
�¨¸Ó³  ¢ �—�Ÿ. 2017. ’. 14, º 6(211). ‘. 673Ä681

”ˆ‡ˆŠ� ˆ ’…•�ˆŠ� “‘Š��ˆ’…‹…‰

‘ˆ‘’…Œ� Œ��ƒ������’��‰
ˆ�†…Š–ˆˆ �“—Š�‚

ƒ. ‚. „μ²¡¨²μ¢ 1

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

� ¸¸³ É·¨¢ ¥É¸Ö ¸¨¸É¥³  ´ ±μ¶²¥´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ¶·μÍ¥¸¸¥ ¨´¦¥±Í¨¨ ¶ÊÎ± . �·¥-
¤¥²Ó´μ¥ Î¨¸²μ ´ ±μ¶²¥´´ÒÌ Î ¸É¨Í ¢ ¤ ´´μ° ¸¨¸É¥³¥ μ£· ´¨Î¨¢ ¥É¸Ö ²¨¡μ ¶·¥¤¥²Ó´μ° ¨´É¥´¸¨¢-
´μ¸ÉÓÕ ´ ±μ¶²¥´´μ£μ ¶ÊÎ± , ²¨¡μ ¢¥²¨Î¨´μ° Ô´¥·£¥É¨Î¥¸±μ£μ · §¡·μ¸  Î ¸É¨Í ¢ ¶ÊÎ±¥. ‘¨¸É¥³ 
¶μ§¢μ²Ö¥É · §¤¥²ÖÉÓ ¨ ´ ± ¶²¨¢ ÉÓ ¨μ´Ò ¸ · §´Ò³ § ·Ö¤μ³. —¨¸²μ ´ ±μ¶²¥´´ÒÌ μ¡μ·μÉμ¢ ³μ¦¥É
¤μ¸É¨£ ÉÓ > 102.

We consider a system of accumulation of charged particles in the process of injection of the beam.
The limiting number of accumulated particles in this system is limited by either the ultimate intensity
of the accumulated beam or restrictions on the value of the energy spread of particles in the beam. The
system allows us to separate and accumulate ions of different charges. The number of accumulated
rotations can achieve values > 102.

PACS: 29.27.Ac
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‚ · ¸¸³ É·¨¢ ¥³μ° ¸¨¸É¥³¥ ³´μ£μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨ ´ ±μ¶²¥´¨¥ Î ¸É¨Í ¢¥¤¥É¸Ö
¶ÊÉ¥³ § ¶μ²´¥´¨Ö ¶·μ¤μ²Ó´μ£μ  ±¸¥¶É ´¸  Ê¸±μ·¨É¥²Ö, ±μÉμ·Ò° ´¥ μ£· ´¨Î¥´  ¶¥·ÉÊ·μ°
Ê¸±μ·¨É¥²Ö. ‚ É ±μ° ¸¨¸É¥³¥ ³´μ£μμ¡μ·μÉ´μ£μ ´ ±μ¶²¥´¨Ö Î ¸É¨Í ¶·μ¨¸Ìμ¤¨É Ê¢¥²¨-
Î¥´¨¥ ¶·μ¤μ²Ó´μ£μ · §¡·μ¸  ¸±μ·μ¸É¥° Î ¸É¨Í. �μ¶¥·¥Î´Ò° · §¡·μ¸ ¸±μ·μ¸É¥° ¨´¦¥±-
É¨·μ¢ ´´ÒÌ Î ¸É¨Í ´¥ ¨§³¥´Ö¥É¸Ö. �É´μ¸¨É¥²Ó´Ò° · §¡·μ¸ Ô´¥·£¨¨ Ê¸±μ·¥´´μ£μ ¶ÊÎ± 
§ ¢¨¸¨É μÉ ¥£μ ±μ´¥Î´μ° Ô´¥·£¨¨ ¨ Ô´¥·£¨¨ ¨´¦¥±É¨·μ¢ ´´μ£μ ¶ÊÎ± . ’ ± ± ± ¢ ¨´-
¤Ê±Í¨μ´´μ³ ¸¨´Ì·μÉ·μ´¥ ¸ ¶μ¸ÉμÖ´´Ò³ ³ £´¨É´Ò³ ¶μ²¥³ ¨³¥¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ´ Î ÉÓ
Ê¸±μ·¥´¨¥ ¸ Î·¥§¢ÒÎ °´μ ´¨§±¨Ì Ô´¥·£¨°, É ±μ° ¸¶μ¸μ¡ ´ ±μ¶²¥´¨Ö Î ¸É¨Í ¨³¥¥É ¶·¥¤-
¶μÎÉ¥´¨¥.

„²Ö ¨´¦¥±Í¨¨ Î ¸É¨Í ´  · ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ Ê¸±μ·¨É¥²Ö ¨¸¶μ²Ó§Ê¥É¸Ö ¸¨¸É¥³  · §´μ-
¶μ²Ö·´ÒÌ ³ £´¨É´ÒÌ ¤¨¶μ²¥° (·¨¸. 1). — ¸É¨ÍÒ ¨´¦¥±É¨·ÊÕÉ¸Ö ´  · ¸¸ÉμÖ´¨¨ y = yinj

μÉ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ Ê¸±μ·¨É¥²Ö. „¢Ê³Ö · §´μ¶μ²Ö·´Ò³¨ ¤¨¶μ²Ö³¨ Î ¸É¨ÍÒ ¢Ò¢μ-
¤ÖÉ¸Ö ´  · ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ, ´  ±μÉμ·μ° μ´¨ ¶·¨μ¡·¥É ÕÉ ¤μ¶μ²´¨É¥²Ó´Ò° ¶·¨·μ¸É
Ô´¥·£¨¨. �ÉμÉ ¶·¨·μ¸É ³μ¦¥É ¡ÒÉÓ ¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¥ Ô´¥·£¨¨ ¨´¦¥±Í¨¨. “¸±μ·¥´´Ò¥
´  ± ¦¤μ³ ¨´¦¥±Í¨μ´´μ³ μ¡μ·μÉ¥ Î ¸É¨ÍÒ, ³¨´ÊÖ ¨´Ë²¥±Éμ·, ¸´μ¢  ¨´¦¥±É¨·ÊÕÉ¸Ö

1E-mail: dol37@mail.ru
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�¨¸. 1. ‘Ì¥³  ³´μ£μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ · §´μ¶μ²Ö·´ÒÌ ¤¨¶μ²¥°. 1 Å DM Å

³ £´¨É´Ò° ¤¨¶μ²Ó, μÉ±²μ´ÖÕÐ¨° Î ¸É¨ÍÒ μÉ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ; 2 Å RM Å ³ £´¨É´Ò° ¤¨¶μ²Ó,
¢μ§¢· Ð ÕÐ¨° Î ¸É¨ÍÒ ± · ¢´μ¢¥¸´μ° μ·¡¨É¥; 3 Å É· ¥±Éμ·¨Ö Î ¸É¨Í ¸ ¨³¶Ê²Ó¸μ³, · ¢´Ò³ ¨³-

¶Ê²Ó¸Ê ¨´¦¥±É¨·Ê¥³ÒÌ Î ¸É¨Í; 4, 5 Å É· ¥±Éμ·¨¨ Î ¸É¨Í, ¶μ²ÊÎ¨¢Ï¨Ì ¶·¨· Ð¥´¨¥ ¨³¶Ê²Ó¸  ´ 

¶¥·¢μ³ ¨ ¶μ¸²¥¤ÊÕÐ¨Ì μ¡μ·μÉ Ì; 6 Å ±μ²²¨³ Éμ·, · §¤¥²ÖÕÐ¨° Î ¸É¨ÍÒ ¶μ § ·Ö¤μ¢μ³Ê Î¨¸²Ê Z

´  · ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ Ê¸±μ·¨É¥²Ö. Šμ²²¨³ Éμ· (6) ¶μ§¢μ²Ö¥É · §¤¥²ÖÉÓ Î ¸É¨ÍÒ ¶μ
§ ·Ö¤μ¢μ³Ê Î¨¸²Ê Z.

‘ˆ‘’…Œ� ˆ†…Š–ˆ���›• „ˆ��‹…‰

ˆ§³¥´¥´¨¥ ±μμ·¤¨´ ÉÒ ¨ ¸±μ·μ¸É¨ Î ¸É¨ÍÒ ¸ ¶·μ¨§¢μ²Ó´Ò³¨ ´ Î ²Ó´Ò³¨ ¶ · ³¥-
É· ³¨ ¢ ¸¨¸É¥³¥ ¤¨¶μ²¥° ¸ μ¤´μ·μ¤´Ò³ ³ £´¨É´Ò³ ¶μ²¥³ ±Bz μ¶·¥¤¥²Ö¥É¸Ö ¸μμÉ´μÏ¥-
´¨Ö³¨

dPy

dt
= ±qvxBz ,

dPy

dx
= ±qBz, dPy = ±qBzdx, Py,out = Py,inj ± qBzx0,

£¤¥ Py,inj ¨ Py,out Å ¨³¶Ê²Ó¸Ò ´  ¢Ìμ¤¥ ¨ ¢ÒÌμ¤¥ ¸μμÉ¢¥É¸É¢¥´´μ; x Å ¤²¨´  ¤¨¶μ²Ö.
�μ¸±μ²Ó±Ê Py = P sin β, Éμ

Pn sin βn = Pn−1 sin βn−1 ± qBzx0,

vy,n

v
= sinβn = sin βn−1 ±

x

Rn
, £¤¥ Rn =

Pn

qBz
.

“£μ² ´ ±²μ´  É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ · ¢¥´

dy

dx
= y′ = tg β, y′ =

sinβ

cosβ
=

sinβn−1 ±
x

Rn√
1 −

(
sin βn−1 ±

x

Rn

)2
.
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ˆ§³¥´¥´¨¥ ±μμ·¤¨´ ÉÒ Î ¸É¨ÍÒ ¢ ¤¨¶μ²¥ ¨³¥¥É ¢¨¤

yn = yn−1 + ρn−1 +

x∫
0

sinβn−1 ±
x

Rn√
1 −

(
sin βn−1 ±

x

Rn

)2
dx =

= yn−1 + ρn−1 ∓ Rn

⎛
⎝

√
1 −

(
sin βn−1 ±

x

Rn

)2

−
√

1 − sin2βn−1

⎞
⎠ .

ˆ§³¥´¥´¨¥ μÉ´μ¸¨É¥²Ó´μ° ¸±μ·μ¸É¨ vy,n/v ¢ ¤¨¶μ²ÖÌ · ¢´μ

sinβn = sin βn−1 ±
x

Rn
,

sin βn+1 = sin βn ± x

Rn
= sin βn−1,

sin βn+1 = sinβn−1 = sin β0.

ˆ�†…Š–ˆŸ —�‘’ˆ– �� ��‚��‚…‘�“� ���ˆ’“

…¸²¨ ¢ ¤¨¶μ²¥ º3 (·¨¸. 2) qBz < 0, x = x0,   ¶ · ³¥É·Ò Î ¸É¨ÍÒ ´  ¢Ìμ¤¥ ¢ ¤¨¶μ²Ó
· ¢´Ò

vy

v
= sin βinj, y = yinj,

Éμ ´  ¢ÒÌμ¤¥ ¨§ ¤¨¶μ²Ö

sin β3 = sin βinj −
x0

Rinj
, Rinj =

Pinj

qBz
,

y3 = yinj + ρinj + Rinj

⎛
⎝

√
1 −

(
sin βinj −

x0

Rinj

)2

−
√

1 − sin2βinj

⎞
⎠ .

� · ³¥É· x0/Rinj = cos θ (·¨¸. 2) ¨³¥¥É ¢ ¦´μ¥ §´ Î¥´¨¥ ¶·¨ ¢Ò¡μ·¥ ·¥¦¨³  · ¡μÉÒ
¸¨¸É¥³Ò ¨´¦¥±Í¨μ´´ÒÌ ¤¨¶μ²¥°. �É §´ Î¥´¨Ö Ê£²  θ ¸ÊÐ¥¸É¢¥´´μ § ¢¨¸ÖÉ ¶ · ³¥É·Ò
¶ÊÎ±  ¢ ¤¨¶μ²ÖÌ:

sin β3 = sin βinj − cos θ,

y3 = yinj + ρinj + Rinj

(√
1 − (sinβinj − cos θ)2 −

√
1 − sin2βinj

)
.

„²Ö · ¢´μ¢¥¸´μ°, ´¥¢μ§³ÊÐ¥´´μ°, Î ¸É¨ÍÒ (ρinj = 0, sin βinj)

yeq,3 = yinj − Rinj (1 − sin θ) .
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�¨¸. 2. ‘¨¸É¥³  ³´μ£μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨. º 3 ¨ º4 Å ¨´¦¥±Í¨μ´´Ò¥ ³ £´¨É´Ò¥ ¤¨¶μ²¨;

º1 ¨ º2 Å ¤¨¶μ²¨, μ¡¥¸¶¥Î¨¢ ÕÐ¨¥ ®¶·μ³ Ï±Ê¯ ¶ÊÎ± ; Pinj, P1 ¨ Pn Å ¨³¶Ê²Ó¸Ò Î ¸É¨Í
¨´¦¥±É¨·Ê¥³μ£μ ¶ÊÎ±  ¨ ¶ÊÎ±  ´  ¶¥·¢μ³ ¨ n-³ μ¡μ·μÉ¥ ¨ ¨Ì · ¢´μ¢¥¸´Ò¥ É· ¥±Éμ·¨¨; 1 Å

¸¨³³¥É·¨Î´Ò¥ ³ £´¨É´Ò¥ ²¨´§Ò; 2 Å ±μ²²¨³ Éμ· (Z/A Å ¸¥¶ · Éμ· Î ¸É¨Í)

�μ¸²¥ ¶·μÌμ¦¤¥´¨Ö Î ¸É¨Í¥° ¤¨¶μ²Ö º4 ¸ ¶μ²¥³ B4 = −B3 ¶ · ³¥É·Ò Î ¸É¨ÍÒ
¡Ê¤ÊÉ · ¢´Ò:

y4 = y3 + Rinj

(√
1 − sin2β4 −

√
1 − sin2β3

)
,

sinβ4 = sin β3 + cos θ = sinβinj,

y4 = y3 − Rinj

(√
1 − sin2βinj −

√
1 − (sin βinj − cos θ)2

)
,

y4 = yinj + ρinj − 2Rinj

(√
1 − sin2βinj −

√
1 − (sin βinj − cos θ)2

)
.

„²Ö ´¥¢μ§³ÊÐ¥´´μ° Î ¸É¨ÍÒ sin βinj = 0, ρinj = 0 (· ¢´μ¢¥¸´ Ö É· ¥±Éμ·¨Ö) μÉ±²μ-
´¥´¨¥ · ¢´μ

yeq,4 = yinj − 2Rinj (1 − sin θ) .

…¸²¨ ¢¥²¨Î¨´  yinj ¥¸ÉÓ ¤¨¸É ´Í¨Ö ³¥¦¤Ê É· ¥±Éμ·¨¥° ¨´¦¥±Í¨¨ ¨ · ¢´μ¢¥¸´μ° μ·¡¨Éμ°
Ê¸±μ·¨É¥²Ö, Éμ ¶·¨

yinj = 2Rinj (1 − sin θ) = 2x0
1 − sin θ

cos θ
= 2

A

Z
Rp,inj (1 − sin θ) (1)

Î ¸É¨Í  ¸  Éμ³´Ò³ ´μ³¥·μ³ A ¨ ¸ § ·Ö¤μ¢Ò³ Î¨¸²μ³ Z ¨´¦¥±É¨·Ê¥É¸Ö ´  · ¢´μ¢¥¸´ÊÕ
μ·¡¨ÉÊ Ê¸±μ·¨É¥²Ö:

yeq, out = 0.

ˆ¸¶μ²Ó§μ¢ ´¨¥ ±μ²²¨³ Éμ·  2 (¸³. ·¨¸. 2) ´  ¢ÒÌμ¤¥ ¸¨¸É¥³Ò ¶μ§¢μ²Ö¥É ´ ± ¶²¨¢ ÉÓ § -
Ì¢ Î¥´´Ò¥ ¨μ´Ò ¸ § ¤ ´´Ò³ §´ Î¥´¨¥³ ¶ · ³¥É·  Z/A.
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‡ Ì¢ Î¥´´Ò¥ ´  · ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ Ê¸±μ·¨É¥²Ö Î ¸É¨ÍÒ ¶μ¸²¥ ´¥¡μ²ÓÏμ£μ Ê¸±μ·¥´¨Ö
´  μÎ¥·¥¤´μ³ μ¡μ·μÉ¥ ¸´ Î ²  μÉ±²μ´ÖÕÉ¸Ö ¤¨¶μ²Ö³¨ º1, º2 ¨ ¸´μ¢  ¢μ§¢· Ð ÕÉ¸Ö ´ 
· ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ Ê¸±μ·¨É¥²Ö ¤¨¶μ²Ö³¨ º3 ¨ º4. �¥¡μ²ÓÏμ¥ Ê¢¥²¨Î¥´¨¥ ¨³¶Ê²Ó¸ 
Î ¸É¨Í ¨ ¸¢Ö§ ´´μ¥ ¸ ÔÉ¨³ Ê¢¥²¨Î¥´¨¥ · ¤¨Ê¸  É· ¥±Éμ·¨¨ Î ¸É¨Í ¢ ¶μ²ÖÌ ¤¨¶μ²¥° ¶μ-
§¢μ²Ö¥É μÉ±²μ´¥´´μ³Ê ¶ÊÎ±Ê ¶·μ°É¨ ³¨³μ ¨´Ë²¥±Éμ· .

�μ¸±μ²Ó±Ê ´  £· ´¨Í¥ ¤¨¶μ²¥° º1/º2 ¨ º3/º4 Î ¸É¨ÍÒ ¤¢¨¦ÊÉ¸Ö ¶μ¤ Ê£²μ³ ±
£· ´¨Í¥, ±· ¥¢Ò¥ ¶μ²Ö ¤¨¶μ²¥° ¤¥Ëμ±Ê¸¨·ÊÕÉ ¶ÊÎμ± ¢ · ¤¨ ²Ó´μ³ ´ ¶· ¢²¥´¨¨ ¨ Ëμ-
±Ê¸¨·ÊÕÉ ¥£μ ¢ ¢¥·É¨± ²Ó´μ³ ´ ¶· ¢²¥´¨¨. Šμ·μÉ±¨¥ ¸¨³³¥É·¨Î´Ò¥ ³ £´¨É´Ò¥ ²¨´§Ò,
Ê¸É ´μ¢²¥´´Ò¥ ´  ¢Ìμ¤¥ ¤¨¶μ²Ö º1 ¨ ¢ÒÌμ¤¥ ¤¨¶μ²Ö º4, ¸μ§¤ ÕÉ Ëμ±Ê¸¨·μ¢±Ê ¶ÊÎ± 
± ± ¢ · ¤¨ ²Ó´μ³, É ± ¨ ¢ ¢¥·É¨± ²Ó´μ³ ´ ¶· ¢²¥´¨ÖÌ.

…¸²¨ ´  ¢Ìμ¤¥ ¢ ¸¨¸É¥³Ê ¶ · ³¥É·Ò § Ì¢ Î¥´´μ° Î ¸É¨ÍÒ · ¢´Ò ρ0 ¨ sin β0, Éμ ´ 
¢ÒÌμ¤¥ ¤¨¶μ²Ö º2 μÉ±²μ´¥´¨¥ Î ¸É¨ÍÒ μÉ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ ¡Ê¤¥É ³ ±¸¨³ ²Ó´Ò³.
‘μμÉ´μÏ¥´¨¥ ¶ · ³¥É·μ¢ Î ¸É¨Í ´  ¢Ìμ¤¥ ¢ ¸¨¸É¥³Ê ¨ ¢ÒÌμ¤¥ ¨§ ¤¨¶μ²Ö º2 ¸μμÉ¢¥É-
¸É¢Ê¥É Ê· ¢´¥´¨Ö³

vy,1

v
= sin β1 = sinβ0 + cos θn,

y1 = ρ0 − Rn

(√
1 − sin2β1 −

√
1 − sin2β0

)
,

vy,2

v
= sin β2 = sinβ1 − cos θn,

y2 = y1 + Rn

(√
1 − sin2β2 −

√
1 − sin2β1

)
,

y2 = ρ0 − 2Rn

(√
1 − (sin β0 + cos θn)2 −

√
1 − sin2β0

)
,

x0

Rn
= cos θn, Rn =

Pn

qBz
.

„²Ö · ¢´μ¢¥¸´μ°, ´¥¢μ§³ÊÐ¥´´μ°, Î ¸É¨ÍÒ (ρ0 = 0, sin β0 = 0) μÉ±²μ´¥´¨¥ μÉ · ¢´μ¢¥¸-
´μ° μ·¡¨ÉÒ Ê¸±μ·¨É¥²Ö · ¢´μ

yeq,2 = 2Rn

(
1 −

√
1 − cos2θn

)
= 2x0

1 − sin θn

cos θn
.

‡´ Î¥´¨¥, · ¢´μ¥

Δyinj = yinj − yeq,2 = 2x0

(
1 − sin θ

cos θ
− 1 − sin θn

cos θn

)
,

cos θn =
x0

Rn
=

Rinj

Rn

x0

Rinj
=

Rinj

Rn
cos θ =

Pinj

Pn
cos θ,

¸μμÉ¢¥É¸É¢Ê¥É §´ Î¥´¨Õ ®¶·μ³ Ï±¨¯ ¶ÊÎ± .
�·¨ § ¤ ´´μ³ μÉ´μÏ¥´¨¨ Rinj/Pn §´ Î¥´¨¥ ®¶·μ³ Ï±¨¯ · ¸É¥É ¶·μ¶μ·Í¨μ´ ²Ó´μ x0

(·¨¸. 2). � ¶·¨³¥·, ¶·¨ θ = 60◦, Pinj/P1 = 0,9 ®¶·μ³ Ï± ¯ ´  1-³ μ¡μ·μÉ¥ ¡Ê¤¥É · ¢´ 

Δyinj = 0,06x0.
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ˆ´¤Ê±Í¨μ´´Ò° ¸¨´Ì·μÉ·μ´ ¸ ¶μ¸ÉμÖ´´Ò³ ³ £´¨É´Ò³ ¶μ²¥³ ¨³¥¥É ¢μ§³μ¦´μ¸ÉÓ ´ -
Î ÉÓ Ê¸±μ·¥´¨¥ ¸ μÎ¥´Ó ³ ²ÒÌ Ô´¥·£¨° ¨´¦¥±Í¨¨. �Éμ ¶μ§¢μ²Ö¥É ¶·¨ ³´μ£μμ¡μ·μÉ´μ°
¨´¦¥±Í¨¨ Ê³¥´ÓÏ¨ÉÓ Ô´¥·£¥É¨Î¥¸±¨° · §¡·μ¸ ¢ ´ ±μ¶²¥´´μ³ ¶ÊÎ±¥.

…¸²¨ ¶·¨ ´ ±μ¶²¥´¨¨ ¶ÊÎ±  ¨¸¶μ²Ó§Ê¥É¸Ö ¨´¤Ê±Í¨μ´´ Ö ¸¥±Í¨Ö ¸ ´ ¶·Ö¦¥´¨¥³
ΔUinj = 50 ±‚, Éμ μÉ´μ¸¨É¥²Ó´Ò° Ô´¥·£¥É¨Î¥¸±¨° · §¡·μ¸ ¢ Ê¸±μ·¥´´μ³ ¤μ E = 500 ŒÔ‚
¶ÊÎ±¥ ¡Ê¤¥É · ¢¥´

eΔUinj

E
N = 10−4N.

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

�μ¸±μ²Ó±Ê ¸±μ·μ¸ÉÓ ¶μ¶¥·¥Î´ÒÌ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ³´μ£μ ³¥´ÓÏ¥ ¶·μ¤μ²Ó´μ°
¸±μ·μ¸É¨ Î ¸É¨Í, Éμ

vy,n

v
=

yn

v dt
= β′

n = sin βn � 1,
ρn

Rn
� 1,

¨ ³μ¦´μ ¶μ± § ÉÓ, ÎÉμ μÉ±²μ´¥´¨¥ Î ¸É¨ÍÒ μÉ · ¢´μ¢¥¸´μ° É· ¥±Éμ·¨¨ ¢ ÔÉμ³ ¶·¨¡²¨-
¦¥´¨¨ · ¢´μ

ρn = yn − yeq,n = ρn−1 + Rn ctg θnρ′n−1, ρ′n = ρ′n−1.

Œ É·¨Î´ Ö Ëμ·³  ¸¨¸É¥³Ò Ê· ¢´¥´¨° (1) ¨³¥¥É ¢¨¤[
ρn

ρ′n

]
=

[
1 Ln,ρ

0 1

] [
ρn−1

ρ′n−1

]
, (2)

£¤¥ Ln,ρ = Rn ctg θn.
�μ¶¥·¥Î´Ò¥ z-±μ²¥¡ ´¨Ö ¶·μ¨¸Ìμ¤ÖÉ ¢¤μ²Ó ¸¨²μ¢ÒÌ ²¨´¨° ³ £´¨É´μ£μ ¶μ²Ö, ¶μÔÉμ³Ê

zn = zn−1 + Ln,zz
′
n−1, z′ = z′inj,

[
zn

z′n

]
=

[
1 Ln,z

0 1

] [
zn−1

z′n−1

]
, (3)

£¤¥ Ln,z = Rnφn, £¤¥ φn =
(
π/2 − θn(rad)

)
.

„²Ö § Ì¢ Î¥´´μ° Î ¸É¨ÍÒ ´  n-³ μ¡μ·μÉ¥ ³ É·¨Î´ Ö Ëμ·³  μÉ±²μ´¥´¨Ö É· ¥±Éμ·¨¨
μÉ · ¢´μ¢¥¸´μ° É· ¥±Éμ·¨¨ ¢ ± ¦¤μ³ ¤¨¶μ²¥ ¨³¥¥É ¢¨¤[

ρn

ρ′n

]
=

[
1 Ln,ρ

0 1

] [
ρn−1

ρ′n−1

]
,

[
zn

z′n

]
=

[
1 Ln,z

0 1

] [
zn−1

z′n−1

]
, (4)

£¤¥ Ln,ρ = Rn ctg θn, Ln,z = Rn (π/2 − θn), Rn = Pn/qBz.
ƒ· ´¨ÍÊ · §´μ¶μ²Ö·´ÒÌ ¤¨¶μ²¥° Î ¸É¨Í  ¶·μÌμ¤¨É ¶μ¤ Ê£² ³¨ θ ¨ θn, ¶μÔÉμ³Ê ±· -

¥¢Ò¥ ¶μ²Ö ¤¨¶μ²¥° · ¡μÉ ÕÉ ± ± ¤¥Ëμ±Ê¸¨·ÊÕÐ Ö ²¨´§  ¢ · ¤¨ ²Ó´μ³ ´ ¶· ¢²¥´¨¨ ¨
Ëμ±Ê¸¨·ÊÕÐ Ö ²¨´§  ¢ ¢¥·É¨± ²Ó´μ³ ´ ¶· ¢²¥´¨¨ [1]:

[Fn,ρ] =

⎡
⎣ 1 0

1
fn

1

⎤
⎦ , [Fn,z] =

⎡
⎣ 1 0

− 1
fn

1

⎤
⎦ , (5)

£¤¥ fn = (1/2)Rn tg θn.
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„²Ö ±μ³¶¥´¸ Í¨¨ ¤¥Ëμ±Ê¸¨·ÊÕÐ¥£μ ¤¥°¸É¢¨Ö ±· ¥¢ÒÌ ¶μ²¥° ´  ¢Ìμ¤¥ ¤¨¶μ²Ö º1 ¨
¢ÒÌμ¤¥ ¤¨¶μ²Ö º4 Ê¸É ´μ¢²¥´Ò ¸¨³³¥É·¨Î´Ò¥ ³ £´¨É´Ò¥ ²¨´§Ò ¸ Ëμ±Ê¸´Ò³ · ¸¸ÉμÖ-
´¨¥³ [2]

F =
(2RL)2

h
=

(
2P

qBL

)2 1
h

(BL Å ¨´¤Ê±Í¨Ö ¢ ²¨´§¥, h Å ÔËË¥±É¨¢´ Ö ¤²¨´  ²¨´§Ò) ,

[Fρ] =

[
1 0

− 1
F

1

]
, [Fz ] =

[
1 0

− 1
F

1

]
,

(6)
±μÉμ·Ò¥ Ëμ±Ê¸¨·ÊÕÉ ¶ÊÎμ± Î ¸É¨Í ± ± ¢ · ¤¨ ²Ó´μ³, É ± ¨ ¢¥·É¨± ²Ó´μ³ ´ ¶· ¢²¥´¨ÖÌ.

…¸²¨ § Ì¢ Î¥´´ Ö ´  · ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ Î ¸É¨Í  ¢Ìμ¤¨É ¢ ¤¨¶μ²Ó º1 ¨´¦¥±Í¨μ´-
´μ° ¸¨¸É¥³Ò, ¨³¥Ö ¶ · ³¥É·Ò: y = ρ0, vy/v = sin β0, y′ = tg β0, Éμ ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö

Î ¸É¨Í¥° · §´μ¶μ²Ö·´ÒÌ ³ £´¨É´ÒÌ ¤¨¶μ²¥° º1, º2, º3 ¨ º4 · ¤¨ ²Ó´Ò¥ ¨ ¢¥·É¨-
± ²Ó´Ò¥ μÉ±²μ´¥´¨Ö Î ¸É¨ÍÒ μÉ · ¢´μ¢¥¸´μ° É· ¥±Éμ·¨¨ (´  ¢ÒÌμ¤¥ ¤¨¶μ²Ö º4) ¡Ê¤ÊÉ
μ¶·¥¤¥²ÖÉÓ¸Ö ¸²¥¤ÊÕÐ¨³ Ê· ¢´¥´¨¥³:[

ρ4 (z4)
ρ′4 (z′4)

]
= [Nn]

[
ρ0 (z0)
ρ′0 (z′0)

]
,

[Nn] =

[
1 0

− 1
F

1

][
1 Ln,ρ(z)

0 1

] ⎡
⎣ 1 0

± 1
fn

1

⎤
⎦[

1 Ln,ρ(z)

0 1

] [
1 Ln,ρ(z)

0 1

]
×

×

⎡
⎣ 1 0

± 1
fn

1

⎤
⎦[

1 Ln,ρ(z)

0 1

] [
1 0

− 1
F

1

]
.

‡¤¥¸Ó ®+f¯ ¸μμÉ¢¥É¸É¢Ê¥É · ¤¨ ²Ó´μ³Ê ρ-¤¢¨¦¥´¨Õ,   ®−f¯ Å ¢¥·É¨± ²Ó´μ³Ê z-¤¢¨-
¦¥´¨Õ.

ˆ§³¥´¥´¨¥ Ë § ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö Î¥ÉÒ·¥Ì · §´μ¶μ²Ö·´ÒÌ
¤¨¶μ²¥° σρ ¨ σz μ¶·¥¤¥²Ö¥É¸Ö ¸μμÉ´μÏ¥´¨¥³ [1]

cosσρ(z) =
1
2

(N11 + N22) = −1+2
(

1 ±
Ln,ρ(z)

fn

)2

−2
(

1 ±
Ln,ρ(z)

fn

) (
2 ± Ln

fn

)
Ln,ρ(z)

F
.

„²Ö Éμ£μ, ÎÉμ¡Ò ¢Ò¶μ²´Ö²μ¸Ó ¸μμÉ´μÏ¥´¨¥ −1 � cosσρ(z) � 1, §´ Î¥´¨¥ ¶ · ³¥É· 
Ln,ρ(z)/F ¤μ²¦´μ ´ Ìμ¤¨ÉÓ¸Ö ¢ ¶·¥¤¥² Ì

±Ln,ρ(z)/fn

1 ± (1/2)Ln,ρ(z)/fn
�

Ln,ρ(z)

F
� 2

1 ± Ln,ρ(z)/fn

1 ± (1/2)Ln,ρ(z)/fn
.

ˆ¸¶μ²Ó§ÊÖ · ¢¥´¸É¢  (2)Ä(6) ¨ ¶·¨¢¥¤¥´´Ò¥ ´¨¦¥

Ln,ρ = Rn ctg θn,
Ln,ρ

fn
= 2ctg2θn, fn =

1
2
Rn tg θn,

Ln,z = Rnφn,
Ln,z

fn
= 2φn ctg φn, F =

(2RL)2

h
,
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´ Ìμ¤¨³, ÎÉμ

2 sin θn · cos θn � Rnh

(2RL)2
�

(
1 + cos2θn

)
tg θn Å ¤²Ö · ¤¨ ²Ó´μ£μ ¤¢¨¦¥´¨Ö

¨
−2φ tg φn

1 − φ tg φn
� Rnh

(2RL)2
� 1

2φn

1 − φn tg φn

1 − 2φn tg φn
Å ¤²Ö ¢¥·É¨± ²Ó´μ£μ ¤¢¨¦¥´¨Ö.

‡¤¥¸Ó cos θn =
x0

Rn
=

Rinj

Rn

x0

Rinj
=

Rinj

Rn
cos θ, θn = arccos

(
Rinj

Rn
cos θ

)
, φn =

(π

2
− θn

)
.

‘ Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨ § Ì¢ Î¥´´ÒÌ Î ¸É¨Í, Pinj/P � 1, ¶ · ³¥É·Ò θn ¨ φn ¡Ê¤ÊÉ
¸²¥¤ÊÕÐ¨³¨:

θn = arccos
(

Pinj

Pn
cos θ

)
→ π

2
, φn → 0,

¨ Ê¸²μ¢¨¥ Ê¸Éμ°Î¨¢μ¸É¨ ± ± · ¤¨ ²Ó´ÒÌ, É ± ¨ ¢¥·É¨± ²Ó´ÒÌ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°
¶·¨´¨³ ¥É ¢¨¤

δ � Rnh

(2RL)2
� 1

δ
, £¤¥ δ � 1.

�¤´ ±μ ¶·¨ ¡μ²¥¥ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¢¥·É¨± ²Ó´μ¥ ¤¢¨¦¥´¨¥ Î ¸É¨Í μ£· ´¨Î¨¢ ¥É μ¡² ¸ÉÓ
· ¡μÎ¨Ì Ê£²μ¢ φn ¨ θn. „μ¶Ê¸É¨³Ò¥ ¤¨ ¶ §μ´Ò §´ Î¥´¨° Ê£²μ¢ ´ Ìμ¤ÖÉ¸Ö ¢ ¶·¥¤¥² Ì

0 < φn < 39◦, 51◦ < θn < 90◦.

�μÔÉμ³Ê ¶·¨ θinj > 51◦ ¢¥·É¨± ²Ó´Ò¥ ¨ · ¤¨ ²Ó´Ò¥ ¡¥É É·μ´´Ò¥ ±μ²¥¡ ´¨Ö ¡Ê¤ÊÉ Ê¸Éμ°-
Î¨¢Ò³¨ ¶·¨ ¢¸¥Ì Ô´¥·£¨ÖÌ Î ¸É¨Í Å μÉ Ô´¥·£¨¨ ¨´¦¥±Í¨¨ ¤μ ±μ´¥Î´ÒÌ Ô´¥·£¨° Ê¸±μ-
·¨É¥²Ö.

‡�Š‹�—…�ˆ…

‚ ¤ ´´μ° · ¡μÉ¥ ¨§ÊÎ ¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ³´μ£μμ¡μ·μÉ´μ£μ § Ì¢ É  § ·Ö¦¥´´ÒÌ Î ¸É¨Í
´  · ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ Ê¸±μ·¨É¥²Ö ¶ÊÉ¥³ § ¶μ²´¥´¨Ö ¶·μ¤μ²Ó´μ£μ  ±¸¥¶É ´¸  Ê¸±μ·¨É¥²Ö.
…¸²¨ Ê¢¥²¨Î¥´¨¥ ¶μ¶¥·¥Î´μ£μ  ±¸¥¶É ´¸  ¸¢Ö§ ´μ ¸ Ê¢¥²¨Î¥´¨¥³  ¶¥·ÉÊ·Ò Ê¸±μ·¨É¥²Ö, Éμ
Ê¢¥²¨Î¥´¨¥ ¶·μ¤μ²Ó´μ£μ  ±¸¥¶É ´¸  ¶·¨ ³´μ£μμ¡μ·μÉ´μ³ ´ ±μ¶²¥´¨¨ Î ¸É¨Í ´¥ É·¥¡Ê¥É
Ê¢¥²¨Î¥´¨Ö  ¶¥·ÉÊ·Ò ¨ £ ¡ ·¨Éμ¢ Ê¸±μ·¨É¥²Ö.

“¢¥²¨Î¥´¨¥ Ô´¥·£¥É¨Î¥¸±μ£μ · §¡·μ¸  Ê¸±μ·¥´´ÒÌ Î ¸É¨Í ¶·¨ É ±μ³ ¸¶μ¸μ¡¥ ³´μ-
£μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨ § ¢¨¸¨É μÉ ¸μμÉ´μÏ¥´¨Ö ±μ´¥Î´μ° Ô´¥·£¨¨ Ê¸±μ·¨É¥²Ö Emax ¨
Ô´¥·£¨¨ ¨´¦¥±É¨·Ê¥³ÒÌ Î ¸É¨Í Einj. „ ´´Ò° ¸¶μ¸μ¡ ¨´¦¥±Í¨¨ ¨³¥¥É ¶·¥¨³ÊÐ¥¸É¢  ¶·¨
¥£μ ¨¸¶μ²Ó§μ¢ ´¨¨ ¢ ¨´¤Ê±Í¨μ´´ÒÌ ¸¨´Ì·μÉ·μ´ Ì ¸ ¶μ¸ÉμÖ´´Ò³ ³ £´¨É´Ò³ ¶μ²¥³ [3, 4],
¢ ±μÉμ·ÒÌ Ô´¥·£¨Ö ¨´¦¥±Í¨¨ ³μ¦¥É ¡ÒÉÓ ¸´¨¦¥´  ¤μ Ô´¥·£¨¨ ¨¸ÉμÎ´¨±  ¨μ´μ¢. ‚ É ±μ³
¸¨´Ì·μÉ·μ´¥ ¨¸¶μ²Ó§μ¢ ´¨¥ ¸² ¡ÒÌ ±· ¥¢ÒÌ ¶μ²¥° ¶μ¸ÉμÖ´´ÒÌ ³ £´¨Éμ¢ ¤²Ö Ëμ·³¨·μ-
¢ ´¨Ö § ³±´ÊÉÒÌ μ·¡¨É (¸ ¶μÎÉ¨ ¶μ¸ÉμÖ´´Ò³ · ¤¨Ê¸μ³) ¶μ§¢μ²Ö¥É ´ Î ÉÓ Ê¸±μ·¥´¨¥ ¸
μÎ¥´Ó ´¨§±¨Ì Ô´¥·£¨°.

Šμ£¤  ³´μ£μμ¡μ·μÉ´Ò° § Ì¢ É μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ ¨´¦¥±Í¨μ´´μ£μ ¨¸ÉμÎ´¨± 
¸ Ô´¥·£¨¥° eU � Einj, Éμ · §¡·μ¸ § Ì¢ Î¥´´ÒÌ Î ¸É¨Í ¶μ Ô´¥·£¨Ö³ ¶·μ¶μ·Í¨μ´ ²¥´ Î¨¸²Ê
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μ¡μ·μÉμ¢ § Ì¢ É  N ¨ · ¢¥´ ΔEinj = eUN . �É´μ¸¨É¥²Ó´Ò° Ô´¥·£¥É¨Î¥¸±¨° · §¡·μ¸
Ê¸±μ·¥´´ÒÌ Î ¸É¨Í ¡Ê¤¥É · ¢¥´

ΔEmax

Emax
=

eUN

Emax
.

‚ · ¡μÉ¥ ¶·μ¢¥¤¥´Ò ¨¸¸²¥¤μ¢ ´¨Ö Ê¸Éμ°Î¨¢μ¸É¨ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° § Ì¢ Î¥´´ÒÌ
Î ¸É¨Í ¢ · §´μ¶μ²Ö·´ÒÌ ¤¨¶μ²ÖÌ ¨´¦¥±Í¨μ´´μ° ¸¨¸É¥³Ò. �¶·¥¤¥²¥´  μ¡² ¸ÉÓ ¶ · ³¥-
É·μ¢ ¨´¦¥±Í¨μ´´μ° ¸¨¸É¥³Ò, £¤¥ · ¤¨ ²Ó´Ò¥ ¨ ¢¥·É¨± ²Ó´Ò¥ ¡¥É É·μ´´Ò¥ ±μ²¥¡ ´¨Ö
¡Ê¤ÊÉ Ê¸Éμ°Î¨¢Ò³¨ ¢μ ¢¸¥³ ¤¨ ¶ §μ´¥ Ê¸±μ·Ö¥³ÒÌ Ô´¥·£¨° Å μÉ Ô´¥·£¨¨ ¨´¦¥±Í¨¨ ¤μ
±μ´¥Î´ÒÌ Ô´¥·£¨° Ê¸±μ·¨É¥²Ö.

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