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

‚ ÔÉμ° ¸É ÉÓ¥ μ¡¸Ê¦¤ ¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ Ê¸±μ·¥´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ´  ®¶μÎÉ¨ ¶μ¸ÉμÖ´´μ°¯
μ·¡¨É¥ ¢ ¶μ¸ÉμÖ´´μ³ ¢μ ¢·¥³¥´¨ ³ £´¨É´μ³ ¶μ²¥. ‡ ³±´ÊÉÒ¥ É· ¥±Éμ·¨¨ Ê¸±μ·Ö¥³ÒÌ Î ¸É¨Í μ¡· -
§ÊÕÉ¸Ö Ê¸É ´μ¢²¥´´Ò³¨ ¶μ  §¨³ÊÉÊ ±μ·μÉ±¨³¨ ¸¥±Í¨Ö³¨ ¶μ¢μ·μÉ´ÒÌ ³ £´¨Éμ¢, ± ¦¤ Ö ¨§ ±μÉμ·ÒÌ
¸μ¸Éμ¨É ¨§ ¤¢ÊÌ μÉ· ¦ ÕÐ¨Ì Î ¸É¨ÍÒ ³ £´¨É´ÒÌ ¤¨¶μ²¥°, ¢ ±μÉμ·ÒÌ Ê£²Ò ¶ ¤¥´¨Ö ¨ μÉ· ¦¥´¨Ö
Î ¸É¨Í ´¥ § ¢¨¸ÖÉ μÉ ¨Ì Ô´¥·£¨¨. ‡´ ±μ¶¥·¥³¥´´ Ö Ëμ±Ê¸¨·μ¢±  ¶ÊÎ±  μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶μ²Ö³¨
¤¨¶μ²¥°, μÉ· ¦ ÕÐ¨Ì Î ¸É¨ÍÒ, ¨ ±¢ ¤·Ê¶μ²Ó´Ò³¨ ²¨´§ ³¨, ±μÉμ·Ò¥ · ¸¶μ²μ¦¥´Ò ³¥¦¤Ê ¶μ¢μ-
·μÉ´Ò³¨ ¸¥±Í¨Ö³¨. — ¸É¨ÍÒ Ê¸±μ·ÖÕÉ¸Ö ¨³¶Ê²Ó¸ ³¨ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¨´¤Ê±Í¨μ´´ÒÌ ¸¥±Í¨°.
‘¨´Ì·μ´¨§ Í¨Ö ¨´¤Ê±Í¨μ´´ÒÌ ¨³¶Ê²Ó¸μ¢ ¨ ¨³¶Ê²Ó¸μ¢ ¶ÊÎ±  μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ ¤ ÉÎ¨-
±μ¢ ¢·¥³¥´¨ ¶·μ²¥É  ¶ÊÎ± . ‘É ¡¨²Ó´μ¸ÉÓ ¶·μ¤μ²Ó´ÒÌ ±μ²¥¡ ´¨° μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³μ° ¢¥·Ï¨´Ò
Ê¸±μ·ÖÕÐ¥£μ ¨³¶Ê²Ó¸ . �·¨ ´¥·¥§μ´ ´¸´μ³ ¸¶μ¸μ¡¥ Ê¸±μ·¥´¨Ö ´¥ É·¥¡Ê¥É¸Ö ¶·¨³¥´¥´¨Ö ¶·¥¤Ê¸±μ-
·¨É¥²¥° ¨ ¡Ê¸É¥·μ¢.

In this paper the possibility of accelerating charged particles in a ©nearly constantª orbit in a constant
magnetic ˇeld is discussed. The closed trajectories of the accelerated particles are formed by set of
azimuthally short bending magnets in which the de	ection angle is independent of the particle energy.
Focusing of the beam is carried out by the alternating ˇeld bending magnets and quadrupole lenses. The
particles are accelerated by the electric ˇeld induction sections. Stability of longitudinal oscillations is
determined by the shape of the top of the accelerating pulse. At the non-resonant method of acceleration
application of pre-accelerating is not required.

PACS: 29.20.dk
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Š² ¸¸¨Î¥¸±¨¥ Í¨±²¨Î¥¸±¨¥ Ê¸±μ·¨É¥²¨ ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨¥ μ¸μ¡¥´´μ¸É¨:
Å Ê¸±μ·¨É¥²¨ ¸ ¶μ¸ÉμÖ´´Ò³ ³ £´¨É´Ò³ ¶μ²¥³ ¨³¥ÕÉ ¡μ²ÓÏμ° ¤¨ ¶ §μ´ ¨§³¥´¥´¨Ö

· ¤¨Ê¸  · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ ¨ ¡μ²ÓÏμ° ¢¥¸ ³ £´¨É´μ° ¸¨¸É¥³Ò (¶μ·Ö¤±  200Ä2000 É);
Å Ê¸±μ·¨É¥²¨ ¸ ¶μ¸ÉμÖ´´Ò³ · ¢´μ¢¥¸´Ò³ · ¤¨Ê¸μ³ É·¥¡ÊÕÉ ¨§³¥´¥´¨Ö ¢ ¶·μÍ¥¸¸¥

Ê¸±μ·¥´¨Ö ¢¥²¨Î¨´Ò ³ £´¨É´μ£μ ¶μ²Ö ¨ ·¥§μ´ ´¸´μ° Î ¸ÉμÉÒ Ê¸±μ·ÖÕÐ¨Ì ‚—-·¥§μ-
´ É ·μ¢;

Å ¢ ¨´¤Ê±Í¨μ´´μ³ ¸¨´Ì·μÉ·μ´¥ ¸ ¶μ¸ÉμÖ´´Ò³ ³ £´¨É´Ò³ ¶μ²¥³ (·¨¸. 1) Î ¸É¨ÍÒ ¤¢¨-
¦ÊÉ¸Ö ¶μ É· ¥±Éμ·¨Ö³, ¡²¨§±¨³ ± · ¢´μ¢¥¸´μ° μ·¡¨É¥ ¸ ¶μ¸ÉμÖ´´Ò³ · ¤¨Ê¸μ³ (·¨¸. 2),
  ¸¨´Ì·μ´¨§ Í¨Ö Î ¸É¨Í μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¨§³¥´¥´¨¥³ ¢·¥³¥´¨ § ¶Ê¸±  ¨´¤Ê±Í¨μ´´μ°
Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò [1Ä3].

1E-mail: dol37@mail.ru
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�¨¸. 1. ‘Ì¥³  Ê¸±μ·¨É¥²Ö: 1 Å μÉ±²μ´ÖÕÐ¨¥

³ £´¨ÉÒ; 2 Å Ê¸±μ·ÖÕÐ¨¥ ¨´¤Ê±Í¨μ´´Ò¥ ¸¥±-
Í¨¨; 3 Å ¶·Ö³μ²¨´¥°´Ò¥ ÊÎ ¸É±¨; 4Ä7 Å ¸¨-

¸É¥³Ò ¢¢μ¤  ¨ ¢Ò¢μ¤  ¶ÊÎ± 

�¨¸. 2. ’· ¥±Éμ·¨¨ ¶ÊÎ±  ¸ · §²¨Î´Ò³¨ Ô´¥·-

£¨Ö³¨ ¢ μÉ±²μ´ÖÕÐ¨Ì ³ £´¨É : 1 Å É· ¥±Éμ·¨¨
¶ÊÎ±  ¸ Ô´¥·£¨¥° E � Emax; 2 Å É· ¥±Éμ·¨Ö

¶ÊÎ±  ¸ Ô´¥·£¨¥° E = Emax

�É±²μ´¥´¨¥ μ·¡¨É μÉ · ¢´μ¢¥¸´μ° É· ¥±Éμ·¨¨ § ¢¨¸¨É μÉ Î¨¸²  ®Ìμ·¤¯ ¨ ³μ¦¥É ¨³¥ÉÓ
§ ¤ ´´ÊÕ ¢¥²¨Î¨´Ê. �§¨³ÊÉ ²Ó´ Ö Ê¸Éμ°Î¨¢μ¸ÉÓ Î ¸É¨Í μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³μ° ¸Éμ²  Ê¸±μ-
·ÖÕÐ¥£μ ¨³¶Ê²Ó¸ .

Œ�ƒ�ˆ’�›‰ „ˆ��‹œ, �’��†��™ˆ‰ “‘Š��Ÿ…Œ›… —�‘’ˆ–›

„¨¶μ²Ó ¨³¥¥É ¶·μ¨§¢μ²Ó´μ¥ · ¸¶·¥¤¥²¥´¨¥ ³ £´¨É´μ° ¨´¤Ê±Í¨¨ Bz ¶μ μ¸¨ y ¨ ¶μ¸Éμ-
Ö´´ÊÕ ¢¥²¨Î¨´Ê ¨´¤Ê±Í¨¨ ¢¤μ²Ó μ¸¨ x, dBz/dx = 0 (·¨¸. 3). ’ ±μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶μ²Ö
¨³¥¥É ³¥¸Éμ ¢ μ¡² ¸É¨ £· ´¨ÍÒ ¤¨¶μ²Ö. — ¸É¨Í  ¢Ìμ¤¨É ¢ ¤¨¶μ²Ó ¶μ¤ Ê£²μ³ α ± ¥£μ £· -
´¨Í¥. �μ¤ ¤¥°¸É¢¨¥³ ³ £´¨É´μ£μ ¶μ²Ö ¸μ¸É ¢²ÖÕÐ Ö ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ Py Ê³¥´ÓÏ ¥É¸Ö
¨ ¶·¨ ´¥±μÉμ·μ³ y = ymax μ¡· Ð ¥É¸Ö ¢ 0 ¨ Î ¸É¨Í  ³¥´Ö¥É ´ ¶· ¢²¥´¨¥ y-¤¢¨¦¥´¨Ö

dP

dt
= qvyBz(y), dPx = qBz(y) dy, Px = Px,in +

y∫
0

qBx(y) dy,

£¤¥ q Å § ·Ö¤ Î ¸É¨ÍÒ, Px,in = P cosα.

�·¨ y = ymax Py = 0,   Px = P , ¨
ymax∫
0

qBz(y) dy = (1 − cosα)P .

„ ²Ó´¥°Ï¥¥ ¤¢¨¦¥´¨¥ Î ¸É¨ÍÒ ¢ ¤¨¶μ²¥ ¸μ¶·μ¢μ¦¤ ¥É¸Ö Ê³¥´ÓÏ¥´¨¥³ Px-¨³¶Ê²Ó¸ ,

¨ ´  ¢ÒÌμ¤¥ ¤¨¶μ²Ö Px,out = Px,in +
ymax∫
0

qBz(y) dy +
0∫

ymax

qBz(y) dy = Px,in = P cosα.

�·¨ Ê¸²μ¢¨¨ μ¤´μ·μ¤´μ¸É¨ ³ £´¨É´μ£μ ¶μ²Ö ¢¤μ²Ó μ¸¨ x Î ¸É¨Í  ¢ÒÌμ¤¨É ¨§ ¤¨¶μ²Ö
¶μ¤ É¥³ ¦¥ Ê£²μ³ ± £· ´¨Í¥ ¤¨¶μ²Ö, ÎÉμ ¨ ¢Ìμ¤¨²  ¢ ¤¨¶μ²Ó. � ¢¥´¸É¢μ Ê£²μ¢ ¶ ¤¥´¨Ö ¨
μÉ· ¦¥´¨Ö Î ¸É¨ÍÒ μÉ ¤¨¶μ²Ö ´¥ § ¢¨¸¨É μÉ Ô´¥·£¨¨ Î ¸É¨ÍÒ.
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�¨¸. 3. ‘Ì¥³  μÉ· ¦ ÕÐ¥£μ ¤¨¶μ²Ö: 1 Å μÉ· ¦ ÕÐ¨° ¤¨¶μ²Ó; 2 Å É· ¥±Éμ·¨¨ Î ¸É¨Í ¸ · §²¨Î-

´Ò³¨ Ô´¥·£¨Ö³¨

�É¸ÊÉ¸É¢¨¥ § ¢¨¸¨³μ¸É¨ Ê£²μ¢ ¶ ¤¥´¨Ö ¨ μÉ· ¦¥´¨Ö Ê ³ £´¨É´μ£μ ¤¨¶μ²Ö μÉ Ô´¥·£¨¨
Î ¸É¨ÍÒ ¨ μÉ Ì · ±É¥·  · ¸¶·¥¤¥²¥´¨Ö ¶μ²Ö ¢¤μ²Ó μ¸¨ y ¶μ§¢μ²Ö¥É ¸ÊÐ¥¸É¢¥´´μ Ê¢¥-
²¨Î¨ÉÓ ¤¨ ¶ §μ´ Ô´¥·£¨° Ê¸±μ·Ö¥³ÒÌ Î ¸É¨Í (¶·¨ ¨´¤Ê±Í¨μ´´μ³ ¸¶μ¸μ¡¥ Ê¸±μ·¥´¨Ö).
ˆ¸¶μ²Ó§μ¢ ´¨¥ ±· ¥¢ÒÌ ¶μ²¥° ¤¨¶μ²Ö ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ · ¡μÉ ÉÓ ¸ ¶·¥¤¥²Ó´μ ´¨§±¨³¨
Ô´¥·£¨Ö³¨ ¨´¦¥±Í¨¨.

�¸´μ¢´Ò¥ ¶ · ³¥É·Ò É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ ¢ ¶μ²¥ Bz,m:
Å ¤²¨´  É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ Lmax μÉ ±μμ·¤¨´ ÉÒ (xin, yin), £¤¥ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö

¨´¦¥±Í¨Ö Î ¸É¨ÍÒ, ¤μ ±μμ·¤¨´ ÉÒ (xm, ym), ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¶ · ³¥É· ³ Px = P ,
Py = 0 (´ Î ²μ ¢μ§¢· É  Î ¸É¨ÍÒ);

Å ¤²¨´  ¶·μ¥±Í¨¨ ÔÉμ° É· ¥±Éμ·¨¨ ´  μ¸¨ x ¨ y:

ymax = ym − yin, xmax = xm − xin;

Å ¸·¥¤´¨° · ¤¨Ê¸ É· ¥±Éμ·¨¨ Rave ¢ ¶μ²¥ Bz(y);
Å · ¤¨Ê¸ Rm ¢ ³ ±¸¨³ ²Ó´μ³ ¶μ²¥ Bz,m ´  É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ (xm, ym).
ˆ¸¶μ²Ó§ÊÖ ¸²¥¤ÊÕÐ¨¥ · ¢¥´¸É¢ :

dPx

dt
= qvyBz,

dPy

dt
= −qvxBz, dL = v dt, dy = vy dt, dx = vx dt,

³μ¦´μ, ¸ ¶μ³μÐÓÕ É¥μ·¥³Ò μ ¸·¥¤´¥³, ¢ÒÎ¨¸²¨ÉÓ ¶ · ³¥É·Ò É· ¥±Éμ·¨¨

Lmax =
P

qBz,ave
α = Raveα, ymax = (1 − cosα)Rave, xmax = Rave sin α,

£¤¥

Bz,ave ¨ Rave =
P

qBz,ave

Å ¸·¥¤´¥¥ ¶μ²¥ ´  μ·¡¨É¥ ¨ ¸·¥¤´¨° · ¤¨Ê¸ É· ¥±Éμ·¨¨.
�μ¸±μ²Ó±Ê ¶ · ³¥É· xmax § ¢¨¸¨É μÉ Ô´¥·£¨¨ Î ¸É¨ÍÒ xmax

∼= x0P/P0, μ¸´μ¢´Ò¥
¶ · ³¥É·Ò É· ¥±Éμ·¨¨ ¸¢Ö§ ´Ò ³¥¦¤Ê ¸μ¡μ° ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Lmax =
α

sin α

P

P0
x0, ymax =

1 − cos α

sin α

P

P0
x0, Rave =

1
sin α

P

P0
x0, (1)

£¤¥ x0 Å ¢¥²¨Î¨´  ¶ · ³¥É·  xmax, ±μÉμ· Ö ¸μμÉ¢¥É¸É¢Ê¥É ³ ±¸¨³ ²Ó´μ³Ê ¨³¶Ê²Ó¸Ê
Î ¸É¨ÍÒ P0.
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’· ¥±Éμ·¨¨ Î ¸É¨ÍÒ, ¨´¦¥±É¨·μ¢ ´´μ° ¢ μÉ· ¦ ÕÐ¨° ¤¨¶μ²Ó ´  · ¢´μ¢¥¸´ÊÕ μ·-
¡¨ÉÊ, ¨ Î ¸É¨Í, ¸³¥Ð¥´´ÒÌ μÉ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ ´  ¢¥²¨Î¨´Ê ±ρin ¨ ¨³¥ÕÐ¨Ì ´ ±²μ´
É· ¥±Éμ·¨° ± · ¢´μ¢¥¸´μ° μ·¡¨É¥ ±ρ′in = tg δ, ¶·¨¢¥¤¥´Ò ´  ·¨¸. 4.

� �
y in < 0

ym

Bz

xmax xmax

x

y

0

Magnetic dipole

2�
2�

�¨¸. 4. ‘Ì¥³  ¤¢¨¦¥´¨Ö Î ¸É¨Í ¢ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨ (z = 0) ¤¨¶μ²Ö

�μ¸±μ²Ó±Ê Ê£²Ò ¶ ¤¥´¨Ö ¨ μÉ· ¦¥´¨Ö Î ¸É¨ÍÒ μÉ ¤¨¶μ²Ö · ¢´Ò, ¢¥²¨Î¨´  μÉ±²μ´¥´¨Ö
Î ¸É¨ÍÒ ρ μÉ · ¢´μ¢¥¸´μ° É· ¥±Éμ·¨¨ L ¨ Ê£μ² μÉ±²μ´¥´¨Ö ρ′ = dρ/dL ´  ¢Ìμ¤¥ ¨ ¢ÒÌμ¤¥
¨§ ¤¨¶μ²Ö ¡Ê¤ÊÉ ¸²¥¤ÊÕÐ¨³¨:

ρout = −ρin + 2Lmax ρ′in, ρ′out = −ρ′in.

‚ ³ É·¨Î´μ° Ëμ·³¥ ÔÉ¨ ¢Ò· ¦¥´¨Ö ¨³¥ÕÉ ¢¨¤

[
ρout

ρ′out

]
= [R]

[
ρin

ρ′in

]
,

£¤¥

[R] =
[
−1 ld
0 −1

] [
ρin

ρ′in

]
, ld = 2Lmax. (2)

�Éμ ¢Ò· ¦¥´¨¥ Ì · ±É¥·¨§Ê¥É ¸É¥¶¥´Ó Ëμ±Ê¸¨·ÊÕÐ¥£μ ¤¥°¸É¢¨Ö ³ £´¨É´μ£μ ¶μ²Ö ¤¨¶μ²Ö
¢ £μ·¨§μ´É ²Ó´μ° ¶²μ¸±μ¸É¨.

‚…�’ˆŠ�‹œ��Ÿ �‹�‘Š�‘’œ „ˆ��‹Ÿ

‘μ¸É ¢²ÖÕÐ Ö ³ £´¨É´μ° ¨´¤Ê±Í¨¨ ¤¨¶μ²Ö By ¤¥Ëμ±Ê¸¨·Ê¥É Î ¸É¨ÍÒ ¶ÊÎ± . �·¨
¤¢¨¦¥´¨¨ Î ¸É¨ÍÒ ¢¤μ²Ó É· ¥±Éμ·¨¨ L ¸μ ¸±μ·μ¸ÉÓÕ v = dL/dt ¨§³¥´¥´¨¥ Pz ¨³¶Ê²Ó¸ 
μ¶¨¸Ò¢ ¥É¸Ö ¸²¥¤ÊÕÐ¨³:

dPz

dL
= qBy.
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�¨¸. 5. ‘Ì¥³  ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¢ ¢¥·É¨± ²Ó´μ° ¶²μ¸±μ¸É¨

�μ¸±μ²Ó±Ê Bz-¸μ¸É ¢²ÖÕÐ Ö ¨´¤Ê±Í¨¨ ´¥ ¶·μ¨§¢μ¤¨É ¤¥°¸É¢¨Ö ´  Î ¸É¨ÍÒ ¶·¨ ¨Ì ¤¢¨-
¦¥´¨¨ ¢ ´ ¶· ¢²¥´¨¨ μ¸¨ z,   Bx-¸μ¸É ¢²ÖÕÐ Ö μÉ¸ÊÉ¸É¢Ê¥É, Éμ

dPz = qBy dL = qB dL, Pz,max − Pz,in = q

Lmax∫
Lin

B dL. (3)

„²Ö ¢ÒÎ¨¸²¥´¨Ö ÔÉμ£μ ¨´É¥£· ²  ¢μ¸¶μ²Ó§Ê¥³¸Ö É¥μ·¥³μ° �³¶¥· . �·μ¢¥¤¥³ ¨´É¥£·¨·μ-
¢ ´¨¥ ¶μ²Ö ¶μ § ³±´ÊÉμ³Ê ±μ´ÉÊ·Ê 1Ä2Ä3Ä4Ä1 (·¨¸. 5):

2∫
1

B dl = −
Lmax∫
Lin

B dL,

3∫
2

B dl = Bz,maxzm,

4∫
3

B dl = 0,

1∫
4

B dl ∼= 0,

¶μ¸±μ²Ó±Ê ¢ ¨´É¥·¢ ²¥ ±μ´ÉÊ·  3Ä4 ¸ÊÐ¥¸É¢Ê¥É Éμ²Ó±μ Bz-¸μ¸É ¢²ÖÕÐ Ö ³ £´¨É´μ° ¨´-
¤Ê±Í¨¨ (By = 0),   ¢ ¨´É¥·¢ ²¥ 4Ä1 ¢¥²¨Î¨´μ° ¨´¤Ê±Í¨¨ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ.

…¸²¨ ¢´ÊÉ·¨ § ³±´ÊÉμ£μ ±μ´ÉÊ·  Ô²¥±É·¨Î¥¸±¨¥ Éμ±¨ μÉ¸ÊÉ¸É¢ÊÕÉ, Éμ ¸μ£² ¸´μ É¥μ·¥³¥
�³¶¥·  ¨´É¥£· ² ¶μ ÔÉμ³Ê ±μ´ÉÊ·Ê · ¢¥´ ´Ê²Õ. �É¸Õ¤  ¶μ²ÊÎ ¥³, ÎÉμ

Lmax∫
Lin

B dL = Bz,maxzm.

�·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥, ÎÉμ

vz =
dz

dt
=

dz

dL

dL

dt
= z′v,

· ¢¥´¸É¢μ (3) ¶·¥μ¡· §Ê¥³:

z′m − z′in =
qBz,max

P
zm =

zm

Rmax
, (4)

£¤¥ Rmax Å · ¤¨Ê¸ É· ¥±Éμ·¨¨ ¢ μ¡² ¸É¨ μÉ· ¦¥´¨Ö Î ¸É¨ÍÒ, ym, xmax (¸³. ·¨¸. 3).
“· ¢´¥´¨¥ (4) μ¶·¥¤¥²Ö¥É ¨§³¥´¥´¨¥ Ê£²  ´ ±²μ´  É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ Δz′ = tg Δϕ.

�μ  ´ ²μ£¨¨ ¸ μ¶É¨Î¥¸±μ° ²¨´§μ° ´ °¤¥³ Ëμ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ ¸¨¸É¥³Ò ± ± · ¸¸¥¨-
¢ ÕÐ¥° ²¨´§Ò (·¨¸. 6). ”μ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ f ¨ ¨§³¥´¥´¨¥ Ê£²  ´ ±²μ´  É· ¥±Éμ·¨¨
xin ¸¢Ö§ ´Ò ¸μμÉ´μÏ¥´¨¥³ tg Δϕ = z/f [4]. ‚ ´ Ï¥³ ¸²ÊÎ ¥ tg Δϕ = zm/Rmax, ¶μ-
ÔÉμ³Ê f = Rmax. �·¨ ¤ ²Ó´¥°Ï¥³ ¤¢¨¦¥´¨¨ μÉ ym ¤μ yout ´ ±²μ´ É· ¥±Éμ·¨¨ ¥Ð¥
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�¨¸. 6. � ¸¸¥¨¢ ÕÐ Ö ²¨´§ 

· § ¨§³¥´¨É¸Ö ´  ÉÊ ¦¥ ¢¥²¨Î¨´Ê ¨ ¸Ê³³ ·´μ¥ Ëμ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ ¸μ¸É ¢¨É ¢¥²¨Î¨´Ê
f = Rmax/2.

’ ±¨³ μ¡· §μ³, ¶ · ³¥É·Ò μÉ· ¦¥´´μ° μÉ ¤¨¶μ²Ö Î ¸É¨ÍÒ ¸¢Ö§ ´Ò ¸ ¥¥ ¢Ìμ¤´Ò³¨
¶ · ³¥É· ³¨ ± ±

zout = zin + z′inld (ld = 2Lmax),

z′out =
1
fd

zin + z′in (fd = Rmax/2).

Œ É·¨Î´ Ö Ëμ·³  ¶·μÍ¥¸¸  μÉ· ¦¥´¨Ö ¨³¥¥É ¢¨¤

[
zout

z′out

]
= [Z]

[
zin

z′in

]
, [Z] =

⎡
⎣ 1 ld

1
fd

1

⎤
⎦.

‘…Š–ˆŸ ��‚���’��ƒ� Œ�ƒ�ˆ’�

„¢  ³ £´¨É´ÒÌ ¤¨¶μ²Ö, μÉ· ¦ ÕÐ¨Ì § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ ¸ · ¢´Ò³¨ Ê£² ³¨ ¶ ¤¥´¨Ö
¨ μÉ· ¦¥´¨Ö, ¶μ§¢μ²ÖÕÉ μÉ±²μ´ÖÉÓ ¶ÊÎμ± Î ¸É¨Í ´  § ¤ ´´Ò° Ê£μ², ±μÉμ·Ò° ´¥ § ¢¨¸¨É
μÉ Ô´¥·£¨¨ ÔÉ¨Ì Î ¸É¨Í. �Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ¶μ§¢μ²Ö¥É ¨¸¶μ²Ó§μ¢ ÉÓ ÔÉ¨ ¤¨¶μ²¨ ¤²Ö
Ëμ·³¨·μ¢ ´¨Ö § ³±´ÊÉÒÌ μ·¡¨É ¸ ¶μÎÉ¨ ¶μ¸ÉμÖ´´Ò³ · ¤¨Ê¸μ³ ¢ ¶μ¸ÉμÖ´´μ³ ¢μ ¢·¥-
³¥´¨ ³ £´¨É´μ³ ¶μ²¥. ‘Ì¥³  É ±μ° ¶μ¢μ·μÉ´μ° ¸¥±Í¨¨ ³ £´¨É´μ° ¸¨¸É¥³Ò Ê¸±μ·¨É¥²Ö
¶·¨¢¥¤¥´  ´  ·¨¸. 7.

— ¸É¨Í , ¨´¦¥±É¨·μ¢ ´´ Ö ¢ ¶¥·¢Ò° ¤¨¶μ²Ó ¶μ¤ Ê£²μ³ α ± ¥¥ ¶·μ¤μ²Ó´μ° μ¸¨, ¡Ê¤¥É
μÉ±²μ´¥´  ´  Ê£μ² θ = 4α, ¥¸²¨ ¤¨¶μ²¨ · ¸¶μ²μ¦¥´Ò É ±, ÎÉμ Ê£μ² ³¥¦¤Ê ¨Ì ¶·μ¤μ²Ó´Ò³¨
μ¸Ö³¨ ¸μ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê, · ¢´ÊÕ π − 2α = π − θ/2.

’· ¥±Éμ·¨Ö Î ¸É¨ÍÒ ¢ ¸¥±Í¨¨ ¶μ¢μ·μÉ´μ£μ ³ £´¨É  ¸μ¸Éμ¨É ¨§ ÊÎ ¸É±μ¢ ¤¢¨¦¥´¨Ö ¢
¤¨¶μ²ÖÌ ¨ ÊÎ ¸É±μ¢ ¤·¥°Ë . „²¨´  ± ¦¤μ£μ ÊÎ ¸É±  ¤·¥°Ë  d § ¢¨¸¨É μÉ Ô´¥·£¨¨ Î ¸É¨ÍÒ
¨ μ¶·¥¤¥²Ö¥É¸Ö ¸μμÉ´μÏ¥´¨¥³ (¸³. ·¨¸. 7)

d = (l0 − ld) cos α = 2(x0 − xmax) cos α,

£¤¥ l0 = 2x0 Å ¤²¨´  · ¡μÎ¥£μ ÊÎ ¸É±  ¤¨¶μ²Ö,   ld = 2xmax Å · ¸¸ÉμÖ´¨¥ μÉ ¢Ìμ¤ 
Î ¸É¨ÍÒ ¢ ¤¨¶μ²Ó ¤μ ¥¥ ¢ÒÌμ¤  ¨§ ¤¨¶μ²Ö (·¨¸. 7).

�μ¸±μ²Ó±Ê ³ £´¨É´Ò¥ ¶μ²Ö μÉ· ¦ ÕÐ¨Ì ¤¨¶μ²¥° ¤¥Ëμ±Ê¸¨·ÊÕÉ Î ¸É¨ÍÒ ¶ÊÎ±  ¢ ¢¥·-
É¨± ²Ó´μ° ¶²μ¸±μ¸É¨, ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤μ¶μ²´¨É¥²Ó´Ò¥ ²¨´§Ò ´  ¢Ìμ¤¥ ¨ ¢ÒÌμ¤¥
¸¨¸É¥³Ò ¶μ¢μ·μÉ´μ£μ ³ £´¨É . ‚ · ¡μÉ¥ [3] ¤²Ö ·¥ ²¨§ Í¨¨ Ê¸Éμ°Î¨¢μ¸É¨ ¡¥É É·μ´´ÒÌ
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�¨¸. 7. ‘Ì¥³  ¸¥±Í¨¨ ¶μ¢μ·μÉ´μ£μ ³ £´¨É . α Å Ê£μ² ¶ ¤¥´¨Ö ¨ μÉ· ¦¥´¨Ö Î ¸É¨ÍÒ μÉ ¤¨¶μ²¥°;

θ = 4α Å ¸Ê³³ ·´Ò° Ê£μ² μÉ±²μ´¥´¨Ö ¶ÊÎ±  ¶μ¢μ·μÉ´Ò³ ³ £´¨Éμ³; l = 2xmax Å ¤¨¸É ´Í¨Ö μÉ
¢Ìμ¤  ¤μ ¢ÒÌμ¤  Î ¸É¨ÍÒ ¨§ ¤¨¶μ²Ö; d ¨ d0 Å ¤²¨´Ò ¤·¥°Ë  ¤²Ö Î ¸É¨Í ¸ · §´μ° Ô´¥·£¨¥°; 1 Å

¤²¨´  ¤·¥°Ë  Î ¸É¨ÍÒ ¸ Ô´¥·£¨¥° Einj < E < Emax; 2 Å ¤²¨´  ¤·¥°Ë  Î ¸É¨ÍÒ ¸ Ô´¥·£¨¥°,

· ¢´μ° Ô´¥·£¨¨ ¨´¦¥±Í¨¨ E = Einj

±μ²¥¡ ´¨° μ¤´μ¢·¥³¥´´μ ¢ ¢¥·É¨± ²Ó´μ° ¨ £μ·¨§μ´É ²Ó´μ° ¶²μ¸±μ¸ÉÖÌ ¨¸¶μ²Ó§Ê¥É¸Ö ±μ³-
¡¨´ Í¨Ö ±¢ ¤·Ê¶μ²Ó´ÒÌ ¨ ¸¨³³¥É·¨Î´ÒÌ ³ £´¨É´ÒÌ ²¨´§. ’ ± Ö ¸¨¸É¥³  ¨³¥¥É μ¤¨´ ´¥-
¤μ¸É Éμ±, ±μÉμ·Ò° § ±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ ±¢ ¤·Ê¶μ²Ó´Ò¥ ¨ ¸¨³³¥É·¨Î´Ò¥ ²¨´§Ò ¨³¥ÕÉ
· §´Ò¥ § ¢¨¸¨³μ¸É¨ Ëμ±Ê¸´μ£μ · ¸¸ÉμÖ´¨Ö μÉ Ô´¥·£¨¨ Î ¸É¨Í.

„·Ê£μ° ¸¶μ¸μ¡ ·¥Ï¥´¨Ö ÔÉμ° § ¤ Î¨ Å ¨¸¶μ²Ó§μ¢ ´¨¥ £· ¤¨¥´É´ÒÌ ¤¨¶μ²¥°, ±μÉμ·Ò¥
¨³¥ÕÉ É ±ÊÕ ¦¥ § ¢¨¸¨³μ¸ÉÓ Ëμ±Ê¸´μ£μ · ¸¸ÉμÖ´¨Ö μÉ Ô´¥·£¨¨ Î ¸É¨Í, ± ± ¨ ÔËË¥±-
É¨¢´μ¥ Ëμ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ μÉ· ¦ ÕÐ¨Ì ¤¨¶μ²¥°. Š·μ³¥ Éμ£μ, £· ¤¨¥´É´Ò° ¤¨¶μ²Ó
Ëμ±Ê¸¨·Ê¥É Î ¸É¨ÍÒ Éμ²Ó±μ ¢ μ¤´μ³ ¨§ ¢§ ¨³´μ ¶¥·¶¥´¤¨±Ê²Ö·´ÒÌ ´ ¶· ¢²¥´¨°.

� ¸¸³μÉ·¨³ ¨§³¥´¥´¨¥ ¶ · ³¥É·μ¢ ρ ¨ ρ′ ¨ Ë §Ò ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° Î ¸É¨ÍÒ
¶·¨ ¶·μÌμ¦¤¥´¨¨ ¶¥·¢μ° ¨ ¢Éμ·μ° ¶μ²μ¢¨´Ò ¸¨¸É¥³Ò ¶μ¢μ·μÉ´μ£μ ³ £´¨É . ’ ± ± ± μÉ-
· ¦ ÕÐ¨¥ ¤¨¶μ²¨ Ëμ±Ê¸¨·ÊÕÉ Î ¸É¨ÍÒ ¢ ÔÉμ° ¶²μ¸±μ¸É¨, ¤μ¶μ²´¨É¥²Ó´Ò¥ £· ¤¨¥´É´Ò¥
²¨´§Ò ³μ£ÊÉ μÉ¸ÊÉ¸É¢μ¢ ÉÓ:

� · ³¥É·Ò Î ¸É¨ÍÒ ¢ Í¥´É·¥ ¸¨¸É¥³Ò ¸¢Ö§ ´Ò ¸ ¢Ìμ¤´Ò³¨ ¶ · ³¥É· ³¨ ¸²¥¤ÊÕÐ¨³
μ¡· §μ³: [

ρout

ρ′out

]
= [R] [D] [R]

[
ρin

ρ′in

]
= [M ]

[
ρin

ρ′in

]
.

‡¤¥¸Ó

[D] =
[

1 2d
0 1

]
, [R] =

[
−1 ld
0 −1

]
, [M ] =

[
1 2(ld − d)
0 1

]
=

[
1 2lρ
0 1

]
,

cos σ =
1
2
(M11 + M22) = 1, σ = 2π.

Œ É·¨Í  [M ] ¸¨¸É¥³Ò ¶μ¢μ·μÉ´μ£μ ³ £´¨É  Ô±¢¨¢ ²¥´É´  ³ É·¨Í¥ ÊÎ ¸É±  ¤·¥°Ë 
¤²¨´μ°

lρ = 2(ld − d).
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ˆ§³¥´¥´¨¥ ¶ · ³¥É·μ¢ z ¨ z′ ¢ ¸¨¸É¥³¥ ¶μ¢μ·μÉ´μ£μ ³ £´¨É  ¸ £· ¤¨¥´É´Ò³¨ ¤¨¶μ²Ö³¨
´  ¢Ìμ¤¥ ¨ ¢ÒÌμ¤¥ μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³¨ · ¢¥´¸É¢ ³¨:

[
z
z′

]
= [F ] [Z] [D] [Z] [F ]

[
zin

z′in

]
= [N ]

[
zin

z′in

]
,

[D] =
[

1 2d

0 1

]
, [Z] =

⎡
⎣ 1 ld

1
fd

1

⎤
⎦, [F ] =

⎡
⎣ 1 0

− 1
Fd

1

⎤
⎦,

[N ] =

⎡
⎢⎢⎣

(
1 − ld

fd

)
2(ld + d)

0
(

1 − ld
fd

)
⎤
⎥⎥⎦.

‚Ò· ¦¥´¨Ö ¤²Ö [N ] ¢ÒÎ¨¸²¥´Ò ¤²Ö Î ¸É´μ£μ ¸²ÊÎ Ö, ±μ£¤  Fd = fd. ‚ ÔÉμ³ ¸²ÊÎ ¥
¶·¨ ld/fd � 2 ¶μ²Ê¸Ê³³  ¤¨ £μ´ ²Ó´ÒÌ Î²¥´μ¢ ³ É·¨ÍÒ [N ] · ¢´ 

−1 <
1
2
(N11 + N22) = cos σz < 1,

¶μÔÉμ³Ê σz Å ¤¥°¸É¢¨É¥²Ó´ Ö ¢¥²¨Î¨´ , ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É Ê¸Éμ°Î¨¢μ³Ê ¤¢¨¦¥´¨Õ ¢
¢¥·É¨± ²Ó´μ³ ´ ¶· ¢²¥´¨¨ [4].

”�Š“‘ˆ��‚Š� —�‘’ˆ– ‚ ‘…Š–ˆŸ• ��‚���’��ƒ� Œ�ƒ�ˆ’�

„²Ö ¢Ò¡μ·  ·¥¦¨³  Ê¸Éμ°Î¨¢ÒÌ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° · ¸¸³μÉ·¨³ ¶¥·¨μ¤ Ëμ±Ê¸¨-
·ÊÕÐ¥° ¸¨¸É¥³Ò, ¸μ¸ÉμÖÐ¨° ¨§ ¤¢ÊÌ ¸¥±Í¨° ¶μ¢μ·μÉ´μ£μ ³ £´¨É  ¨ ¤¢ÊÌ ±¢ ¤·Ê¶μ²Ó´ÒÌ
²¨´§. �Ê¸ÉÓ, ´ ¶·¨³¥·, ¤²Ö · ¤¨ ²Ó´ÒÌ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¸¨¸É¥³  ¸μ¸É ¢²Ö¥É ¶μ-
¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ Ê¸É·μ°¸É¢

Œ É·¨Í  [G] É ±μ° ¸¨¸É¥³Ò · ¢´ 

[G] = [M ] [+F ] [M ] [−F ] =
[

G11 G12

G21 G22

]
.

‡¤¥¸Ó

[M ] =
[

1 −2(ld − d)
0 1

]
, [+F ] =

⎡
⎣ 1 0

+
1
F

1

⎤
⎦, [−F ] =

⎡
⎣ 1 0

− 1
F

1

⎤
⎦,
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G11 = 1 + 2
ld − d

F
−

(
2
ld − d

F

)2

, G12 = −4 (ld − d)
(

1 − ld − d

F

)
,

G21 = − 2
ld − d

F 2
, G22 = 1 − 2

ld − d

F
.

„¨ ¶ §μ´ Ê¸Éμ°Î¨¢μ¸É¨ · ¤¨ ²Ó´ÒÌ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° μ¶·¥¤¥²Ö¥É¸Ö ´¥· ¢¥´-
¸É¢μ³ [4]

−1 � cos σρ =
1
2

(G11 + G22) = 1 − 2
(

ld − d

F

)2

� 1.

�·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ Ê¸É·μ°¸É¢ Ëμ±Ê¸¨·ÊÕ-
Ð¥° ¸¨¸É¥³Ò ¤²Ö ¢¥·É¨± ²Ó´ÒÌ ±μ²¥¡ ´¨° ¡Ê¤¥É É ±μ°:

Œ É·¨Í  [V ] ÔÉμ° ¸¨¸É¥³Ò · ¢´ 

[V ] = [N ] [−F ] [N ] [+F ] =
[

V11 V12

V21 V22

]
,

£¤¥

[N ] =

⎡
⎢⎢⎣

(
1 − ld

fd

)
2 (ld + d)

0
(

1 − ld
fd

)
⎤
⎥⎥⎦,

�V11� =
(

1 − ld
fd

)2

−
(

2
ld + d

F

)2

− 2
(

1 − ld
fd

)
ld + d

F
,

[V12] = 4(ld + d)
[(

1 − ld
fd

)
+

ld + d

F

]
,

[V21] = − 2
F 2

(
1 − ld

fd

)
(ld + d),

[V22] =
(

1 − ld
fd

)2

+ 2
(

1 − ld
fd

)
ld + d

F
.

Š·¨É¥·¨° Ê¸Éμ°Î¨¢μ¸É¨ ¢¥·É¨± ²Ó´ÒÌ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° μ¶·¥¤¥²Ö¥É¸Ö ´¥· ¢¥´-
¸É¢μ³

−1 � cos σz =
1
2

(V11 + V22) =
(

1 − ld
fd

)2

− 2
(

ld + d

F

)2

� 1.

‚ ÔÉμ³ ¸²ÊÎ ¥ ¸¤¢¨£ Ë §Ò ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° §  ¶¥·¨μ¤ Ëμ±Ê¸¨·ÊÕÐ¥° ¸¨¸É¥³Ò
¡Ê¤¥É ¤¥°¸É¢¨É¥²Ó´μ° ¢¥²¨Î¨´μ°.

�μ¸±μ²Ó±Ê ¢ ·¥ ²Ó´ÒÌ Ê¸²μ¢¨ÖÌ Ê£μ² ¨´¦¥±Í¨¨ α � 1,   α/ sin α ∼= 1, cos α ∼= 1,
¶ · ³¥É·Ò ld ¨ d ¸μ£² ¸´μ (1) ¨ (2) ¸μ¸É ¢ÖÉ

ld = 2Lmax =
2α

sin α

P

P0
x0

∼=
P

P0
l0, d = (l0 − ld) cos α ∼=

(
1 − P

P0

)
l0.
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‡¤¥¸Ó l0 = 2x0 Å ¤²¨´  · ¡μÎ¥° μ¡² ¸É¨ μÉ· ¦ ÕÐ¥£μ ¤¨¶μ²Ö; P0 Å ¨³¶Ê²Ó¸ Ê¸±μ·¥´-
´ÒÌ Î ¸É¨Í.

Š·¨É¥·¨¨ Ê¸Éμ°Î¨¢μ¸É¨ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¡Ê¤ÊÉ ¢Ò£²Ö¤¥ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

−1 � cos σρ = 1 − 2
(

l0
F

)2 (
2

P

P0
− 1

)2

� 1,

−1 � cos σz =
(

1 − 2l0
fd

P

P0

)2

− 2
(

l0
F

)2

� 1.

‡¤¥¸Ó F Å Ëμ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§; fd = Rm/2 Å ¶ · ³¥É· μÉ· ¦ -
ÕÐ¥£μ ¤¨¶μ²Ö; Rm Å · ¤¨Ê¸ É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ ¢ μ¡² ¸É¨ y = ym, x = xm, L = Lmax.

�´ ²¨§ ±·¨É¥·¨¥¢ Ê¸Éμ°Î¨¢μ¸É¨ ¶μ± §Ò¢ ¥É, ÎÉμ ¶ · ³¥É·Ò Ëμ±Ê¸¨·ÊÕÐ¥° ¸¨¸É¥³Ò
2(l0/F )2 ¤μ²¦´Ò ¡ÒÉÓ μ£· ´¨Î¥´Ò ¶μ ¢¥²¨Î¨´¥ ¢ É ±¨Ì ¶·¥¤¥² Ì:

0 � 2
(

l0
F

)2

�
(

1 − 4l0
Rm

P

P0

)2

+ 1.

‚ ±μ´Í¥ ¶·μÍ¥¸¸  Ê¸±μ·¥´¨Ö Rm = R0, P ≈ P0,   ¶ · ³¥É·Ò Ëμ±Ê¸¨·ÊÕÐ¥° ¸¨¸É¥³Ò
μ£· ´¨Î¥´Ò ¶·¥¤¥² ³¨

0 � 2
(

l0
F

)2

�
(

1 − 4l0
R0

)2

+ 1.

�·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¨´¦¥±Í¨¨, ±μ£¤  Pinj/P0 � δ ∼ 0,   ¶ · ³¥É· μÉ· ¦ ÕÐ¥£μ ¤¨¶μ²Ö
4l0/Rm = 4l0/Rm,inj < 1, Ëμ±Ê¸´Ò¥ · ¸¸ÉμÖ´¨Ö ²¨´§ ¤μ²¦´Ò Ê¤μ¢²¥É¢μ·ÖÉÓ ´¥· ¢¥´-
¸É¢ ³

0 � 2
(

l0
F

)2

� 2.

� ¤¨Ê¸ É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ Rm,inj ¥¸ÉÓ ·¥£Ê²¨·Ê¥³Ò° ¶ · ³¥É· ¨ μ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´μ°
¨´¤Ê±Í¨¨ ±· ¥¢μ£μ ¶μ²Ö μÉ· ¦ ÕÐ¥£μ ¤¨¶μ²Ö Binj, ¢ ±μÉμ·μ¥ ¨´¦¥±É¨·Ê¥É¸Ö Î ¸É¨Í , ¨
¢¥²¨Î¨´μ° ¨³¶Ê²Ó¸  ¨´¦¥±É¨·Ê¥³μ° Î ¸É¨ÍÒ Pinj.

‚ Ê¸±μ·¨É¥²ÖÌ ¸ ¢Ò¸μ±μ° Ô´¥·£¨¥° Ê¸±μ·¥´´ÒÌ Î ¸É¨Í, £¤¥ ¤²¨´  μÉ· ¦ ÕÐ¥£μ ¤¨-
¶μ²Ö l0 ³´μ£μ ³¥´ÓÏ¥ · ¢´μ¢¥¸´μ£μ · ¤¨Ê¸  Î ¸É¨Í R0, Ê¸²μ¢¨¥ Ê¸Éμ°Î¨¢μ¸É¨ ¡¥É É·μ´-
´ÒÌ ±μ²¥¡ ´¨° ¡Ê¤¥É

0 � l0
F

� 1.

�Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ¶μ§¢μ²Ö¥É μÉ± § ÉÓ¸Ö μÉ ¶·¥¤Ê¸±μ·¨É¥²¥° ¨ ¡Ê¸É¥·μ¢ ¶·¨ ¸μ§¤ ´¨¨
Ê¸±μ·¨É¥²¥° ´  ¢Ò¸μ±¨¥ Ô´¥·£¨¨ ¨ ¨¸¶μ²Ó§μ¢ ÉÓ ¨¸ÉμÎ´¨±¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸ Ê¸±μ-
·ÖÕÐ¨³ ¶μÉ¥´Í¨ ²μ³, ±μÉμ·Ò° ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ¶μ²ÊÎ¨ÉÓ É·¥¡Ê¥³ÊÕ ¨´É¥´¸¨¢´μ¸ÉÓ
¶ÊÎ± .

���„�‹œ��Ÿ “‘’�‰—ˆ‚�‘’œ “‘Š��Ÿ…Œ›• —�‘’ˆ–

ˆ¸¶μ²Ó§μ¢ ´¨¥  ¢ÉμË §¨·μ¢±¨ ¶·¨ Ê¸±μ·¥´¨¨ ¨μ´μ¢ ¸ ´¨§±μ° ´ Î ²Ó´μ° ±¨´¥É¨Î¥-
¸±μ° Ô´¥·£¨¥° ¶μ·Ö¤±  105 Ô‚ § É·Ê¤´¥´μ ¨§-§  μÎ¥´Ó ¡μ²ÓÏμ£μ ¤¨ ¶ §μ´  Î ¸ÉμÉ μ¡· -
Ð¥´¨Ö Î ¸É¨Í ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö. ‘²μ¦´μ¸ÉÓ § ¤ Î¨ ³μ¦¥É ¡ÒÉÓ Ê³¥´ÓÏ¥´ , ¥¸²¨
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�¨¸. 8. ‘Ì¥³  ¨´¤Ê±Í¨μ´´μ° Ê¸±μ·ÖÕÐ¥°

¸¥±Í¨¨: 1 Å Ë¥··μ³ £´¨É´Ò¥ ¸¥·¤¥Î´¨±¨;
2 Å ¢¨É±¨ ¢μ§¡Ê¦¤¥´¨Ö

�¨¸. 9. ˆ³¶Ê²Ó¸Ò ¨´¤Ê±Í¨μ´´μ° Ê¸±μ·ÖÕÐ¥° ¸¨-

¸É¥³Ò: τcyc Å ¤²¨É¥²Ó´μ¸ÉÓ Í¨±²  Ê¸±μ·¥´¨Ö;
τind Å ¤²¨É¥²Ó´μ¸ÉÓ ¨´¤Ê±Í¨μ´´μ£μ ¨³¶Ê²Ó¸ 

¨¸¶μ²Ó§μ¢ ÉÓ ´¥·¥§μ´ ´¸´Ò¥ ¸¶μ¸μ¡Ò Ê¸±μ·¥´¨Ö. �¤´¨³ ¨§ ¶·¨³¥·μ¢ ´¥·¥§μ´ ´¸´μ£μ
¸¶μ¸μ¡  Ê¸±μ·¥´¨Ö Ö¢²Ö¥É¸Ö ¸¶μ¸μ¡, ±μ£¤  Î ¸É¨ÍÒ Ê¸±μ·ÖÕÉ¸Ö ¸¥±Í¨Ö³¨ ¨´¤Ê±Í¨μ´´μ£μ
Ê¸±μ·¨É¥²Ö. ‚±²ÕÎ¥´¨¥ ¸¥±Í¨° μ¸ÊÐ¥¸É¢²Ö¥É¸Ö Éμ²Ó±μ ¶·¨ ¶μ¤²¥É¥ ¸£Ê¸É±  Î ¸É¨Í ±
¸¥±Í¨¨. ‘¨´Ì·μ´¨§ Í¨Ö Ê¸±μ·Ö¥³μ£μ ¶ÊÎ±  ¸ Ê¸±μ·ÖÕÐ¨³¨ ¸¥±Í¨Ö³¨ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸
¶μ³μÐÓÕ ¤ ÉÎ¨±μ¢ ¢·¥³¥´¨ ¶·μ²¥É  ¶ÊÎ± .

�·μ¤μ²Ó´ Ö Ê¸Éμ°Î¨¢μ¸ÉÓ Ê¸±μ·Ö¥³ÒÌ ¸£Ê¸É±μ¢ μ¡¥¸¶¥Î¨¢ ¥É¸Ö Ëμ·³μ° ¢¥·Ï¨´Ò ¨´-
¤Ê±Í¨μ´´μ£μ Ê¸±μ·ÖÕÐ¥£μ ¨³¶Ê²Ó¸ . � ¶·¨³¥·, ¥¸²¨ ¢¥·Ï¨´  ¨³¶Ê²Ó¸  ¨³¥¥É ´ ±²μ´,
Éμ ¶¥·¥¤´¨¥ Î ¸É¨ÍÒ ¸£Ê¸É±  ¡Ê¤ÊÉ Ê¸±μ·ÖÉÓ¸Ö ³¥¤²¥´´¥¥, Î¥³ Î ¸É¨ÍÒ ¢ ±μ´Í¥ ¸£Ê¸É± ,
ÎÉμ ³μ¦¥É μ¡¥¸¶¥Î¨ÉÓ Ê¸Éμ°Î¨¢μ¸ÉÓ ¶·μ¤μ²Ó´ÒÌ ±μ²¥¡ ´¨°.

‘Ì¥³  ¨´¤Ê±Í¨μ´´μ° Ê¸±μ·ÖÕÐ¥° ¸¥±Í¨¨ ¶·¨¢¥¤¥´  ´  ·¨¸. 8. ‘¥±Í¨Ö ¸μ¸Éμ¨É ¨§
´ ¡μ·  Ë¥··μ³ £´¨É´ÒÌ ¸¥·¤¥Î´¨±μ¢ 1, ¢μ§¡Ê¦¤ ¥³ÒÌ ¢¨É± ³¨ 2. ‘ÊÐ¥¸É¢Ê¥É ´¥¸±μ²Ó±μ
·¥¦¨³μ¢ · ¡μÉÒ ¨´¤Ê±Í¨μ´´μ° ¸¥±Í¨¨ ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö Î ¸É¨Í. ‚ μ¤´μ³ ¨§ ·¥-
¦¨³μ¢ ¤²¨É¥²Ó´μ¸ÉÓ ¨´¤Ê±Í¨μ´´μ£μ ¨³¶Ê²Ó¸  ³μ¦¥É μ¸É ¢ ÉÓ¸Ö ¶μ¸ÉμÖ´´μ° ¢ ¶·μÍ¥¸¸¥
Ê¸±μ·¥´¨Ö τind = const. ‚ ¤·Ê£μ³, ±· °´¥³, ¤²¨É¥²Ó´μ¸ÉÓ τind ³¥´Ö¥É¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨
¸ ¨§³¥´¥´¨¥³ ¤²¨É¥²Ó´μ¸É¨ Í¨±²  Ê¸±μ·¥´¨Ö τcyc. ‚ ±μ´Í¥ Í¨±²  Ê¸±μ·¥´¨Ö ¤²¨É¥²Ó-
´μ¸ÉÓ τind · ¢´  ¶μ²μ¢¨´¥ ¤²¨É¥²Ó´μ¸É¨ Í¨±²  Ê¸±μ·¥´¨Ö τcyc. ‚Éμ· Ö ¶μ²μ¢¨´  Í¨±² 
¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ¶¥·¥³ £´¨Î¨¢ ´¨Ö Ë¥··μ³ £´¨É´ÒÌ ¸¥·¤¥Î´¨±μ¢ ¸¥±Í¨¨ (·¨¸. 9).

200-ŒÔ‚ “‘Š��ˆ’…‹œ ���’���‚

�·μÉμ´´Ò° Ê¸±μ·¨É¥²Ó ¸ Ô´¥·£¨¥° 200 ŒÔ‚ ¨ ³ £´¨É´μ° ¨´¤Ê±Í¨¥° μÉ· ¦ ÕÐ¥£μ
¤¨¶μ²Ö B0

∼= 1 ’² (¶μ¸ÉμÖ´´Ò¥ NdFeB-³ £´¨ÉÒ) ¨³¥¥É · ¤¨Ê¸ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ R0 =
2,2 ³. …¸²¨ ¤²Ö ¶μ¢μ·μÉ  · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ ´  90◦ ¨¸¶μ²Ó§Ê¥É¸Ö Ï¥¸ÉÓ ¸¥±Í¨° ¶μ¢μ·μÉ-
´μ£μ ³ £´¨É , Éμ ¤²¨´  μÉ· ¦ ÕÐ¥£μ ¤¨¶μ²Ö l0 ¤μ²¦´  ¡ÒÉÓ · ¢´  l0 = 0,13R0

∼= 0,29 ³.
‚¥·É¨± ²Ó´Ò¥ ¨ £μ·¨§μ´É ²Ó´Ò¥ ¡¥É É·μ´´Ò¥ ±μ²¥¡ ´¨Ö Î ¸É¨Í ¡Ê¤ÊÉ Ê¸Éμ°Î¨¢Ò, ¥¸²¨
Ëμ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ F ¨ ¤²¨´  μÉ· ¦ ÕÐ¥£μ ¤¨¶μ²Ö ¡Ê¤ÊÉ ´ Ìμ-
¤¨ÉÓ¸Ö ¢ ¸μμÉ´μÏ¥´¨¨

0 � l0
F

� 0,78.
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‚ ¦´μ μÉ³¥É¨ÉÓ, ÎÉμ ÔÉμ Ê¸²μ¢¨¥ Ê¸Éμ°Î¨¢μ¸É¨ ¢Ò¶μ²´Ö¥É¸Ö ¨ ¤²Ö Î ¸É¨Í ¸ μÎ¥´Ó ´¨§±μ°
Ô´¥·£¨¥°, ±μÉμ· Ö μ£· ´¨Î¥´  Éμ²Ó±μ § ¢¨¸¨³μ¸ÉÓÕ ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  ¨´¦¥±É¨·Ê¥³ÒÌ
Î ¸É¨Í μÉ ´ ¶·Ö¦¥´¨Ö ¨¸ÉμÎ´¨±  ¨μ´μ¢.

„²¨É¥²Ó´μ¸ÉÓ μ¤´μ£μ Í¨±²  Ê¸±μ·¥´¨Ö ¢ ¶μ²¥ B0 = 1 ’² ¶·¨ Ô´¥·£¨¨ Î ¸É¨Í 200 ŒÔ‚
¸μ¸É ¢²Ö¥É τcyc ≈ 80 ´¸, ¶μÔÉμ³Ê ¤²¨É¥²Ó´μ¸ÉÓ ¨´¤Ê±Í¨μ´´μ£μ Ê¸±μ·ÖÕÐ¥£μ ¨³¶Ê²Ó¸  ¢
±μ´Í¥ ¶·μÍ¥¸¸  Ê¸±μ·¥´¨Ö ¤μ²¦´  ¡ÒÉÓ τind ≈ 40 ´¸. ‘Ê³³ ·´ Ö ¤²¨É¥²Ó´μ¸ÉÓ ¶·μÍ¥¸¸ 
Ê¸±μ·¥´¨Ö ¶·¨  ³¶²¨ÉÊ¤¥ Ê¸±μ·ÖÕÐ¥£μ ¨³¶Ê²Ó¸  Uind = 1 ±‚ · ¢´  T = 2πP0R0/eUind

∼=
30 ³¸. …¸²¨ ¢ μ¤´μ³ ¸£Ê¸É±¥ Ê¸±μ·Ö¥É¸Ö 1010 Î ¸É¨Í, Éμ ¶·¨ Î ¸ÉμÉ¥ ¶μ¢Éμ·¥´¨Ö Í¨±²μ¢
Ê¸±μ·¥´¨Ö 10 ƒÍ ¸·¥¤´ÖÖ ¨´É¥´¸¨¢´μ¸ÉÓ ¸μ¸É ¢¨É 1011 ¸−1. �·¨  ³¶²¨ÉÊ¤¥ ¨´¤Ê±Í¨-
μ´´μ£μ ¨³¶Ê²Ó¸ , · ¢´μ° 10 ±‚, ¤²¨É¥²Ó´μ¸ÉÓ ¶·μÍ¥¸¸  Ê¸±μ·¥´¨Ö ¸μ¸É ¢¨É T = 3 ³¸
¨ ¶·¨ Î ¸ÉμÉ¥ ¶μ¸Ò²μ± 100 ƒÍ ¸·¥¤´ÖÖ ¨´É¥´¸¨¢´μ¸ÉÓ Ê¸±μ·¥´´μ£μ ¶ÊÎ±  Î ¸É¨Í ¡Ê¤¥É
· ¢´  1012 ¸−1.

‡�Š‹�—…�ˆ…

‚ ¤ ´´μ° ¸É ÉÓ¥ ¶μ± § ´  ¢μ§³μ¦´μ¸ÉÓ ¸¨´Ì·μÉ·μ´´μ£μ Ê¸±μ·¥´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í
´  ®¶μÎÉ¨ ¶μ¸ÉμÖ´´μ°¯ μ·¡¨É¥ ¢ ³ £´¨É´μ³ ¶μ²¥, ±μÉμ·μ¥ ´¥ § ¢¨¸¨É μÉ ¢·¥³¥´¨.

• ®�μÎÉ¨ ¶μ¸ÉμÖ´´ÊÕ¯ μ·¡¨ÉÊ ³μ¦´μ ¸μ§¤ ÉÓ ¸ ¶μ³μÐÓÕ ¸¨¸É¥³Ò ¤¨¶μ²¥°, ±μÉμ·Ò¥
μÉ· ¦ ÕÉ Ê¸±μ·Ö¥³Ò¥ Î ¸É¨ÍÒ. � ¢¥´¸É¢μ Ê£²μ¢ ¶ ¤¥´¨Ö ¨ μÉ· ¦¥´¨Ö Î ¸É¨Í μÉ ¤¨¶μ²¥°
¨ ´¥§ ¢¨¸¨³μ¸ÉÓ ÔÉ¨Ì Ê£²μ¢ μÉ Ô´¥·£¨¨ Î ¸É¨Í ¶μ§¢μ²ÖÕÉ μÉ±²μ´ÖÉÓ Î ¸É¨ÍÒ ´  § ¤ ´´Ò°
Ê£μ², ±μÉμ·Ò° ´¥ § ¢¨¸¨É μÉ Ô´¥·£¨¨ Ê¸±μ·Ö¥³ÒÌ Î ¸É¨Í. �μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ É ±¨Ì
¸¨¸É¥³ μÉ±²μ´¥´¨Ö ¶μ§¢μ²Ö¥É Ëμ·³¨·μ¢ ÉÓ § ³±´ÊÉÒ¥ μ·¡¨ÉÒ.

• ˆ¸¶μ²Ó§ÊÖ ±· ¥¢Ò¥ ¶μ²Ö ¤¨¶μ²¥° ¤²Ö μÉ· ¦¥´¨Ö Î ¸É¨Í, ³μ¦´μ ¸ÊÐ¥¸É¢¥´´μ Ê³¥´Ó-
Ï¨ÉÓ ´¨¦´¨° ¶μ·μ£ Ê¸±μ·Ö¥³ÒÌ Î ¸É¨Í.

• ˆ¸¶μ²Ó§μ¢ ´¨¥ £· ¤¨¥´É´ÒÌ Ëμ±Ê¸¨·ÊÕÐ¨Ì ¤¨¶μ²¥° ¢ ¸¨¸É¥³ Ì μÉ±²μ´¥´¨Ö ¨ ±¢ -
¤·Ê¶μ²Ó´ÒÌ ²¨´§ ¸μ§¤ ¥É Ê¸²μ¢¨Ö ¤²Ö Ê¸Éμ°Î¨¢μ¸É¨ ¢¥·É¨± ²Ó´ÒÌ ¨ £μ·¨§μ´É ²Ó´ÒÌ ±μ-
²¥¡ ´¨° ¢μ ¢¸¥³ ¤¨ ¶ §μ´¥ Ô´¥·£¨° Ê¸±μ·Ö¥³ÒÌ Î ¸É¨Í.

• “¸Éμ°Î¨¢μ¸ÉÓ ¶·μ¤μ²Ó´ÒÌ ±μ²¥¡ ´¨° μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³μ° ¢¥·Ï¨´Ò Ê¸±μ·ÖÕÐ¨Ì
¨´¤Ê±Í¨μ´´ÒÌ ¨³¶Ê²Ó¸μ¢.

• ˆ´¤Ê±Í¨μ´´Ò°, ´¥·¥§μ´ ´¸´Ò°, ¸¶μ¸μ¡ Ê¸±μ·¥´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¶μ§¢μ²Ö¥É
¸¨´Ì·μ´¨§μ¢ ÉÓ Ê¸±μ·Ö¥³Ò¥ ¸£Ê¸É±¨ Î ¸É¨Í ¸ ¨´¤Ê±Í¨μ´´Ò³¨ ¨³¶Ê²Ó¸ ³¨ ¢ Ï¨·μ±μ³
¤¨ ¶ §μ´¥ ¸±μ·μ¸É¥° Î ¸É¨Í.

�¢Éμ· ¢Ò· ¦ ¥É ¡² £μ¤ ·´μ¸ÉÓ ‘.ˆ. ’ÕÉÕ´´¨±μ¢Ê, ´ Î ²Ó´¨±Ê μÉ¤¥²¥´¨Ö ´ ÊÎ´μ-
³¥Éμ¤¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨¨° ¨ ¨´´μ¢ Í¨° ‹ ¡μ· Éμ·¨¨ Ë¨§¨±¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° �ˆŸˆ,
§  ¶μ¸É ´μ¢±Ê § ¤ Î¨ ¨ ¶μ¤¤¥·¦±Ê ¢ · ¡μÉ¥.
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