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�±¸É· ¶µ²ÖÍ¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö
É·¨¶²¥É´µ£µ pp-· ¸¸¥Ö´¨Ö ¢ µ¡² ¸ÉÓ ´¨§±¨Ì Ô´¥·£¨°

�µ± § ´µ, ÎÉµ ¢ ¶·¥¤¥²¥ ´¨§±¨Ì Ô´¥·£¨° ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ É·¨¶²¥É-
´µ£µ pp-· ¸¸¥Ö´¨Ö, ¶µ·µ¦¤¥´´µ¥ ¸Ê³³µ° Ö¤¥·´µ£µ ¨ ³ £´¨É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨°
¢ ±Ê²µ´µ¢¸±µ³ ¶µ²¥ ¶·µÉµ´µ¢, ¡Ò¸É·µ µ¸Í¨²²¨·Ê¥É ¨ ¨³¥¥É ¶µ²Õ¸  ¢Éµ·µ£µ
¶µ·Ö¤±  ¢ ´ ¶· ¢²¥´¨¨ · ¸¸¥Ö´¨Ö ¢¶¥·¥¤ ¨ ´ § ¤. „²Ö Ô±¸É· ¶µ²ÖÍ¨¨ É ±µ£µ
¸¥Î¥´¨Ö ¢ µ¡² ¸ÉÓ Ô´¥·£¨° ´¨¦¥ 10 ŒÔ‚ ¶·¥¤²µ¦¥´µ ¶·µ¸Éµ¥ ´¨§±µÔ´¥·£¥É¨-
Î¥¸±µ¥ ¶·¨¡²¨¦¥´¨¥. �¡¸Ê¦¤ ÕÉ¸Ö ´µ¢Ò¥ Ö¢²¥´¨Ö (¶·µÉµ´-¶·µÉµ´´Ò¥  ´ ²µ£¨
ÔËË¥±Éµ¢ ŒµÉÉ  ¨ ˜¢¨´£¥· ).

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ ‹ ¡µ· Éµ·¨¨ É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ-
¡µ¢  �ˆŸˆ.
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Extrapolation of Differential Cross-Section
of Triplet pp Scattering to Low Energies

It is shown that in the low-energy limit the triplet pp-scattering differential
cross-section, generated by the sum of the nuclear and magnetic interactions in the
Coulomb ˇeld of the protons, oscillates rapidly and has the second-order poles in the
directions of forward and backward scattering. For the extrapolation of this cross-
section to a range of energies below 10 MeV, a simple low-energy approximation is
proposed. Novel phenomena (protonÄproton analogues of the Mott and Schwinger
effects) are discussed.

The investigation has been performed at the Bogoliubov Laboratory of Theoretical
Physics, JINR.
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� ¸ÉµÖÐ Ö · ¡µÉ  Å ¶·µ¤µ²¦¥´¨¥ ´ Ï¥£µ ¶·¥¤Ò¤ÊÐ¥£µ ¨¸¸²¥¤µ¢ ´¨Ö [1]
·µ²¨ ³ £´¨É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ³ É·¨¶²¥É´µ³ pp-· ¸-
¸¥Ö´¨¨. ‘ ÔÉµ° Í¥²ÓÕ ¨¸¶µ²Ó§Ê¥É¸Ö É  ¦¥ µ¡Ð¥¶·¨´ÖÉ Ö pp-³µ¤¥²Ó [2].
� ¶µ³´¨³ ¥¥.

� ¸¸¥Ö´¨¥ ¶·µÉµ´µ¢ µ¶¨¸Ò¢ ¥É¸Ö ¸É ´¤ ·É´Ò³ Ê· ¢´¥´¨¥³ ˜·¥¤¨´£¥·  c
¶µ²´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ V ca = V c+V a, ¸² £ ¥³µ¥ ±µÉµ·µ£µ V a Ê¡Ò¢ ¥É ¶·¨
r → ∞ ¡Ò¸É·¥¥ ±Ê²µ´µ¢¸±µ£µ ¶µÉ¥´Í¨ ²  V c(r) = mp(e/�)2/r = 1/rR, £¤¥
mp Å ³ ¸¸  ¶·µÉµ´ , e Å § ·Ö¤ Ô²¥±É·µ´ , r Å · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¶·µÉµ´ ³¨,
  R Å ¡µ·µ¢¸±¨° · ¤¨Ê¸ pp-¸¨¸É¥³Ò.

’¥µ·¥É¨Î¥¸±¨ ¢µ§³µ¦´Ò É·¨ ¸²ÊÎ Ö a = s, m, ms: ¢ ¶¥·¢µ³ ¸²ÊÎ ¥ a = s
¨ V a = V s Å ±µ·µÉ±µ¤¥°¸É¢ÊÕÐ¥¥ Ö¤¥·´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥, ¢µ ¢Éµ·µ³ ¸²Ê-
Î ¥ a = m ¨ V a = V m Å ³ £´¨É´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥, ´ ±µ´¥Í, ¢ É·¥ÉÓ¥³
¨ ´ ¨¡µ²¥¥ ·¥ ²¨¸É¨Î¥¸±µ³ ¸²ÊÎ ¥ a = ms ¨ V a = V ms = V m + V s Å
¸Ê¶¥·¶µ§¨Í¨Ö ³ £´¨É´µ£µ ¨ Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. Œ £´¨É´µ¥ ¢§ ¨³µ¤¥°-
¸É¢¨¥ V m Å ¸Ê³³  V m = V mt +V m�s É¥´§µ·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ³ £´¨É´ÒÌ
³µ³¥´Éµ¢ ¶·µÉµ´µ¢:

V mt ≡ bt
S12

r3
, bt ≡ −mp

�2
µ2

pµ
2
0, (1)

S12 ≡
[
3(s1 · r)(s2 · r) − r2(s1 · s2)

]
/(4r2)

¨ ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ³ £´¨É´µ£µ ³µ³¥´É  µ¤´µ£µ ¶·µÉµ´  ¸
Ô²¥±É·µ³ £´¨É´Ò³ ¶µ²¥³ ¤·Ê£µ£µ ¶·µÉµ´ :

V m�s = b�s
(l · s)

r3
, b�s ≡ −mp

�2
8µ2

0

(
µp − 1

4

)
. (2)

‡¤¥¸Ó µp Å ³ £´¨É´Ò° ³µ³¥´É ¶·µÉµ´  ¢ Ö¤¥·´ÒÌ ³ £´¥Éµ´ Ì µ0, s1 ¨ s2 Å
µ¶¥· Éµ·Ò ¸¶¨´µ¢ ¶·µÉµ´µ¢,   s ≡ s1 + s2, l ¨ j ≡ l + s Å µ¶¥· Éµ·Ò ¸¶¨´ 
Ê£²µ¢µ£µ ¨ ¶µ²´µ£µ ³µ³¥´Éµ¢ pp-¸¨¸É¥³Ò. „²Ö ¢ÒÎ¨¸²¥´¨° ¢ ± Î¥¸É¢¥ V s

¨¸¶µ²Ó§Ê¥É¸Ö ¢§ ¨³µ¤¥°¸É¢¨¥ �¨¤  ¸ ³Ö£±¨³ ±µ·µ³ [3].
�Ê¸ÉÓ k Å ¨³¶Ê²Ó¸, E = (k�)2/mp Å Ô´¥·£¨Ö,   θ ¨ ϕ Å Ê£²Ò · ¸-

¸¥Ö´¨Ö ¶·µÉµ´µ¢, q ≡ kR ¨ η ≡ 1/2q Å ¡¥§· §³¥·´Ò¥ ¶ · ³¥É·Ò, δc,a
�,j ,

εc,a
j ¨ dσc,a(θ; q) Å Ë §Ò, ¶ · ³¥É·Ò ¸³¥Ï¨¢ ´¨Ö ¨ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥-

Î¥´¨¥ dσc,a/(dθ sin θ) · ¸¸¥Ö´¨Ö, ¶µ·µ¦¤¥´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨¥³ V a ¢ ¶µ²¥
V c. ” §  δc,a

�,j · ¢´  · §´µ¸É¨ ³¥¦¤Ê ¶µ²´µ° Ë §µ° δca
�,j · ¸¸¥Ö´¨Ö ¸Ê¶¥·¶µ-

§¨Í¨¥° V c + V a ¨ ±Ê²µ´µ¢¸±µ° Ë §µ° δc
� . ” §Ò ¨ ¸¥Î¥´¨Ö δc,a

�,j ¨ dσc,a ¢
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¸²ÊÎ ÖÌ a = s, m, ms ´ §Ò¢ ¥³ ±Ê²µ´-Ö¤¥·´Ò³¨, ±Ê²µ´-³ £´¨É´Ò³¨ ¨ ±Ê²µ´-
³ £´¨É´µ-Ö¤¥·´Ò³¨.

� Ï  £² ¢´ Ö Í¥²Ó Å ¢µ¸¶µ²´¨ÉÓ ¨³¥ÕÐ¨°¸Ö ¢ ²¨É¥· ÉÊ·¥ ¶µ É¥µ·¨¨
´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ pp-· ¸¸¥Ö´¨Ö ¶·µ¡¥²,   ¨³¥´´µ: ¢Ò¢¥¸É¨ ¶·µ¸ÉÊÕ Ëµ·-
³Ê²Ê, ¶·¨£µ¤´ÊÕ ¤²Ö Ô±¸É· ¶µ²ÖÍ¨¨ ±Ê²µ´-³ £´¨É´µ-Ö¤¥·´µ£µ ¸¥Î¥´¨Ö dσc,ms

¢ µ¡² ¸ÉÓ ´¨§±¨Ì Ô´¥·£¨° (E < 10 ŒÔ‚) ¨ Ö¢´µ µ¶¨¸Ò¢ ÕÐÊÕ ¢¸¥ ´¨§±µÔ´¥·-
£¥É¨Î¥¸±¨¥ ¨ Ê£²µ¢Ò¥ µ¸µ¡¥´´µ¸É¨ É ±µ£µ ¸¥Î¥´¨Ö. „²Ö µ¡¸Ê¦¤¥´¨Ö ÔÉ¨Ì
µ¸µ¡¥´´µ¸É¥° ¶µÉ·¥¡ÊÕÉ¸Ö §´ ´¨Ö ÔËË¥±Éµ¢ ŒµÉÉ  [4] ¨ ˜¢¨´£¥·  [5].

�ËË¥±É ŒµÉÉ  [6] Å ¡Ò¸É·Ò¥ µ¸Í¨²²ÖÍ¨¨ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö
±Ê²µ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ¤¢ÊÌ Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í ¢ ¶·¥¤¥²¥ ´¨§±¨Ì Ô´¥·-
£¨°, µ¶¨¸Ò¢ ¥³Ò¥ ³´µ¦¨É¥²¥³ cos {2η ln [(ctg (θ/2)]}, £¤¥ θ Å Ê£µ² · ¸c¥Ö´¨Ö,
  η Å ¶ · ³¥É· ‡µ³³¥·Ë¥²Ó¤ .

�ËË¥±É ˜¢¨´£¥·  [7] Å ¡Ò¸É·Ò° ·µ¸É ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö · ¸-
¸¥Ö´¨Ö dσn ´¥°É·µ´  ´  ¡¥¸¸¶¨´µ¢µ³ Ö¤·¥ ¢ ¶·¥¤¥²¥ ³ ²ÒÌ Ê£²µ¢ · ¸¸¥Ö´¨Ö
(dσn ≈ const [ctg (θ/2]2, θ → 0), µ¡Ê¸²µ¢²¥´´Ò° ¸¶¨´-µ·¡¨É ²Ó´Ò³ ¢§ ¨³µ-
¤¥°¸É¢¨¥³ ³ £´¨É´µ£µ ³µ³¥´É  ´¥°É·µ´  ¸ Ô²¥±É·µ³ £´¨É´Ò³ ¶µ²¥³ Ö¤· .

1. ���‹ˆ‡ ‘…—…�ˆ‰

�·¨¸ÉÊ¶¨³ ± ¢Ò¢µ¤Ê ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì (q → 0) ¶·¨¡²¨¦¥´¨° ¸¥Î¥´¨°
dσc,a, a = s, m, ms. ‘µ£² ¸´µ É ¡². II · ¡µÉÒ [8]

dσc,a = π
[
(1/2) |M c,a

00 |2 + |M c,a
10 |2 + |M c,a

01 |2 + |M c,a
1,−1|2 + |M c,a

11 |2
]
, (3)

£¤¥  ³¶²¨ÉÊ¤Ò M c,a
nn′(ϕ, θ; q) Å ¡¥¸±µ´¥Î´Ò¥ ·Ö¤Ò, ¸µ¤¥·¦ Ð¨¥ ¶·¨¸µ¥¤¨´¥´-

´Ò¥ ¶µ²¨´µ³Ò ‹¥¦ ´¤·  Pn
� , � = 1, 3, . . ., ¨ ¶ ·Í¨ ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò

αc,a
�,j = exp (2iδc

�)
[
cos 2εc,a

j exp (2iδc,a
�,j ) − 1

]
, (4)

αc,a
j = i sin 2εc,a

j exp
{
i[δc,a

j+1,j + δc,a
j−1,j ]

}
.

� ¶·¨³¥·,

M c,a
10 = R

exp (−iϕ)√
2iq

∑
�=1,3,...

{
αc,a

�,�+1 − αc,a
�,�−1+

+
[
� + 2
� + 1

]1/2

αc,a
�+1 −

[
1 − 1

�

]1/2

αc,a
�−1

}
P 1

� (cos θ).

Š ¦¤Ò° ·Ö¤ M c,a
nn′ ¶·¥¤¸É ¢¨³ ¢ ¢¨¤¥

M c,a
nn′ = M c,a

nn′(j ≤ 2) + M c,a
nn′(j > 2), (5)
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£¤¥ ±µ´¥Î´ Ö ¶µ¤¸Ê³³  M c,a
nn′(j ≤ 2) Å ¢±² ¤ ¢  ³¶²¨ÉÊ¤Ê M c,a

nn′ µÉ pp-
¸µ¸ÉµÖ´¨° ¸ j ≤ 2,   ¡¥¸±µ´¥Î´Ò° ·Ö¤ M c,a

nn′(j > 2) Å ¢±² ¤ µÉ ¢¸¥Ì
µ¸É ²Ó´ÒÌ ¸µ¸ÉµÖ´¨°. Š ± ¨§¢¥¸É´µ [1], ¶·¨ E < 10 ŒÔ‚ ¢ ²Õ¡µ³ ¨§ ¸²ÊÎ ¥¢
a = s, m, ms ¢¸¥ ¶ · ³¥É·Ò δc,a

�,j ¨ εc,a
j ³´µ£µ ³¥´ÓÏ¥ ¥¤¨´¨ÍÒ, ¶µÔÉµ³Ê ¤²Ö

¢¸¥Ì ¶ ·Í¨ ²Ó´ÒÌ  ³¶²¨ÉÊ¤ (4) ¶µ² £ ¥³ αc,a
�,j ≈ 2i exp (2i δc

�) δc,a
�,j ¨ αc,a

j ≈ 0.
ˆ¸¸²¥¤Ê¥³ ±Ê²µ´-Ö¤¥·´µ¥ (a = s) · ¸¸¥Ö´¨¥. �·¨ q → 0 ¢¸¥ ±Ê²µ´-

Ö¤¥·´Ò¥ Ë §Ò ¡Ò¸É·µ Ê¡Ò¢ ÕÉ:

δc,s
�,j (q) ∼ q2�+1 exp (−πη). (6)

�µÔÉµ³Ê µ¸´µ¢´µ° ¢±² ¤ ¢  ³¶²¨ÉÊ¤Ò M c,s
nn′ ¤ ÕÉ pp-¸µ¸ÉµÖ´¨Ö ¸ j < 2 ¨

¢¥·´µ ¸É ´¤ ·É´µ¥ ¶·¨¡²¨¦¥´¨¥: M c,s
nn′ ≈ M c,s

nn′(j < 2). ‚ ÔÉµ³ ¶·¨¡²¨¦¥´¨¨
±Ê²µ´-Ö¤¥·´µ¥ ¸¥Î¥´¨¥ (3) · ¢´µ ¸Ê³³¥ dσc,a

2 , a = s,

dσc,a
2 ≡ π(R/q)2

{[
2

(
δc,a
1,0 + 2δc,a

1,2

)2 + 9
(
δc,a
1,1 + δc,a

1,2

)2
]
(cos θ)2 + (7)

+
[
(9/2)

(
δc,a
1,1 − δc,a

1,2

)2 + 2
(
δc,a
1,2 − δc,a

1,0

)2
]
(sin θ)2

}
.

‚ ÔÉµ° ¸Ê³³¥ ¤²Ö ¢¸¥Ì Ë § δc,s
�,j ¢¥·´µ ¶·¨¡²¨¦¥´¨¥ [1]

δc,s
1,j ≈ δ̄c,s

1,j ≡ −q3C2
1 (η)Ac,s

1,j

[
1 + hc(η)q3C2

1 (η)Ac,s
1,j

]
, (8)

£¤¥ hc(η), C2
1 (η) Å ¨§¢¥¸É´Ò¥ ±Ê²µ´µ¢¸±¨¥ ËÊ´±Í¨¨,   Ac,s

1,j Å ¢ÒÎ¨¸²¥´´Ò¥
¢ [1] ±Ê²µ´-Ö¤¥·´Ò¥ ¤²¨´Ò · ¸¸¥Ö´¨Ö ¢ ¸²ÊÎ ¥ ¢§ ¨³µ¤¥°¸É¢¨Ö �¨¤  ¸ ³Ö£±¨³
±µ·µ³.

ˆ¸¸²¥¤Ê¥³ ±Ê²µ´-³ £´¨É´µ¥ · ¸¸¥Ö´¨¥ (a = m) ¢ ¸²ÊÎ ¥ V m = V m�s,
±µ£¤  ¢¸¥ Ë §Ò δc,m

�,j ¨³¥ÕÉ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨¥  ¸¨³¶ÉµÉ¨±¨ [1,9]

δ̃c,m
�,j (q) = [j(j + 1) − �(� + 1) − s(s + 1)] τ�(q) , (9)

τ�(q) ≡ −q
b�s

R

2� + 1 − η[π − 2Im ψ(� + 1 + iη)]
2�(� + 1)(2� + 1)

,

£¤¥ s = 1,   ψ Å ¶¸¨-ËÊ´±Í¨Ö. �µ·´µ¢¸±µ¥ ¶·¨¡²¨¦¥´¨¥ Ë § δc,m
�,j ≈ δ̃c,m

�,j

¶µ·µ¦¤ ¥É ¡µ·´µ¢¸±µ¥ ¶·¨¡²¨¦¥´¨¥  ³¶²¨ÉÊ¤: Mnn′ ≈ M̃ c,m
nn′ . ’ ± ± ± ¨§

¶ÖÉ¨  ³¶²¨ÉÊ¤ M̃ c,m
nn′ ´¥ · ¢´Ò ´Ê²Õ Éµ²Ó±µ ¤¢¥:

M̃ c,m
10 = −

[
M̃ c,m

01

]∗
=

√
2b�s exp (−iϕ) [g(θ; q) + g(π − θ; q)] , (10)

g(θ; q) ≡
∑

�=1,2,...

exp [2iδc
�(q)]τ�(q)P 1

� (cos θ),

Éµ ¸¥Î¥´¨¥ (3), a = m,  ¶¶·µ±¸¨³¨·Ê¥É¸Ö Ëµ·³Ê²µ°

dσc,m ≈ dσ̃c,m ≡ 2π|M̃ c,m
10 |2. (11)
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‘É ·Ï¥¥ ¸² £ ¥³µ¥ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ°  ¸¨³¶ÉµÉ¨±¨ ¢¸¶µ³µ£ É¥²Ó´µ£µ ·Ö¤ 
g ´ °¤¥³ ¸¶µ¸µ¡µ³, ¶µ¤·µ¡´µ µ¶¨¸ ´´Ò³ ¢ [10]. C´ Î ²  Ê¡¥¤¨³¸Ö ¢ Éµ³,
ÎÉµ ÔÉµ ¸² £ ¥³µ¥ ¶µ·µ¦¤ ¥É¸Ö ¶µ¤¸Ê³³µ° ·Ö¤  g ¸ ¡µ²ÓÏ¨³¨ � � η. ‡ É¥³ ¢
ÔÉµ° ¶µ¤¸Ê³³¥ § ³¥´¨³ ±Ê²µ´µ¢¸±¨¥ Ë §Ò ¨ ¶µ²¨´µ³Ò ¸É ·Ï¨³¨ ¸² £ ¥³Ò³¨
¨Ì  ¸¨³¶ÉµÉ¨± ¶·¨ � → ∞, ¶µ²ÊÎ¥´´Ò° ·Ö¤  ¶¶·µ±¸¨³¨·Ê¥³ ¨´É¥£· ²µ³ ¶µ
�,  ¸¨³¶ÉµÉ¨±Ê ¨´É¥£· ²  µ¶·¥¤¥²¨³ ³¥Éµ¤µ³ ¸É Í¨µ´ ·´µ° Ë §Ò. ’µÎ±  ¸É -
Í¨µ´ ·´µ° Ë §Ò �0 ∼ η ctg (θ/2), ¶µÔÉµ³Ê  ¸¨³¶ÉµÉ¨±  ·Ö¤  g µ¶·¥¤¥²Ö¥É¸Ö
¥£µ ¸² £ ¥³Ò³¨ ¸ ¡µ²ÓÏ¨³¨ ´µ³¥· ³¨ � ∼ �0. ‡ ³¥´¨¢ ¢ (10) ·Ö¤ g ¥£µ
´ °¤¥´´µ°  ¸¨³¶ÉµÉ¨±µ°, ¶µ²ÊÎ¨³ Ö¢´Ò¥ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨¥  ¸¨³¶ÉµÉ¨±¨
 ³¶²¨ÉÊ¤ M̃10 ¨ M̃01:

M̃ c,m
10 = −

[
M̃ c,m

01

]∗
∼

[
i2−1/2 exp (−iϕ)

]
b�s exp [iω(η)] [α(θ)+α(π−θ) ] , (12)

£¤¥ ¶µ µ¶·¥¤¥²¥´¨Õ ω(η) ≡ 2η(ln η − 1),  

α(θ) ≡ t(θ)

[sin (θ/2)]2iη , t(θ) ≡ 2ctg (θ/2) + θ − π

1 + cos θ
. (13)

‘µ£² ¸´µ (11)Ä(13) ¸¥Î¥´¨¥ dσc,m ¨³¥¥É ´¨§±µÔ´¥·£¥É¨Î¥¸±ÊÕ  ¸¨³¶ÉµÉ¨±Ê

dσc,m ≈ dσ̃c,m ∼ π|b�s|2
(
|t(θ)|2 + |t(π − θ)|2

)
+ (14)

+ 2π|b�s|2 cos {2ηln [tg (θ/2)]} t(θ)t(π − θ) .

�É   ¸¨³¶ÉµÉ¨±  ¨§-§  ³µÉÉµ¢¸±µ£µ ³´µ¦¨É¥²Ö cos {2η ln [tg (θ/2)]} ¡Ò¸É·µ
µ¸Í¨²²¨·Ê¥É,   ¨§-§  ËÊ´±Í¨° t(θ) ¨ t(π − θ) ´¥µ£· ´¨Î¥´´µ ¢µ§· ¸É ¥É ¶·¨
θ → 0 ¨ θ → π ± ± |ctg (θ/2)|2 ¨ |tg (θ/2)|2. ’ ± ± ±  ¸¨³¶ÉµÉ¨±Ê ·Ö¤  g
µ¶·¥¤¥²ÖÕÉ ¥£µ ¸² £ ¥³Ò¥ c � ∼ �0 ∼ η ctg (θ/2), Éµ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ
µ¸´µ¢´µ° ¢±² ¤ ¢ ´¥´Ê²¥¢Ò¥  ³¶²¨ÉÊ¤Ò M̃ c,m

10 , M̃ c,m
01 , ¢ ¸¥Î¥´¨¥ dσc,m ¨

¥£µ ¶·¨¡²¨¦¥´¨¥ dσ̃c,m ¤ ÕÉ pp-¸µ¸ÉµÖ´¨Ö ¸ ¡µ²ÓÏ¨³¨ ¶µ²´Ò³¨ ³µ³¥´É ³¨
j ∼ �0.

ˆ¸¸²¥¤Ê¥³ ±Ê²µ´-³ £´¨É´µ-Ö¤¥·´µ¥ · ¸¸¥Ö´¨e (a = ms). Š ± ¡Ò²µ ¶µ-
± § ´µ ¢ [1], ¤²Ö ±µ··¥±É´µ£µ µ¶¨¸ ´¨Ö Ë § δc,ms

�,j ¢ µ¡² ¸É¨ ´¨§±¨Ì Ô´¥·£¨°
´ ·Ö¤Ê ¸ Ö¤¥·´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ V s ¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ µ¡  ³ £´¨É´ÒÌ ¢§ -
¨³µ¤¥°¸É¢¨Ö V mt ¨ V m�s, ¥¸²¨ j < 2,   ¢ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ ¤µ¸É ÉµÎ´µ
ÊÎ¨ÉÒ¢ ÉÓ Éµ²Ó±µ ¢§ ¨³µ¤¥°¸É¢¨¥ V m�s. �µÔÉµ³Ê ¶·¨ j < 2 ¨¸¶µ²Ó§Ê¥³ ÉµÎ-
´Ò¥ Ë §Ò δc,ms

�,j , ¶µ·µ¦¤¥´´Ò¥ ¸Ê³³µ° V s+V mt+V m�s,   ¶·¨ j > 2 ¶µ² £ ¥³

δc,ms
�,j = δc,m

�,j ≈ δ̃c,m
�,j , £¤¥ δ̃c,m

�,j Å ¶·¨¡²¨¦¥´¨Ö (9) Ë § δc,m
�,j , ¶µ·µ¦¤¥´´ÒÌ ¢§ -

¨³µ¤¥°¸É¢¨¥³ V m�s. ‘²¥¤µ¢ É¥²Ó´µ, M c,ms(j > 2) ≈ M̃ c,m(j > 2), ¶µÔÉµ³Ê
· §¡¨¥´¨Ö (5) ¶·¨¡²¨¦ ÕÉ¸Ö ¸Ê³³ ³¨

M c,ms
nn′ ≈ M c,ms

nn′ (j ≤ 2) + M̃ c,m
nn′ (j > 2) . (15)
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Š ± ¡Ò²µ ¶µ± § ´µ ¢ÒÏ¥, M̃ c,m
nn′ (j > 2) = 0, ¥¸²¨ |n| = |n′|,   µ¸´µ¢´µ° ¢±² ¤

¢ ´¥´Ê²¥¢Ò¥ ·Ö¤Ò M̃ c,m
10 ¨ M̃ c,m

01 ¤ ÕÉ pp-¸µ¸ÉµÖ´¨Ö c ¡µ²ÓÏ¨³¨ j. �µÔÉµ³Ê
¶µ¤¸Ê³³Ò M̃ c,m

10 (j > 2) ¨ M̃ c,m
01 (j > 2) ÔÉ¨Ì ·Ö¤µ¢ ¨³¥ÕÉ É¥ ¦¥ ´¨§±µÔ´¥·£¥-

É¨Î¥¸±¨¥  ¸¨³¶ÉµÉ¨±¨ (12). ‚ ¸¨²Ê ¶¥·¥Î¨¸²¥´´ÒÌ ¸¢µ°¸É¢  ³¶²¨ÉÊ¤ M̃ c,ms
nn′

¶·¥¤¸É ¢²¥´¨Õ (15) ¸µµÉ¢¥É¸É¢Ê¥É ¶·¨¡²¨¦¥´¨¥ ¸¥Î¥´¨Ö (3):

dσc,ms ≈ dσ̃c,ms ≡ dσ̃c,m + dσint + dσc,ms
2 , (16)

£¤¥ dσc,ms
2 ¨ dσ̃c,m Å ¸¥Î¥´¨Ö (7) ¨ (14),   ¨´É¥·Ë¥·¥´Í¨µ´´µ¥ ¸¥Î¥´¨¥

dσint ≡ πb�s(R/q)
[
2(δc,ms

1,2 − δc,ms
1,0 ) +

√
3(δc,ms

1,1 − δc,ms
1,2 )

]
γint (17)

§ ¢¨¸¨É µÉ Ê£²  · ¸¸¥Ö´¨Ö θ ± ± ËÊ´±Í¨Ö

γint ≡ sin {2η ln [sin (θ/2)]} t(θ) cos (θ/2) + (18)

+ sin {2η ln [cos (θ/2)]} t(π − θ) sin (θ/2) .

‚ ¶·¥¤¥²¥ q → 0 ¢±² ¤Ò ¢ ¸¥Î¥´¨¥ (16) É ±µ¢Ò, ÎÉµ

dσ̃c,m = O(b2
�s) 	= 0, dσint = O[b�s(bt + b�s)q2], dσc,ms

2 = O[(bt + b�s)2q4] . (19)

‚±² ¤ dσ̃c,m µ¸Í¨²²¨·Ê¥É ¨ c¨´£Ê²Ö·¥´ ¶·¨ θ = 0, π; ¢±² ¤ dσint µ¸Í¨²²¨·Ê¥É,
´µ ´¥¸¨´£Ê²Ö·¥´; ¢±² ¤ dσc,ms

2 ´¥¸¨´£Ê²Ö·´Ò° ¨ ´¥ µ¸Í¨²²¨·Ê¥É. �µÔÉµ³Ê
¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¸¥Î¥´¨¥ dσc,ms ¨³¥¥É µ¸µ¡¥´´µ¸É¨: µ´µ ¸² ¡µ § ¢¨¸¨É
µÉ Ô´¥·£¨¨, ´¥µ£· ´¨Î¥´´µ · ¸É¥É ¢ ´ ¶· ¢²¥´¨¨ · ¸¸¥Ö´¨Ö ¢¶¥·¥¤ (θ = 0) ¨
´ § ¤ (θ = π) ¨ ¡Ò¸É·µ µ¸Í¨²²¨·Ê¥É ¶µ Ê£²Ê θ.

C² ¡ Ö § ¢¨¸¨³µ¸ÉÓ µÉ Ô´¥·£¨¨ ¨ ´¥µ£· ´¨Î¥´´µ¥ ¢µ§· ¸É ´¨¥ ¸¥Î¥´¨Ö
dσc,ms ¢ ´ ¶· ¢²¥´¨¨ · ¸¸¥Ö´¨Ö ¢¶¥·¥¤ (θ = 0) ± ± [ctg (θ/2)]2 Å µ¸µ¡¥´´µ-
¸É¨ Éµ£µ ¦¥ É¨¶ , ÎÉµ ¨ Ê Ï¢¨´£¥·µ¢¸±µ£µ ¸¥Î¥´¨Ö dσn ≈ const [ctg (θn/2)]2, ¨
¶µ·µ¦¤¥´Ò ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ µ¤´µ° ¨ Éµ° ¦¥ ¶·¨·µ¤Ò,   ¨³¥´´µ: ¢§ ¨³µ¤¥°-
¸É¢¨¥³ ³ £´¨É´µ£µ ³µ³¥´É  µ¤´µ° Î ¸É¨ÍÒ ¸ Ô²¥±É·µ³ £´¨É´Ò³ ¶µ²¥³ ¤·Ê-
£µ°. �µÔÉµ³Ê µ¦¨¤ ¥³Ò° ¢ É·¨¶²¥É´µ³ pp-· ¸¸¥Ö´¨¨ ÔËË¥±É, ¶·µÖ¢²ÖÕÐ¨°¸Ö
± ± ÔÉ¨ µ¸µ¡¥´´µ¸É¨ ¸¥Î¥´¨Ö dσc,ms, Ö¢²Ö¥É¸Ö ±Ê²µ´-³ £´¨É´Ò³ pp- ´ ²µ£µ³
ÔËË¥±É  ˜¢¨´£¥· .

�Ò¸É·Ò¥ µ¸Í¨²²ÖÍ¨¨ ¸¥Î¥´¨Ö dσc,ms ¶µ Ê£²Ê ¢ ¶·¥¤¥²¥ ´¨§±¨Ì Ô´¥·-
£¨° Å É  ¦¥ µ¸µ¡¥´´µ¸ÉÓ, ÎÉµ ¨ Ê ¸¥Î¥´¨Ö ±Ê²µ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ¤¢ÊÌ
²Õ¡ÒÌ Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í, ¨ µ¡Ê¸²µ¢²¥´  Éµ¦¤¥¸É¢¥´´µ¸ÉÓÕ ¨ ±Ê²µ´µ¢-
¸±¨³ ¢§ ¨³µ¤¥°¸É¢¨¥³ ¶·µÉµ´µ¢. �µÔÉµ³Ê ¢Éµ·µ° µ¦¨¤ ¥³Ò° ¢ É·¨¶²¥É´µ³
pp-· ¸¸¥Ö´¨¨ ÔËË¥±É, ¶·µÖ¢²ÖÕÐ¨°¸Ö ± ± É ±¨¥ µ¸Í¨²²ÖÍ¨¨ ¸¥Î¥´¨Ö dσc,ms,
Ö¢²Ö¥É¸Ö ±Ê²µ´-³ £´¨É´Ò³ pp- ´ ²µ£µ³ ÔËË¥±É  ŒµÉÉ . �³¶²¨ÉÊ¤Ò µ¸Í¨²-
²ÖÍ¨° ´¥¢¥²¨±¨, ¶µÉµ³Ê ÎÉµ µ¸Í¨²²¨·ÊÕÐ¨° ¢±² ¤ ¢ ¸Ê³³Ê (14) ¶·¨ ¢¸¥Ì
Ê£² Ì ´ ³´µ£µ ³¥´ÓÏ¥ ¥¥ ¶¥·¢µ£µ ¨ ¢Éµ·µ£µ ¸² £ ¥³ÒÌ,   ¸µ£² ¸´µ (19) ¤·Ê-
£µ¥ µ¸Í¨²²¨·ÊÕÐ¥¥ ¸² £ ¥³µ¥ dσint ¸¥Î¥´¨Ö dσc,ms Ê¡Ò¢ ¥É ¶·¨ Ê³¥´ÓÏ¥´¨¨
Ô´¥·£¨¨. � ¸Î¥É ¸¥Î¥´¨° ¶µ¤É¢¥·¦¤ ¥É ÔÉ¨ ¢Ò¢µ¤Ò.
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‚Ò¢¥¤¥³ ¥Ð¥ µ¤´µ ¶·¨¡²¨¦¥´¨¥ ¸¥Î¥´¨Ö dσc,ms. ”µ·³Ê²Ò (7), (16)Ä
(18) Å ¶·¨¡²¨¦¥´´Ò¥ ¶ · ³¥É·¨§ Í¨¨ dσc,s ≈ dσc,s

2 , dσc,ms ≈ d̃σc,ms ¸¥Î¥-
´¨° dσc,s ¨ dσc,ms Î¥·¥§ Ë §Ò δc,s

�,j ¨ δc,ms
�,j c j ≤ 2. ‡ ³¥´¨³ ¢ ÔÉ¨Ì Ëµ·³Ê² Ì

Ë §Ò δc,s
�,j ¨ δc,ms

�,j ¸µµÉ¢¥É¸É¢¥´´µ ¶·¨¡²¨¦¥´¨Ö³¨ δ̄c,s
�,j ¨ ¤µ± § ´´Ò³¨ ¢ [1]

¶·¨¡²¨¦¥´¨Ö³¨ δc,ms
�,j ≈ δ̄c,s

�,j + δ̃c,m
�,j , £¤¥ δ̄c,s

�,j ¨ δ̃c,m
�,j Å Ë §Ò (8) ¨ (9). ‚ ¨Éµ£¥

¶µ²ÊÎ¨³ Ö¢´Ò¥ ¶·¨¡²¨¦¥´´Ò¥ ¶ · ³¥É·¨§ Í¨¨ dσ̂c,s ¨ dσ̂c,ms ¸¥Î¥´¨° dσc,s ¨
dσc,ms ±Ê²µ´-Ö¤¥·´Ò³¨ ¤²¨´ ³¨ Ac,s

�,j . ˆÌ §´ Î¥´¨Ö Å ¥¤¨´¸É¢¥´´ Ö ¨´Ëµ·-
³ Í¨Ö µ Ö¤¥·´µ³ ¢§ ¨³µ¤¥°¸É¢¨¨, ´¥µ¡Ìµ¤¨³ Ö ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¶·¨¡²¨¦¥´¨Ö
dσ̂c,ms. ‚ ÔÉµ³ ¸³Ò¸²¥  ¶¶·µ±¸¨³ Í¨Ö dσc,ms ≈ dσ̂c,ms  ¢Éµ³µ¤¥²Ó´  µÉ´µ-
¸¨É¥²Ó´µ ¢Ò¡µ·  Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö.

2. ��‘—…’ ‘…—…�ˆ‰

‘¥Î¥´¨¥ dσc,a ¢ÒÎ¨¸²Ö²µ¸Ó ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ (E < 10 ŒÔ‚) ¢ ¤¢ÊÌ
¸²ÊÎ ÖÌ a = s ¨ a = ms, ´µ ¶µ µ¤´µ° ¨ Éµ° ¦¥ ¸Ì¥³¥. „²Ö · ¸Î¥É  Ë §
δc,a
�,j , a = s, ms, j ≤ 2, ¨¸¶µ²Ó§µ¢ ²¨¸Ó Ê· ¢´¥´¨Ö ¤²Ö Ë §µ¢ÒÌ ËÊ´±Í¨° [1].

�·¨ j > 2 ¶µ² £ ²µ¸Ó, ÎÉµ δc,s
�,j ≡ 0,   δc,ms

�,j = δ̃c,m
�,j , É. ¥. ¶·¨ j > 2 ¢±² ¤ ¢

Ë §Ò δc,ms
�,j µÉ Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö V s ´¥ ÊÎ¨ÉÒ¢ ²¸Ö,   ¢±² ¤ δc,m

�,j µÉ

³ £´¨É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö V m = V m�s + V mt  ¶¶·µ±¸¨³¨·µ¢ ²¸Ö ¸Ê³³µ°
¸É ·Ï¨Ì ¸² £ ¥³ÒÌ ¨Ì · ¢´µ³¥·´ÒÌ ¶µ �  ¸¨³¶ÉµÉ¨± (9) Ë § ¶·¨ q → 0.
‚¸¥ ÔÉ¨ ¶·¨¡²¨¦¥´¨Ö, ± ± Ê¶µ³¨´ ²µ¸Ó ¢ [1] ¶·¨  ´ ²¨§¥ pp-Ë §, ¢¶µ²´¥
¶·¨¥³²¥³Ò, ¥¸²¨ E < 10 ŒÔ‚. �µ²ÊÎ¥´´Ò¥ §´ Î¥´¨Ö Ë § ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¤²Ö
¢ÒÎ¨¸²¥´¨Ö ±µ´¥Î´ÒÌ (� ≤ �max < 20 η ctg (θ/2)) ¶µ¤¸Ê³³ ¢¸¥Ì ¡¥¸±µ´¥Î´ÒÌ
·Ö¤µ¢ M c,a

nn′ . ’ ±µ° ¢Ò¡µ· �max µ¡¥¸¶¥Î¨¢ ² ¢ÒÎ¨¸²¥´¨¥ ¸ Î¥ÉÒ·¥Ì§´ Î´µ°
ÉµÎ´µ¸ÉÓÕ ¨§µ¡· ¦¥´´ÒÌ ´  ·¨¸. 1 ¸¥Î¥´¨° dσc,a, a = s, ms, ¨ ËÊ´±Í¨¨
χ ≡ log [dσc,ms/dσc,s]. ‚ÒÎ¨¸²¥´´µ¥ ¸¥Î¥´¨¥ dσc,ms ¸· ¢´¨¢ ²µ¸Ó ¸ ¥£µ
¶·¨¡²¨¦¥´¨Ö³¨ dσ̃c,ms ¨ dσ̂c,ms. �± § ²µ¸Ó, ÎÉµ ¶·¨ E < 10 ŒÔ‚ ¨ 0 < θ <
π µÉ´µ¸¨É¥²Ó´ Ö ÉµÎ´µ¸ÉÓ  ¶¶·µ±¸¨³ Í¨° dσc,ms ≈ dσ̃c,ms ¨ dσc,ms ≈ dσ̂c,ms

¸µµÉ¢¥É¸É¢¥´´µ · ¢´  10−3 ¨ 10−2.
�¨¸. 1, a ¨²²Õ¸É·¨·Ê¥É pp- ´ ²µ£ ÔËË¥±É  ˜¢¨´£¥· , § ±²ÕÎ ÕÐ¨°¸Ö ¢

·µ¸É¥ ¸¥Î¥´¨Ö dσc,ms ¢ ¶·¥¤¥²¥ ³ ²ÒÌ Ê£²µ¢ (θ → 0) · ¸¸¥Ö´¨Ö. �·¨ Ô´¥·-
£¨¨ E = 10 ±Ô‚ ¸¥Î¥´¨¥ dσc,ms ¢ ³ ¸ÏÉ ¡¥ ·¨¸Ê´±  ´¥µÉ²¨Î¨³µ µÉ ¸¥Î¥´¨Ö
dσ̃c,m, § ¤ ´´µ£µ Ëµ·³Ê²µ° (14). ‡ ³¥É´Ò¥ µ¸Í¨²²ÖÍ¨¨ ¸¥Î¥´¨° dσc,ms Å
¶·µÖ¢²¥´¨¥ pp- ´ ²µ£  ÔËË¥±É  ŒµÉÉ . Š ± ¢¨¤´µ, ¸¥Î¥´¨Ö dσc,s ¨ dσc,ms

· ¤¨± ²Ó´µ · §´Ò¥.
�¨¸. 1, ¡ Å ´ £²Ö¤´µ¥ ¤µ± § É¥²Ó¸É¢µ ´¥µ¡Ìµ¤¨³µ¸É¨ ÊÎ¥É  ¢±² ¤  ³ £-

´¨É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¨ · ¸Î¥É¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö dσc,ms.
‚¨¤´µ, ÎÉµ ¶·¨ E ≤ 200 ±Ô‚ ÔÉµÉ ¢±² ¤ ¸ÊÐ¥¸É¢¥´´µ ¶·¥¢ÒÏ ¥É ¢±² ¤ µÉ
Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ¶·¥¢ÒÏ¥´¨¥ É¥³ ¡µ²ÓÏ¥, Î¥³ ³¥´ÓÏ¥ Ô´¥·£¨Ö ¨²¨
Ê£µ² θ.
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�¨¸. 1. a) C¥Î¥´¨Ö dσc,ms ¨ dσc,s ¶·¨ E = 50, 100, 200 ±Ô‚ Å ¸¶²µÏ´Ò¥ ¨ ÏÉ·¨Ìo¢Ò¥
±·¨¢Ò¥ ¸µ §´ Î± ³¨ �, • ¨ � ¸µµÉ¢¥É¸É¢¥´´µ, c¥Î¥´¨¥ dσc,ms ¶·¨ E = 10 ±Ô‚ Å
±·¨¢ Ö ¡¥§ §´ Î±µ¢; ¡) ËÊ´±Í¨Ö χ(dσ, θ) ¶·¨ E = 10, 50, 100, 200 ±Ô‚ Å ±·¨¢Ò¥ 1, 2,
3, 4 ¸µµÉ¢¥É¸É¢¥´´µ, Éµ´± Ö ²¨´¨Ö Å ¶·Ö³ Ö χ = 0

‡�Š‹�—…�ˆ…

CÊ³³¨·Ê¥³ ´ Ï¨ ¢Ò¢µ¤Ò. �·¨ Ô´¥·£¨ÖÌ ´¨¦¥ 10 ŒÔ‚ ¢§ ¨³µ¤¥°¸É¢¨¥
³ £´¨É´µ£µ ³µ³¥´É  ¶·µÉµ´  ¸ Ô²¥±É·µ³ £´¨É´Ò³ ¶µ²¥³ ¤·Ê£µ£µ ¶·µÉµ´  µ± -
§Ò¢ eÉ ¸ÊÐ¥¸É¢¥´´µ¥ ¢²¨Ö´¨¥ ´  ¶µ¢¥¤¥´¨¥ É·¨¶²¥É´µ£µ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ
¸¥Î¥´¨Ö pp-· ¸¸¥Ö´¨Ö dσc,ms, ¶µ·µ¦¤¥´´µ£µ ¸Ê³³µ° Ö¤¥·´µ£µ ¨ ³ £´¨É´µ£µ
¢§ ¨³µ¤¥°¸É¢¨° ¢ ±Ê²µ´µ¢¸±µ³ ¶µ²¥ ¶·µÉµ´µ¢. �² £µ¤ ·Ö ³ £´¨É´µ³Ê ¢§ ¨-
³µ¤¥°¸É¢¨Õ ¶·¨ É ±¨Ì Ô´¥·£¨ÖÌ ¸¥Î¥´¨¥ dσc,ms ¸² ¡µ § ¢¨¸¨É µÉ Ô´¥·£¨¨
¶·¨ Ê£² Ì · ¸¸¥Ö´¨Ö θ < 30◦ ¨ θ > 150◦, ¨³¥¥É ¶µ²Õ¸  ¢Éµ·µ£µ ¶µ·Ö¤±  ¢
´ ¶· ¢²¥´¨¨ · ¸¸¥Ö´¨Ö ¢¶¥·¥¤ ¨ ´ § ¤ (±Ê²µ´-³ £´¨É´Ò° pp- ´ ²µ£ ÔËË¥±É 
˜¢¨´£¥· ),   ¢¸²¥¤¸É¢¨¥ Éµ¦¤¥¸É¢¥´´µ¸É¨ ¶·µÉµ´µ¢ ¡Ò¸É·µ µ¸Í¨²²¨·Ê¥É ¶µ
Ê£²Ê · ¸¸¥Ö´¨Ö (±Ê²µ´-³ £´¨É´Ò° pp- ´ ²µ£ ÔËË¥±É  ŒµÉÉ ). ‚¸¥ µ¸µ¡¥´´µ-
¸É¨ Ô´¥·£¥É¨Î¥¸±µ° ¨ Ê£²µ¢µ° § ¢¨¸¨³µ¸É¥° ¸¥Î¥´¨Ö dσc,ms ¶·¨ E < 10 ŒÔ‚
¸ µÉ´µ¸¨É¥²Ó´µ° ÉµÎ´µ¸ÉÓÕ ∼ 10−3 µ¶¨¸Ò¢ ÕÉ¸Ö ¢¶¥·¢Ò¥ ¢Ò¢¥¤¥´´µ° Ô±¸É· -
¶µ²ÖÍ¨µ´´µ° Ëµ·³Ê²µ° (16). ˆ§ ´¥¥ ¸²¥¤Ê¥É ³¥´¥¥ ÉµÎ´ Ö ¶ · ³¥É·¨§ Í¨Ö
dσ̂c,ms ¸¥Î¥´¨Ö dσc,ms ±Ê²µ´-Ö¤¥·´Ò³¨ ¤²¨´ ³¨ · ¸¸¥Ö´¨Ö Ac,s

�,j ¸ j ≤ 2.

� ¸ÉµÖÐ Ö · ¡µÉ  ¢Ò¶µ²´¥´  ¶·¨ ¶µ¤¤¥·¦±¥ �””ˆ (¶·µ¥±É 04-02-16828).
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