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�âª«®­ïîé¨¥ á¨áâ¥¬ë á ä®ªãá¨à®¢ª®© ¯® í­¥à£¨¨
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�¨§¨ª®-â¥å­¨ç¥áª¨© ¨­áâ¨âãâ ¨¬.�.�.�®ää¥ ���,
194021 � ­ªâ-�¥â¥à¡ãà£, �®áá¨ï

(�®áâã¯¨«® ¢ �¥¤ ªæ¨î 13 ¤¥ª ¡àï 1995 £.)

�à¨ ®âª«®­¥­¨¨ ¯ãçª®¢ § àï¦¥­­ëå ç áâ¨æ áà ¢-
­¨â¥«ì­® ­¥¡®«ìè®© í­¥à£¨¨ ¨á¯®«ì§ãîâáï í«¥ªâà®-
áâ â¨ç¥áª¨¥ ®âª«®­ïîé¨¥ á¨áâ¥¬ë, ­ ¯à¨¬¥à ¯«®á-
ª¨¥ ª®­¤¥­á â®àë. �à¨ íâ®¬, ¥á«¨ ç áâ¨æë ¢ ¯ãçª¥

®¡« ¤ îâ ¡®«ìè¨¬ à §¡à®á®¬ ¯® í­¥à£¨¨, ¯à®¨áå®¤¨â
§­ ç¨â¥«ì­®¥ à áè¨à¥­¨¥ ¯ãçª  ¯®á«¥ ¯à®å®¦¤¥­¨ï

¨¬ ¤¥ä«¥ªâ®à . � ¤ ­­®© à ¡®â¥ ¯à¥¤« £ ¥âáï  åà®-
¬ â¨ç¥áª ï í«¥ªâà®áâ â¨ç¥áª ï ®âª«®­ïîé ï á¨áâ¥-
¬ , â. ¥. á¨áâ¥¬ , ®¡« ¤ îé ï ä®ªãá¨à®¢ª®© ¯® í­¥à-
£¨¨.

�à¨­æ¨¯¨ «ì­ ï ®á®¡¥­­®áâì â ª®© á¨áâ¥¬ë § -
ª«îç ¥âáï ¢ â®¬, çâ® ®­  á®áâ®¨â ¨§ ¤¢ãå ¤¥ä«¥ªâ®-
à®¢, ¬¥¦¤ã ª®â®àë¬¨ à á¯®« £ ¥âáï í«¥¬¥­â, ¨§¬¥-
­ïîé¨© í­¥à£¨î ç áâ¨æ (á¬. à¨áã­®ª). �«¥¤ã¥â ®â-
¬¥â¨âì, çâ® ¯à®¬¥¦ãâ®ç­®¥ ãáª®à¥­¨¥ ¡ë«® ¨á¯®«ì-
§®¢ ­® ¢ ¬ £­¨â­®¬ á¯¥ªâà®¬¥âà¥ á ä®ªãá¨à®¢ª®© ¯®

í­¥à£¨¨ [1].

�à®¢¥¤¥¬ à áç¥â â ª®© á¨áâ¥¬ë ­  ¯à¨¬¥à¥ ¤¢ãå

¯«®áª¨å ª®­¤¥­á â®à®¢ á ­ ¯àï¦¥­­®áâìî ¯®«ï ¢

¯¥à¢®¬ E1 ¨ íää¥ªâ¨¢­®© ¤«¨­®© 2l1, ­ ¯àï¦¥­­®-
áâìî ¯®«ï ¢® ¢â®à®¬ E2 ¨ íää¥ªâ¨¢­®© ¤«¨­®© 2l2.
�ã¤¥¬ áç¨â âì, çâ® ®âª«®­¥­¨ï ¢ ª®­¤¥­á â®à å ¬ «ë
¨ ¯à®¨§¢®¤ïâáï ¢ ¯à®â¨¢®¯®«®¦­ëå ­ ¯à ¢«¥­¨ïå.
�à¨ íâ®¬ æ¥­âàë ®âª«®­¥­¨ï ­ å®¤ïâáï ¢ á¥à¥¤¨­¥

ª®­¤¥­á â®à®¢,   ã£«ë ®âª«®­¥­¨ï ®á¥¢®© âà ¥ªâ®à¨¨

¯®  ¡á®«îâ­®© ¢¥«¨ç¨­¥ à ¢­ë

ϑ1 =
eE1l1

U
=
K1

U
, ϑ2 =

eE2l2

U + U0
=

K2

U + U0
, (1)

£¤¥ U — ¯®â¥­æ¨ «, á®®â¢¥âáâ¢ãîé¨© ­ ç «ì­®©

í­¥à£¨¨ § àï¦¥­­®© ç áâ¨æë; U0 — ¥£® ¨§¬¥­¥­¨¥.

�¡®§­ ç¨¬ à ááâ®ï­¨¥ ¬¥¦¤ã ª®­¤¥­á â®à ¬¨ ç¥-
à¥§ S1,   à ááâ®ï­¨¥ ®â ª®­æ  ¢â®à®£® ª®­¤¥­á â®à 

¤® ¯«®áª®áâ¨ ¤¥â¥ªâ®à  ç¥à¥§ S2. �®£¤  à ááâ®ï­¨¥

h ç áâ¨æë, ¨¤ãé¥© ¯® ®á¥¢®© âà ¥ªâ®à¨¨, ®â ®á¨ x ¢

¯«®áª®áâ¨ ¤¥â¥ªâ®à  ¡ã¤¥â à ¢­®

h = ϑ1(L1 + L2)− ϑ2L2, (2)

£¤¥

L1 = l1 + S1 + l2, L2 = l2 + S2. (3)

�á«®¢¨¥ ­¥§ ¢¨á¨¬®áâ¨ ¢¥«¨ç¨­ë h ®â ¬ «ëå ¨§¬¥-
­¥­¨© ­ ç «ì­®© í­¥à£¨¨ ç áâ¨æ ¨¬¥¥â ¢¨¤

∂h

∂U
=
∂ϑ1

∂U
(L1 + L2)−

∂ϑ2

∂U
L2 = 0. (4)

�ç¨âë¢ ï ¢ëà ¦¥­¨ï (1) ¨ ¯à®¢¥¤ï ¤¨ää¥à¥­æ¨-
à®¢ ­¨¥, ¯®«ãç¨¬

K1(L1 + L2)

U2
=

K2L2

(U + U0)2
. (5)

�¥è¥­¨¥ ª¢ ¤à â­®£® ãà ¢­¥­¨ï ¤ ¥â ¤«ï U0 ¤¢ 

§­ ç¥­¨ï

U0 = U

[
±

√
K2L2

K1(L1 + L2)
− 1

]
. (6)

�­ ª ”¬¨­ãá” ¯¥à¥¤ ª®à­¥¬ á®®â¢¥âáâ¢ã¥â § ¬¥¤«ï-
îé¥¬ã ¯®â¥­æ¨ «ã, ª®â®àë© ¯®  ¡á®«îâ­®© ¢¥«¨ç¨­¥
¯à¥¢ëè ¥â ¯®â¥­æ¨ « U , ®¯à¥¤¥«ïîé¨© ­ ç «ì­ãî

í­¥à£¨î ¯ãçª  § àï¦¥­­ëå ç áâ¨æ. �â®â á«ãç ©, á®-
®â¢¥âáâ¢ãîé¨© ®âà ¦¥­¨î ¯ãçª , á«¥¤ã¥â ®â¡à®á¨âì,
¯®íâ®¬ã ¬ë ®£à ­¨ç¨¬ ­ è¥ à áá¬®âà¥­¨¥ §­ ª®¬

”¯«îá” ¯¥à¥¤ ª®à­¥¬. �®£¤  ¯®â¥­æ¨ « ¯à®áâà ­áâ¢ 
¯®á«¥ ¨§¬¥­¥­¨ï í­¥à£¨¨ à ¢¥­

U + U0 = U

√
K2L2

K1(L1 + L2)
. (7)

� § ¢¨á¨¬®áâ¨ ®â ¢¥«¨ç¨­ë ¯®¤ª®à¥­­®£® ¢ëà ¦¥-
­¨ï ¯®â¥­æ¨ « ¡ã¤¥â ¯®«®¦¨â¥«ì­ë¬ ¨«¨ ®âà¨æ -
â¥«ì­ë¬. �à¨ K2L2 > K1(L1 + L2), â. ¥. ª®£¤  ¢â®à®©
ª®­¤¥­á â®à §­ ç¨â¥«ì­® á¨«ì­¥¥ ¯¥à¢®£®, ¯®â¥­æ¨-
 « U0 ¯®«®¦¨â¥«¥­. �«¥¤®¢ â¥«ì­®, ¤«ï ¯®«ãç¥­¨ï

 åà®¬ â¨ç¥áª®£® ®âª«®­¥­¨ï ¯ãç®ª § àï¦¥­­ëå ç -
áâ¨æ ¬¥¦¤ã ª®­¤¥­á â®à ¬¨ ¤®«¦¥­ ¡ëâì ãáª®à¥­.
�à¨ K2L2 < K1(L1 + L2)  åà®¬ â¨§¬ ¤®áâ¨£ ¥âáï

¯ãâ¥¬ § ¬¥¤«¥­¨ï.
� ãç¥â®¬ ¢ëà ¦¥­¨ï (7) ¢¥«¨ç¨­  h, ®¯à¥¤¥«ï¥¬ ï

ä®à¬ã«®© (2), ¯à¨¬¥â ¢¨¤

h =
1

U

[
K1(L1 + L2)−

√
K1K2(L1 + L2)L2

]
. (8)

�¢¥«¨ç¨¢ ï ¯®â¥­æ¨ « U0 ¯®  ¡á®«îâ­®© ¢¥«¨ç¨-
­¥, ¬®¦­® ¤®¡¨âìáï ¨§¬¥­¥­¨ï §­ ª  åà®¬ â¨ç¥áª®©

 ¡¥àà æ¨¨.
�¨áâ¥¬  ¨§ ¤¢ãå ª®­¤¥­á â®à®¢ ç áâ® ¯à¨¬¥­ï¥âáï

¢ â¥å á«ãç ïå, ª®£¤  ­¥®¡å®¤¨¬® ®áãé¥áâ¢¨âì ¯ à «-
«¥«ì­ë© á¤¢¨£ ¯ãçª  ¡¥§ ¨§¬¥­¥­¨ï ¥£® ­ ¯à ¢«¥­¨ï.
�à¨ íâ®¬ ã£«ë ®âª«®­¥­¨ï ¢ ®¡®¨å ª®­¤¥­á â®à å

¤®«¦­ë ¡ëâì à ¢­ë ¯® ¢¥«¨ç¨­¥. �®£¤  ¨§ ¢ëà -
¦¥­¨© (1) ¨ (7) ¯®«ãç¨¬ ãá«®¢¨¥  åà®¬ â¨ç¥áª®£®

¯ à ««¥«ì­®£® á¤¢¨£ 

K2 = K1
L2

L1 + L2
. (9)
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�å¥¬  ®âª«®­ïîé¥© á¨áâ¥¬ë ¨ ®á¥¢®© âà ¥ªâ®à¨¨ ¯ãçª .

�ëà ¦¥­¨ï (7) ¨ (8) ¯à¥®¡à §ãîâáï ª ¢¨¤ã

U + U0 = U
L2

L1 + L2
, (10)

h =
K1L1

U
. (11)

�§ (10) á«¥¤ã¥â, çâ® ¯à¨ ¯ à ««¥«ì­®¬ á¤¢¨£¥

¯ãçª   åà®¬ â¨§ æ¨ï ¢®§¬®¦­  â®«ìª® ¢ à¥§ã«ìâ â¥

¯à®¬¥¦ãâ®ç­®£® § ¬¥¤«¥­¨ï ¯ãçª .
� áá¬®âà¨¬ á«ãç ©, ª®£¤  ­ ¬ § ¤ ­  á¨áâ¥¬  ¨§

¤¢ãå ª®­¤¥­á â®à®¢ ¨ ­¥®¡å®¤¨¬® ¯à®¢¥áâ¨  åà®¬ -
â¨§ æ¨î ®âª«®­¥­¨ï, ­¥ ¨§¬¥­ïï å®¤  ®á¥¢®© âà ¥ª-
â®à¨¨. �®áª®«ìªã ¤«ï ®áãé¥áâ¢«¥­¨ï  åà®¬ â¨§ æ¨¨
âà¥¡ã¥âáï ¨§¬¥­¨âì í­¥à£¨î ¯ãçª  ¢ ¯à®¬¥¦ãâª¥ ¬¥-
¦¤ã ¤¢ã¬ï ª®­¤¥­á â®à ¬¨, â® ¤«ï á®åà ­¥­¨ï å®¤ 

®á¥¢®© âà ¥ªâ®à¨¨ ­ã¦­® á®®â¢¥âáâ¢ãîé¨¬ ®¡à §®¬

¨§¬¥­¨âì ­ ¯àï¦¥­­®áâì ¯®«ï ¢® ¢â®à®¬ ª®­¤¥­á -
â®à¥. �á«®¢¨¥ ­¥¨§¬¥­­®áâ¨ å®¤  ®á¥¢®© âà ¥ªâ®à¨¨,
®ç¥¢¨¤­®, ¬®¦­® § ¯¨á âì á«¥¤ãîé¨¬ ®¡à §®¬:

ϑ2p = ϑ2a, (12)

£¤¥ ϑ2p — ¯¥à¢®­ ç «ì­ë© ã£®« ®âª«®­¥­¨ï ¢® ¢â®à®¬

ª®­¤¥­á â®à¥, ϑ2a — ã£®« ®âª«®­¥­¨ï ¯®á«¥ ¯à®¢¥¤¥-
­¨ï  åà®¬ â¨§ æ¨¨.
�á¯®«ì§ãï ¢ëà ¦¥­¨ï (1) ¨ (7), ¯®«ãç¨¬ ¨§ (12)

§­ ç¥­¨¥ K2a ¯®á«¥  åà®¬ â¨§ æ¨¨

K2a =
K2

2pL2

K1(L1 + L2)
. (13)

�®¤áâ ¢«ïï ­®¢®¥ §­ ç¥­¨¥ K2a ¢ (7), ­¥âàã¤­®

­ ©â¨ ¢¥«¨ç¨­ã ¨§¬¥­¥­¨ï í­¥à£¨¨. � ­¥ª®â®àëå á«ã-
ç ïå âà¥¡ã¥âáï  åà®¬ â¨§ æ¨ï ­¥ ¯®«®¦¥­¨ï ¯ãçª  ¢

¯«®áª®áâ¨ ¤¥â¥ªâ®à ,   ã£«  ¢ëå®¤  ¯ãçª  ¨§ á¨áâ¥¬ë
ϑ = ϑ1 − ϑ2. �®®â¢¥âáâ¢¥­­® ãá«®¢¨¥ ­¥§ ¢¨á¨¬®áâ¨

ϑ ®â ­ ç «ì­®© í­¥à£¨¨ ¯ãçª  ¨¬¥¥â ¢¨¤

∂ϑ1

∂U
−
∂ϑ2

∂U
= 0. (14)

�®â¥­æ¨ « ¯à®áâà ­áâ¢  ¯®á«¥ ¨§¬¥­¥­¨ï í­¥à£¨¨

¢ íâ®¬ á«ãç ¥ à ¢¥­

U + U0 = U

√
K2

K1
. (15)

�­ «®£¨ç­ë© à áç¥â ¬®¦­® ¯à®¢¥áâ¨ ¤«ï ¬ «®-
£® ®âª«®­¥­¨ï ¢ ¬ £­¨â­ëå ®âª«®­ïîé¨å á¨áâ¥¬ å.
� áá¬®âà¨¬ ¯à®å®¦¤¥­¨¥ ¯ãçª  § àï¦¥­­ëå ç áâ¨æ

¯®á«¥¤®¢ â¥«ì­® ç¥à¥§ ¤¢  ¬ £­¨â  á ®¤­®à®¤­ë¬¨

¨ ¯à®â¨¢®¯®«®¦­® ­ ¯à ¢«¥­­ë¬¨ ¯®«ï¬¨ H1 ¨ H2.
�ã¤¥¬ ¯®« £ âì, çâ® ®á¥¢ ï âà ¥ªâ®à¨ï ¯à®å®¤¨â

¯¥à¯¥­¤¨ªã«ïà­® £à ­¨æ ¬ ¬ £­¨â®¢. �å¥¬  á¨áâ¥¬ë
¢ íâ¨å ¯à¥¤¯®«®¦¥­¨ïå á®¢¯ ¤ ¥â á ¯à¥¤áâ ¢«¥­­®©

­  à¨áã­ª¥. �®«®¦¥­¨¥ ®á¥¢®© âà ¥ªâ®à¨¨ ¢ ¯«®áª®-
áâ¨ ¤¥â¥ªâ®à  ¯®-¯à¥¦­¥¬ã ®¯¨áë¢ ¥âáï ¢ëà ¦¥­¨¥¬
(2), ¥á«¨ á®åà ­¨âì â¥ ¦¥ ®¡®§­ ç¥­¨ï ¤«ï £¥®¬¥âà¨-
ç¥áª¨å ¯ à ¬¥âà®¢. �£«ë ®âª«®­¥­¨ï ϑ1 ¨ ϑ2 ¢ íâ®¬

á«ãç ¥ § ¯¨èãâáï á«¥¤ãîé¨¬ ®¡à §®¬:

ϑ1 = 2H1l1

√
e

2mU
=
P1

U
,

ϑ2 = 2H2l2

√
e

2m(U + U0)
=

P2√
U + U0

.

(16)

�á«®¢¨¥ ­¥§ ¢¨á¨¬®áâ¨ ¢¥«¨ç¨­ë h ®â ¬ «ëå ¨§¬¥-
­¥­¨© í­¥à£¨¨ ­ ©¤¥¬ ¨§ ¢ëà ¦¥­¨ï (4), ®­® ¨¬¥¥â

¢¨¤
P1(L1 + L2)
√
U3

=
P2L2√

(U + U0)3
. (17)

�®á«¥  «£¥¡à ¨ç¥áª¨å ¯à¥®¡à §®¢ ­¨© ¯®«ãç¨¬

¤«ï ¯®â¥­æ¨ «  ¯à®áâà ­áâ¢  ¢ ®¡« áâ¨ ¢â®à®£® ¬ £-
­¨â 

U + U0 = U

[
P2L2

P1(L1 + L2)

]2/3

. (18)

� íâ®¬ á«ãç ¥  åà®¬ â¨§ æ¨ï â ª¦¥ ¢®§¬®¦­  ª ª

¯à¨ ¯à®¬¥¦ãâ®ç­®¬ ãáª®à¥­¨¨ ¯ãçª , â ª ¨ ¯à¨ ¥£®

§ ¬¥¤«¥­¨¨.
�á«¨ âà¥¡ã¥âáï  åà®¬ â¨§ æ¨ï ­¥ ¯®«®¦¥­¨ï ¯ïâ-

­  ¢ ¯«®áª®áâ¨ ¤¥â¥ªâ®à ,   ã£«  ¢ëå®¤ , â® ¯®â¥­æ¨-
 « U + U0 ¯à¨¬¥â ¢¨¤

U + U0 = U

(
P2

P1

)2/3

. (19)

� ª¨¬ ®¡à §®¬, ¢ à ¡®â¥ ¯®«ãç¥­ë ãá«®¢¨ï  åà®-
¬ â¨ç¥áª®£® ®âª«®­¥­¨ï ¯ãçª  § àï¦¥­­ëå ç áâ¨æ

¢ á¨áâ¥¬¥ ¨§ ¤¢ãå ®âª«®­ïîé¨å í«¥¬¥­â®¢ ¯ãâ¥¬

¨§¬¥­¥­¨ï í­¥à£¨¨ ¯ãçª  ¬¥¦¤ã íâ¨¬¨ í«¥¬¥­â ¬¨.
�à¨¢¥¤¥­ë ­¥®¡å®¤¨¬ë¥ ¤«ï à áç¥â  á¨áâ¥¬ë ä®à-
¬ã«ë ¢ ¯à¨¡«¨¦¥­¨¨ ¬ «ëå ã£«®¢ ®âª«®­¥­¨ï. �®-
«ãç¥­­ë¥ ¯® íâ¨¬ ä®à¬ã« ¬ ¤ ­­ë¥ ¬®£ãâ á«ã¦¨âì

¯¥à¢ë¬ ¯à¨¡«¨¦¥­¨¥¬ ¤«ï â®ç­®£® à áç¥â  á¨áâ¥¬ á

¡®«ìè¨¬ ®âª«®­¥­¨¥¬ á ¨á¯®«ì§®¢ ­¨¥¬ ¨¬¥îé¨åáï

¢ ­ áâ®ïé¥¥ ¢à¥¬ï ¯à®£à ¬¬ ¤«ï ç¨á«¥­­®£® à áç¥â 

¯à®¨§¢®«ì­ëå í«¥ªâà®­­®-®¯â¨ç¥áª¨å á¨áâ¥¬.

�¯¨á®ª «¨â¥à âãàë

[1] Wollnik H. Nucl. Instr. Meth. Phys. Res. 1995. Vol. A363.
P. 393–396.
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