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�¥®à¥â¨ç¥áª¨ à áá¬®âà¥­ ¯à®æ¥áá ã¤ à­®© ¨®­¨§ æ¨¨ í«¥ªâà®­ ¬¨ á®áâ®ï­¨© ¢ §®­¥ âï¦¥«ëå

¤ëà®ª ¢ ã§ª®é¥«¥¢®¬ ¯®«ã¯à®¢®¤­¨ª¥ p-â¨¯  á ª¥©­®¢áª¨¬ § ª®­®¬ ¤¨á¯¥àá¨¨ í­¥à£¥â¨ç¥áª¨å §®­

¯à¨ ãá«®¢¨¨, çâ® ãà®¢¥­ì �¥à¬¨ ¤ëà®ª à á¯®«®¦¥­ ¢ ¢ «¥­â­®© §®­¥. �¯à¥¤¥«¥­  § ¢¨á¨¬®áâì

¬¨­¨¬ «ì­®© í­¥à£¨¨ í«¥ªâà®­  ¤«ï ¯à®æ¥áá  ¨®­¨§ æ¨¨ á®áâ®ï­¨ï ­  ãà®¢­¥ �¥à¬¨ ¢ ¢ «¥­â­®©

§®­¥. � ááç¨â ­  ¢¥à®ïâ­®áâì ã¤ à­®© ¨®­¨§ æ¨¨ ¤«ï í«¥ªâà®­®¢ á í­¥à£¨¥©, ¡«¨§ª®© ª ¯®à®£®¢®©,
¢ á«ãç ¥, ª®£¤  ¨¬¯ã«ìá �¥à¬¨ âï¦¥«®© ¤ëàª¨ ¯à¥¢ëè ¥â ¯®à®£®¢ë© ¨¬¯ã«ìá ¤ëàª¨ ¤«ï ¤ ­­®£®
¯à®æ¥áá  ¨®­¨§ æ¨¨. � ©¤¥­ë á®®â­®è¥­¨ï ¬¥¦¤ã â¥¬¯¥à âãà ¬¨ ¤ëà®ª ¨ í«¥ªâà®­®¢ á í­¥à£¨¥©

¯®àï¤ª  ¯®à®£®¢®©, ª®â®àë¥ ®¯à¥¤¥«ïîâ ®¡« áâì ¯à¨¬¥­¨¬®áâ¨ ¯®«ãç¥­­ëå à¥§ã«ìâ â®¢.

�¥¦§®­­ë¥ ®¦¥-¯¥à¥å®¤ë ¨£à îâ ¢ ¦­ãî à®«ì
¢ à¥ª®¬¡¨­ æ¨¨ ­®á¨â¥«¥© § àï¤  ¢ ã§ª®é¥«¥¢ëå
¯®«ã¯à®¢®¤­¨ª å [1]. �¤ à­ ï ¨®­¨§ æ¨ï â ª¦¥

¯à¨­ ¤«¥¦¨â ª ¯¥à¥å®¤ ¬ ¯®¤®¡­®£® â¨¯ . �®íâ®-
¬ã ¨å ¨§ãç¥­¨î ¢ ã§ª®é¥«¥¢ëå ¯®«ã¯à®¢®¤­¨ª å
¯®áâ®ï­­® ã¤¥«ï«®áì ¨ ã¤¥«ï¥âáï ¡®«ìè®¥ ¢­¨¬ -
­¨¥, ®á®¡¥­­® íâ® ®â­®á¨âáï ª ¯®«ã¯à®¢®¤­¨ª ¬ á
ª¥©­®¢áª¨¬ á¯¥ªâà®¬ í­¥à£¥â¨ç¥áª¨å §®­. � ¨¡®«¥¥
¯®á«¥¤®¢ â¥«ì­ë© ¯®¤å®¤ ¢ ¨§ãç¥­¨¨ ®¦¥-¯¥à¥å®¤®¢
¢ ¯®«ã¯à®¢®¤­¨ª å á ª¥©­®¢áª¨¬ á¯¥ªâà®¬ §®­ ¡ë«

à §¢¨â �¥«ì¬®­â®¬ ¨ á® ¢â®à ¬¨ ¢ á¥à¨¨ à ¡®â [2–7].
�¤­ ª® ¢ à ¡®â å [2–4] ¢á¥ à áç¥âë ¢ë¯®«­¥­ë ¤«ï
á«ãç ï ­¥¢ëà®¦¤¥­­ëå ¤ëà®ª. �® ä ªâ¨ç¥áª¨ ¢ â -
ª¨å á¨áâ¥¬ å ¯à¨ ­¨§ª®© â¥¬¯¥à âãà¥ ¨ ®â­®á¨â¥«ì-
­® ¢ëá®ª®¬ ãà®¢­¥ «¥£¨à®¢ ­¨ï  ªæ¥¯â®à ¬¨ ¤ëàª¨
¬®£ãâ áâ ­®¢¨âìáï ¢ëà®¦¤¥­­ë¬¨. �®íâ®¬ã ¯à¥¤áâ -
¢«ï¥â ¨­â¥à¥á à áá¬®âà¥âì § ¤ çã ®¡ ®¦¥-¯¥à¥å®¤ å
¢ ª¥©­®¢áª¨å ã§ª®é¥«¥¢ëå ¯®«ã¯à®¢®¤­¨ª å p-â¨¯ 
á ¢ëà®¦¤¥­­ë¬¨ ¤ëàª ¬¨. � áâ¨ç­® ¬ë ª®á­ã«¨áì
íâ®£® ¢®¯à®á  ¢ à ¡®â å [8,9], ¯®á¢ïé¥­­ëå ®¦¥-
à¥ª®¬¡¨­ æ¨¨.
� ¤ ­­®© à ¡®â¥ ¬ë à áá¬®âà¨¬ ¤àã£®© ¢®§¬®¦­ë©

¯¥à¥å®¤ ¢ ¯®¤®¡­®© á¨áâ¥¬¥,   ¨¬¥­­® ã¤ à­ãî ¨®­¨-
§ æ¨î í«¥ªâà®­ ¬¨ á®áâ®ï­¨© ¢ §®­¥ âï¦¥«ëå ¤ëà®ª.
�ë ¡ã¤¥¬ ¨á¯®«ì§®¢ âì ¯à¨¡«¨¦¥­¨ï, ¯®§¢®«ïîé¨¥
­ ©â¨ ï¢­®¥ ¢ëà ¦¥­¨¥ ¤«ï ¢¥à®ïâ­®áâ¨ ã¤ à­®©
¨®­¨§ æ¨¨ í«¥ªâà®­ ¬¨ á®áâ®ï­¨© ¢ ¢ «¥­â­®© §®­¥
¢ëà®¦¤¥­­ëå âï¦¥«ëå ¤ëà®ª. � áç¥â ¯à®¢¥¤¥¬ ¤«ï
¯®«ã¯à®¢®¤­¨ª  á ¨§®âà®¯­ë¬ ª¥©­®¢áª¨¬ á¯¥ªâà®¬
¢ âà¥å§®­­®¬ ¯à¨¡«¨¦¥­¨¨ [2] ¤«ï á«ãç ï, ª®£¤ 

ãà®¢¥­ì �¥à¬¨ à ¢­®¢¥á­®© á¨áâ¥¬ë à á¯®«®¦¥­ ¢
¢ «¥­â­®© §®­¥.

1. �®à®£®¢ë¥ á®®â­®è¥­¨ï ¤«ï ¯à®æ¥áá 

ã¤ à­®© ¨®­¨§ æ¨¨ á ãà®¢­ï �¥à¬¨

�à¨ ã¤ à­®© ¨®­¨§ æ¨¨ ¢ á¨«ì­® ¢ëà®¦¤¥­­ëå
¯®«ã¯à®¢®¤­¨ª å p-â¨¯  ¬®¦¥â ¢®§­¨ª­ãâì á¨âã -
æ¨ï, ª®£¤  ¯®à®£®¢®¥ §­ ç¥­¨¥ í­¥à£¨¨ ¨®­¨§ãîé¥£®

í«¥ªâà®­  (â. ¥. ­ ¨¬¥­ìè ï í­¥à£¨ï í«¥ªâà®­ , á¯®-
á®¡­®£® ¥é¥ ¯à®¨§¢®¤¨âì ã¤ à­ãî ¨®­¨§ æ¨î) ¡ã¤¥â
§ ¢¨á¥âì ®â ¯®«®¦¥­¨ï ãà®¢­ï ä¥à¬¨ ¢ ¢ «¥­â­®©

§®­¥ [10]. �â® ¬®¦¥â ¯à®¨§®©â¨ â®£¤ , ª®£¤  ãà®¢¥­ì
�¥à¬¨ á¨áâ¥¬ë ¡ã¤¥â à á®¯«®¦¥­ ¢ ¢ «¥­â­®© §®­¥
­¨¦¥ á®áâ®ï­¨ï, ¨§ ª®â®à®£® ¯à®¨áå®¤¨â ã¤ à­ ï ¨®-
­¨§ æ¨ï í«¥ªâà®­®¢ á ¯®à®£®¢®© í­¥à£¨¥©, ®¯à¥¤¥«ï¥-
¬®© â®«ìª® § ª®­ ¬¨ á®åà ­¥­¨ï í­¥à£¨¨ ¨ ¨¬¯ã«ìá 
(à¨á. 1). �ë ¡ã¤¥¬ ­ §ë¢ âì íâã ¢¥«¨ç¨­ã ®¡ëç­ë¬
¯®à®£®¬, çâ®¡ë ®â«¨ç âì ¥¥ ®â ¯®à®£  ¨®­¨§ æ¨¨,
ª®â®àë© ¡ã¤¥â § ¢¨á¥âì ®â ¯®«®¦¥­¨ï ãà®¢­ï �¥à¬¨
F (á¬. ¤ «¥¥). �¡ëç­ë¥ ¯®à®£®¢ë¥ ¢¥«¨ç¨­ë ¤«ï ¢á¥å
á®áâ®ï­¨©, ãç áâ¢ãîé¨å ¢ ¯à®æ¥áá¥ ã¤ à­®© ¨®­¨§ -
æ¨¨, ¡ë«¨ ­ ©¤¥­ë ¢ [2]. � ¤ ­­®© à ¡®â¥ ¢¥«¨ç¨­ë,
®â­®áïé¨¥áï ª ®¡ëç­®¬ã ¯®à®£ã, ¡ã¤ãâ ®¡®§­ ç âìáï
¨­¤¥ªá®¬ T . � ¦­® ®â¬¥â¨âì, çâ® ¯®à®£®¢®¥ §­ ç¥­¨¥
¨¬¯ã«ìá  âï¦¥«®© ¤ëàª¨ qT ­¥ à ¢­® ­ã«î, ¨ ¢
¯à¨¡«¨¦¥­¨¨ mh > mc ®¯à¥¤¥«ï¥âáï ¢ëà ¦¥­¨¥¬

qT = kT = (4mcEg)
1/2, (1)

£¤¥ kT — ®¡ëç­®¥ ¯®à®£®¢®¥ §­ ç¥­¨¥ ¨¬¯ã«ìá  ¨®­¨-
§ãîé¥£® í«¥ªâà®­ , mc — ¬ áá  í«¥ªâà®­  ­  ¤­¥ §®-
­ë ¯à®¢®¤¨¬®áâ¨, mh — ¬ áá  âï¦¥«®© ¤ëàª¨, Eg —
è¨à¨­  § ¯à¥é¥­­®© §®­ë. �¥«¨ç¨­ë, ®â­®áïé¨¥áï
ª ¯®à®£ã ¨®­¨§ æ¨¨ á ãà®¢­ï �¥à¬¨, ¡ã¤¥¬ ®â¬¥ç âì
¨­¤¥ªá®¬ i.
�ë à áá¬ âà¨¢ ¥¬ ã¤ à­ãî ¨®­¨§ æ¨î í«¥ªâà®-

­ ¬¨ á®áâ®ï­¨© ¢ §®­¥ âï¦¥«ëå ¤ëà®ª, â ª ª ª
íâ®¬ã ¯à®æ¥ááã á®®â¢¥âáâ¢ã¥â ­ ¨¬¥­ìè ï ®¡ëç­ ï

¯®à®£®¢ ï í­¥à£¨ï í«¥ªâà®­  [2,11].
�¥à¥©¤¥¬ ª à áç¥âã ¯®à®£®¢®© ¢¥«¨ç¨­ë í­¥à£¨¨

í«¥ªâà®­  ¤«ï ¨®­¨§ æ¨¨ á®áâ®ï­¨ï ­  ãà®¢­¥ �¥à¬¨
¢ §®­¥ âï¦¥«ëå ¤ëà®ª, ¯à¨ íâ®¬ ¡ã¤¥¬ ¯à¥¤¯®« £ âì,
çâ® qF > qT (qF — ¨¬¯ã«ìá �¥à¬¨ âï¦¥«ëå ¤ëà®ª)
¨ ¢ë¯®«­ï¥âáï ­¥à ¢¥­áâ¢®

qF − qT � qT . (2)
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�¨á. 1. �¨ £à ¬¬  ¯à®æ¥áá  ã¤ à­®© ¨®­¨§ æ¨¨ í«¥ªâà®-
­®¬ á®áâ®ï­¨ï ­  ãà®¢­¥ �¥à¬¨ ¢ §®­¥ âï¦¥«ëå ¤ëà®ª

¯à¨ ãá«®¢¨¨, çâ® ¨¬¯ã«ìá �¥à¬¨ âï¦¥«®© ¤ëàª¨ ¯à¥¢ë-
è ¥â ¯®à®£®¢ë© ¨¬¯ã«ìá ¤ëà®ª ¤«ï ¤ ­­®£® ¯à®æ¥áá .
�âà¨å®¢®© «¨­¨¥© ¯®ª § ­  ¨®­¨§ æ¨ï á ¨áâ¨­­®£® ¯®-
à®£ .

�ç¨âë¢ ï § ª®­ á®åà ­¥­¨ï ¨¬¯ã«ìá , § ¯¨è¥¬

§ ª®­ á®åà ­¥­¨ï í­¥à£¨¨

Ec(k) = Ec(q1) + Ec(q2) + Eh(k− q1 − q2) +Eg, (3)

£¤¥ k — ¨¬¯ã«ìá ¨®­¨§ãîé¥£® í«¥ªâà®­  ¤® áâ®«ª­®-
¢¥­¨ï, q1 — ¨¬¯ã«ìá â®£® ¦¥ í«¥ªâà®­  ¯®á«¥ ¨®­¨§ -

æ¨¨, q2 — ¨¬¯ã«ìá í«¥ªâà®­ , ¢®§­¨ª îé¥£® ¢ §®­¥
¯à®¢®¤¨¬®áâ¨, q = k− q1 − q2 — ¨¬¯ã«ìá âï¦¥«®©

¤ëàª¨, ¢®§­¨ª îé¥© ¢ ¢ «¥­â­®© §®­¥. �­¥à£¨¨ í«¥ª-
âà®­®¢ Ec(k), Ec(q1), Ec(q2) ®âáç¨âë¢ îâáï ®â ¤­  §®-

­ë ¯à®¢®¤¨¬®áâ¨,   í­¥à£¨ï ¤ëàª¨ Eh(k− q1−q2) —
®â ¯®â®«ª  ¢ «¥­â­®© §®­ë. �á«®¢¨¥ (2) ¯®§¢®«ï¥â

­ ¬ ¨á¯®«ì§®¢ âì ¯ à ¡®«¨ç¥áª®¥ ¯à¨¡«¨¦¥­¨¥ ¤«ï

í­¥à£¨© ­¨§ª®í­¥à£¥â¨ç¥áª¨å í«¥ªâà®­®¢ á ¨¬¯ã«ìá -

¬¨ q1 ¨ q2.

�«ï â®£® çâ®¡ë ®¯à¥¤¥«¨âì ¯®à®£®¢ë¥ á®®â­®è¥-
­¨ï ¬¥¦¤ã k, q1 ¨ q2, ­¥®¡å®¤¨¬® ¬¨­¨¬¨§¨à®¢ âì

¯à ¢ãî ç áâì ãà ¢­¥­¨ï (3) ¯® ¯¥à¥¬¥­­ë¬ q1 ¨

q2 (á¬. [12]) ¯à¨ ãá«®¢¨¨, çâ® Eh = F = q2
F /2mh.

�«ï íâ®£® ¢®á¯®«ì§ã¥¬áï ¬¥â®¤®¬ ­¥®¯à¥¤¥«¥­­ëå

¬­®¦¨â¥«¥© � £à ­¦ . �®áâ ¢¨¬ äã­ªæ¨¨

f(q1,q2, λ) =
q2

1 + q2
2

2mc
+

(k− q1 − q2)2

2mh
+ Eg

+ λ

[
(k− q1 − q2)2

2mh
− F

]
, (4)

£¤¥ λ — ­¥®¯à¥¤¥«¥­­ë© ¬­®¦¨â¥«ì � £à ­¦ , k
¢å®¤¨â ¢ äã­ªæ¨î f ª ª ¯ à ¬¥âà. �¥è ï § ¤ çã ­ 
ãá«®¢­ë© íªáâà¥¬ã¬, ¯®«ãç¨¬ á®®â­®è¥­¨ï ¬¥¦¤ã

¯®à®£®¢ë¬¨ ¨¬¯ã«ìá ¬¨

q1i = q2i,

q2i =
ki
2ki

(ki − qF ). (5)

�®à®£®¢®¥ §­ ç¥­¨¥ ¨¬¯ã«ìá  ki ¢ëá®ª®í­¥à£¥â¨ç¥-
áª®£® í«¥ªâà®­  ­ å®¤¨âáï ¨§ § ª®­  á®åà ­¥­¨ï

í­¥à£¨¨ (3)(
E2
g

4
+

Eg

2mc
k2
i

)1/2

=
3

2
Eg +

(qF )2

2mh
+

(ki − qF )2

4mc
. (6)

�¥è¥­¨¥ ãà ¢­¥­¨ï (6) ¯à¥¤áâ ¢«¥­® £à ä¨ç¥áª¨

­  à¨á. 2 ¢ ¢¨¤¥ § ¢¨á¨¬®áâ¨ ki ®â qF . �¨-
­¨¬ã¬ ¢¥«¨ç¨­ë ki á®®â¢¥âáâ¢ã¥â ®¡ëç­®¬ã ¯®à®-
£®¢®¬ã §­ ç¥­¨î. �  £à ä¨ª¥ â ª¦¥ ¯à¥¤áâ ¢«¥-
­  ¢¥â¢ì c qF < qT ; ¢ íâ®© ®¡« áâ¨ ki, ¥áâ¥-
áâ¢¥­­®, ¡®«ìè¥, ç¥¬ ¢¥«¨ç¨­  ®¡ëç­®£® ¯®à®£  kT .
�§ à¨á. 2 ¢¨¤­®, çâ® ¯®«ãç¥­­ ï § ¢¨á¨¬®áâì ¡ë-
áâà® áâà¥¬¨âáï ª ®¯à¥¤¥«¥­­®©  á¨¬¯â®â¨ª¥ ¯à¨

ã¬¥­ìè¥­¨¨ ®â­®è¥­¨ï mc/mh, â ª çâ® ã¦¥ ¯à¨

mc/mh ∼ 10−3 ®­  ¬ «® çã¢áâ¢¨â¥«ì­  ª ¤ «ì­¥©-
è¥¬ã ã¬¥­ìè¥­¨î mc/mh.

�¨á. 2. � ¢¨á¨¬®áâì ¬¨­¨¬ «ì­®£® ¨¬¯ã«ìá  í«¥ªâà®­ ,
á¯®á®¡­®£® ¨®­¨§®¢ âì á®áâ®ï­¨ï ­  ãà®¢­¥ �¥à¬¨ âï¦¥-
«ëå ¤ëà®ª, ®â ¨¬¯ã«ìá  �¥à¬¨ âï¦¥«®© ¤ëàª¨. mc/mh:
1 — 0.05, 2 — 0.01, 3 — 0.001, 4 — 0.0001. �¬¯ã«ìáë

¯à¨¢¥¤¥­ë ¢ ¥¤¨­¨æ å qg = (2mcEg)
1/2.
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2. �¥à®ïâ­®áâì ã¤ à­®© ¨®­¨§ æ¨¨

�ëà ¦¥­¨¥ ¤«ï ¢¥à®ïâ­®áâ¨ ã¤ à­®© ¨®­¨§ æ¨¨

í«¥ªâà®­®¬ á ¨¬¯ã«ìá®¬ k ¬®¦¥â ¡ëâì § ¯¨á ­® ¢

¯®«­®©  ­ «®£¨¨ á à ¡®â ¬¨ [2,3] ¢ ¢¨¤¥

W (k) =
2π

~

(
4πe2

κ

)2 ~4

8

∫
dqdk12

(2π~)6

×

{
Bcc(k, 1

2 [(k− q + k12])Bch(q, 1
2 [(k− q− k12])

|12 [k + q− k12]|4

−
D(k, 1

2 [k− q− k12],q, 1
2 [k− q + k12])

|12 [k + q− k12]|2|12 [k + q + k12]|2

}

× δ

[
Ec(k)− Ec

(
1

2
[k− q− k12]

)
− Ec

(
1

2
[k− q + k12]

)
− Eh(q) −Eg

]
[1− fh], (7)

£¤¥ fh — äã­ªæ¨ï à á¯à¥¤¥«¥­¨ï ¤«ï ¤ëà®ª, e —
§ àï¤ í«¥ªâà®­ , κ — ¤¨í«¥ªâà¨ç¥áª ï ¯à®­¨æ ¥-
¬®áâì. � (7) ã¦¥ ãçâ¥­ § ª®­ á®åà ­¥­¨ï ¨¬¯ã«ì-
á ,   â ª¦¥ á¤¥« ­  § ¬¥­  q1 = 1

2 [k− q + k12],
q2 = 1

2 [k− q− k12; ¬­®¦¨â¥«ì (1/8) — ïª®¡¨ ­ 

¯¥à¥å®¤  ª ­®¢ë¬ ¯¥à¥¬¥­­ë¬ ¨­â¥£à¨à®¢ ­¨ï, h —
¯®áâ®ï­­ ï �« ­ª , ¤¥«¥­­ ï ­  2π. �¥«¨ç¨­ë

Bcc(k,q1), Bch(q,q2), D(k,q2,q,q1) — ¨­â¥£à «ë

¯¥à¥ªàëâ¨ï ¬¥¦¤ã ¡«®å®¢áª¨¬¨  ¬¯«¨âã¤ ¬¨ à §-
«¨ç­ëå ¯®¤§®­ §®­ë ¯à®¢®¤¨¬®áâ¨ ¨ ¢ «¥­â­®© §®­ë

âï¦¥«ëå ¤ëà®ª.
� ¢ëà ¦¥­¨¨ (7) ­¥ ãç¨âë¢ îâáï íää¥ªâë íªà -

­¨à®¢ ­¨ï, â ª ª ª ¯à¥¤¯®« £ ¥âáï, çâ® å à ªâ¥à­ë©
¨¬¯ã«ìá ¯¥à¥¤ ç¨K ¤«ï ¤ ­­®£® ¯à®æ¥áá  §­ ç¨â¥«ì-
­® ¯à¥¢ëè ¥â ¨á¯ã«ìá íªà ­¨à®¢ ­¨ï (|K| > qF ).
�ã¤¥¬ ¯à¥¤¯®« £ âì ¤«ï ­ ç « , çâ® â¥¬¯¥à âãà 

¤ëà®ª Th = 0. �ë¯®«­¨¬ à áç¥â ¤«ï á«ãç ï, ª®-
£¤  áà¥¤­ïï í­¥à£¨ï ­®á¨â¥«¥© ¢ §®­¥ ¯à®¢®¤¨¬®áâ¨

Ē � Eg. �®£¤  ç¨á«® í«¥ªâà®­®¢ á ¡®«ìè®© í­¥à£¨¥©,
á¯®á®¡­ëå ¯à®¨§¢®¤¨âì ã¤ à­ãî ¨®­¨§ æ¨î, ¬ «® ¨
¡ëáâà® á¯ ¤ ¥â á ¥¥ à®áâ®¬ (á¬., ­ ¯à¨¬¥à, [13]),
¯®íâ®¬ã ¯à®æ¥áá ã¤ à­®© ¨®­¨§ æ¨¨ ¡ã¤¥â ®¯à¥¤¥-
«ïâìáï í«¥ªâà®­ ¬¨ á ¨¬¯ã«ìá ¬¨ ¨§ ®¡« áâ¨, ­¥¯®-
áà¥¤áâ¢¥­­® ¡«¨§ª®© ª ¯®à®£ã,

k − ki � ki. (8)

� ª¦¥ ¡ã¤¥¬ áç¨â âì, çâ® qF > qT ¨ ¢ë¯®«­ï¥âáï

­¥à ¢¥­áâ¢® (2).
�ç¨âë¢ ï ãá«®¢¨¥ (8), ¯®¤áâ ¢¨¬ ¢ (7) ¢á¥ ¢¥-

«¨ç¨­ë, ¢ëç¨á«¥­­ë¥ ¯à¨ ¯®à®£®¢ëå §­ ç¥­¨ïå ¯ -
à ¬¥âà®¢ ¤«ï ¨®­¨§ æ¨¨ á ãà®¢­ï �¥à¬¨ F ,    à-
£ã¬¥­â δ-äã­ªæ¨¨ à §«®¦¨¬ ¯® ¨¬¯ã«ìá ¬ ¢ íâ®©

¯®à®£®¢®© â®çª¥, áç¨â ï ®âª«®­¥­¨ï ®â ¯®à®£®¢ëå

§­ ç¥­¨© ¬ «ë¬¨. �«ï § ¯¨á¨ ¢¥«¨ç¨­ Bch, Bcc ¨ D
¢®á¯®«ì§ã¥¬áï à¥§ã«ìâ â ¬¨ à ¡®â [2,3]

Bcc(k,q1) = 4/3,

Bch(q2,q) =
3[q2,q]2

4mcq2Eg
, (9)

D = F (k2)
{

[k,q]2 − [k,k12]2
}
. (10)

�¢­ë© ¢¨¤ äã­ªæ¨¨ F (k2) ­ ¬ ­¥ ¯®âà¥¡ã¥âáï, â ª
ª ª ¢ª« ¤ ç«¥­ , ¯à®¯®àæ¨®­ «ì­®£® D, ¢ ¢¥à®ïâ-
­®áâì ®¡à é ¥âáï ¢ ­ã«ì ¢ à¥§ã«ìâ â¥ ¨­â¥£à¨à®¢ -
­¨ï ¯® ã£« ¬.
� ¯¨è¥¬ ¨­â¥£à «, ®¯à¥¤¥«ïîé¨© ¢¥à®ïâ­®áâì

ã¤ à­®© ¨®­¨§ æ¨¨, ¢ á¤¥« ­­ëå ¯à¥¤¯®«®¦¥­¨ïå

W (k) =
2π

h

(4πe2

κ

)2 h4

2(ki + qF )4

∫
q>qF

dq

(2πh)3

∫
dk12

(2πh)3

×

[
1

mcq
2
FEg

{
[k,q]− [k12,q]

}2

− 4F (k2)
{

[k,q]2

− [k,k12]2
}]
δ

[
vic(k − ki)− v

F
h (q − qF )

−
(k− q)2

4mc
−

k2
12

4mc
+

(ki − qF )2

4mc

]
, (11)

£¤¥ vic = ∂Ec(k)/∂k ¯à¨ k = ki, v
F
h = ∂Eh(q)/∂q ¯à¨

q = qF .
�®á«¥ ¨­â¥£à¨à®¢ ­¨ï (11) à¥§ã«ìâ â ¬®¦­® § ¯¨-

á âì ¢ ¢¨¤¥

W (k) =
e4

5πh3Egq4
Fκ2

[
4m2

c(v
i
s − v

F
h )2 + 4mcv

i
c∆k

]3
×

{
5π

32
−
p

6
(1− p2)5/2 −

5

24
p(1− p2)3/2

−
5

16
p(1− p2)1/2 −

5

16
arcsin(p)

}
, (12)

£¤¥ ∆k = k − ki,

p =

(
1 +

vic∆k

mc(vis − v
F
h )2

)−1/2

, (13)

vis = (ki − qF )/2mc — áª®à®áâì ­¨§ª®í­¥à£¥â¨ç¥áª¨å

í«¥ªâà®­®¢ ¢ ¯®à®£®¢®© â®çª¥ ¤«ï ¨®­¨§ æ¨¨ á ãà®¢­ï

�¥à¬¨ (á¬. (5)). �«¥¤ã¥â ­ ¯®¬­¨âì, çâ® ¢ â®çª¥

®¡ëç­®£® ¯®à®£  (qF = qT ) ¢ë¯®«­ï¥âáï ãá«®¢¨¥

vis = vFh [12], ¯®íâ®¬ã à §­®áâì vis − v
F
h å à ªâ¥à¨§ã¥â

®âå®¤ ãà®¢­ï �¥à¬¨ ®â ãà®¢­ï, á®®â¢¥âáâ¢ãîé¥£®
®¡ëç­®¬ã ¯®à®£®¢®¬ã §­ ç¥­¨î ¤«ï âï¦¥«®© ¤ëàª¨

¢ ¤ ­­®¬ ¯à®æ¥áá¥. � ¬¥â¨¬, çâ® ¤«ï á«ãç ï, ª®£¤ 
qF > qT , ¢¥«¨ç¨­  vis − vFh ¬¥­ìè¥ ­ã«ï. �à ä¨ª
§ ¢¨á¨¬®áâ¨ vis − vFh ®â ¢¥«¨ç¨­ë ¨¬¯ã«ìá  �¥à¬¨

âï¦¥«®© ¤ëàª¨ ¯à¨¢¥¤¥­ ­  à¨á. 3. � ¬¥â¨¬, çâ® ¨§
à ¢¥­áâ¢  vis = vFh á«¥¤ã¥â kT = qT (1 + 2mc/mh).
�ª®­ç â¥«ì­®¥ ¢ëà ¦¥­¨¥ (12) ¬®¦¥â ¡ëâì ã¯à®-

é¥­® ¢ ¤¢ãå ¯à¥¤¥«ì­ëå á«ãç ïå.
1) �á«¨ vic∆k � mc(v

i
s − v

F
h )2, ¨§ (12) ¯®«ãç¨¬

W1(k) =
64m

5/2
c e4(vic)

7/2

105πh3Egq
4
Fκ2(vFh − v

i
s)

(k − ki)
7/2. (14)
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�¨á. 3. � ¢¨á¨¬®áâ¨ vis−v
F
h ®â ¢¥«¨ç¨­ë ¨¬¯ã«ìá  �¥à¬¨

âï¦¥«®© ¤ëàª¨ qF . mc/mh: 1 — 0.05, 2 — 0.01, 3 — 0.001.
�¥«¨ç¨­  vis − v

F
h ¯à¨¢¥¤¥­  ¢ ¥¤¨­¨æ å qg/mc, ¨¬¯ã«ìá

�¥à¬¨ — ¢ ¥¤¨­¨æ å qg = (2mcEg)
1/2.

2) �á«¨ vic∆k � mc(v
i
s − v

F
h )2, ¨¬¥¥¬

W2(k) =
2m3

ce
4(vic)

3

3h3Egq
4
Fκ2

(k − ki)
3. (15)

�®£¤  ãà®¢¥­ì �¥à¬¨ á®¢¯ ¤ ¥â á ãà®¢­¥¬ ®¡ëç-
­®£® ¯®à®£ , vis = vFh ¨ ãá«®¢¨¥ ¤«ï ¯à¨¬¥­¨¬®áâ¨

ä®à¬ã«ë (15) ¢ë¯®«­ï¥âáï ¯à¨ «î¡®¬ ∆k > 0,
¯®íâ®¬ã ¢ëà ¦¥­¨¥ (15) ®áâ ¥âáï ¢ á¨«¥ ¨ ¤«ï íâ®£®
á«ãç ï. � ª ï § ¢¨á¨¬®áâì ¢¥à®ïâ­®áâ¨ ã¤ à­®© ¨®-
­¨§ æ¨¨ ®â í­¥à£¨¨ ¨®­¨§ãîé¥£® í«¥ªâà®­  á®®â¢¥â-
áâ¢ã¥â ¨ ­¥¢ëà®¦¤¥­­®© áâ â¨áâ¨ª¥ [14]. �®¤®¡­ ï

§ ¢¨á¨¬®áâì ¨¬¥¥â ¬¥áâ® ¨ ¢  ­¨§®âà®¯­®¬ á«ãç ¥

¤«ï í«¥ªâà®­  á ®¯à¥¤¥«¥­­ë¬ ­ ¯à ¢«¥­¨¥¬ ¨¬-
¯ã«ìá  [15]. �®¤ç¥àª­¥¬, ®¤­ ª®, çâ® ª®íää¨æ¨¥­â ¢
(15) ¢¤¢®¥ ¬¥­ìè¥, ç¥¬ ¢  ­ «®£¨ç­®¬ ¢ëà ¦¥­¨¨ ¤«ï
­¥¢ëà®¦¤¥­­®© áâ â¨áâ¨ª¨ ¤ëà®ª, ¯®áª®«ìªã ¯à¨

¯®«­®áâìî § ­ïâ®© ¢ «¥­â­®© §®­¥ ¨®­¨§ æ¨ï ¨¤¥â

¨§ á®áâ®ï­¨© ª ª ­ ¤, â ª ¨ ¯®¤ ¯®à®£®¬, â®£¤  ª ª
¢ ¢ëà®¦¤¥­­®¬ á«ãç¥ — â®«ìª® ¨§-¯®¤ ¯®¢¥àå­®áâ¨
�¥à¬¨.

�à¨ à áç¥â¥ ¢¥à®ïâ­®áâ¨ ã¤ à­®© ¨®­¨§ æ¨¨ ¯à¥¤-
¯®« £ «®áì, çâ® â¥¬¯¥à âãà  ¤ëà®ª Th = 0. �¤­ ª®

íâ¨ à¥§ã«ìâ âë ¬®£ãâ ®áâ ¢ âìáï á¯à ¢¥¤«¨¢ë¬¨ ¨

¢ ­¥ª®â®à®© ®¡« áâ¨ ¤ëà®ç­ëå â¥¬¯¥à âãà, ª®£¤ 
Th 6= 0. �¥«¨ç¨­  íâ®© ®¡« áâ¨ § ¢¨á¨â ®â ¯®«®¦¥­¨ï
¤ëà®ç­®£® ãà®¢­ï �¥à¬¨ ¨ í­¥à£¨¨ ¨®­¨§ãîé¥£®

í«¥ªâà®­ . � «¥¥ â¥¬¯¥à âãà  ¨§¬¥àï¥âáï ¢ í­¥à£¥-
â¨ç¥áª¨å ¥¤¨­¨æ å.

�«ï ¯®«ãç¥­¨ï ãá«®¢¨© ¯à¨¬¥­¨¬®áâ¨ ¢ëà ¦¥­¨ï

(12) ¯à¨ Th 6= 0 ®æ¥­¨¬ ¢¥à®ïâ­®áâì ã¤ à­®© ¨®-
­¨§ æ¨¨ ∆W (k) í«¥ªâà®­®¬ á ¨¬¯ã«ìá®¬ k á®áâ®-
ï­¨© ¨§ ®¡« áâ¨ ¯®àï¤ª  ¤ëà®ç­®© â¥¬¯¥à âãàë ¢

®ªà¥áâ­®áâ¨ ãà®¢­ï �¥à¬¨ F . �«ï íâ®£® ¯à®¢¥¤¥¬

¨­â¥£à¨à®¢ ­¨¥ ¯® ¨¬¯ã«ìáã âï¦¥«®© ¤ëàª¨ ¢ ¯à¥-
¤¥« å ®â qF ¤® qF + ∆q, £¤¥ ∆q — ¨¬¯ã«ìá, á®®â¢¥â-
áâ¢ãîé¨© â¥¬¯¥à âãà­®¬ã à §¬ëâ¨î ãà®¢­ï �¥à¬¨

(∆q ∼ mhTh/qF ), ¨ ¯®âà¥¡ã¥¬, çâ®¡ë íâ  ¢¥à®ïâ­®câì
¡ë«  ¬­®£® ¬¥­ìè¥ ¯®«ãç¥­­®© ¢¥à®ïâ­®áâ¨ (12).
�®£¤  ¯®«ãç¨¬

1

6
d(1− d2)5/2 +

5

24
d(1− d2)3/2

+
5

16
d(1− d2)1/2 +

5

16
arcsin(d)�

5

32
π,

(16)

£¤¥

d =
∆q + 2mc(v

F
h − v

i
s)(

4m2
c(v

F
h − v

i
s)

2 + 4mcvic∆k
)1/2

.

�ë¤¥«¥­¨¥ íâ®£® ãá«®¢¨ï ®¡¥á¯¥ç¨¢ ¥â ¯à¨¬¥­¨¬®áâì

(12) ¤«ï ®¯¨á ­¨ï ¢¥à®ïâ­®áâ¨ ã¤ à­®© ¨®­¨§ æ¨¨

í«¥ªâà®­ ¬¨ á®áâ®ï­¨© ¢ §®­¥ âï¦¥«ëå ¤ëà®ª, à á-
¯®«®¦¥­­ëå ­¨¦¥ ãà®¢­ï ä¥à¬¨, ª®£¤  Th 6= 0. �­®
á¢ï§ë¢ ¥â â¥¬¯¥à âãàã ¤ëà®ª Th, ¯®«®¦¥­¨¥ ãà®¢­ï
�¥à¬¨ F ¨ í­¥à£¨¨ ¨®­¨§ãîé¥£® í«¥ªâà®­  νic = ∆k,
®âáç¨â ­­ãî ®â ¯®à®£ .
�á«®¢¨¥ (16) ¬®¦¥â ¡ëâì ã¯à®é¥­® ¢ ¯à¥¤¥«ì­ëå

á«ãç ïå.
1). �à¨ vic∆k � 4mc(v

F
h − vis)

2 ­¥à ¢¥­áâ¢® (16)
¬®¦­® ¯¥à¥¯¨á âì ¢ ¢¨¤¥

Th �

[
mc

mh

]
(vFh − v

i
s)

vFh
F

vic∆k

mc(vFh − v
i
s)

2
. (17)

�à¨ ¢ë¯®«­¥­¨¨ (17) á¯à ¢¥¤«¨¢® ¢ëà ¦¥­¨¥ (14).
2). �à¨ vic∆k � 4mc(v

F
h − v

i
s)

2 (16) ¬®¦­® § ¯¨á âì
ª ª

Th �

[
mc

mh

]1/2

F

[
vic∆k

F

]1/2

. (18)

�à¨ ¢ë¯®«­¥­¨¨ (18) á¯à ¢¥¤«¨¢® ¢ëà ¦¥­¨¥ (15).
� ª íâ® ç áâ® ¡ë¢ ¥â (á¬., ­ ¯à¨¬¥à, [13]),

í«¥ªâà®­ë, á¯®á®¡­ë¥ ¯à®¨§¢®¤¨âì ã¤ à­ãî ¨®­¨§ -
æ¨î, ®¯¨áë¢ îâáï äã­ªæ¨¥© à á¯à¥¤¥«¥­¨ï ¢ ¢¨¤¥

f ∼ exp{−E/T ∗}, £¤¥ T ∗ — íää¥ªâ¨¢­ ï â¥¬¯¥-
à âãà  í«¥ªâà®­®¢ ¢ å¢®áâ¥ äã­ªæ¨¨ à á¯à¥¤¥«¥-
­¨ï (T ∗ � Ei, Ei — ¯®à®£®¢ ï í­¥à£¨ï ¨®­¨§ãîé¨å

í«¥ªâà®­®¢), ¯à¨ íâ®¬ ®á­®¢­ ï ¬ áá  í«¥ªâà®­®¢,
¯à¨­¨¬ îé¨å ãç áâ¨¥ ¢ ã¤ à­®© ¨®­¨§ æ¨¨, ¨¬¥¥â
í­¥à£¨î, ®âáç¨â ­­ãî ®â ¯®à®£ , ¯®àï¤ª  T ∗. �®-
íâ®¬ã ãá«®¢¨ï ¤«ï í­¥à£¨¨ ¨®­¨§ãîé¥£® í«¥ªâà®­ 

vic∆k, ¯à¨ ª®â®àëå ¯®«ãç¥­ë ¢ëà ¦¥­¨ï (14) ¨ (15),
¬®¦­® ¯¥à¥¯¨á âì ¤«ï â¥¬¯¥à âãàë T ∗. �¤¥« ¥¬

íâ®, ¯à¥¤¯®« £ ï, çâ® vFh − vis ∼ vFh . �â® ¢¯®«­¥

®¯à ¢¤ ­®, â ª ª ª ¬ë à áá¬ âà¨¢ ¥¬ á«ãç ©, ª®£¤ 
¯®à®£®¢ ï í­¥à£¨ï ­¨§ª®í­¥à£¥â¨ç¥áª¨å í«¥ªâà®­®¢

¯à¨ ¨®­¨§ æ¨¨ á ãà®¢­ï �¥à¬¨ ¬­®£® ¬¥­ìè¥ è¨à¨­ë

é¥«¨.
�ëà ¦¥­¨¥ (14) ¡ã¤¥â ®¯¨áë¢ âì ¢¥à®ïâ­®áâì ã¤ à-

­®© ¨®­¨§ æ¨¨ í«¥ªâà®­ ¬¨ á®áâ®ï­¨© ¨§-¯®¤ ãà®¢­ï
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�¥à¬¨ ¢ §®­¥ âï¦¥«ëå ¤ëà®ª ¯à¨ qF > qT ¤«ï

á¨áâ¥¬ á â¥¬¯¥à âãà®© í«¥ªâà®­®¢ ¢ å¢®áâ¥ T ∗ ¨ â¥¬-
¯¥à âãà®© ¤ëà®ª Th, ã¤®¢«¥â¢®àïîé¨å á«¥¤ãîé¨¬

ãá«®¢¨ï¬:

Th � T ∗ � (8mc/mh)F ∼ (mc/mh)2Eg. (19)

�ëà ¦¥­¨¥ (15) ¡ã¤¥â ®¯¨áë¢ âì ¢¥à®ïâ­®áâì ã¤ à-
­®© ¨®­¨§ æ¨¨ á®áâ®ï­¨© ¨§-¯®¤ ãà®¢­ï �¥à¬¨ ¢ §®­¥
âï¦¥«ëå ¤ëà®ª ¯à¨ qF > qT , ª®£¤ 

Th � [(mc/mh)FT ∗]1/2 ∼ (mc/mh)(EgT
∗)1/2,

(8mc/mh)F � T ∗ � Eg. (20)

�®£¤  qF = qT ¨ ª ª á«¥¤áâ¢¨¥ vFh − vis = 0,
¢¥à®ïâ­®áâì ã¤ à­®© ¨®­¨§ æ¨¨ ®¯¨áë¢ ¥âáï â®«ìª®

¢ëà ¦¥­¨¥¬ (15), ¯à¨ íâ®¬ ¢ ãá«®¢¨ïå (20) ¢â®à®¥
­¥à ¢¥­áâ¢® á¢®¤¨âáï â®«ìª® ª T ∗ � Eg.

� § ª«îç¥­¨¥ á¤¥« ¥¬ § ¬¥ç ­¨¥ ®â­®á¨â¥«ì­® ¨á-
¯®«ì§®¢ ­¨ï ¯®«ãç¥­­ëå à¥§ã«ìâ â®¢ ¤«ï ¯®¤áç¥â 

áª®à®áâ¨ ã¤ à­®© ¨®­¨§ æ¨¨. �à¨ íâ®¬ á«¥¤ã¥â ¨¬¥âì
¢ ¢¨¤ã, çâ® íâ  áª®à®áâì § ¢¨á¨â ª ª ®â ¢¥à®ïâ­®áâ¨
ã¤ à­®© ¨®­¨§ æ¨¨ í«¥ªâà®­®¬ á í­¥à£¨¥© E, â ª

®â ¢¥à®ïâ­®áâ¨ â®£®, çâ® á®áâ®ï­¨¥ á íâ®© í­¥à£¨¥©

§ ­ïâ® í«¥ªâà®­®¬. �®íâ®¬ã ¢ëà ¦¥­¨¥ (12) ¬®¦¥â
¡ëâì ¨á¯®«ì§®¢ ­® ¤«ï ¯®¤áç¥â  áª®à®áâ¨ ã¤ à­®©

¨®­¨§ æ¨¨ â®«ìª® ¢ â®¬ á«ãç ¥, ª®£¤  ®á­®¢­®© ¢ª« ¤
¢ íâ®â ¯à®æ¥áá ¢­®áïâ ¯¥à¥å®¤ë ¢ §®­ã ¯à®¢®¤¨¬®áâ¨

í«¥ªâà®­®¢ ¨§ á®áâ®ï­¨© ¢ ¢ «¥­â­®© §®­¥, à á¯®«®-
¦¥­­ëå £«ã¡¦¥, ç¥¬ ãà®¢¥­ì �¥à¬¨. �â® § ¢¨á¨â ®â
á®®â­®è¥­¨© ¬¥¦¤ã ¨¬¯ã«ìá®¬ qF , ¯®à®£®¢ë¬ §­ ç¥-
­¨¥¬ qF ¨ â¥¬¯¥à âãà ¬¨ í«¥ªâà®­®¢ T ∗ ¨ ¤ëà®ª Th.

1) �á«¨ (q2
F − q

2
T )/2mh � Th, â® ®¡« áâì ¯à¨¬¥­¨-

¬®áâ¨ ¢ëà ¦¥­¨ï (12) ¤«ï ¯®¤áç¥â  áª®à®áâ¨ ã¤ à­®©
¨®­¨§ æ¨¨ ®¯à¥¤¥«ï¥âáï ­¥à ¢¥­áâ¢®¬ (16).

2) �á«¨ (q2
F − q2

T )/2mh � Th, â® ¯®¬¨¬®

­¥à ¢¥­áâ¢  (16) ­¥®¡å®¤¨¬® ¢ë¯®«­¥­¨¥ ãá«®¢¨ï

T ∗ � Th(mh/mc)(ki − kT )/(qF − qT ). �à¨ íâ®¬, ¥á«¨
¢®á¯®«ì§®¢ âìáï ¯ à ¡®«¨ç¥áª®©  ¯¯à®ªá¨¬ æ¨¥© ¢

®¡« áâ¨ ¢ë¯®«­¥­¨ï ­¥à ¢¥­áâ¢  (2) ¤«ï § ¢¨á¨¬®áâ¨
ki ®â qF (à¨á. 2)

ki(qF ) ≈ qT (1 + 2mc/mh) + (qF − qT )2/qg, (21)

â® ¤ ­­®¥ ãá«®¢¨¥ ¬®¦­® § ¯¨á âì ¢ ¢¨¤¥

T ∗ � Th(mh/mc)(qF − qT )/qg, (22)

£¤¥ q2
g = 2mcEg.

� ¡®â  ¡ë«  ç áâ¨ç­® ¯®¤¤¥à¦ ­  £à ­â ¬¨ �®á-
á¨©áª®£® ä®­¤  äã­¤ ¬¥­â «ì­ëå ¨áá«¥¤®¢ ­¨© ¨

�¥¦¤ã­ à®¤­®£® ­ ãç­®£® ä®­¤ ,   â ª¦¥ £à ­â®¬

¢ ®¡« áâ¨ äã­¤ ¬¥­â «ì­®£® ¥áâ¥áâ¢®§­ ­¨ï �®áª®-
¬¨â¥â  �� ¯® ¢ëáè¥¬ã ®¡à §®¢ ­¨î.
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