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�¢¥¤¥­¨¥

�¥è¥­¨¥ ãà ¢­¥­¨ï ¤¢¨¦¥­¨ï § àï¦¥­­®© ç áâ¨æë

¢® ¢­¥è­¥¬ ¯®«¥ (áã¯¥à¯®§¨æ¨¨ ¯®áâ®ï­­®-®¤­®à®¤-
­®£® ¬ £­¨â­®£® ¯®«ï ¨ ¯®«ï ¯«®áª®© í«¥ªâà®¬ £-
­¨â­®© ¢®«­ë, ¯®«ïà¨§®¢ ­­®© ¯® ªàã£ã) ¨¬¥¥â ­¥

â®«ìª® â¥®à¥â¨ç¥áª¨© ¨­â¥à¥á, ® ç¥¬ á¢¨¤¥â¥«ìáâ¢ã-
îâ ¯ã¡«¨ª æ¨¨ (á¬. [1] ¨ ¯à¨¢¥¤¥­­ãî â ¬ ¡¨¡«¨®£à -
ä¨î), ­® ¨ ¯à ªâ¨ç¥áª¨©, ¯®áª®«ìªã à áç¥âë à¥ «ì-
­ëå ä¨§¨ç¥áª¨å á¨áâ¥¬, £¤¥ à¥ «¨§ã¥âáï ãª § ­­ ï

ª®­ä¨£ãà æ¨ï ¢­¥è­¥£® í«¥ªâà®¬ £­¨â­®£® ¯®«ï (­ -
¯à¨¬¥à, â ª¨¥ á¨áâ¥¬ë, ª ª ®áæ¨««®£à äë, « §¥àë
­  á¢®¡®¤­ëå í«¥ªâà®­ å ¨ â.¯.), á ­¥®¡å®¤¨¬®áâìî
âà¥¡ãîâ ¢ ª ç¥áâ¢¥ ¯à¥¤¢ à¨â¥«ì­®© ®æ¥­ª¨ ®¯¨á -
­¨ï ¤¢¨¦¥­¨ï § àï¦¥­­®© ç áâ¨æë ¢ â ª®© ¯à®áâ®©

¬®¤¥«¨, ª®â®à ï ¯à¨¢¥¤¥­  ¢ ­ áâ®ïé¥© à ¡®â¥.
� ®â«¨ç¨¥ ®â [1,2] à¥è¥­¨ï § ¤ ç¨ �®è¨ ¢ ­ áâ®-

ïé¥© à ¡®â¥ ¯à¥¤áâ ¢«¥­ë ¢ ï¢­®© § ¢¨á¨¬®áâ¨ ®â

­ ç «ì­ëå ¤ ­­ëå, çâ® ®¡«¥£ç ¥â ¨å ¯à ªâ¨ç¥áª®¥

¯à¨¬¥­¥­¨¥. �¥®¡å®¤¨¬® â ª ¦¥ ®â¬¥â¨âì, çâ® à¥-
è¥­¨ï, ¯à¨¢¥¤¥­­ë¥ ¢ [2] ¢ á«ãç ¥ à¥§®­ ­á , ¨­â¥-
à¥á­®¬ á ä¨§¨ç¥áª®© ¨ ¯à ªâ¨ç¥áª®© â®ç¥ª §à¥­¨ï,
­¥ ã¤®¢«¥â¢®àïîâ ¨áå®¤­®¬ã ãà ¢­¥­¨î ¤¢¨¦¥­¨ï. �
­ è¥¬ á«ãç ¥ § àï¤ ç áâ¨æë ­¥ ä¨ªá¨àã¥âáï ¨ ¤«ï

à¥§®­ ­á  ¢¨¤­  § ¢¨á¨¬®áâì ¤¢¨¦¥­¨ï ç áâ¨æë ®â

ª®¬¡¨­¨à®¢ ­¨ï §­ ª  § àï¤  ¨ áâ¥¯¥­¨ ¯®«ïà¨§ æ¨¨

í«¥ªâà®¬ £­¨â­®© ¢®«­ë. � ª ¯à¨¬¥à ¢ ­ áâ®ïé¥©

à ¡®â¥ à áá¬ âà¨¢ ¥âáï ¤¢¨¦¥­¨¥ ¯à®â®­  ¢ ãª § ­-
­®© ª®­ä¨£ãà æ¨¨ í«¥ªâà®¬ £­¨â­ëå ¯®«¥©.

�®áâ ­®¢ª  § ¤ ç¨ ¨ ¬¥â®¤ à¥è¥­¨ï

� ª ¨ ¢ [2], á¨áâ¥¬ã ª®®à¤¨­ â (x, y, z) ¢ë¡¨à -
¥¬ ¢ á®®â¢¥âáâ¢¨¨ á ¢­¥è­¨¬¨ ¯®«ï¬¨: ®¤­®à®¤­®¥
¯®áâ®ï­­®¥ ¬ £­¨â­®¥ ¯®«¥ ­ ¯à ¢«¥­® ¢¤®«ì ®á¨

z ¨ ¢¤®«ì íâ®© ¦¥ ®á¨ à á¯à®áâà ­ï¥âáï ¯«®áª ï

¯®«ïà¨§®¢ ­­ ï ¯® ªàã£ã í«¥ªâà®¬ £­¨â­ ï ¢®«­ ,
â. ¥.

H = (−gE sinωξ, E cosωξ,H),

E = (E cosωξ, gE sinωξ, 0),

£¤¥ H, E — ¢¥«¨ç¨­  ¬ £­¨â­®£® ¨ í«¥ªâà®¬ £­¨â-
­®£® ¯®«¥© á®®â¢¥âáâ¢¥­­®; ω — ç áâ®â  í«¥ªâà®¬ £-

­¨â­®© ¢®«­ë; ξ = t−(z/c), t — ¢à¥¬ï ¢ « ¡®à â®à­®©

á¨áâ¥¬¥, c — áª®à®áâì á¢¥â ; g = ±1 — áâ¥¯¥­ì

¯®«ïà¨§ æ¨¨ í«¥ªâà®¬ £­¨â­®© ¢®«­ë.
� «¥¥ ¢¢®¤¨¬ ®àâ®­®à¬¨à®¢ ­­ë© ¡ §¨á

i = (1, 0, 0), j = (0, 1, 0), k = (0, 0, 1), ¢ ª®â®à®¬

à ¤¨ãá-¢¥ªâ®à ç áâ¨æë ¬ áá®© m ¨ § àï¤®¬ e,
¤¢¨¦ãé¨©áï ¢ § ¤ ­­®¬ í«¥ªâà®¬ £­¨â­®¬ ¯®«¥,
¨¬¥¥â ¢¨¤ r = xi + yj + zk. �«ï ®¯à¥¤¥«¥­¨ï

âà ¥ªâ®à¨¨ ¤¢¨¦¥­¨ï ç áâ¨æë ¢ ãª § ­­®¬

âà¥å¬¥à­®¬ ¯à®áâà ­áâ¢¥ ¨ ¤«ï ¥¥ ¨¬¯ã«ìá  P(t) ¬ë
¨¬¥¥¬ á«¥¤ãîéãî § ¤ çã �®è¨ [4]:

dP

dt
= eE +

e

c
[v, H] ,

r(t0) = r0, P(t0) = P0.

�à¨ íâ®¬ e = ge|e|, ge = ±1 ¤«ï ¯®«®¦¨â¥«ì­®

§ àï¦¥­­®© ç áâ¨æë ¨ ge = −1 ¤«ï ®âà¨æ â¥«ì­®

§ àï¦¥­­®© ç áâ¨æë, |e| — ¢¥«¨ç¨­  § àï¤  ç áâ¨-
æë, v — áª®à®áâ¨ ç áâ¨æë. �ª § ­­ ï § ¤ ç  �®è¨
¨¬¥¥â á«¥¤ãîé¨¥ ¨­â¥£à «ë [2]:

α =
ε

mc2
−
Pz

mc
,

f =
P

mc
−
Pz

mc
k− geγa + ge

ωH

c
(−yi + xj).

�¤¥áì ε — ª¨­¥â¨ç¥áª ï í­¥à£¨ï ç áâ¨æë,
γ = ωE/ω, a = (sinωξ,−g cosωξ, 0), ωE = |e|E/mc,
ωH = |e|H/mc.
�¥à¥å®¤¨¬ ®â ¯¥à¥¬¥­­ëå [t, x, y, z] ª ¯¥à¥¬¥­-

­ë¬ [ξ, x, y, z] á®£« á­® t = ξ + (z/c), x = x, y = y,
z = z. �à¨ íâ®¬ ¤«ï «î¡®© ¯à®¨§¢®«ì­®© äã­ªæ¨¨

F (ξ) ¢ á¨«ã ¯¥à¢®£® ¨­â¥£à «  ¯à®¨§¢®¤­ ï ®â íâ®©

äã­ªæ¨¨ ¯® τ — á®¡áâ¢¥­­®¬ã ¢à¥¬¥­¨ ç áâ¨æë

(dτ = dt
√

1− β2, β = v/c) ¥áâì α(dF (ξ)/dξ). �«¥-
¤ãï ®¡é¥© â¥®à¨¨ ¤¨ää¥à¥­æ¨ «ì­ëå ãà ¢­¥­¨© [3],
®¯à¥¤¥«ï¥¬ ¨­â¥£à «ë § ¤ ç¨ �®è¨ ç¥à¥§ ­ ç «ì­ë¥

ãá«®¢¨ï. �§ ¯®á«¥¤­¥£® ¨­â¥£à «  ¤«ï ®¯à¥¤¥«¥­¨ï

x(ξ), y(ξ) ¬ë ¨¬¥¥¬ á¨áâ¥¬ã ¤¨ää¥à¥­æ¨ «ì­ëå

ãà ¢­¥­¨©

dx(ξ)

dξ
= geγ1 sinωξ + geω1y(ξ) + ηfx,
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dy(ξ)

dξ
= −ggeγ1 cosωξ − geω1x(ξ) + ηfy,

£¤¥ γ1 = ηγ, ω1 = ωH/α, η = c/α,

α =
ε0

mc2
−
Pz0

mc
,

fx =
Px0

mc
− geγ sinωξ0 − ge

ωH

c
y0,

fy =
Py0

mc
+ ggeγ cosωξ0 + de

ωH

c
x0.

�¤¥áì ε0 — ­ ç «ì­ ï ª¨­¥â¨ç¥áª ï í­¥à£¨ï

¤¢¨¦ãé¥©áï ç áâ¨æë (ε0 = c
√
P 2 +m2c2,

P 2 = P 2
x + P 2

y + P 2
z ). � «¥¥ ¬ë ­ å®¤¨¬

Px(ξ) = mα
dz(ξ)

dξ
,

Py(ξ) = mα
dy(ξ)

dξ
,

¯®á«¥ ç¥£® Pz(ξ) ®¯à¥¤¥«ï¥âáï ¨§ ¤¨ää¥à¥­æ¨ «ì­®£®
ãà ¢­¥­¨ï

Pz(ξ)

dξ
= ge

ωe

α

(
Px cosωξ + gPy sinωξ

)
,

â®£¤  z(ξ) ­ å®¤¨¬ ª ª ­¥®¯à¥¤¥«¥­­ë© ¨­â¥£à « ®â

P2(ξ) ¯® dξ. �¨­¥â¨ç¥áª ï í­¥à£¨ï ®¯à¥¤¥«ï¥âáï ¨§

¯¥à¢®£® ¨­â¥£à «  ¤¢¨¦¥­¨ï

ε =
ε0

mc2
+
Pz − Pz0
mc

.

�«ï â®£® çâ®¡ë ¢­®¢ì ¯¥à¥©â¨ ®â ¯¥à¥¬¥­­ëå

[ξ, x, y, z] ª ¯¥à¥¬¥­­ë¬ [t, x, y, z] ­¥®¡å®¤¨¬® à¥-
è¨âì ­¥«¨­¥©­®¥ ãà ¢­¥­¨¥

ξ = t−
z(ξ)

c
.

� ª ¯®ª §ë¢ îâ à ááã¦¤¥­¨ï ¢ [3], à¥è¥­¨¥

ξ = ξ(t, z) íâ®£® ãà ¢­¥­¨ï áãé¥áâ¢ã¥â ¨ ®­® ¡¥§ âàã-
¤  ­ å®¤¨âáï ç¨á«¥­­ë¬ ¬¥â®¤®¬.
� �à¨«®¦¥­¨¨ ¯à¨¢¥¤¥­ë ï¢­ë¥ ¢ëà ¦¥­¨ï ª®®à-

¤¨­ â ¨ ª®¬¯®­¥­â ¨¬¯ã«ìá  § àï¦¥­­®© ç áâ¨æë,
¤¢¨¦ãé¥©áï ¢® ¢­¥è­¥¬ í«¥ªâà®¬ £­¨â­®¬ ¯®«¥: áã-
¯¥à¯®§¨æ¨¨ ¯®áâ®ï­­®-®¤­®à®¤­®£® ¬ £­¨â­®£® ¯®«ï
¨ ¯®«ï ¯«®áª®© í«¥ªâà®¬ £­¨â­®© ¢®«­ë ¯®«ïà¨§®-
¢ ­­®© ¯® ªàã£ã. �­ «¨§ íâ¨å ä®à¬ã« ¯®ª §ë¢ ¥â,
çâ® ¤«ï ®¡é¥£® á«ãç ï x-, y-ª®¬¯®­¥­âë à ¤¨ãá-
¢¥ªâ®à  âà ¥ªâ®à¨¨ ¨ ¨¬¯ã«ìá  ¥áâì «¨­¥©­ ï ª®¬-
¡¨­ æ¨ï ¤¢ãå ®áæ¨««¨àãîé¨å ç«¥­®¢ á ç áâ®â ¬¨

ω ¨ ω1, ª®â®àë¥ ®¡®§­ ç¨¬ O(ω) ¨ O(ω1) á®®â¢¥â-
áâ¢¥­­®. �«ï z-ª®¬¯®­¥­â âà ¥ªâ®à¨¨ ¨ ¨¬¯ã«ìá 
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¨¬¥¥¬ «¨­¥©­ãî ª®¬¡¨­ æ¨î ®áæ¨««¨àãîé¨å ç«¥-
­®¢ á ª®¬¡¨­ æ¨¥© ç áâ®â ω ¨ ω1. � ¥é¥ ¢ z-
ª®¬¯®­¥­â¥ à ¤¨ãá-¢¥ªâ®à  âà ¥ªâ®à¨¨ ¨¬¥¥¬ ç«¥­,
«¨­¥©­® § ¢¨áïé¨© ®â ξ, ª®â®àë© ¬ë ®¡®§­ ç¨¬ ª ª

L(ξ). � á«ãç ¥ à¥§®­ ­á  (ω = ω1) ¤¢¨¦¥­¨¥ ç áâ¨æë
áãé¥áâ¢¥­­® ¬¥­ï¥âáï, ¨¡® ¢ íâ®¬ á«ãç ¥ ¨¬¥¥¬ ¢

x-, y-, z-ª®¬¯®­¥­â å à ¤¨ãá -¢¥ªâ®à  âà ¥ªâ®à¨¨ ¨

¨¬¯ã«ìá  ­¥ â®«ìª® «¨­¥©­ãî ª®¬¡¨­ æ¨î O(ω1),
­® ¥é¥ ¢ x-, y-ª®¬¯®­¥­â å ¨¬¥¥¬ ®áæ¨««¨àãîé¨©

ç«¥­ á  ¬¯«¨âã¤®©, «¨­¥©­® § ¢¨áïé¥© ®â ξ, ª®â®àë©
®¡®§­ ç¨¬ OL(ω1, ξ); ¢ z-ª®¬¯®­¥­â¥ à ¤¨ãá -¢¥ªâ®à 
âà ¥ªâ®à¨¨ ¨¬¥¥¬ ªã¡¨ç¥áª¨¥ ¨ ª¢ ¤à â¨ç­ë¥ ç«¥­ë

®â ξ,   ¢ z-ª®¬¯®­¥­â¥ ¨¬¯ã«ìá  — ª¢ ¤à â¨ç­ë¥ ¨

«¨­¥©­ë¥. �¥®¡å®¤¨¬® ®â¬¥â¨âì § ¢¨á¨¬®áâì ¤¢¨¦¥-
­¨ï ç áâ¨æë ¢ á«ãç ¥ à¥§®­ ­á  ®â ª®¬¡¨­¨à®¢ ­¨ï

§­ ª  § àï¤  ç áâ¨æë ¨ áâ¥¯¥­¨ ¯®«ïà¨§ æ¨¨ í«¥ª-
âà®¬ £­¨â­®© ¢®«­ë: ç«¥­ë ¢ ª®¬¯®­¥­â å, ®¡é¨¬
¬­®¦¥â¥«¥¬ ª®â®àëå ï¢«ïîâáï gge ± 1, á®¢¥àè¥­­®
à §«¨ç­ë ¨, ¡®«¥¥ â®£®, ¯à¨ â ª®© ª®¬¡¨­ æ¨¨ §­ -
ª  § àï¤  ¨ áâ¥¯¥­¨ ¯®«ïà¨§ æ¨¨, ª®£¤  gge = 1,
OL(ω1, ξ) ¢ x-, y-ª®¬¯®­¥­â å ¨áç¥§ ¥â.
�«ï ¨««îáâà æ¨¨ ¢ëè¥¨§«®¦¥­­®£® ¬¥â®¤  ®¯à¥-

¤¥«¥­¨ï ¤¢¨¦¥­¨ï § àï¦¥­­®© ç áâ¨æë ¢ áã¯¥à-
¯®§¨æ¨¨ ¯®áâ®ï­­®-®¤­®à®¤­®£® ¬ £­¨â­®£® ¯®«ï ¨

¯®«ï ¯«®áª®© í«¥ªâà®¬ £­¨â­®© ¢®«­ë, ¯®«ïà¨-
§®¢ ­­®© ¯® ªàã£ã, ¯à®¢¥¤¥­ë à áç¥âë ¤¢¨¦¥­¨ï

¯à®â®­  á ­ ç «ì­®© í­¥à£¨¥© 70�í� ¢ ãª § ­-
­®¬ ¢­¥è­¥¬ í«¥ªâà®¬ £­¨â­®¬ ¯®«¥ á ¯ à ¬¥âà ¬¨

H = E = 105 �á ¨ ­ ç «ì­ë¬¨ ¤ ­­ë¬¨ (¯à¨ t = 0)
x0 = y0 = z0 = Px0 = Py0 = 0, Pz0 = 70�í�/á. �®âï
ãª § ­­ë© ¯à¨¬¥à ¨ ï¢«ï¥âáï ¨««îáâà â¨¢­ë¬, ­®
â¥¬ ­¥ ¬¥­¥¥ ¢ë¡®à ¯ à ¬¥âà®¢ ¬®¤¥«¨ ¢ ¯à¨­æ¨¯¥

¯®§¢®«ï¥â ãª § ­­ãî ¬®¤¥«ì à¥ «¨§®¢ âì íªá¯¥à¨-
¬¥­â «ì­®.
�  à¨á. 1–3 ¯®ª § ­ë ¯à®¢¥¤¥­­ë¥ à áç¥âë ¢ § -

¢¨á¨¬®áâ¨ ®â ¢à¥¬¥­¨ (á) ¢ « ¡®à â®à­®© á¨áâ¥¬¥

®âáç¥â . �  íâ¨å à¨áã­ª å âà¨ ¢¥àå­¨å £à ä¨ª  ¥áâì
x(t), y(t) ¨ z(t) (¬); á«¥¤ãîé¨¥ âà¨ £à ä¨ª  ¥áâì

Px(t), Py(t), Pz(t) (�í�/á). �à¨¢¥¤¥­¨¥ § ¢¨á¨¬®áâ¨

í­¥à£¨¨ ®â ¢à¥¬¥­¨ ­¥æ¥«¥á®®¡à §­®, ¯®áª®«ìªã ¯à¨
¤ ­­ëå ãá«®¢¨ïå í­¥à£¨ï ¤ ¦¥ ¢ á«ãç ¥ à¥§®­ ­á 

á® ¢à¥¬¥­¥¬ ¬¥­ï¥âáï ­¥§­ ç¨â¥«ì­® ¨ ε(t) ¯®¢â®àï¥â
§ ¢¨á¨¬®áâì ¢¥«¨ç¨­ë ¨¬¯ã«ìá  ¢ á¨«ã ª¨­¥¬ â¨ç¥-
áª®© § ¢¨á¨¬®áâ¨ ¬¥¦¤ã ­¨¬¨,   ¢¥«¨ç¨­  ¨¬¯ã«ìá 
ä ªâ¨ç¥áª¨ ¥áâì Pz(t).
�  à¨á. 1 ¯®ª § ­ ®¡é¨© á«ãç © g = 1. � á«ãç ¥

g = −1 ¬¥­ï¥âáï â®«ìª® ä § . �¡à é ¥â ­  á¥¡ï

¢­¨¬ ­¨¥, çâ® ¢ íâ®¬ á«ãç ¥ ¯à ªâ¨ç¥áª¨ ¨¬¥¥¬ ¤¢¨-
¦¥­¨¥ ¯à®â®­  ¢ ¯®áâ®ï­­®-®¤­®à®¤­®¬ ¬ £­¨â­®¬

¯®«¥. �â® á¢ï§ ­® á â¥¬, çâ® ¯à¨ ¤ ­­ëå ãá«®¢¨ïå

ç áâ®â  ω ¡®«¥¥ ç¥¬ ­  ¤¢  ¯®àï¤ª  ¡®«ìè¥ ç áâ®âë

ω1,   ¯®áª®«ìªã O(ω) ¨ O(ω1) ¨¬¥îâ §­ ¬¥­ â¥«ï-
¬¨ ω ¨ ω1 á®®â¢¥âáâ¢¥­­®, â® ¨¬¥¥¬ ¤®¬¨­¨à®¢ ­¨¥

O(ω1). � á¨«ã â®© ¦¥ ¯à¨ç¨­ë ¨ ¢ z-ª®¬¯®­¥­â¥
à ¤¨ãá -¢¥ªâ®à  âà ¥ªâ®à¨¨ ¤®¬¨­¨àãîé¨¬ áâ ­®-
¢¨âìáï â®«ìª® ç«¥­, «¨­¥©­® § ¢¨áïé¨© ®â ¢à¥¬¥­¨.
� ª®¬¯®­¥­â å ¨¬¯ã«ìá  O(ω) ¨ O(ω1) áâ ­®¢ïâáï

áà ¢­¨¬ë¬¨, ¨ ¬ë ¨¬¥¥¬ á«®¦¥­¨¥ ¤¢ãå ª®«¥¡ â¥«ì-
­ëå ¯à®æ¥áá®¢: ¤¢¨¦¥­¨ï ¢ ¬ £­¨â­®¬ ¯®«¥ ¨ ¯®«¥

í«¥ªâà®¬ £­¨â­®© ¢®«­ë; ¢ z-ª®¬¯®­¥­â¥ ¤®¬¨­¨àã-
¥â ¯®áâ®ï­­ë© ç«¥­ — ­ ç «ì­ë© ¨¬¯ã«ìá (â® ¦¥,
à §ã¬¥¥âáï, ¨ ¤«ï í­¥à£¨¨).
�  à¨á. 2 ¨ 3 ¯®ª § ­ë á«ãç ¨ (g = 1 ¨ −1 á®®â-

¢¥âáâ¢¥­­®) à¥§®­ ­á  (ω = ω1) ¨, á«¥¤®¢ â¥«ì­®, ¬ë
¨¬¥¥¬ â®«ìª® ®¤¨­ ª®«¥¡ â¥«ì­ë© ¯à®æ¥áá. �«¥¤ã¥â
®â¬¥â¨âì áãé¥áâ¢¥­­®¥ à §«¨ç¨¥ ¬¥¦¤ã íâ¨¬¨ ¤¢ã¬ï

á«ãç ï¬¨, ® ç¥¬ ¡ë«® § ¬¥ç¥­® ¢ëè¥. �®, çâ® ¢

á«ãç ¥ g = 1 ¤¢¨¦¥­¨¥ ¯à®¨áå®¤¨â ¢ ®¤­®© ¯«®áª®áâ¨,
¢ ®á­®¢­®¬ §  áç¥â ¢ë¡®à  ­ è¨å ­ ç «ì­ëå ãá«®-
¢¨©. �® áãé¥áâ¢¥­­®, çâ® ®â«¨ç ¥âáï ¨ á ¬ å à ªâ¥à

¤¢¨¦¥­¨ï, ­¥ áç¨â ï z-ª®¬¯®­¥­âë à ¤¨ãá-¢¥ªâ®à 
âà ¥ªâ®à¨¨, £¤¥, ª ª ¨ ¢ ®¡é¥¬ á«ãç ¥, ¤®¬¨­¨àã-
îé¨¬ ï¢«ï¥âáï L(ξ), ¨ z-ª®¬¯®­¥­âë ¨¬¯ã«ìá , £¤¥
¤®¬¨­¨àãîé¨¬ ¯®-¯à¥¦­¥¬ã ï¢«ï¥âáï ¯®áâ®ï­­ë©

ç«¥­ — ­ ç «ì­ë© ¨¬¯ã«ìá. � ­ è¥¬ á«ãç ¥ gge = 1
¨, ª ª íâ® ¡ë«® áª § ­® ¢ëè¥, OL(ω1, ξ) ¨áç¥§ ¥â ¨
¬ë ¨¬¥¥¬ ç¨áâ® ª®«¥¡ â¥«ì­ë© ¯à®æ¥áá. �à¨ g = 1
OL(ω1, ξ) ­¥ â®«ìª® ­¥ ¨áç¥§ ¥â (ª®íää¨æ¨¥­â ¯¥à¥¤
­¨¬ ã¤¢ ¨¢ ¥âáï), ­® ¤ ¦¥ áâ ­®¢¨âìáï ¤®¬¨­¨àã-
îé¨¬, çâ® ¨ ­ å®¤¨â á¢®¥ ®âà ¦¥­¨¥ ¢ å à ªâ¥à¥

¤¢¨¦¥­¨ï.

� § ª«îç¥­¨¥  ¢â®à ¢ëà ¦ ¥â ¡« £®¤ à­®áâì

�.�. � ¤®¢áª®¬ã §  ¯®áâ ­®¢ªã § ¤ ç¨, �.�. �®à®-
¡ì¥¢ã, �.�. �¬ãèª®, �.�. �®«®¢ì¥¢ã §  ®¡áã¦¤¥­¨¥ ¨
á¤¥« ­­ë¥ § ¬¥ç ­¨ï.

�à¨«®¦¥­¨¥.

�¢¨¦¥­¨¥ ç áâ¨æë ¢ ®¡é¥¬ á«ãç ¥

x=x0+
Px0

αmω1
sinω1(ξ−ξ0)+ge

Py0

αmω1
[1−cosω1(ξ−ξ0)]

− g
γ1

ω1 + ggeω
cosωξ + g

γ1

ω1
cosωξ0

+
1

2
g(1− gge)

γ1

ω1

ω

ω1 − ω
cos[ω1(ξ − ξ0) + ωξ0]

−
1

2
g(1− gge)

γ1

ω1

ω

ω1 + ω
cos[ω1(ξ − ξ0)− ωξ0],

y = y0 − g
Px0

αmω1
[1− cosω1(ξ − ξ0)]

+
Py0

αmω1
sinω1(ξ − ξ0)

−
γ1

ω1 + ggeω
sinωξ +

γ1

ω1
sinωξ0

+
1

2
(1− gge)

γ1

ω1

ω

ω1 − ω
sin[ω1(ξ − ξ0) + ωξ0]

+
1

2
(1 + gge)

γ1

ω1

ω

ω1 + ω
sin[ω1(ξ − ξ0)− ωξ0],
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z = z0 + ge
ωE

α(ω1 + ggeω)2

×

{
Px0

αm

{
cosωξ0 − cos[ω1(ξ − ξ0) + ggeωξ]

}
+
Py0

mα

{
g sinωξ0 − ge sin[ω1(ξ − ξ0) + ggeωξ]

}
+

1

2
g(1− gge)

γ1ω

ω1 − ω
sin[ω1(ξ − ξ0) + ω(ggeξ + ξ0)]

−
1

2
g(1 + gge)

γ1ω

ω1 + ω
sin[ω1(ξ − ξ0) + ω(ggeξ − ξ0)]

}
+

1

αm

[
Pz0 −

1

α

ωE

ω1 + ggeω

(
gPx0 sinωξ0

− Py0 cosωξ0 −
αγ1ωm

ω1 + ggeω

)]
(ξ − ξ0),

Px = Px0 cosω1(ξ − ξ0)

+ gePy0 sinω1(ξ − ξ0) + g
αγ1ωm

ω + ggeω
sinωξ

−
1

2
g(1− gge)

αγ1ωm

ω1 − ω
sin[ω1(ξ − ξ0) + ωξ0]

+
1

2
g(1 + gge)

αγ1ωm

ω1 + ω
sin[ω1(ξ − ξ0) + ωξ0],

Py = Py0 cosω1(ξ − ξ0)

− gePxo sin(ξ − ξ0)−
αγ1ωm

ω + ggeω
cosωξ

+
1

2
(1− gge)

αγ1ωm

ω1 − ω
cos[ω1(ξ − ξ0) + ωξ0]

+
1

2
(1 + gge)

αγ1ωm

ω1 + ω
cos[ω1(ξ − ξ0)− ωξ0],

Pz = Pz0 +
ωE

α(ω1 + ggeω)

×

{
Px0

{
ge sin[ω1(ξ − ξ0) + ggeωξ]− g sinωξ0

}
+ Py0

{
cosωξ0 − cos[ω1(ξ − ξ0) + ggeωξ]

}
−

1

2
(1− gge)

αγ1ωm

ω1 − ω
cos[ω1(ξ − ξ0) + ω(ggeξ + ξ0)]

−
1

2
(1 + gge)

αγ1ωm

ω1 + ω
cos[ω1(ξ − ξ0) + ω(ggeξ − ξ0)]

}
+mγ1

ωEω

(ω1 + ggeω)2
.

�¢¨¦¥­¨¥ ç áâ¨æë ¢ á«ãç ¥ à¥§®­ ­á 

(ω = ω1)

x = x0 +
1

2
ge(1− gge)γ1(ξ − ξ0) sinω1ξ

+
Px0

αmω1
sinω1(ξ − ξ0) + ge

Py0

αmω1
[1− cosω1(ξ − ξ0)]

+
1

4
(1− 3gge)

γ1

ω1
cosω1ξ

−
1

4
ge(1 + gge)

γ1

ω1
cosω1(ξ − 2ξ0) + g

γ1

ω1
cosω1ξ0,

y = y0 +
1

2
(1− gge)γ1(ξ − ξ0) cosω1ξ

− ge
Px0

αmω1
[1− cosω1(ξ − ξ0)] +

Py0

αmω1
sinω1(ξ − ξ0)

−
1

4
(3− gge)

γ1

ω1
sinω1ξ

+
1

4
ge(1 + gge)

γ1

ω1
sinω1(ξ − 2ξ0) +

γ1

ω1
sinω1ξ0,

z = z0 + ge
ωE

mα2

{
1

12
(1− gge)

[
gemαγ1ω1(ξ3 − ξ3

0)

+ 3(Px0 cosω1ξ0 − gePy0 sinω1ξ0

− gemαγ1ω1ξ0) (ξ2 − ξ2
0)
]

−
1

8ω2
1

(1 + gge)
[
Px0[cosω1(2ξ − xi0)− cosω1ξ0]

+ gePy0[sinω1(2ξ − xi0)− sinω1ξ0]

+
1

2
gemαγ1 sin 2ω1(ξ − ξ0)

]}
+

1

mα

{
Pz0 −

1

4
ge
ωE

ωH

×
[
2(1− gge)

(1

2
gemαγ1ω

2
1ξ

2
0 + Px0ω1ξo cosω1ξ0

− gePy0ω1ξ0 sinω1ξ0 − geαmγ1ω
2
1ξ

2
0

)
+ (1 + gge)

× (Px0 sinω1ξ0−gePy0 cosω1ξ0−
1

2
gemαγ1)

]}
(ξ−ξ0),

Px = gePx0 cosω1(ξ − ξ0) + gePy0 sinω1(ξ − ξ0)

−
1

2
ge(1− gge)mαγ1ω1(ξ − ξ0) cosω1ξ

+
1

4
ge(1 + gge)mαγ1 sinω1ξ

+
1

4
ge(1 + gge)mαγ1 sinω1(ξ − 2ξ0),
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Py = Py0 cosω1(ξ − ξ0)− gePx0 sinω1(ξ − ξ0)

−
1

2
(1− gge)mαγ1ω1(ξ − ξ0) sinω1ξ

−
1

4
(1 + gge)mαγ1 cosω1ξ

+
1

4
(1 + gge)mαγ1 cosω1(ξ − 2ξ0),

Pz = Pz0 +
1

4
ge
ωE

ωH

{
(1− gge)

[
gemαγ1ω

2
1(ξ2 − ξ2

0)

+ 2(Px0 cosω1ξ0 − gePy0 sinω1ξ0 − gemαγ1ω1ξ0)

× ω1(ξ−ξ0)
]
+(1+gge)

[
Px0[sinω1(2ξ−ξ0)−sinω1ξ0]

− gePy0[cosω1(2ξ − ξ0)− cosω1ξ0]

−
1

2
gemαγ1[cos 2ω1(ξ − ξ0)− 1]

]}
.

�«ï ¢á¥å á«ãç ¥¢

t = ξ +
z(ξ)

c
, ε =

ε0

mc2
+
Pz − Pz0
mc

.
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