É·μ´´ Ö Î ¸ÉμÉ  ¨§¢¥¸É´ . ‹¨´¥ ·¨§ÊÖ ¶μ
³ ²Ò³ ¨§³¥´¥´¨Ö³ ¶ · ³¥É·μ¢, ¶μ²ÊÎ¨³, ÎÉμ

Δy (s) = g0 (s) exp
[
i
[
μper,0 (s) + Q

s

R

]
F (s, s0) [ΔA + A0 (ΔG + iΔμper)]

]
+ C.C.

‚Ò¤¥²ÖÖ ¤¥°¸É¢¨É¥²Ó´ÊÕ Î ¸ÉÓ, ¶μ²ÊÎ¨³

Δy (s) = 2g0 (s)

{
ΔA1 cos (ϑ (s, s0)) − ΔA2 sin (ϑ (s, s0))+

+
∞∑

k=1

(ukAk (s, s0) + vkBk (s, s0))

}
. (13)

‡¤¥¸Ó ϑ (s, s0) = μper,0 + Q(s/R) + arg [F (s, s0)]; ËÊ´±Í¨¨ Ak (s, s0) ¨ Bk (s, s0)
μ¶·¥¤¥²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³¨ Ëμ·³Ê² ³¨:
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Ak (s, s0) =
|A0|

4Q2
0 − k2

{
cos kθ (s) cos [ϑ (s, s0) + α] − 2Q

k
sin kθ (s) sin [ϑ (s, s0) + α]

}
,

Bk (s, s0) =
|A0|

4Q2
0 − k2

{
sin kθ (s) cos [ϑ (s, s0) + α]− 2Q

k
(1 − cos kθ (s)) sin [ϑ (s, s0) + α]

}
.

(14)
‚ Ê· ¢´¥´¨¨ (14) α = arg (A0). � ¸¸³μÉ·¨³ ´ ¡μ· ¤ ÉÎ¨±μ¢ ¶μ²μ¦¥´¨Ö ¶ÊÎ±  („��),

· §³¥Ð¥´´ÒÌ ¢ ÉμÎ± Ì ¸ ±μμ·¤¨´ É ³¨ sj (j = 1, 2, . . . , M ). ŒÒ ³μ¦¥³ ¸±μ´¸É·Ê¨·μ¢ ÉÓ
¸²¥¤ÊÕÐÊÕ ±¢ ¤· É¨Î´ÊÕ Ëμ·³Ê:

IS =
∑

j

[Δymes (sj) − Δy (sj)]
2
. (15)

„¨ËË¥·¥´Í¨·ÊÖ ¶μ A1, A2 ¨ uk, vk, ³Ò ¶μ²ÊÎ¨³ ¸¨¸É¥³Ê μ¤´μ·μ¤´ÒÌ ²¨´¥°´ÒÌ Ê· ¢-
´¥´¨° μÉ´μ¸¨É¥²Ó´μ ÔÉ¨Ì ¶¥·¥³¥´´ÒÌ. �É  ¸¨¸É¥³  ¨³¥¥É ¥¤¨´¸É¢¥´´μ¥ ·¥Ï¥´¨¥, ¥¸²¨
Î¨¸²μ „�� M � 2K0 + 2, £¤¥ K0 Å Î¨¸²μ £ ·³μ´¨±, ¶μ¤²¥¦ Ð¨Ì μ¶·¥¤¥²¥´¨Õ.



ƒ ·³μ´¨Î¥¸±¨° ³¥Éμ¤ ¨§³¥·¥´¨Ö ¨ ±μ··¥±Í¨¨  ³¶²¨ÉÊ¤´μ° ËÊ´±Í¨¨ 753

3. ‚›��� ‘ˆ‹› Š‚�„�“��‹œ�›• Š���…Š’���‚

�·μÍ¥¤Ê·  ±μ··¥±Í¨¨ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ ´ ¡μ·  Éμ´±¨Ì ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§
(±¢ ¤·Ê¶μ²Ó´ÒÌ ±μ··¥±Éμ·μ¢). �É³¥É¨³, ÎÉμ ± ¦¤Ò° ±μ··¥±Éμ· μ¤´μ¢·¥³¥´´μ ³¥´Ö¥É
£μ·¨§μ´É ²Ó´ÊÕ ¨ ¢¥·É¨± ²Ó´ÊÕ  ³¶²¨ÉÊ¤´Ò¥ ËÊ´±Í¨¨. „²Ö ±μ··¥±Éμ·  ¸ ´μ³¥·μ³ m
³Ò ¨³¥¥³ ¤¢  Ê· ¢´¥´¨Ö:⎧⎪⎪⎨

⎪⎪⎩
d2 (ΔGx)

dθ2
x

+ 4Q2
xΔGx = Q3/2

x

(
β0

x

)2
αmδ (θx − θm

x ) ,

d2 (ΔGy)
dθ2

x

+ 4Q2
yΔGy = −Q3/2

y

(
β0

y

)2
αmδ

(
θy − θm

y

)
.

(16)

�¥Ï¥´¨¥ μ¶·¥¤¥²Ö¥É¸Ö Ê· ¢´¥´¨¥³ (4). �³¶²¨ÉÊ¤Ò £ ·³μ´¨±, ¸μ§¤ ¢ ¥³ÒÌ ´ Ï¥° ¸¨¸É¥-
³μ° ±μ··¥±Éμ·μ¢, μ¶·¥¤¥²ÖÕÉ¸Ö Ëμ·³Ê² ³¨⎧⎨

⎩
uk

x,y =
∑
m

αmΥk,m
x,y ,

vk
x,y =

∑
m

αmΨk,m
x,y .

(17)

‡¤¥¸Ó ⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Υk,m
x,y =

1
π

Q
3/2
x,y

4Q2
x,y − k2

(
β0

x,y

)2
cos kθm

x,y,

Ψk,m
x,y =

1
π

Q
3/2
x,y

4Q2
x,y − k2

(
β0

x,y

)2
sin kθm

x,y.

(18)

‘¨²Ò ±μ··¥±Éμ·μ¢ ¢Ò¡¨· ÕÉ¸Ö É ±, ÎÉμ¡Ò ¤²Ö § ¤ ´´μ£μ ´ ¡μ·  £ ·³μ´¨± ¸¤¥² ÉÓ  ³¶²¨-
ÉÊ¤Ò · ¢´Ò³¨ ´Ê²Õ. ’ ±¨³ μ¡· §μ³, ³Ò ¨³¥¥³ Î¥ÉÒ·¥ ¸¨¸É¥³Ò ²¨´¥°´ÒÌ Ê· ¢´¥´¨° ¤²Ö
· ¸Î¥É  ¸¨² ²¨´§ αm. „²Ö ¸μÌ· ´¥´¨Ö ¡¥É É·μ´´ÒÌ Î ¸ÉμÉ ´¥μ¡Ìμ¤¨³μ ¤μ¡ ¢¨ÉÓ ¤¢  ¤μ-
¶μ²´¨É¥²Ó´ÒÌ Ê· ¢´¥´¨Ö. ŒÒ ¢¨¤¨³, ÎÉμ ¤²Ö ±μ··¥±Í¨¨ K0 £ ·³μ´¨± ¶μ ¤¢Ê³ ¸É¥¶¥´Ö³
¸¢μ¡μ¤Ò ´¥μ¡Ìμ¤¨³μ ¨³¥ÉÓ ¸²¥¤ÊÕÐ¥¥ Î¨¸²μ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§: Nquad � 4K0 + 2.

„·Ê£μ° ¸¶μ¸μ¡ ±μ··¥±Í¨¨ ¸μ¸Éμ¨É ¢ ¶·¨³¥´¥´¨¨ É ± ´ §Ò¢ ¥³ÒÌ £ ·³μ´¨Î¥¸±¨Ì Í¥-
¶¥°, ± ¦¤ Ö ¨§ ±μÉμ·ÒÌ ¸μ§¤ ¥É ±μ¸¨´Ê¸´ÊÕ ¨²¨ ¸¨´Ê¸´ÊÕ £ ·³μ´¨±Ê ¸ § ¤ ´´Ò³ ´μ³¥-
·μ³, ´¥ ¨§³¥´ÖÖ ¡¥É É·μ´´ÒÌ Î ¸ÉμÉ.

4. �‹ƒ��ˆ’Œ Š���…Š–ˆˆ

�·¥¤²μ¦¥´´ Ö ¶·μÍ¥¤Ê·  ±μ··¥±Í¨¨ ¢±²ÕÎ ¥É ¸²¥¤ÊÕÐ¨¥ μ¶¥· Í¨¨:
• ¨§³¥·¥´¨¥ COD ¢μ ¢¸¥Ì ¤ ÉÎ¨± Ì ¶μ²μ¦¥´¨Ö ¶ÊÎ±  (Yj , £¤¥ j Å ´μ³¥· ¤ ÉÎ¨± );
• ¢μ§¡Ê¦¤¥´¨¥ ±μ²¥¡ ´¨° μ·¡¨ÉÒ ¸ ¶μ³μÐÓÕ ¤¨¶μ²Ó´μ£μ ³ £´¨É  ¸ ¨§¢¥¸É´Ò³¨ Ì -

· ±É¥·¨¸É¨± ³¨ (¸¨²μ° ¨ ÔËË¥±É¨¢´μ° ¤²¨´μ°);
• ¨§³¥·¥´¨¥ COD ¢μ ¢¸¥Ì ¤ ÉÎ¨± Ì ¶μ²μ¦¥´¨Ö ¶ÊÎ±  ¶·¨ ¢±²ÕÎ¥´´μ³ ³ £´¨É¥ (yj);
• ¢ÒÎ¨¸²¥´¨¥ · §´μ¸É¨ ÔÉ¨Ì ¤¢ÊÌ μ·¡¨É: δyj = Yj − yj ;
• · ¸Î¥É ¤²Ö ¢¸¥Ì ¤ ÉÎ¨±μ¢ ¶ · ³¥É·  y0

j Å μÉ±²μ´¥´¨Ö μ·¡¨ÉÒ ¢ ¤ ÉÎ¨±¥ ¸ ´μ³¥·μ³
¤²Ö ¨¤¥ ²Ó´μ£μ £· ¤¨¥´É  ¶·¨ § ¤ ´´μ³ ¢μ§³ÊÐ¥´¨¨ μ·¡¨ÉÒ;

• · ¸Î¥É · §´μ¸É¨ ³¥¦¤Ê ÔÉ¨³¨ ¶ · ³¥É· ³¨: Δyj = δyj − y0
j ;

• · ¸Î¥É  ³¶²¨ÉÊ¤ ±μ¸¨´Ê¸´ÒÌ ¨ ¸¨´Ê¸´ÒÌ £ ·³μ´¨± ˆ	” ¶μ §´ Î¥´¨Ö³ ¶ · ³¥É· 
Δyj ¤²Ö £ ·³μ´¨± ¸ ¢Ò¡· ´´Ò³¨ ´μ³¥· ³¨ c ¶μ³μÐÓÕ ³¥Éμ¤  ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éμ¢;
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�¨¸. 3. ‚μ§³ÊÐ¥´¨Ö  ³¶²¨ÉÊ¤´μ° ËÊ´±Í¨¨ Δβ(s)/β0 (s) ¤²Ö ¤¥²ÓÉ μ¡· §´μ£μ ¢μ§³ÊÐ¥´¨Ö £· ¤¨-

¥´É . ˜É·¨Ìμ¢ Ö ±·¨¢ Ö Å ¡¥§ ±μ··¥±Í¨¨, ¸¶²μÏ´ Ö ±·¨¢ Ö Å ¸ ±μ··¥±Í¨¥° 32Ä37 £ ·³μ´¨±
¨¸± ¦¥´¨° ¡¥É -ËÊ´±Í¨¨

• ¶μ¢Éμ·¥´¨¥ ¶·μÍ¥¤Ê·Ò ¤²Ö ¤·Ê£μ° ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò;
• · ¸Î¥É ¸¨² ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§, ±μ··¥±É¨·ÊÕÐ¨Ì ¤ ´´Ò¥ £ ·³μ´¨±¨ ¡¥§ ¢μ§³ÊÐ¥-

´¨° ¡¥É É·μ´´μ° Î ¸ÉμÉÒ;
• μÍ¥´±  ÔËË¥±É¨¢´μ¸É¨ ±μ··¥±Í¨¨.
ˆ§ ·¨¸Ê´±  ³Ò ¢¨¤¨³, ÎÉμ ±μ··¥±Í¨Ö Ï¥¸É¨ £ ·³μ´¨± ÔËË¥±É¨¢´μ (¢ 5Ä10 · §) ¶μ-

¤ ¢²Ö¥É ¸·¥¤´¥±¢ ¤· É¨Î´ÊÕ ³μ¤Ê²ÖÍ¨Õ. �¥¸±μ²Ó±μ ¨´ Ö ± ·É¨´  ¸ ³ ±¸¨³ ²Ó´Ò³ §´ -
Î¥´¨¥³ ˆ	”, ±μÉμ·μ¥ Ê³¥´ÓÏ¨²μ¸Ó ¢¸¥£μ ´  30 %. ‚μ§³μ¦´μ, ÔÉμÉ ÔËË¥±É ¸¢Ö§ ´ ¸
²μ± ²Ó´Ò³ Ì · ±É¥·μ³ ¢μ§³ÊÐ¥´¨Ö. ‚ ¤ ²Ó´¥°Ï¥³ ³Ò ¶·¥¤¶μ² £ ¥³ ¶μ¢Éμ·¨ÉÓ Î¨¸²¥´-
´Ò° Ô±¸¶¥·¨³¥´É ¤²Ö ¸²ÊÎ °´μ£μ ´ ¡μ·  ¢μ§³ÊÐ¥´¨° £· ¤¨¥´É  ¢ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ Ì
±μ²ÓÍ .

5. „ˆ‘Š“‘‘ˆŸ

�·¨ Ìμ·μÏ¥³ ± Î¥¸É¢¥ £· ¤¨¥´É  ¢ ³ £´¨É´ÒÌ ²¨´§ Ì ¢Ò¨£·ÒÏ μÉ ¶·¨³¥´¥´¨Ö ¶·¥¤-
²μ¦¥´´μ° ¶·μÍ¥¤Ê·Ò ¢¡²¨§¨ · ¡μÎ¥° ÉμÎ±¨ ³μ¦¥É μ± § ÉÓ¸Ö ´¥ ¸²¨Ï±μ³ §´ Î¨É¥²Ó´Ò³.
�¤´ ±μ ¢ ³ Ï¨´ Ì ¸ ¢Ò¸μ±μ° ¨´É¥´¸¨¢´μ¸ÉÓÕ (É ±¨Ì, ± ± SIS100) ¤¥°¸É¢¨¥ ¶·μ¸É· ´-
¸É¢¥´´μ£μ § ·Ö¤  ¶·¨¢μ¤¨É ± Ê³¥´ÓÏ¥´¨Õ ¡¥É É·μ´´μ° Î ¸ÉμÉÒ, ±μÉμ· Ö ¶·¨¡²¨¦ ¥É¸Ö ±
¡²¨¦ °Ï¥³Ê ¶μ²ÊÍ¥²μ³Ê ·¥§μ´ ´¸Ê. Šμ··¥±Í¨Ö ·¥§μ´ ´¸´μ° £ ·³μ´¨±¨ ¶μ§¢μ²Ö¥É ¶·¨-
¡²¨¦ ÉÓ¸Ö ± ·¥§μ´ ´¸Ê ¨²¨ ¤ ¦¥ ¶¥·¥¸¥± ÉÓ ÔÉμÉ ·¥§μ´ ´¸.

„ ´´ Ö · ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ Ë¨´ ´¸μ¢μ° ¶μ¤¤¥·¦±¥ �μ¸ Éμ³ .
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